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“The most beautiful thing we can experience is the mysterious.
1t is the source of all true art and science”,

Albert Einstein, 1930
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Prefacio

Los receptores de rianodina son una familia de canales que liberan calcio de almacenes
intracelulares. Este catién regula una gran variedad de funciones celulares, incluyendo
contraccion muscular, secrecién de hormonas, activacién de linfocitos, etc. (Meissner,
1994). La rianodina s un alcalc;ide de origen vegetal, que se ha utilizado hasta el momento
para purificar y caracterizar el funcionamiento de este canal, de ahi su nombre (Rogers y
col. 1948).
El veneno de los alacranes, es una fuente de diferentes clases de péptidos que afectan la
funcién de canales iénicos (Koppenhofer y Smidth 1968; Catteral, 1977; Possani, 1984;
Garcia y col. 1997), alterando asi la funcién de diversos tejidos animales.
Los péptidos mas ampliamente conocidos son aquellos que especificamente reconocen
canales de sodio y potasio (Catteral y col. 1977; Carbone y col. 1982; Miiler, 1995; Gordon
y col. 1998); sin embargo también se han reportado toxinas que reconocen canales de calcio
y cloro (Qlivera, 1985; Valdivia y Possani, 1998; Debin, 1993). Estos polipéptidos han sido
muy ttiles para identificar y caracterizar canales idnicos en diversas células.
De acuerdo a lo antes mencionado, en esta tesis se reporta el trabajo realizado con veneno
de un alacrin africano, con miras a encontrar compuestos que ayuden a un’ mejor -
entendimiento del funcionamiento de un canal de calcio intracelular, también llamado
receptor de rianodina. De esta manera:

a) Se buscd purificar a homogeneidad algunas toxinas presentes en ¢l veneno del

alacran Pandinus imperator, que tuvieran algin efecto sobre el receptor de rianodina.



b) Sebuscd caracterizar quimicamente estas toxinas.
¢) Por dltimo, se pretendié explicar el mecanismo de accién de una de estas toxinas en
el receptor de rianodina.

Por lo que respecta a la presentacién de la investigacién y sus resultados, dividf la tesis en
cinco apartados, como se sefiala en el indice-contenido. En la introducci6n se describe el
cuadro completo de los elementos estudiados, como una referencia, A cpntinuacién se
presentan los objetivos a realizar, los cuales estan avalados en lo.s resultados que aparecen
aqui en formato de articulos, antecedidos por su respectiva ficha bibliografica.
En la tltima seccién s¢ presenta una discusion, en la que se incluyen los. aspectos més
relevantes del trabajo de tesis, cuyos detalles se localizan en los articulos incluidos en el
apartado ITI.
Al final del tmba:jo se incluye, a manera de apéndice, un articulo ya publicado, que si bien
no forma parte del tema central de este trabajo, fue realizado durante mi entrenamiento

doctoral.



Resumen

En el presente trabajo se reporta la purificacién a homogeneidad y la determinacion de la
secuencia de aminodcidos de la imperatoxina A (IpTxa) y de la imperatoxina I (IpTxi). La
IpTxa es un péptido de 4 kDa que con una Kd de 6 nM  incrementa especificamente el
pegado de [*HJrianodina 2 membranas de musculo esquelético, no asf a membranas de
musculo cardiaco. La secuencia de aminoécidos de la IpTxa no muestra similitud con ofras
toxinas de alacrén hasta ahora descritas, aunque si se encontrd similitud con la secuencia de
aminoécidos de las toxinas de arafia Tx2-9 y con la angelenina, toxinas que actian sobre
canales de Ca®" tipo P.

La IpTxi, una proteina de 15 kDa, inhibi6 el pegado de [*H]ranodina a membranas de
miisculo esquelético y cardiaco, con una Kd aparente de 20 nM

La IpTxi es una proteina heterodimérica con accién lipolitica; la subunidad larga de esta
toxina tuvo una similitud de 35% con fosfolipasas de tipo A2 de abeja (dpis mellifera) y
del escorpitn (Heloderma horridum). La subunidad pequeiia no tiene ninguna similitud con
otros péptidos conocidos. El efecto de la IpTxi sobre el canal de rianodina parece ser
indirecto. El pegado de rianodina, marcada radioactivamente, al canal es inhibido por los
acidos grasos liberados por accidén lipolitica de IpTxi.

_ Utilizando concentraciones més altas que las que se necesitan para regular el receptor de
rianodina, la IpTxa e IpTxi no afectan otros canales de calcio o transportadores iSnicos en

masculo y cercbro.



Summary

In this thesis, the purification to homogeneity and the complete amino acid sequences of
Imperatoxin A (IpTx,) and Imperatoxin I (IpTx;) are reported. Imperatoxin A, a 4 kDa
peptide specifically increased (*H]-ryanodine binding to the skeletal but not the cardiac
ryanodine receptor (RyR), with a Kd of 6 nM . At concentrations higher than those needed
to regulate RyRs, neither IpTx; nor IpTx, affected other Ca 2* channels or ion transporters
of muscle and brain. IpTxi, a 15 kDa protein, inhibited [*H]-ryanodine binding to skeletal
and cardiac rianodine receptor, with an apparent Kd of 20 nM.

The amino acid sequence of IpTx, shows no homology to any scorpion toxin so far
described, but shares some similarities to the amino acid sequence of Tx2-9 and angelenin,
two spider toxins that target neuronal P-type Ca?* channels. IpTx; is a heterodimeric protein
with lipolytic action, a property that is only shared with p-bungarotoxins. The large subunit
of IpTx; was about 35% identical to PLA2 from the bee {Apis mellifera) and the lizard
(Heloderma horridum) venoms. The smail subunit has no significant similarity to any other °
known peptide. The effect of IpTxi on the ryanodine channel] s¢ems to be indirect, mediated

by the fatty acids liberated by the lipolytic action of IpTxi.



1.- INTRODUCCION.

La contraccién simultinea de las células musculares es esencial para un movimiento
eficiente de nuestros musculos. La contraccién muscular depende del estimulo del tejido
muscular a través de los nervios motores. La uni6n sincronizada entre una depolarizacién y
la actividad contrictil (acoplamiento excitacién-contraccién) son criticas para un control
preciso de los musculos. A nivel molecular ocurren ofros mecanismos para la accién
coordinada de éstos.

Una célula muscular, llamada miofibra, es cilindrica y multinucleada, tiene muchos racimos
de miofilamentos, las miofibrillas. Cada miofibrilla esta constituida de arreglos repetidos
Hamados sarcémeros. Los sarcémeros contienen dos tipos de filamentos, los gruesos
formados de miosina y los delgados que contienen actina.

Cada miofibrilla esta rodeada de una red de membranas denominadas reticulo
sarcoplasmico (RS). El RS forma vesiculas continuas llamadas cisternas terminales. Las
cisternas terminales estin separadas por solo 16.nr'ﬁ de la membrana de los tibulos
transversos (tibulos-t) que no son mas que invaginaciones de Ia membrana plasmatica
(sarcolema) Las cisternas terminales estén asociadas con los tibutos-t formando las diddas
si solo una cisterna terminal es la asociada o triddas si son dos las cisternas terminales
asociadas (fig I).

El RS sirve como almacén de los iones Ca®* tomados del citoplasma y de tas miofibrillas.
La membrana del RS tiene una ATPasa de Ca?* 1a que toma los jones Ca® del citol;la';ma
hacia el interior del RS. La depolarizacién de la membrana plsmética de las células

musculares produce 1a apertura de canales de Ca®* en las membranas del RS y 1a liberacién
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FIGURA 1. a) Estructura tridimensional de una miofibra. Los tubulos transversos {tabulos-
1) que estan formados por invaginaciones de la membrana plsmatica quedan muy cerca de
Ias cisternas terminales del reticulo sarcoplasmico, b) Diagrama de una triada (formada por
¢l tibulo-t asociado a dos cisternas terminales del RS) mostrando la relacion del tibulo-t
con la cisterna terminal. Los canales de calcio sensibles a voltaje (canales de tipo L,
receptor de dihidropiridina) que se encuentra en la membrana del tdbulo-t tocan el “pie”
det canal liberador de calcio (RyR) que se encuentra en la membrana del RS. Cuando el
musculo se estimula los iones calcio almacenados en el RS se liberan al citosol a través del
RyR. La ATPasa de Ca®* que se encuentra también en la membrana del RS es la encargada
de tomar al calcio del citoplasma y almacenarlo nuevamente en el RS, (Molecular Cell

Biology)
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de iones calcio del RS hacia el citoplasma, disparando asi 1a contraccién muscular, Esta
liberacién de calcio ocuire a través de arreglos tetraméricos de receptores de rianodina

(RyR) que hacen un puente enire la membrana del tibulo-t y el RS.

1.1 El receptor de rianodina.

Se sabe desde hace varias décadas, que la madera proveniente de arboles del género Ryania
contiene productos téxicos. En la década de los 40s, antes de la proliferacién del uso de
insecticidas como fosfatos organicos e hidrocarburos clorados, E. F.- Rogers ¥
colaboradores realizaron un estudio para encontrar nuevos insecticidas a partir de plantas.
Este trabajo teveld que extractos del tallo y raices de Ryania speciosa Vahl contenian
actividad insecticida. Rogers y colaboradores (1948) purificaron a partir del tallo de esta
planta lo que lfamaron rianodina, la cual tenia 700 veces més actividad insecticida
comparado con €l material inicial.

Podemos decir, a la fecha, que la rianodina tiene un significado histérico dado que, sus
propiedades y accién biolégica, han permitido 1a identificacién y caracterizacién molecular
de una familia de canales intracelulares liberadores de calcio, ahora comfinmente Ilamados
receptores de rianodina (RyR)

Los receptores de rianodina son una familia de canales de Ca® que participan en la
liberacion de Ca®* intracelular. A la fecha se sabe que el almacén de Ca*' intracelular més
importante es el reticulo sarcoplésmico en miisculo y el reticulo endopldsmico en células
no musculares (Sutko y Airey, 1996). Se han realizado una gran cantidad de estudios
utilizando rianodina, gracias a los cuales se logrd, entre otras cosas, purificar y clonar el
canal (Inui y col 1987; Imagawa y col 1987; Lai y col 1988) Hasta el moménto sabemos

que este canal es un tetrdmero, de peso molecular aproximado de 560 kDa por monémerc y
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que se encuentra localizado en la membrana del reticulo sarcoplsmico, formando una
estructura que se le ha llamado “pie”. Esta estructura se localiza en el espacio citoplasmico
entre la membrana del reticulo sarcopldsmico y el tibulo-t (fig. 1). El re‘ceptor funcional es
un homotetrimero, el cual tiene forma de coliflor y mide aproximadamente 29x29x12 nm
del lado citoplasmético y un pequefio dominio transmembranal que se extiende 7 nm a
través de la membrana del RS para formar el poro del canal (Wagenknecht y col, 1989). Ei
centro de 1a coliflor incluye un poro, con un didmetro de 1-2 nm que parece ser el poro dt;l
canal. Existen evidencias estructurales y funcionales de que el poro central esta conectado
a cuatro canales radiales incluidos en la porcién periférica de cada monémero. Esta
estructura sugiere un posible camino de los jones calcio: el calcio puede entrar del lumen
del RS a través del canal central y pasar al citoplasma por los canales radiales (fig. 2). La
regién del poro corresponde a la porcién carboxilo terminal de cada monémero del RyR
que incluye de acuerdo a diferentes modelos, cuatro (Takeshima y col, 1989; Nakai y col,
1990; Hakamata y col, 1992} 0 10 a 12 (Zorzato y col, 1990; Otsuy col, 1990) segmentos
transmembranales. El resto de la molécula forma la gran regién extramembranal que
corresponde a la estructura de “pie”.

A la fecha se conocen tres isoformas del receptor de rianodina en mamiferos, los cuales son
codificados por tres genes diferentes, ryrl, ryr2, ryr3. Los receptores de rianodina 1,2 v 3,
correspondientes, también son llamados de misculo esquelético, cardiaco y de cerebro,
respectivamente, por ser estos tejidos donde fueron aislados ¢ jdentificados (Meissner,
1994; Ogawa, 1994). A partir de misculo de organismos vertebrados no mamiferos, se
han aislado dos isoformas més a las que se les ha Hamado alfa y beta, que a su vez son muy
parecidas por su secuencia de aminocidos a las formas 1 y 3 de m;uniferos,

respectivamente (Oyamada y col.1954).
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FIGURA 2. Representacién tridimensional del receptor de rianodina reconstrurdo y visto
de forma paralela al planc de la bicapa. (a) el receptor de rianodina completo. (b} una
rebanada por la mitad que revela la estructura interna del RyR . Las lineas horizontales
indican la localizaciéon putativa de la bicapa lipidica. Abreviaturas: TA, estructura
{ransmembranal; CA, estructura citoplasmica “pie”; p, tapdn; c, canal lleno de solvente, fos
diferentes dominios estructurales se asignan con nNUMEros. Los dominios 5-6  estan
localizados del fado de los tabulos-t, los dominios 7-8 se encuentran del lado del RS, 3 ¢cs
el dominio llamado asa o manija el dominio i es el que conecta a 1a parte transmembranal
con los dominios 2 y 3 {Wagenknecht 1995).
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Los receptores de rianodina tienen, una muy amplia distribucién, tanto desde el punto de
vista filogenético como por tejidos. Existen evidencias bioquimicas y farmacolégicas de su
presencia en langostas, en insectos como Drosophila y nemétodos como C. Elegans, asi
también en vertebrados (mamiferos, aves, reptiles, pescados, y anfibios) (Sutko y Airey
1996). Algunos tipos celulares que expresan receptores de rianodina son neuronas, tanto del
sistema nervioso central como periférico, misculo liso, células endoteliales, hepatocitos,
osteocitos, y células pancreiticas (Sutko y Airey 1996). En muchas de estas células, la
identidad de la isoforma especifica expresada, ia distribucién intracelular de estas protefnas
y la forma en que responden para la mediacién de la liberacion del Ca®* aiin no se conoce,

por lo que representa una érea de estudio importante.

El receptor de riancdina regula el flujo de Ca?* del reticulo sarcopldsmico hacia el
citoplasma. En misculo estriado, tiene un papel central en ¢l acoplamiento del mecanismo
“excitacién-contraccién®, especificamente, en el acoplamiento entre la depolarizacion del
sarcolema y 1a liberacion de Ca® del reticulo sarcoplésmico.

A 1a fecha existen dos mecanismos propuestos para el acople excitacién-contraccién; el
modelo del acoplamiento directo en ¢l que la liberacion de Ca®™ del reticulo sarcoplé.sm’ico
se produce por una interaccién directa entre el receptor de dihidropiridina (DHPR) que esta
localizado en la superficie de la membrana de los tibulos-t y el receptor de rianodina. En
particular, se propone que la depolarizacién de la membrana plasmatica produce un cambio
conformacional en el reccptor de dihidropiridina, que es transmitido al receptor de
rianodina ¢ induce la liberacién de Ca®* del reticulo sarcopldsmico (Rios y col. 1993). En

este modelo, el receptor de dihidropiridina actiia como detector de voltaje y no como canal,
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ya que la entrada de calcio proveniente del medio extracelular no se requiere para que haya
oontraccién- muscular (fig. 3).

De manera alterna, el acople excitacion-contraccién puede ser mediado por un proceso
conocido como liberacién de calcio induc'ida por calcio, (Fabiato, 1993). El canal del
reticulo sarcoplismico se activa por un aumento en fa concentracién de calcio
citoplas;nético, sin embargo, las corrientes de Ca?*debidas a la activacion del canal de DHP
(canal de calcio tipo L) son insuficientes para activar el proceso de contraccién de man&a
directa, pero podrian inducir liberacién adicional de Ca?* del reticulo sarcoplédsmico. Este
proceso puede favorecerse por la existencia de un gradiente de Ca** en el citosol, dado que
la entrada de iones Ca™ a la célula a través del receptor de dihidropiridina tiene acceso
preferencial al receptor de rianodina, estableciéndose una especic de acoplamiento

funcional (Sham y col. 1995) (fig. 4)

Modulacién del receptor de rianodina

La actividad de los canales liberadores de calcio esta modulada por una gran variedad de
agentes (revisado por Coronado y col, 1994). El calcio tiene una gran importancia en la
regulacién del RyR, se cree que es el activador “fisiolégico” del canal, ya que otros
ligandos requieren de calcio para poder ej;:rcer su efecto. El calcio en el rango de
concentracién micromolar y los nucledtidos de adenina a concentraciones milimolares
funcionan como activadores, incrementan la probabilidad de apertura del canal e inducen la
liberacion de calcio del RS, el magnesio en concentraciones milimolares funciona como un
inhibidor.

En misculo esquelético la dependencia de calcio para la salida de iones calcio del RS tiene

forma de campana, con un méximo apCab (-logfCa®*]). Lasalida de calcio disminuye a
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FIGURA 3. Representacién esquemética de una triada, donde se muestran algunos
aspectos de organizacion y funcionamiento de esta estructura. Los receptores de
dihidropiridina (DHPR) y rianodina (RyR) que participan en el proceso de liberacion de
calcio estin localizados en el espacio entre las membranas del reticulo sarcopldsmico y el
tibulo-t; se ejemplifica el mecanismo de Tiberaci6n de calcio inducida por voltaje, donde la
membrana sufre una depolarizacién producida por una neurona motora (N) que es sentida
por ¢l DHPR el cual sufre un cambio conformacional que le permite interaccionar con el
RyR que a su vez se activa y permite el paso de los iones Ca** del RS al citosol para iniciar
la contraccion muscular. Calsecuestrina y triadina son proteinas asociadas al RyR que se
cree participan en el acoplamiento excitacién—contraccién. (Sutko y Airey, 1996).
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FIGURA 4. Representacién esquematica del mecanismo de liberacién de calcio inducido
por calcio en misculo cardiaco (calcio induce liberacion de calcio, CICR) Los iones calcio
entran a través de los canales de calcio tipo L (DHPR) y se unen al sitio de alta afinidad a
calcio del RyR activando a2 éste que a su vez permite la salida de los iones calcio del
retculo sarcoplésmico al citoplasma.(Bers, 1991)
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pCa 9 o 3. Se cree que ¢sta dependencia de calcio se debe a Ia presencia de dos sitios de
unién a calcio sobre el canal, un sitio de alta afinidad que estimula la liberacién de calcio y
otro de baja afinidad que inhibe la liberacion.

El RyR2 es mas sensible a la activaciébn por concentraciones micromolares de calcio y
menos sensible a la inactivacién por concentraciones milimolares que el RyR1 y esto -
también se observa en el efecto diferenciat del Ca® sobre la unién de rianodina en los dos
tipos de canal.

El magnesic inhibe la liberacion de calcio con una ECso de 70 pM. El mecanismo de
inhibicién parece ser por desplazamiento det Ca?* de su sitio de alta afinidad. En contrasté a
su efecto sobre ¢l RyRl, el Mg® en concentraciones milimolares no bloquea
completamente al RyR2.

Los nucledtidos de adenina estimulan la liberacién de Ca** de manera més efectiva en el
RS esquelético que en ¢l cardiaco. La respuesta a diferentes .agentes farmacologicos
también difiere entre estos dos tipos de receptor: El RyR1 es mds facilmente blogueado por
rojo de rutenio mientras que el RyR2 se activa més facilmente por cafeina.

La rianodina, dependiendo de su concentracién, estimula o inhibe la liberacién de calcio de
RS esquelético y cardiaco. A concentraciones en el rango de 0.01-10 pM estimula la
liberaci6n de calcio mientras que a concentraciones mayores (10-100 pM) la liberaci6n se¢
inhibe. La activacién e inhibicién parecen ser produc;idas por unién de la rianodina a sitios
funcionalmente independientes (Humerickhouse y col, 1993). A bajas concentraciones
(menos de 10 pM) la rianodina coloca a los canales parcialmente abiertos o sea en un

estado de subconcuctancia.
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Los ligandos, que abren el canal y estimulan fa liberacion del calcio del RS (uM Ca?*, mM
ATP, cafcina) aumentan la unién de rianodina. El calcio que tiene efecto activador ¢
inhibidor sobre el canal también presenta estos dos efectos sobre la unién de rianodina. Se
eree que estos efectos son debidos a que el sitio de alta afinidad de la rianodina esta més
accesible cuando el canal esta abierto. Conforme la concentracién de rianodina aumenta, la
afinidad del receptor por la ranodina disminuye. Este efecto se describe como una
interaccién alostérica negativa entre cuatro sitios idénticos de unién (uno por mondmero)
La primera molécula de rianodina se une con alta afinidad al canal abierto bloqueéndolo en
una configuradion parcialmente abierta y reduciendo Ia unién a los otros sitios. Siguen tres
pasos mas de unién cada uno disminuyendo la afinidad, indicando un estado
conformacional diferente hasta que una rianodina por monomero esta unida y el canal estd
totalmente bloqueado. (Buck y col, 1992; Carrol y col, 1991)

Las funciones de} receptor de rianodina son afectadas por un gran nimero de compuestos
no relacionados estructuralmente (Coronado y col, 1994), como por ejemplo, protfeinas,

nucledtidos y toxinas.

A. Proteinas.

A.1.FK 506 binding proteins (FKBP12), es una proteina de aproximadamente 12 kDa, la

cual copurifica con el receptor de rianodina. La naturaleza de la interaccién entre la
FKBP12 y el receptor de rianodina no se conoce. La FKBP12 tiene actividad cis/trans-
peptidil-prolil isomerasa, por consiguicnte, existe la probabilidad que la FKBP12 pudiera
inducir cambios en la conformacién del receptor de rianodina gracias a esta actividad. Sin

embargo, esto no parece ser el caso, ya que cuando se bloguea la actividad isomerasa de la
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FKBP12 en presencia del receptor de rianodina, este no muestra ningtn cambio en sus
propiedades (Timerman y col, 1995). La relacién molar de la FKBP:RyR es 1:1; una
proteina FKBP se une a cada uno de los cuatro mondmeros del RyR. Una proteina FKBP12
con un peso molecular ligeramente mayor (FKBP12.6) esta 'asociada con el RyR2 en
musculo cardiaco. {Lam y col, 1995) En ausencia de FKBP12 los canales muestran un
incremento en la probabilidad de apertura y estados més largos de subconductancia, se
aumenta la sensibilidad a cafecina pero mantiene sus propiedades farmacol6gicas bésicas,
indicando un efecto estabilizador de la FKBP12 sobre el canal (Ahemn y col, 1994; Chen ¥
col, 1994). Por otro lado, la coexpresion de FKBP12 y RyR resulta en canales que
presentan eventos de apertura completa { no se presentan subestados) y de mayor duraciﬁn
(75 ms) a los presentados en ausencia de FKBP12 (4.4 ms) (Brillantes y col, 1994) La
sensibilidad a cafeina es mayor en canales libres de la proteina FKBP12, indicando que esta
proteina también regula ¢l estado cerrado del canal. Por crio-microscopia electrénica se ha
localizado la proteina FKBP12 en el dominio citoplasmético a una distancia aproximada de

10 nm del dominio transmembranal del RyR. (Wagenknecht y col, 1996).

A.2. Calmodulina. La calmodulina (CaM) es un regulador citoplasmatico de enzimas
dependientes de Ca®*. A concentraciones milimolares esta proteina inhibe la liberacién de
calcio de RS cardiaco y esquelético. El efecto ocurre en ausencia de ATP, por lo que no se
debe a una fosforilacién del canal (Fuentes y col, 1994) El efecto de CaM depende de las
concentraciones de calcio: a bajas concentraciones de Ca® este agente activa €l canal,
mientras que a altas concentraciones de Ca®* el canal se inhibe (Tripathy y col 1995;
Ikemoto, 1995). Por lo tanto, la calmodulina puede servir como un apagador que controla

la liberacién de Ca®** mediada por el receptor de rianodina en una forma dependiente de las
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necesidades de calcio. Ademas de la accién directa de CaM sobre el RyR, ésta ‘puede
afectar la actividad del canal a través de la proteina cinasa dependiente de calmodulina. La
fosforilacién del canal por la cinasa dependiente de CaiVl disminuye la unién de rianodina,
dado que la rianodina se une preferentemente al canal abierto, estos resultados implican 2 la

fosforilacién en la modulacion de apertura y cierre del canal (Takasago y col, 1991).

A.3. Triadina. La triadina es una glicoproteina integral del reticulo sarcopldsmico, con un
peso molecular de 95 kDa que colocaliza con el RyR en miiscule esquelético y cardiaco. La
liberacién de calcio del RS es afectada por anticuerpos anti-triadina (Brandt y col, 1992) Se
ha propuesto que la triadina interacciona con el receptor de dihidropiridina, transmitiendo
una sefial de activacién entre este receptor y el de rianodina (Caswell y col. 1991) El
andlisis hidrofilico de la secuencia de aminodcidos de la triadina sugiere que ésta contiene
un segmento kansmeﬁlbranal que separa a la proteina en dos dominios, uno pequefio (47
amino4cidos de la regién amino terminal) citoplamético y uno mayor (683 residuos) que se
encuentra en el lumen del RS. Se cree que la triadina interacciona con la calsecuestrina y
que posiblemente funciona como conexién entre la calsecuestrina y ¢l RyR (fig. 5} (Guo y

Campbell, 1995).

A.4. Sorcina. La sorcina es una proteina de 22 kDa que une Ca™, se ha encontrado asociada
con el receptor de rianodina en el reticulo sarcopldsmico de misculo cardiaco. La
naturaleza de las interacciones entre estas proteinas y las consecuencias que estas ticnen en

1a funci6n del receptor de rianodina atin no se saben (Meyers y col. 1995).

i
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FIGURA 5. Modelo molecular del receptor de rianodina acoplado al receptor de
dihidropiridina y proteinas asociadas; se observa en el receptor de dihidropiridina solo la
subunidad ol y una de las subunidades del receptor de rianodina en donde se muestra la
regién del pie y el poro del canal, la triadina se representa con su extremo carboxilo
terminal asociado a Ia calsecuestrina (tomado de McPherson y Cambell 1993).
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A.5. Calsecuestrina. La calsecuestrina es una proteina 4cida que se encuentra en el lumen
del RS, que tienc una alta capacidad para unir calcio y permanece asociada la RyR, se
propone que los segmentos cargados positivamente de la triadina son los intermediarios en
esta asociacién (Guo y Campbell, 1995) (fig. 5) Se cree que ademés de la capacidad de
almacenar calcio en el RS, la calsecuestrina juega un papel activo en la regulacién de la

tiberacion de calcio (Tkemoto y col, 1991).

B. Ribosa de adenosina difosfato ciclico (¢cADPR)

cADP-ribosa es un metabolito de nicotinamida adenin dinucleotido (NAD") el cual se cree
gue actiia como segundo mensajero en varios tejidos (Lee y col, 1989)

Los estudios de varios investigadores, iniciando en la década de los 80s (Clapper y col
1987), hasta la fecha (Lee, 1996), han demostrado que la cADPR es un mensajero
intracelular capaz de provocar la liberacién de Ca%* de almacenes celulares, en una gran
variedad de tejidos Los resultados estos trabajos sugieren que el cADPR produce este
efecto, activando el proceso de liberacién de Ca?* mediado por el receptor de rianodina.
Este es e! caso en musculo cardiaco, donde se ha propuesto ser un regulador endégeno de ia

liberacién de Ca®* del reticulo sarcoplasmico (Meszaros y col. 1993).

C. Acidos Grasos

Se sabe que los 4cidos grasos y sus derivados forman parte de algunas sefiales de
transduccién. Varios de estos procesos celulares pueden tener efecto sobre el metabolismo
del calcio. Por lo que no es sorprendente que varios metabolitos de lipidos tengan efecto
sobre la actividad del canal liberador de calcio. A concentraciones micromolares 1a

palmitoil camitina y paimitoil CoA estimulan 1a unién de [*Hirianodina y la liberacién de
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calcio de misculo esquelético de mamifero (El-Hayek y col 1993) y de aves {Dumonteil y
col 1994) Su accién parece ser especifica y limitada al RyR esquelético, ya que la palmitoil

carnitina no tuvo efecto sobre la unién de [*Hlrianodina en membranas de RS cardiaco.

D. Toxinas peptidicas.

[.1 Miotoxina a. La miotoxina a es un polipéptido de 42 aminoécidos aislado del veneno
de la serpiente de cascabel Crotalus viridis viridis, que pm\;oca un incremento en la
liberacién de Ca®* de membranas del reticulo sarcoplésmico de musculo esquelético
(Furukawa y col 1994) La Tiberacién de calcio inducida por miotoxina es inhibida por Mg*
y por rojo de rutenio. Experimentos de uni6n muestran que la miotoxina no afect 1a unién
de rianodina y que la miotoxina marcada no se une al RyR, sugiriendo que su blanco es una

protefna diferente al RyR (Okhura y col 1995).

D.2 Helotermina. La helotermina es un polipéptido de 25.5 kDa purificada a partir del
veneno del heloderma mexicano (Heloderma horridum horridum); se encontrd que bloquea
tanto el receptor de rianodina cardidco como el esquelético. En experimentos de unién la

helotermina muestra desplazar a la rianodina reversiblemente (Morrissette y col., 1995).

D.3 Rianotoxina, La rianotoxina es un polipéptido de 11.4 XDa aislado del veneno del
alacrén Bouthotus judaicus, encontrindose que tiene efectos sobre la actividad del receptor
de rianodina similares a los producidos por la rianodina (Morrissette y col., 1996). En
particular, la rianotoxina incrementa la liberacién de Ca®* de vesiculas de membranas del

reticulo sarcoplésmico e induce estados largos de subconductancia en el receptor de
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rianodina aislado. Asi también, estimula el pegado de rianodina marcada de una forma

dependiente de la concentracion y de manera reversible.

Muchas preguntas importantes, €n relacion al papel que juegan los receptores de rianodina
en la mediacion de los eventos de liberacion de calcio en los diferentes tipos de células
permanecen atn sin ser contestadas. Las respuestas a estas preguntas requerirn al menos
en parte, el uso de agentes farmacolégicos que modifiquen la actividad de los receptores de
rianodina, tanto en las propiedades del canal como en especificidad, de acuerdo a la

isoforma de que se trate.

1.2 Uso de toxinas para ¢l estudio de canales de calcio.

Sabemos que los niveles de calcio intracelular sirven para regular muchos procesos, tales
(;,omo: secrecion de neurotransmisores y hormonas, para activar algunos canales idnicos y
enzimas, proliferacién celular, etc. También sabemos que los canales de calcio sensibles a
voltaje, se encuentran entre los mas heterogéneos de los canales iénicos. Una sola neurona
generalmente tiene varios tipos de canales de calcio, esenciales para la integracion y
expresién de la actividad en el sistema nervioso. Es por demds sefialar la importancia de
entender el significado funcional de tal diversidad.

A la fecha, dos tipos de ligandos polipeptidicos, las @-conotoxinas y @-agatoxinas han sido
utilizados para definir varias clases de canales de calcio (Olivera y col.1991; Sher y col.
1991) Las c-conotoxinas constituidas de 24-20 aminoicidos, aisladas del veneno del
caracol Conus; y las m-agatoxinas, que son péptidos un poco mas largos aislados del

veneno de la arafia Agelenopsis aperta. Como se puede ver en ambos casos los ligandos
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para canales de calcio son producidos en venenos, y por ello puede considerarse que
péptidos similares pueden encontrarse en organismos parecidos, o semejantes, al caracol y
arafia. ‘

Los venenos de alacran, por ejemplo, contienen gran cantidad de péptidos basicos, muchos
de los cuales modifican ¢l mecanismo de apertura y cierre de canales de sodio o bloquean
con alta afinidad canales de potasio. (Ménez y col. 1992). Estas toxinas han sido una
herramienta muy importante en la identificacién, purificacidn y caracterizacién funcional
de los canales ibnicos correspondientes. La existencia de toxinas que tienen accién sobre
canales intracelulares de calcio (receptor de rian-ndina) fue descrita por primera vez en el
veneno del alacrin africano Buthotus hottentota (Valdivia y col. 1991); més tarde, se
encontraron en el veneno del alacrin Pandinus imperator, péptidos con actividad sobre el
RyR (Valdivia y col. 1992). )

A partir de esta informaci6n, este trabajo presenta 1a purificacién, caracterizacién quimica y
funcional de dos péptidos aislados del veneno del alactan Pandinus imperator, con efecto

sobre el receptor de rianodina
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"IL- OBJETIVOS.

El objetivo propuesto en esta tesis es encontrar nuevas herramientas para el estudio del

receptor de rianodina, abarcando los siguientes aspectos:

1.- La purificacidn a partir del veneno del alacran Pandinus imperator, de compuestos que
tengan algun efecto sobre el receptor de rianodina.

2.- La caracterizacién quimica de estos compuestos.

3.- La valoracidn de los posibles cambios funcionales de estas toxinas, por tratamientos con
reactivos quimicos

4.- La sintesis quimica de fragmentos de esta(s) toxina(s) y el ensayo sobre el receptor de
rianodina.

5.- Por tltimo, tomando junta toda esta informacién, analizar el mecanismo de accion de

esta toxina(s) sobre el receptor de rianodina.
Esta informacién es importante para ayudar a entender el funcionamiento del canal de

calcio intracelular (receptor de rianodina).
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111.- RESULTADOS.

A continuacién presentamos los resultados obtenidos ée nuestra investigacion,

La manera de reportar estos resultados sera en el formato de articulos publicados, dado que
ademés de ser un requisito del proyecto de doctorado, deja patente la participacién de
nuestro laboratorio en la caracterizacién de las nuevas toxinas encontradas.

Los resultados quedan divididps en dos articulos. El primer articulo describe la purificacion
y caracterizacién de un pép-tido encontrado en el veneno del alacrin Pandinus imperator,
que tiene un efecto inhibitorio sobre el receptor de rianodina.

El segundo trabajo describe también la purificacién y caracterizacién de un segundo
péptido encontrado en el mismo veneno, pero que tiene un efecto contrario al péptido
anterior, ya que éste activa al canal intracelular de calcio.

Los trabajos s¢ presentan antecedidos por su ficha bibliogrifica respectiva y por un
resumen. Ambos trabajos describen a péptidos que actian sobre €l receptor de rianodina,
que servirdn como herramientas para el estudio de este canal, cumpliéndose asi el objet{vo
propuesto en este trabajo. Finalmente, se incluye a manera de apéndice un Hltimo trabajo,
que si bien no forma parte del tema central de esta tesis, fue realizado durante mi

¢

entrenamiento doctoral,
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3.1 ARTICULOS PUBLICADOS.

Femnando Z. Zamudio, Renaud Conde, Carolina Arévalo, Baltazar Becerril, Brian M.
Martin, Héctor H. Valdivia, and Lourival D. Possani. (1997) “The mechanism of
inhibition of Ryanodine Receptor channels by Imperatoxin I, a heterodimeric protein
from the scorpion Pandinus imperalor”. en The Journal of Biological Chemistry,

272, No. 18, 11886-118%4p.
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En este trabajo nos propusimos purificar y caracterizar uno de los componentes del veneno
del alaéran Pandinus imperator que inhibe la unién de rianodiga 1 su recepior.

Utilizando tres pasos de cromatografia, exclusion molecular, intercambio i6nico y fase
reversa, logramos purificar a ‘homogeneidad un componente al que llamamos toxina
inhibitoria del veneno de Pandinus imperator, abreviado IpTxi. Este componente de
naturaleza peptidica resulté estar constituido por dos cadenas polipeptidicas, una corta de
27 aminodcidos y una larga de 104 aminodcidos, esta uliima con gran ps;.recido a
fosfolipasas de tipo A2 (abeja ¥y heloderma). En la literatura no se encontraron otros
péptidos parecidos a la cadena corta.

Se prepar una biblioteca de cDNA a partir de las glindulas det alacran y se clono el gene
que codifica para la IpTxi confirmdndose asf la secuencia de aminodcidos de IpTxi
obtenida por secuenciacion directa, utilizando la técnica de degradacién automatizada de
Edman.

Este componente del veneno del alacran Pandinus imperator tiene }a capacidad de inhibir
la uni6én de [Hlrianodina a su receptor, tanto tipo 1 como tipo 2 (esquelético y cardiaco),
mediante un mecanismo que aparentemente no involucra la interaccion directa de este
péptido con el receptor.

Con el fin de investigar el mecanismo de inhibicién de la unién de rianodina al receptor, s¢
procedié a separar las dos cadenas y probar su actividad por separado, encontrando que
ninguna de las dos cadenas por si sola inhibia el pegado de rianodina a su receptor. Para
descartar sf estos resultados se debian al procedimiento quimico usado para separar las

cadenas (reduccion y carboximetilacién) se decidi6 sintetizar guimicamente la cadena corta
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con tres variaciones, la cisteina de la posicién 4 se cambi¢ por metionina (C4M) o por
alanina (C4A) o se conservo la cisteina (C). Los dos primeros se sintetizaron para evitar la
formacién de dimeros, encontrando que ninguno de estos péptidos tienen actividad sobre ¢l
receptor de rianodina.

Por oftro lado, debido a que la actividad fosfolipasa es altamente dependiente de su
estructura tridimensional se usé un reactivo especifico para inhibir la actividad
fosfolip4sica sin medificar su estructura. Se encontré que cuando [a IpTxi es tratada con
este reactivo (bromuro de p-bromo fenacilo), pierde tanto la actividad fosfolipasica como
su capacidad de inhibir la unién de rianodina 2 su receptor. Estos resultados parecian
indicar que la accién de esta toxina sobre ¢l canal se debia al efecto fosfolipasico de la
toxina y no a una unién directa al receptor.

Con ¢l fin de confirmar esta hipétesis, se procedi6 a incubar la IPTxi con membranas de
misculo esquelético y probar la capacidad del sobrenadante de esta reaccioén (4cidos grasos
libres, producto de la actividad fosfolipasica de la toxina) sobre 1a unién de [*H]tianodina a
su receptor. Se encontré que este sobrenadante es capaz de inhibir la unién de rianodina
marcada a membranas de musculo esquelético. A fin de confirmar estos resultados, se
probaron diferentes concentraciones de diversos Acidos grasos, tanto en el bloqueo del
canal en bicapas como en la union de rianodina marcada al receptor de rianodina.
Observando que los 4cidos grasos bloguean el canal en forma dosis dependiente. Los

resultados parecen apoyar la hip6tesis de que el efecto inhibitorio de IpTxi es indirecto.
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We present an in-depth analysis of the structural and
functional properties of Imperatoxin I (IpTx), an ~15-
kDa protein from the venom of the scorpion Pandinus
imperator that inhibits Ca® release channel/ryancdine
receptor (RyR) activity (Valdjvia, H. H., Kirby, M. 8.,
Lederer, W. J., and Coronado, R. (1832} Proc. Natl. Acad.
Sei U.S.A. 89, 12185-12189). A ¢cDNA library was pre-
paved from the venomous glands of this scorpion and
used to clone the gene enceding IpTx;. From a single
continuous messenger RNA, the information coding for
the toxin ix translated into two mature polypeptide sub-
units after elimination of a basic pentapeptide, The
IpTx, dimer consists of a large subunit (104-amino acid
residues) with phospholipase A; (PLAj;) activity co-
valently linked by a disulfide bond to a smaller (27
amino Beid residues), structurally unrelated subunit.
Thus, IpTx, is a heterodimeric protein with lipolytic
action, a property that is only ghared with f-bungaro-
toxins, a group of neurotoxins from snake venoms. The
enrymatic snbunit of IpTx; is highly homologous t¢
PLA, from bee {Apis mellifera) and lizard (Heloderma
horridum) venoms. The small subunit has no significant
similarity to any other known peptide, including mem-
bers of the Kunitz protease inhibitors superfamily that
target the lpolytic effect of p-bungarotoxins. A syn-
thetic peptide with amino acid sequence identical to
that of the amall sabunit failed to inhibit RyR. On the
other hand, treatment of IpTx; with p-bromophenacyl-
bromide, a specific inhibitor of PLA, activity, greatly
reduced the capacity of IpTx, to inhibit RyRs. These
results suggested that a lipid product of PLA, activity,
more than a direct IpTx,-RyR interaction, was responsi-
ble for RyR inhibition.

Scorpion venoms contain families of small basic proteins that
modify the gating mechanism of Na* channels or block with
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high affinity K* channels of excitable cells (1, 2). These toxins
have been invaluable tools in the identification, purification,
structural mapping, and functional characterization of the cor-
responding ionic channels The study of other ionic channels
have also been aided by toxins from poisonous animals. For
instance, snake venoms contain potent neuratoxins that block
acetylcholine receptors (3), and snail and spider venoms con-
tain small molecular weight proteins directed against neuronal
©a?* channels (4, 5). A CI™ channel-specific blocker peptide
was also recently isolated from a scorpion venom (6). Thus,
there exist a vast array of naturat Jigands useful for structural
and functional char. tion of 1onic channels

The Ca®* release channel of SR! constitutes the major path-
way for Ca?* release during the process of excitation-contrac-
tion coupling in cardiac and skeletal muscle (7) The Ca®*
release channel binds the plant atkaloid ryanedine with nano-
molar affinity, hence the name ryanodine receptor (RyR) Ry-
anodine has been an invaluable tool in the structural and
functional characterization of RyR The alkaloid binds to a
conformationally sensitive domain on the RyR protein and may
be used in binding assays as an index of the functional state of
the channel {8, 9), However, ryanodine displays extremely slow
dissociation kinetics that make its effect practically irreversi-
ble. Furthermove, certain concentrations of ryanodine may
open RyRs while others may block them (10), leading to am-
biguous results.

From the venom of the African scorpion Pandinus imperator,
we isolated Imperatoxin I (IpTx;), a ~15-kDa protein that
inhibited [*H)ryancdine binding to cardiac and skeletal SR by
blacking RyR channels (11). At concentrations well above the
half-maximal effective concentrations (EDgo) exhibited for
RyR, IpTx; did not modify the binding of ligands targeted
apainst other transporters and ionic channels of striated mus-
cle (11). IpTx; blocked RyR rapidly and reversibly, and when
injected in ventricular cells it decreased twitch amplitude and
intracellular Ca?* transients, suggesting a selective blockade
of Ca?* release from the SR (11,

In this study, we carried out an in-depth analysis of the
mechanism of action of IpTx, on RyRs of cardiac and skeletal
muscle. We determined the complete amino acid and naclectide
sequence of IpTx, and show that, like B-bungarotoxins, IpTx, is
2 heterodimeric protein composed of a high molecular weight
subunit with PLA,, activity and a small, sttucturally unretated

1 The abbreviations used are: SR, sarcoplasmic reticulum; pBPB,
p-bromophenacyl bromude, PLA,, phospholipase Az RyR, ryanodine
recaptor; lyso-PC, lysophosphatidylcholine; HPLC, high performance
liquid chr hy, Pipes, 1,4-piperazinedieth 1lfonie acid.
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subunit. We also show that free'fatly acids, lipid produets of
IpTx;-PLA, activity, are invelved in the inhibition of RyR. IpTx
thus offers an alternative way to block RyR. distinct from ry-
anodine and ather ligands that require a physical interaction
with the RyR prolein.

EXPERIMENTAL PROCEDURES

Chenticals and Reggents ~Protease lyaine C Lya-C) and Teatriction
enzymes weie from Bochringer Mannheim. Chemleals and sofvents for
peplide sequencing wers from Milllpore Co. Primora for polymerase
chain roaetion {lambda gbll forward and reverse; 1218 and 1222) and
Venl" polymerase were from New England BioLabs, DNA sequencing
kit (Sequenase veraion 1), wag from U, 8, Biochemical Corp, Subclon-
ing and sequencing vector {pBluascript phagemid; pKS), M13° -20, and
M13 roverse sequencing primers were from Stratagene. Brain phos-
phatidylethanolamine and braln phosphatidylaerine wete from Avanti
Polar Lipida, 1"H)Ryanodine was from DuPont NEN, p-Bromophenacyl
bramide (pBPD) was lvom Sigma,

Purification of IpTx,— P. imperalor vonom wes obtained by electric
atinulation of acorpiens maintained alive n the laboratory. Venom (120
mpg per balch) was suspended in double distitled water and centrifuged
at 15,000 X g for 30 min. The supernatant was applied onto g column
19,8 X 18¢ em} of Sephadex G-50 superfine (Pharmacia Biotech Inc.)
Feactiona were eluted with 20 my NHOAc (pH 4.7) at a flow rate of 20
mlh: Fraction 11 centaining IpTx, was applied to & column (0.9 x 30 em}
of carboxymethyl (CM)-cellulose 32 (Whatman) equilibrated with 20
mM NH OAc (pH 4.7 Peplides waie eluted et a flow rate of 20 mlh
with a lincar gradient of 250 ml of 20 mu NE,0Ac (pH 4,7) and 250 ml

of the same buffer containing 0.66 m NaCl. Peptides displaying capacity *

to whibit {*Hlryanodine binding and phospholipase activity were dia-
lyzed against devonized water (3 X 30 min), concentrated by lyophili-
zatlon, and wjected inte n C, veverae-phase HPLC column (Vydac)
IpTx, was eluted with a linear gradient of 0-60% acetonitrile in 0.1%
trifluoroacetic acid running at I ml/min for 80 thun. The purity and
dentity of IpTx; was confirmed by amino actd sequence analysis, a8
deseribod for Na* channel-blocking peptides (12), IpTx, was quantified
either by amino acid analysis or by absorbance at 280 nm {Agge !
using an extinction coefficiont () = 14,852,

Amino Avid Anclysis and Microsequencing of IpTx,—Amino acid
analysis was parformed on samples hydrolyzed in 6 N HC] with 0.6%
pheni! at 110 *C in evacuated, sealed tubes as deseribed {13, Reduction
of IpTx; with dithiothreital and alkylatlon with iodoacetic acld was
performed as described (13). Redused and alkylated IpTx, was cleaved
with protease Lys-C 1 200 ul of 25 mmM Tris-HCI {pH 7.2), and 1.0 M
EDTA, at a enzyme:peptide ratlo = 1:100, Mierosaquence determina-
tion of native, reduced, and carboxymethylated toxin, and their peptide
fragments was carried out with a 6400/6600 MilliGen/Biosearch Prose:
quencer, using the peptlde adsorbed grotocol on CD Immobilen
membranes.

Cloning and Sequerwmg of the cDNA Encoding IpTx,—Two oligenu-
cleotides encading for two different regions of IpTx, were synthesized as
described (18), Qligonucleotide 1 (6'-ACINATGTGGGHNACKIAAG/
AJTGGTG-3'} where N menng any nucleotide) encoded for the firat 8
amning aclda of the amino tarminus of the large subunit of IpTx,. Olige-
nucleotide 2 (6'-GAIG/AGCINGGINTATICYAGINMGCINITGGGC-3)
encoded for resldues 14~21 of the small subunit. Total RNA was purl-
fied from the venomous glands (telsons) of 30 scorpions. The telsons
were pulverized in liquid nitrogen and poured into 10 ml of GT buffer (4
M guanidinfum isothiocyanate, 0.026 M sodfum citrate (pH 7.0), 0.6%
N-lauryi aarcosine, and 0.03 M 8-mercaptoethanol), vortexed, and cen-
trifuged at 5,000 X g for 10 min, One m) of 2 M sodium acetate (pH 4)
was added to the recovered supernatant, The resulting aslution wag
extracted with 10 ml of water-saturated phenol plus 2 ml of ehloroform.
iscamyl alcohol (4%:E, viv), allowing to eit on ive for 156 min. After
centrifuging at 10,000 X g for 20 min at 4 °C, the aquaoua layer was
precipitated with 1 volume of isopropy? alechol, incubated at —20 °C for
1 h, and contrifuged at 10,000 X g for 20 min at 4 °C. The pellet was
dissclved in 0.9 mt of GT buffer and 0.3 ml of isoprapyl aleohol, ineu-
bated at =20 °C for 1 h, and pelleted again, The pollat was washed with
96% ethancl, briefly dried under vacuum, and resuspended in RNage-
free water. Meagenger RNA waa purified following the inatructions of
the Hybond-mAP protece] {messenger affinity paper; Amersham Corp.,
RPN.1511), ¢DNA aymthesis was parformed as described (13} from 5 pg
of mRNA. The cloning of the cDNA librayy was also performed as
deacribed (13). Tho screening of the ¢DNA library was performed with
oligonucleatides 1 and 2 separately, but the clones detected with ofigo-
nucleotide 1 were analyzed firat, Inserts of cDNA from poartive clones
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werg polymerase chain reaction-amplified uaing A gt11 forward and
reverse primers, Polymerase chain reaction products were purified from
agarose gel and hgated inte the EeoRV site of pBluescnipt (pKS) pha-
gemid The ligation veactions were used to transform Escherichia colt
DHE-« cells, Plasmid DNA frem white calomes was digestéd with-
BamHI arxl HindTT to vorily the size of the original inserts, Clones of
Interest were sequenced wging the Sequenase® kit version 2 (U, 8.
Biachemical Corp,) on beth atrands Oligonucleotides A gt11 forward, &
glll reverse, Mi3 -20, and ML3 reverac were used for sequencing.

Sequence Comparsona~The amino acid seguence of the large and
small subunits of IpTx, were compared with those of ether proteins
deposited in the protein deta base of C(tenBank (Los Alamos National
Laboratory, Los Alamos, NM) by computer analysis wsing the pro-
gram Blitz version 1.5 {Biocomputing Research Umt, University of
Edinburgh, UK),

Daterminaiion of Phosphalipase A, Activity — Phospholipase A, setiv-
1ty was deteymined by the titration methed of Shiloah et al, (14), using
dilute egg yolk 11:20 in saline solution) as substrate, Liberation of acid
was moasured at pH 8.0 and 37 °C by titration with 5 mm NaOH under
a constant stream of N, One unit of enzyme is defined as the amount
of enzyme that liberates 1 umal of free fatty acid/min under the above
conditians. Inhibition of phospholipase A, with pBPB was canied out as
described by Diaz ef al. (16). One hundred g of 200 pm IpTx, in 85 mM
Tris (pH 8 0) were mixed with 10 gl of 2 mm p-BPB in acetone and
Incubated for 16 h at room temperature under dim light. The réaction
was slapped by filtration in a Sephadeg G-10 column, pBPB-treated
IpTx, elutes in the void_volume of the column, whereas the excess of
pBPB 15 retarded.

Synthesis of the Small Subunit of IpTx,—The amall subunit of IpTx,
was synthesized by the solid phase method of Merrifiold (16), using
f-butyloxycarbonyl-amino acids, This subunit containg a Cys residue at
position 4. Te aveld formation of nter-pophide disulfide bonds, Cys® was
substituted by Ala {(peptide A}, Met (poptide M), or Cys (peptide C)
protected with 3-nitro-2.pyridinesulfony] (thiol-protecting group that
will not allow fermation of disulfide bonda). At the end of the synthesis
all three peptides wera peparated in a C) 4 reverse-phase HPLC column,
using the conditions described above. The purity of the synthetie pep-
tides was confirmed by both amine acid analysis and microsequencing,
as described above, K

I*HiRyanodwne Binding Assoys—["HIRyanodine binding to pig car-
diac and rabbit skeletal SR vesicles was carried out for 90 min at 36 °C
in 0.1 m! of 0,2 M KCl, 1 mm NagEGTA, 0.905 mm CaCl,, 10 mM
Na-Pipes (pH 7 £), The calculated free Ca®* was 10 pM [*H|Ryanadine
(88.4 Cv/mmol) was diluted directly in the incuhation medium to a final
conecantration of 7 nM. Protein concentration was 0,2-0.4 and 0.3-0.6
mg/ml for gkeletal and cardiac SR, rospectively, Samples were filtered
on Whatman GF/B glass flber filters and washed twice with 5 ml of
distilled water, A Brande! M24R cell harvester was used for filtration.
Nonapecific binding was determined in the presence of 10 us unlabeled
ryanodine and has been subtracted from each sample.

Planar Bilgyer Technigue —Recerding of single RyR in lipid bilayers
was performed ag described previously (17}. Briefly, a phosphelipld
bilayer of phosphatidylethanolamine:phosphatidylserine (1:1 dissolved
in n-decane to 20 mg/ml) was formed across an aperture of ~360 pm
diametor in a delrin cup. The els chamber (900 pl) was the voltage
cantrol alda connected to the head stoge of a 200 A Axopatch amplifier,
and the trane chambaer (800 wl) was held at virtual ground. Both
chambers were imtially filled with 50 mm cestum methane sulfonate
and 10 mm Tris/Hepas (pH 7.2). After bilayer formation, casium meth-
arie sulfonate was raised to 300 mM in the cis side, and 100-200 g of
3R vesicles wers added, After detectlon of channe) apenings, Ca* in the
trans chamber was raised to 300 mM to collapse the chemical gradient.
Single channel data were collected at steady veltages (—30 mV) for 2-8
min. Channel activity was recarded with a 16.hit VCR-hased acquisi-

. tfon and storage system at a 10.-kHz sampling rate, Signals weve ana-

Iyzed after filtaring with an 8-pole Bessel filter at a sampling fraguency
of 1,62 kHz, Data acqwimtlon and analysis were done with Axon
Instruments sofiware and hardwaré (pClamp v6.0, Digidata 200
AD/DA interface).

RESULTS
Pyrification of IpTx,—Purification of IpTx; from P, imperator
venem was performed in three chromatographic steps as de-
acribed under “Experimental Procedures” and shown in Fig, 1,
After fractionation of whele venom in Sephadex G-60 (Fig. 14),
five fractions were collected and assayed for effects on [*Hlry-
anodine binding, Fraction 2 contained polypeptides in the
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Fic. 1. Purification of IpTx, A, P. l'.mpemt;)r soluble venom (120 mg
and tun with 20 mM ammonium acetate buffer (pH 4.7).
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of protein} was applied to a Sephadex G-50 column (0.9 X 190 cnt)
5-ml samples were collected, and tested for thewr capacity to inhibit

(*Hiryanodine binding. Only fraction 2 totally inhibited [(*Hiryanedine binding. B, fraction 2 was further separated thraugh a CM-cellulose column
(09 x 30 cm), equilibrated, and run with 20 myf ammonium acetate buffer (pH 4.7). A linear gradhent of sodium chloride resolved B subfractions,

the Feat of which {indicated by the arrow) contained IpTx,. C, the subfraction from
verse-phase HPLC column and eluted with a 0-100% linear gradient of acetonitrile containing 0.1% trifluoroacetic acid. The

injected into a C, rev

the CM-celiulose cofumn containing [pTx, was lyophilized and

peak labeled with an asterisk was not studied further. D, dose-response curve for whole venom and purified components [*HRyanodine (7 n) was

incubated with cardiac SR protein in 0.2 M KCI, 10 ux CaCl,, 10 my Na-|
trations of venom

and subsequent regults.

range of 8-16 kDa and was the only fraction that inhibited
{*Hjryanodine binding. The second step in the purification of
Ip isted of i hange chromategraphy in CM-cellu-
lose (Fig. 18). The fraction containing IpTx, {indicated by the
arrow) eluted early in the run, when the concentration of NaCl
was ~160 mu. Fig. 1€ shows the chromatographic profile of
1pTx, after elution from a reverse-phase C, HPLC colurom, Only
& minor contaminant was present (labeled with asterisk), which
was discarded for further studies of IpTx; structure. However,
amino acid sequence analysis of purified IpTx; yielded two
different amine acids per reaction cycle, with an apparent
equivalent stoichiometry. This indicated either that a contam-
inant was still present at the end of our purification procedure
or that IpTx, was composed of two different peptide subunits.

‘We determined the dose-response relationship for each of the
active venom components to assese their potency to inhibit
RyRs (Fig. 1D). Whole P. imperator venom and fraction 2 in-
hibited (*Hlryanodine binding to cardiec SR with a concentra-
ticn of 20.2 and 4.3 pg/m), respectively, yielding the half-max.
imal effect (ICg,% ICy, for pure IpTx, was 0.7 pg/ml. Based on
this value and the molecular mass of IpTx, (~15 kDa), the
estimated apparent dissociation constant (K,;) was 46 nu. Es-
sentially identical results were obtained when skelete! SR was
used for displacement studies (not shown)-

Electrophoretic Analysis of IpTx,—To elucidate whether
IpTx, was composed of twe subunits, an alignot of IpTx; was
reduced and alkylated. The modified toxin was then chromato-
graphed in a Bio-Gel P30 column (Fig. 24) to eliminate reaction

Hepes (pH 7.2) in the absence (control, 100%) and the presence of indicated
ts. Nonspecific binding was determined in the presence of 20 pu ryanodine and has been subtracted from this

by-products and excess of reagents. Three peaks were obtained
(Fig. 24) and analyzed by SDS-PAGE (Fig. 2B). Pesk 1 {labeled
Red, abbreviation for reduced) had lower molecular mass than
native IpTx; (labtled Nat); peak 2 could not be resolved in the
same gel (not shown), but direct sequencing indicated that it
corresponds to 2 ~3-kDz peptide (Fig. 34); peak 3 was not
peptidic in nature, indicating that 1t corresponded to the reduc-
ing and alkylating reagents. Fig. 2C shows that the apparent
molecular mass of native IpTx, was ~15 kDa and that of the
reduced IpTx; was ~12 kDa, Thus, treatment of IpTx; with
thiol-reducing agents separates a large (~12 kDa) from a small
(~3 kDa) subunit.

Peptide Sequerce Determination—-The reduced and atkyl-
ated derivatives of IpTx; (peak 1 and 2 of Fig. 24) were se-
quenced by direct Edman degradation, As shown in Fig. 34, we
identified the first 27 amine acid residues of the large subunit,
and all 28 aminoe acid residues of the small subunit To identify
the remaining residues, the large subunit was cleaved with
Lys-C endopeptidase, which yielded three peptide fragments
that eluted with different retention times in an HPLC column
{data not shown). The amine acid sequence of each of these
peptides, obtained also by Edman degradation, is underlined in
Fig. 3A

Cloning and Sequencing of the cDNA Encoding IpTx;—Two
oligodeoxynucleotides synthesized according to the amino acid
sequence of stretch 1-8 of the large subunit and stretch 14-21
of the small subunit were used to screen a cDNA library,
constructed from the venomous glands of P. tmperator scorpl-
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Fit. 2. Separation of larga and oor A
smal! subunits of [pTx,. A, 1pTx, (100 1 f
#g) was reduced and alkylated as de-
acribed under “Experimental Proce.
dures,” applied to a Bio-Gel P30 column
(0.8 X 27 cm), and eluted with 10% acetic
acid. Peak 1 corresponds to a ~12-kDa
peptide, peak 2 to @ ~3-kDa peptide (de-

d by direct ing), and peak %
30 naction by-pmducu. B, BDS-PAGE 4
analyals of 3 pg of native IpTx, (Mat) and 3
3 ug of peak 1 {Red). (el was 10% poly-
acrytamide. Proteing were stained with
Qoomsasie Blue. The running ge! (R.G)
and the tracking dye (T.D.) positions are
indicated by errows. C, the rotention fac-
tor {R) for varlous molecular weight L
markers ia plotted as & function of log,, .
molecular weight (M.W.}1. The apparent
molecular weight for native and reduced

0.05

IpTx, was extrapolated from & linear re-
grension to the data paints.
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i 80 Fig. 3. Amino acid and nucleotide

sequences of IpTx, A, the complete
amino acid sequence of IpTx; was ob-
tained from divect Edman degradation us-
ing peak 1 {large subunit) and peak 2
1 (emall subunit) of Fig. 24 (labeled &) and

TYFOLYGHGCYNVOCREQ 8mak subuni SRECPDAVATY

from proteokytic fragments (i, fcp, and
{eg) of peak 1. To ohtain the proteclytic
fragmenta, peak 1 (100 pg} waa Incubated
for 4 min at 36 °C with 1 ug of Lys-C
endopeptidase in Tris buffer s apecified

B cacacancen AT CAT ACT CCA ARA CAC GCT ATC CAG AGR ATA TCC ARR GAA MG ATG 56
M H T bJ X H F. I 1] B. I ] K E B M
GAR TTC TTC GAA GGG AGO TAT OAA CGC ATA GGG GRA BCA GAC GRG ACT ATG TGG GoA ACG 118
E . FfF_F. E 9 R < . E R _H O FKE A& R _E T M ¥ 4 T 5
ARM TGO TOT GGA AGC GOA ARC OAG GCT ACA OAT ATT TCA GAA CIT 64T TAC TGG AGT ART 1R
K W ¢ @ § o W g A T P I 8 P L @ ¥ ¥ 85 N 25
TTA GAT TCG TGT 7TGT AGG ACC CAC OAC CAT TGT GAC RAT ATT CCA TCA GGG CAR ACT ARA 238
L »p § c ¢ R T H D H @& D ¥ I P B8 Q@ g T K 45
TRT GOT CTO KOG ART GAR GGR AR TAQ ACA ATE ATG ARG TOC ARM TOC OAG ACG GO TI? 2%
Y 8 L T N B G X ¥ T M M N € X €C E T A F 45
QKM CAR TGT TG AGA AAC GTT ACT GGA GQT ATG GAR GGA CCR GCT GET GGC TTT GTT AGA 359
E @ ¢ L R W ¥ T 4 g M B 4 P A A G F ¥V R 48
AAM ACT TAT TTT GAC TTA TAT GGG MAT GGG TGC TAC AAC GTG ChA TdT CCC TCT CAG AGA 418
X T ¥ F D L Y 6 N @ € ¥Y W V g ¢ F 8 Q R 0%
NG TTG OCA AGA MGT ORM GAG TGT COT GNT GOT GTG GCA ACG TAT AGA GGA GAR OCT GG3 478
B L A R & B B C P D G V A T Y T @ E A '@ 115
TAT GGT GCR TGG 0C3 AT AAC RAA CTG ART GOT ‘TAR ATTTUTCTAACTGAMAGCATCCRRAACATCT 545

in the Boehringer catalog. The reaction
producta were separated by HPLC, essen-
tlally as described in the legend to Fig,
1A, Numbers on top of the amino ncid
sequence correspond to the amino acid

" positions in the primary structure. B, nu-

cleotide sequence of the cDNA gene en-
coding for the entire IpTx, molecule with
the deduced amino acld sequence helow
each base triplet. The putative slgnal pep-
tide sequence (relative poaition —31 to
-1) i8 underiined. The pentapeptide
RRLAR (relatlve poaition 105-109) i3 not
found In the mature protein and is aa-
sumed to be cleaved during processing.
Numbers on right vefers to the nucleotide

ACAGTANTOAAATOOCARIACATCTONRGAAARAGTAT TGN 136 and amino acid positions.
CCACAGT T ' ARGACATCTGARGARRA AT sai
AAGTGCTASTAAACATTTCTCTTCAARCTARARRAARAARAR 666

ons, These oligodeoxynuclectidea wera used as probes to isclate
a full-length IpTx, ¢DNA clone, Both probes led to the isolation
of the same cDNA clone. Its complete nucleotide zequence is
shown in Fig. 38. This sequence contained an open reading
frame of 167 amine acide encompassing 1) a putative signal
peptide (first underlined 31 amino acids, positions ~31 to ~1);
2) the mature ~I2-kDa, large eubunit of IpTx; (104 amino
acids, positions 1-104); 8) & putative connector pentapeptide
(RRLAR, positiona 1065-109); and 4) the maturs small subunit
{27 amino acids; positiona 110-136). Thus, a single continuous
¢DNA clone enceded the two polypeptide subunits of IpTx;, This
finding conflrmed that IpTy; is a heterodimeric protein. Sinece
treatment of IpTx, with thiol-reducing agenta (Fig. 2A) effec-
tively separates both subunits, this suggests that they are
covalently linked by a disulfide bridge.

Sequence Homology of IpTx; Subunits — A comparigon of the
amino acid sequence of the two subunits of IpTx, with se-

quences available from GenBank revenled intriguing results,

‘First, the small subunit shared no significant similarity with

gequences of scorpion peptide blockers of Na*, K*, or CI™
channels, with members of the Kunitz protease inhibitor su-
perfamily, or with any other sequence deposited in the protein
data base, Thua, this small subunit constitutes a new class of
scorpion peptides. On the other hand, Fig. 4 shows that the
large subunit of IpTx, was 38% homelogous to PLA, from honey
bee (A. mellifera) vonom and 86% homologous to PLA, from
heladerma (H. horridum) venom. These two PLA,8 compose
group IIT of secreted PLA, (18), whose main features are low
molecular mass (~14 kDa}, high disulfide bond content, and
strict dependence on Ca®* for lipolytic effect. Sinca tha major
criterion for classification is sequence hemelogy more than
functlon, IpTx; may he classified within this group with the
remarkable differenca, however, of possessing an accessory
protein,
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Fic. 4, Amino acld sequence homology between the large gub-
unlt of IpTx, and PLA,s from group 111 The amino acid sequence of
the targe sabunit of IpTx, (frst row) was aligned with that of bee (A.
melhfers, second row) and lizard (M. suspectum, third row} venom
PLA; A few gaps (dashes} were introduced to enhance similarities.
Bold lesters indicate exact homology for the thres PLAs. Dots indicate
end of the sequence, whereas X indicals k id as indi-
eated in the mlerence source. Amino acid sequences taken from IpTx,
this work; bee PLA,, GeneBank Accession No. X16709; Heloderma
suspecium PLA,, Gomez et al. {32),

Lack of Inhibition by the Short Subunit of IpTx;—We tested
if the small subunit of IpTx; was responsible for blocking RyR.
Reduced and carboxymethylated small subunit (peak 2 of Fig.
2A}, at concentrations up to 15 y:u, had no effect on the binding
of [PHlryanodine to cardiac or skeletal RyR (data not shown).
To discard the pr of spurious ts as being the cause
of negative resulls, we synthesized the small subunit in three
distinctive forms as follows: peptide C was similar to the native
stnall subunit, and peptides A and M were also similar to the
native small subunit, except that Cys* was substituted by Ala
and Met, respectively. This avoided the formation of interpep-
tide disulfide bridges caused by oxidation of Cys*, The three
peptides were HPLC-purified before testing. Table I shows that
none of the purified synthetic peptides had significant effect on
the binding of [’Hlryanodine to cardiac RyR or on the binding
of [PHIPN200-110 to voltage.dependent Ca®* channels of
sarcolemma (19},

The Phospholipase A, Activity of IpTx; Is Important to Inhibit
RyR--We next investigated if the large subunit of IpTx;, or its
engymatic activity, was involved in RyR inhibition. The re-
duced and carboxymethylated form of the large subunit of IpTx;
{peak 1) was incapable of inhibiting [*Hlryanodine binding to
cardiac or skeletal RyR. However, this was expected given that
internal disulfide bridges are essential for preservation of the
toxin's tridimensional structure as well as for expression of its
enzymatic activity {20). We thus resorted to pBPB, a covalent
modifier of His residues that specifically blocks phospholipase
A, activity (16) without affecting disulfide bonds The rate of
fatty acid liberation by 1 mol of IpTx, was 384 + 26 and 41 *
12 mol min~?! in contro! and after incubation with pBPB, re-
spectively (n = 4; data not shown). Thus, treatment of IpTx;
with pBPB decreased substantially its PLA, activity. Fig. 5
shows that gBPB-treated IpTx, decreased dramatically its ca-
pacity to inhibit the binding of [*H)ryanodine to cardiac and
skeletal RyR (open symbols). This was in contrast to control
1pTx; (a batch of IpTx; that underwent the same treatment as
pBPB-treated IpTx;, except that pBPB was omitted), which
retained its capacity to inhibit cardiac and skeletal RyR with
high affinity {filled symboals).

Ca®* Dependence of IpTx; Effect —The enzymatic activity of
PLA, from group ITI requires Ca®* for catalysis (20). Therefore,
we expected that if the inhibition of RyRs by IpTx, resided in its
enzymatic activity, inhibition should be apparent only in the
presence of mucromolar [Ca?*] Fig. 6 shows that Ca®* was
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TasLg 1
Effect of synthetic peptide analogs of the small subunit of ipTx, on the
binding of PHlryenodine and PHIPN200-110 to cardiac sereolemma
A and SR vesicles
Peptide concentration tested was 10 pd, Results are the mean = 8.D
of three independent determinations.

["H[Ryanodine binding’® PHIEN200-110 binding®
% %
Control 100 100
Peptide & 116+ 8 100% 6
Peptide M 110% 4 11£12
Peptide C We=5 UL =7

= Binding of [*Hryanodine to SR vesicles was cartied out as deseribed
in the text,

* Binding of [*HIPN200-110 to cardiac sarcolemma wasg performed as
described (19).

100 & L
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=
o
2 604
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g
by 8.0 Cardisc RyR
% 20 4 B, O Stolers RyR
(7] 0
ey v T -
1E-3 (L) ] 0.1 1
{IpTx), pM

FiG. 5. Treatment with a PLA, inhibitor lowers the potency of
IpTx, to inhibit RyR. IpTx; (200 xM) was mcubated with 2 mM pBPB
(fitled symbols) for 16 h as described under *Experimental Procedurea”
or with acetone {open symbols), the drug vehacle, as control. Binding of
[PHiryanodine to cardiac (circles) or skeletal (squares) SR was per-
formed in the absence (defined as 100%) or in the presence of indicated
concentrations of IpTx;.

essential for binding of [*H]ryancdine to RyRs and for detection
of the IpTx, effect. The left panel shows the Ca®* dependence of
[*Hhryanodine binding to skeleta! SR and the effect of IpTx,.
Specific binding in control (open circles) had a threshold for
detection at 100 nas [Ca2*] {pCa 7) and was optimal at 10-£00
4 [Ca?*). Higher [Ca®*] inhibited binding, giving rise to a
beli-shaped curve. In the presence of IpTx, (filled circles), the
binding eurve was dramatically decreased in absolute values.
The percentage of IpTx; inhibition was 5.5, 32, and 71% at pCa
1, 8, and b, respectively. No further inhibition was observed at
higher [Ca?*). Thus, the degree of IpTx, inhibition increased
with [Ca®*L

In cardice SR (Fig. 6, right panel), the CaZ* dependence of
{*Hlryanodine binding alse had a threshold for detection at pCa
7 and a maximum at pCa 5 (control, open circles). However,
unlike skeletal SR, inactivation of binding by high [Ca®*] was
not pronounced. Binding decreased only by 30% with respect to
maximum in cardizc RyRs, and it decreased by 80% in skeletal
RyRes. This distinctive response of RyR to Ca®* is also digplayed
by individual RyR reconstituted in lipid bilayers (8, 21}, indi-
cating that the binding assay effectively tracks the activity of
the receptor. In the presence of IpTx,, the binding curve was
markedly decreased The percentage of inhibition was 10, 38,
and 83% at pCa 7, 6, and 5, respectively. Thus, although car-
diac and skeletal RyRs respond differently to Ca®*, the inhib-
jtory effect of IpTx, increased equally with {Ca®*] in both
isoforms.

Inkibition of RyR by Supernatant of IpTx treated SR Vesi-
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Fio. 6. Ca** depandence of lp’l‘x. inhihllim\ of I"HIryanodine binding. Rabbit skeletal (0.3 mg/ml) or pig cardiac (0.4 mg/ml) §R vasicles
were incubatod for 80 min at 36 °C with 7 nu ["Hlryanedine In the ahseneo (apen gircles) or the presence (filled circles} of 200 nu IpTx;, The
ineubntion medium conalsted of 0.2 M KCL, 10 mM Na-Hepes (pH 7.2), 1 my EGTA, and CaCl, neceasary to bring free [Ca®*] to the desired value.
The Ca®*:EQTA ratlos were caleulated by a comgputer prograrm using affinity constante given in Faliato (33),

cles — Tha membranes of SR vesicles contain different ¢lasses of
phoapholipids that may serve as substrates for the FLA, activ-
ity of IpTx; We reasoned that if the inhibitory preperties of
IpTx; were at least partly due to its enzymatie activity, then
inhibition should be observed by inecubating RyR with auper-
natant of IpTx-treated SR vesicles. Control SR vesicles were
diluted in binding medium to 1 mg/ml and incubated at 38 °C
with 100 nu IpTx;. After 30 min, the IpTxtreated SR vesicles
ware pellatad at 32,000 X g for 18 min, and a clear supernatant
was obtained. The supernatant was then tested for its capacity
to inhibit the binding of [*Hlryanodine to cardiac 8R vesicles, A
control tube that contained only IpTx, In binding medinm with-
out SR vesicles was run in parallel to determine the percentage
of inhibition caused by the toxin alone. Fig. 7 shows that
increasing concentrations of IpTx-treated SR supernatant in-
hibited the binding of [*H]ryanodine dose-dependsntly (fifled
cireles), This inhibition could not be atéributed to IpTx, becauss
the control supernatant reduced binding only marginally (open
¢ireles), For instahce, In the mest extreme case, 10 ul of IpTx;-
treated SR supernatant inhibitad 100% of apecific binding; the
estimated concentration of IpTx, in thiz tube was 10 nu, which
inhibited binding enly by 22%. Hence, the lipolytic activity of
IpTx, relenses from SR vesicles & phospholipid product that is
capable of inhlbliing RyR activity,

Reversibility of IpTw; Effect—To rule cut the posaibility that
inhibition of RyR hy IpTx; wan caused by an irveversible die-
ruption of the channel protein, we incubated SR vesicles (1
. mg/m)) with water {control} or with 1 um IpTx, (IpTx treated
SR). After 30 min at 36 °C, an aliquot was teken from each
sample. Then, both SR samples were washed twice, pelleted,
and prepared for [*Hlryanodine binding. Fig. 6 shows that
binding of [PHlryanodine to IpTx-treated vesicles was de-
creased with respect to control after 80 min of incubation.
However, these vesicles displayed essentially the same binding
a8 contrel after washing ofl IpTx;. Thus, RyRs recover their
capacity to bind {°Hlryanodine after treament with IpTx.
Assuming that the [*Hlryanodine binding assay followed
changes in channel gating (8-10, 17, 21), the changes deacrihed
above suggest that InTx, released a phosphelipid product that
bound to RyRs (or a closely associated regulatory protein} and
decreased open probability (n,); after removal of the phospho-
lipid produet, p, could recover to control levola.

Single Channel Effects of IpTe,—To test directly the above
hypothesis and to galn insight en the manner in which IpTx;
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Fio. 7. Inhibition of RyR by supernatant of IpTxtreated SR,
S8R supernatant was prepared as described in the text. Binding of
[PHlryanodine to cardiac S8R vesicles was carried out in the sbseace
(control, 100%) or predence of indicated volumes of SR supernatant
(filled aymbols), To keep the reaction volume constant, binding medium
was added to SR supernatant to a final velume of 10 pl, To determine
the inhibition caused by IpTx, alone, control viale containing IpTx,
without SR vealcles were spun in parallel. The final concentration of
IpTx; In the binding assays and the inhibition assoclated with it ia
shown by the open symbole,

inhibits RyRe, we reconstituted swine cardiac RyR in planar
lipld bilayers, as described (11, 17). Fig. & showa traces from
continueus recording at —30¢ mV holding potential in the ah-
sence (control) and the presence of increasing concentrations of
IpTx; Channel activity was monitored over 80 8 in each condi-
tion, and the mean p, was obtained from current histograms,
The traces show that IpTx; blocks RyR dose-dependently: at
low concentrations (=200 nx) IpTx, decreasen the lifetime of
the open events, converting long openings into brief, frequently
unresolved open events; at higher cencentrations, both leng
and brief apenings progressively decrease In frequency until
they disappear, A quentitative description of this effact is pre-
sented in the open time histograms of Fig, 8B, In contro}, 2,034
eventa could be fitted with three exponentlals with mean epen
time (1) = 0.7 ms (86%), 1.9 ms (29%), and 9,8 ms (6%). In the
presence of 500 num IpTx,, the histogram for 801 openings col-
lected during the aame period as control was monoexponential
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Fic 8 Reversibility of IpTx, effect. Prewashed vesicles are car-
diac SR vesicles incubated with water (control) or with 1yt IpTx
(IpTx.-treated SR} for 30 min at 36 *C. Washed vesicles are the same
control and TpTx treated vesictes after being pelleted and washed twice
with binding medium. Binding of PHlryanodine was conducted in all
vesicles and is expressed in absolute values (pmol/mg).

with 7 = 0.8 ms. Both the decrease in the frequency and
duration of the open events contributed to the decrease in p,.
Pig. 9C shows the log dose-response relation of p, as a function
of IpTx; concentration. The ICg, for IpTx; inhibitien was 140
nM. Since this value is in fairly good agreement with that
determined in binding experiments (50—80 nu}, this indicates
that [*Hlryancdine, at the concentrations used, does not inter-
fere with the inhibitory capacity of IpTx;. More importantly,
the results show that the lipolytic product of IpTx, is capable of
interacting directly with the RyR or with a closely associated
protein that regulates channel gating.

Inhibution of RyR by Fatly Acids — PLA,, catalyzes the hydrol-
ysis of the 8,2 fatty acyl bond of phospholipids to release free
fatty acids and lysophespholipids (22). We tested the effect of
each of these lipids separately on RyR activity. Fig. 10A shows
that lysophosphatidylcheline {lyse-PC), at concentrations up to
300 uM, does not modify substantially the open lifetime or the
anitary conductance of cardiac RyR. Cn the other hand, linoleic
acid, an 18-carbon unsaturated fatty acid, blocks RyR at lower
concentrations and in & manner that is reminiscent of the
blockade produced by IpTx;. Addition of 30 par linoleic acid to
the cytosolic face of the channel decreases the lifetime and the
frequency of open events; similar to IpTx;, the fatty acid in-
duces the appearance of openings that are tco fast to be re-
solved by our recording bandwidth.

The potency of seversl fatty acide to inhibit RyRs was deter-
mined by their capacity to inhibit [*Hlryanodine binding to
cardiac SR vesicleg (Fig. 10B). Palmitic acid, a 16-carbon sat-
urated fatty acid, partially inhibited RyR but at concentrations
=100 pw. Arachidonie acid, linoleic acid, and oleic acid, unsat-
urated fatty acids abundant in SR membranes of cardiac and
skeletal muscle (23), totally inhibited RyR with an ICg, = 25,
55, and 70 pm, respectively. In agreement with single channel
results, lyso-PC and lysophosphatidylethanolamine were un-
able to modify [PHlryanodine binding. Thus, not atl PLA; prod-
ucts are capable of inhibiting RyRs. Among the fatty acids, the
potency to inhibit RyRs increases with the earbon chain length
and the number of unsaturations.

DISCUSSION

In the present study, we determined the complete amine acid
and nucleotide sequence of IpTx;, a heterodimeric protein from
the venom of the scorpion P. imperetor, and unraveled the
molecular mechanism by which it inhibits RyRs of cardiac and
skeletal muscle.

The deduced amino acid sequence from the cDNA encoding

IpTx, and the amino acid sequence determined by Edman deg-
radation strongly suggests that IpTx, is synthesized as a pre-
cursor of the pre-pro form. Putative signal and connector pep-
tides must be removed to produce mature IpTx,. The proposed
signal peptide does have a large content of acidic residues (8
out of the last 18 residues are acidic), a property that is rarely
seen in signal peptides. For this reason, we canmot exclude
whether the proposed signal peptide codes for another peptide
before coding for the large subunit of IpTx, Regarding the
connecting pentapeptide Arg-Arg-Leu-Ala-Arg {positions 105 to
109 in the ¢DNA sequence of Fig. 3), we gather that several
enzymes must be required to eliminate it from the mature
protein. Initially, a cleavage must oceur at Arg'®® (monobasic
site), as it occurs in the maturation of prosomatostatin and
other prohormones {24). Two characteristics distinguish this
cleavage site and both are present in the ¢cDNA of IpT'x: (i) Arg
{or other basic residue) is immediately preceded by Ala or Leu
{or both); (i) Arg is located three or five residues upstream the
basic amino acid involved in the cleavage Next, another cleav-
age mast occur at Arg'% (dibasic site) as is the case during the
maturation of diverse peptidic hormones (25). A third enzyme
with carboxypeptidase activity must intervene to remove
Arg'® and Arg'®. Because of this complicated pattern of mat-
uration, we assume that the linking of the small and large
subunit of IpFx; must be important for the function of IpTx;.

Mature IpTx; is composed of & ~3-kDa peptide covalently
linked 0 a ~12%Da peptide with PLA,; activity. The large
subunit of IpTx, conserves the most important substructures of
secreted PLA, from group ITI (Fig. 4) The His/Asp pair, essen-
tial for Ca®* binding, is in position 33/34 of IpTx, and is pre-
ceded in the three PLA,s by & Cys-Cys-Arg motif; the amine
terminus (roughly residues 4-12 of IpTx;), presumably in-
volved in subsirate binding, is also highly conserved in the
three PLA,s; lastly, the Cys residues, essenfial for maintaining
proper folding through disulfide bonds, may be used in this
group a8 the elemental frame to align homologous sequences
and to identify stretches of sequence that have heen inserted or
deleted through evelution. Only Cys!®! of IpTx, {relative posi-
tion 104 in Fig. 4) does not match with Cys residues present at
the carboxyl terminus of the other PLA, shown. It is likely,
therefore, that Cys'®! ig invelved in the disulfide bridging with
Cys* of the small subunit.

The presence in IpTx; of a PLA, subunit covalently linked to
a small, structurally unrelated peptide is reminiscent of the
bipartite arrangement of B-bungarotoxing (26), a group of
snake neurotoxing that inhibit neurotranamitter release (27).
Each B-bungarotoxin dimer has a PLA, subunit covalently
bound to a smaller subunit related to Kunitz-type protease
inhibitors. Members of the Kunitz superfamily bind to and
block voltage-dependent K* and Ca®* channels (28). Thus,
although the small subunit of IpTx; showed no homology to
members of the Kunitz superfamily, its distinctive arrange-
ment within the toxin suggested that it might act as 2 blocker.
For this reason, it was surprising at fivat to realize that the
small subunit was not directly responsible for inhibiting RyRs.
Direct addition of the small subunit te our [°H)ryanodine bind-
ing assays failed to inhibit EyRs, as did a synthetic peptide
with amino acid sequence similar to that of the gmall subunit
and two additional derivatives designed to avowd interpeptide
disulfide bridge formation (Table I}. Hence, the target site for
the small subunit, or its biclogical function, remainz to be
determined

Given our failure to detect inhibition by the amall subunit,
we turned our attention to the large subunit of IpTx,. In a
reduced and carboxymethylated form, the large subunit of
IpTx, failed to inhibit RyRs (not shown), However, this was not
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Fic. 9. Inhibitlon of cardine RyR activity by IpTx, A, pig cardiac RyR were reconstituted In planar lipid hilayers and recorded in the
abaence (control) and the presence of indicated concontrations of InTx,. Holding potentizl: —30 mV. Recording solution. symmetrical 300 mi ceslum
methane sulfonate and 10 ms Na-Hepes (pH 7.2). Under these conditions, Ca™ flaws from the luminal (trans) to the cytoslic {cls) sidy of the

1t 1, and openings aro rep d by downward deflections of the base-line current. B, open time hiatograms in the absence lopen bare} and
the prosence {filled bars) of 600 nm IpTx;. C, ?!at of oper probability (P} as a futction of {InTx,} Smooth hine is a fit to dats pointe Lsing the
exprassion p, = (p, controlVl + ({IpTx,¥IC;,)™", Where p_ control is the p, in the absence of IpTx; (0.32); IGy, Is the concentration of IpTx, that
produces halfmaximal in}libition (140 nM), and nyy is the Hill coofficient (1.22).
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Fic. 10, Selective inhibition of RyR by fatty aclds, A, representative traces of eardiac RyR activity in control (top trece) and in the presence
of 00 uM lyeo-PC (nriddie trace) or 30 uv linoleic ncld (Bottom trace). Openings are representad by downward defloctions of the base-line eurrent.
For the experiment shown plus two additional experimenta, mean p, was 0.43 * 0.09 {control}, 0.46 x 0.11 {lys0-PC), and 0.12 + 0,06 {linoleiq acid).
B, the binding of T ot ["Hlrvanodine to cardiac SR vesicles was determined in the presence of methanol {maximal concentration = L%) and this
value defined as 100%, or in the presence of indicated concontrations of liplds dissalved in mathanol.

surprising given that disulfide bridges are essential to main-  separate lines of evidence supported this notion. 1} Inhibition of
tain the toxin’s three-dimensional stracture {20), It was the RyR by IpTx, was favorad by the presente of Ca®" (=1 ju; Fig,
treatment of IpTx, with pBPB, & covalont modifier of Hia resi-  8), as expected from the Ca** dependence of enzymatic activity
dugs that inhibits PLA;, activity without affecting disulfide of PLA, from group III and several other groups (20). 2) The
bridges (15), that decreased pubstantially the capacity of IpTx, supernatant of InTx-tranted 8R vesicles could inhibit RyRs
to inhibit RyRa (Fig. §). This suggested that a lipid product of even before IpTx; was present in a concentration large enough
PLA, activity was involved in the inhibition of RyRs, Three todo 8o (Fig.'7); this indicated that RyR inhibition waa hrought
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about by a lipid product of IpTx; released from SR vesicles
during the incubation pericd. 3) The kinetics of RyR inhibition
by IpTx; were mimicked by direct addition of linoteic acid (but
not of lyso-PC) to the cytoplasmic side of the channel (Figs. g
and 10); other long chain, unsaturated fatty acids could also
inhibit RyRs (Fig. 10). Thus, & potential scenario for inhibition
of RyR by IpTx, is as follows: in the presence of micromolar
{Ca?*1, the large subunit of IpTx; catalyzes the hydrolysis of
the S.2 fatty acyl bond of the phospholipids of the SR mem-
brane. The reaction yields free fatty acids and lysophospholip-
ids; the former are released into the incubation medium, and
the latter may be liberated or remain embedded into the SR
membrane. Pree fatty acids bind to RyR or to a closely associ-
ated protein that controls gating. At low concentrations, they
produce an incomplete block of RyR; higher concentrations
gradualiy block the RyR completely, giving rise to the dose-
response relationship of channel activity and [*H]ryanodine
binding versus [pTx, concentration of Figs 1,5, and 9.

PLA,s sre abundant componeats of snakes, scorpions, and
bee venoms and often constitute the main toxic compouent to
mammals. Although all PLA;s induce a variety of pathological
gymploms including neurstexicity and myotoxicity (29), they
differ in their mechanism of action and in their molecular
targets. For example, the sneke neurotoxin crotoxin is com-
posed of a PLA, subunit and an inhibitory subunit, which
keeps the phospholipase inactive until binding to a presynaptic
receptor triggers the dissociation of the inhibitory subunit (30)-
In contrast, notexin from Netechis scufafus scutotus is a PLA,
without an associated subunit that produces muscle paralysis
by binding Lo a specific receptor in the nenromuscular junction
(31). 1pTx, is the first example of & scorpion toxin in which a
PLA, is found chaperoned by a smaller, structurally unrelated
pubunit. In a previous study (11), we found that several trane-
porters and ion channels of striated muscle including the ino-
sitol trisphosphate receptor, the muscarinic receptor, voltage-
sensitive Na* channels, and the Ca®*-ATPase of SR were
ingensitive to micromolar concentrations of IpTx,. These re-
sults argue against an indiscriminate effect on key molecules of
excitation-contraction coupling by the lipolytic action of IpTx;.
However, an important question that still remains to be an-
swered concerns the presence of the small subunit of IpTsx;.
What is its molecnlar target? What function does it perform to
enhance the PLA; activity or to suppress it while in transit to
the specific receptor? Regardless of the primary site affected, a
ronjor contribution of thia study was to establish the fact that
the molecular mechanism involved in the toxicity of IpTx; will

Inhibition of Ryanodine Receptors by Imperatoxin I

most likely involve abnormalities in intraceilular Ca®* mobili-
zation due to blockade of RyRs.
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En este trabajo se describe la purificacién, caracterizacion quimica y sintesis quimica de
otra toxina de! veneno del alacran Pandinus imperator.

Este nuevo péptido llamado Imperatoxina a (IpTxa), por su efecto activador, a diferencia de
la IpTxi, tiene la capacidad de aumentar la unién de [*H]rianodina al receptor de tipo 1
(esquelético) y no tiene efecto sobre el receptor de rianodina tipo 2, lo que hace a esta
toxina un valioso candidato para el estudio de este tipo de receptor, dado que hasta el
momento no se ha descrito un compuesto que presente selectividad para alguna de las
isoformas del receptor de rianodina. A las concentraciones en las que la Ii)Txa es efectiva
en el RyR1, ésta no tiene efecto sobre otros canales de calcio o transportadores presentes en
musculo o en cerebro (Valdivia y col 1992)

La Imperatoxina a es un péptido de 33 aminodcidos estructurado por 3 puentes disulfuro,
carece de aminodcidos de cardicter aromdtico y tiene la d&svehtaja de encontrarse en muy
pequeiia proporcion en el veneno total (0.03%), es por esto y por su tamafio que decidimos
sintetizarlo quimicamente. Se obtuvo un péptido que cumple con todas las caracteristicas
funcionales de la toxina nativa, contando ahora con una cantidad suficiente de toxina para
utilizarla en el estudio del receptor, asf como con una metodologia que permite la sintesis
de péptidos anélogos para un estudio relacién estructura-funcion mas completo.

Hasta el momento no se conoce otro péptido relacionado a la IpTxa. La méaxima similitud
se encuentra con la angelenina y la Tx2-9, ambas toxinas de arafia, de las que se ha definido

su accidn sobre canales de calcio tipo P.
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Abstrsct We present the complete amino acld sequence of
Imperatoxin A {IpTx,), 2 33-aminc-acid peptide from the venom
of the scorplon P. imperator which activates Ca? release
chanmelsiryanodine receplors (RYR) of sarcoplasmic reticulum
{SR). The amino acid seqoence of IpTx, shows no homology to
any scorpion toxin so far described, but shares some homology to
{he amino cid sequence of Tx2-9 and agelenin, two spider toxins
that target searonal P-fype Ca™ chanacls, We also describe the
total synthesis of IpTx, and demonstrate that it efficiently
sctivates RyRs with potency and affinily identical fo those pf
native IpTx,. The use of synthetic IpTx, should hefp in the
identification of the structural motifs of RyR eritical for channel
gatiog.

© 1997 Federation of European Biochemical Societies.

Key words: Ca®™ release channel; Sarcoplasmic reticulum;
Pandinus imperafor scorpion venom; Caffeine; Synthetic
peptide

1. Introduction

Ryanodine receptors (RyR) are essential for maintaining
the intracellular Ca?* homeostasis in striated muscle and in
a variety of non-excitable cells [1,2]. Their role in excitation-
contraction coupling of cardiac and skeletal muscle is well
established [3], and their participation in stimulus—secretion
coupling of secretory cells [4], and elevation of [Ca?*], in
ncurons {5], is increasingly evident. Tn all of these cells, RyR
teleases massive amounts of Ca?* from intraceliular Ca?t
pools in response to a variety of triggering signals.

To this point, ryanodine has been the major probe used for
structizral and functional studies of RyRs. The atkaloid binds
to RyRs wilh high affinity and specificity, and there is a con-
sensus that PH]ryanodine binding is an indicater of the num.
ber of receptors that are in the open conformational state [6).
However, ryanodine also displays some undesirable features
that limit ils use in experiments with intact cells, such as its
slow association and dissociation rates, and its behavior as
both an agenist and a blocker depending on the concentration
used [6,7).

Scorpion have traditionally represented excellent
sources of ionic channel-blocking peptides. In the venom of
the scorpion P. nperalor we found Imperatoxin A (IpTx.). a
shon peptide that specifically and with high affinity increased

*Corresponding author Fax: (608) 265-5512.
E-mail: hhvaldiv@facstail. wisc edu

ICorresponding author In Mexico: Fax: (11.52) 73-172388,
E-maul: possani@bl.unam.mx

PHiryanodine binding and enhanced the activity of RyRs
reconstituted in planar lipid bilayers [8,9). At concentrations
well above the half-maximal effective concentration (EDso)
exhibited for RyRs, IpTx, did not affect other Ca? channels
or ion transporters of muscle and brain [8]. Moreover, all of
these effects could be seen only on skeletal-type RyR, suggest-
ing that IpTx, prefercntially affects this particular RyR iso-
form [9]. However, the use of this promising agent has been
hampered by the extremely smatl amount of peptide obtained
from the whole venom.

In this paper we communicate the entire aming acid se-
quence of IpTx, and describe the synthesis of an IpTx, analog
that displays functional properties identical to those of the
authentic native IpTx,. The design of a fully functional syn-
thetic IpTx, analeg should alleviate the problem assoclated
with the scarcity of IpTx, and accelerate its use as a peptide
probe of RyR function.

2. Materials and methods

2 I Purification of fpTx,

IpTx, was punfied from P, imjperator scorplon venom in three
chromatographic steps Crude venom was extracted from COQ;-anes-
thetized scorpions kept alive in the laboratory, recovered with deion-
ized water, and lyophilized Batches (100 mg) of crude venom were
dissolved in 23 mt of deionized water and applied onte a column
(1 X125 cm) of Sephadex G-50 fine Fractions were eluted with 20
mM NH,AcOH (pH. 4 7) at a flow rate of 10 mifh. Fraction 3 con-
taining IpTx, was applied to a column (1 %25 cm) of carboxymethyl
cellulose 32 (Pharmacia) equilibrated with 20 mM NH,AcOH oH
4.7 Pepltides were eluted at a flow rale of 12 m¥h with a lmear
gradient of 250 ml of 20 mM NH,AcOH {pH 4 7) and 250 ml of
the same buffer containing 0.5 M NaCl. The peak contaiming IpTx.
etuted when the NaCl concentration at the top of the column reached
340 mM. This fraction was concentrated by vacuum centrifugation
and injected into an Aquepore Cg reverse-phase HPLC column
(Pierce). IpTx, was eluted with a linear gradient of 0.100% acetonitrile
in 0.075% tnfuroacetic acid (TFA) run at 1 mb/min for 60 min. IpTx,
was quantified by absorbance at 280 nm (Aggonn) Using an extinction
coefficient ()= 1852 M~ am™?,

2 2. Preparation of sarcoplosmic reticulum vesicles and {2 H Jryanodine
binding assay

Heavy sarcoplasmic reticulum (SR} was prepared from rabbit white
pack and leg muscle using the procedure of Meissmer [103.
PH)Ryatiodine binding to rabbit skeletal SR was carvied out as pre-
viously described (89]. Brefly, the standard incubation medium con-
tained 0.2 M KCH, 1 mM Na,EGTA, 10 mM Na-Pipes, pH 7.2 and
CaCl, necessary to set [free Ca®] in the range of 1 nM to 100 pM.
Ca/EGTA ratios were calculated using the stability constants of
Fabiato [11]. PH]Ryanodine (684 CUmmol, Dupont NEN) was di-
luted directly 1n the incubation medium to a final concentration of
7 nM. Protein concentration was in the range of 0.2-04 mg/ml and
was determined by the Bradford method. Incubations lasted 90 min at
36°C. Samples (0.1 m!) were always run in duplicate, filtered on What-
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mun GF/8 glass fiber Rlters and washed twice with § ml of distilled
water using a Brandel M24-R coll harvester (Guithersburg, MD)
Nonspeeilic binding was determined in the presonce of 10 pM unla-
beled ryunodine and has been subtracted from each sumple. Equili-
brium binding dutn were fited by nonlincar regeession analysis willy
the functians specified in the text using the computer program Origin
4.0 {Microcal Inc., Northamplon, MA),

2.3, Awmidno acid anclysiy and inferosequencing of IpTh,

Amino acid analysis of IpTx, was performed on samples bydro-
lyzed in 6 N HCE with 0.5% phenot at 110°C in evacuated, sealed
tubes as described [12). Reduction of IpTx, with dithiothreitol, and
ulkylation with lodoucetic acid was performed as described [$2], The
sequence of the intact native and reducedicarboxymethylated 1pTx,
was determined using a model 6400/6600 automatic ligwid-phase pro-
tem sequencer (Milligen/BroSearch Proscquencer) employing standard
Edman degradution programs and CD immebifon membranes. To
confirm the correctness of the carboxy-terminal sequence, 20 pg of
IpTx, was Biydrolyzed with 8. aurews VB in 100 mM dmmenium
bicarbonate {pH 7.8). The peptide frugments were punficd as de-
scribed and directly sequenced as described for native [pTx,.

24, Synthesis of IpTa,

A lincar anplog of 1pTx, was synthesized by the selid-phase meth-
adology with Fmoc-nmine acids in an Applied Byosystems peptide
synthesizer fmodct 4324), Afer clogvage with 80% trifluoroacetic ncid
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for 4 h at reom temperature, the crude linear pepride was extracted
with 5% acelic acid and dried by vacuum centrifugation. The cycliza-
Vion Teaclion 1o make disulfide bridges in the molecule was carried out
in 0.8 M NaC}, 5 mM reduced glututhione, 0.5 mM oxidized gluta-
thione, 20 mM NaHiPO, (pH £.0) and 30 pM of synthetic IpTx,. The
crude cychized preduct was purified in & Cy reverse-phase HPLC cols
umr using the conditions described in the text. The structure and the
purity of Ihe synthetic toxin were confirmed by anialytieal HPLC,
amino acid analysis and muss specirometry. For amino acid analysis,
syathetic toxin was hydrolyzed in 350 2! of 6 N HC), 15 pt of phenol
a1 165°C lor 50 min, then analyzed in an Applied Biosysiems analyzer
{model 421), Mass spectrometry was carried out in a Bruker Reflex 11
MALDI-TQF spectrometer, '
2.5, Sequence camparisons

The amino acid sequence of [pTx, was compared with Lhose of
other proteins depesited in the protein database of GenBank (Los
Alamos National Laboratory, Los Alamos, NM) by computer anal-
ysis using the progrum Blilz version 1.5 (Biccomputing Research
Unit, University of Edinburgh, UK,

3. Results and discussion

Whole P. imperatar scorpion venom completely inhibited

B

0.30

Absorbance (280 rim}
e
&

0 50 106 160 700
Fractien number

IpTx‘

Fraction 3

FHIRyanodine binding, %
g

oL . . . "
1E-3 0.01 9,1 1 10 100
[Vanom Cemponent], pa/ml

Fig. 1. Purification of IpTx, A P nperator soluble venom (120 mg proteiny was applied to a Sephadex G-50 column (0.9 190 cm) equili-
brated and run with 20 mM NH.AcOH (pH 4.7). Samples (5 ml) were collected and tested for their capacity to modily {*H|ryanodine binding.
B: Fraction 3 was furtker separated through a CM-Cellulose column (0.9%30 em), equilibrated and run with 20 mM NH,AcOH (pH 4.7
A linear gradient of sodium chloride resolved multiple sub-fractions, one of which (Jabeled with arrow) contained 1pTx,. C: The sub-fraction
from the CM.cellulose column containing IpTx, was Iyophilized and Injected into a Cy reverse-phase HPLC column and eluted with a 0-100%
Tinear gradient of acatenitrile containing 0.075% trifluoroacetic acid. D Dase-respense curve for whole venom and puwrified components.
[PH]Ryanodine {7 nM) was incubated with skeletal SR protein in 0.2 M KCI, 10 M CaCl,, 10 mM Na-HEPES pH 7.2, in the absence (con-
trol, 100%) and the p of indjcated atlons of venom components, Nenspecific binding was determined in the presence of 20 pM
ryanodine and has been subtracted from this &nd subsequent results.




F.Z. Zamudio et ol IFEBS Letiers 405 (1997) 385-38%

Pi-4
Pi-3

387

IpTx,
Tx2.9
Agelenin

Fig. 2 Amino acid sequence of IpTx, and comparison with other scorpion and spider 1oxin sequences. The amino acid sequence of IpTx, was
obigined by direct Edman degradation of the reduced and alkylated 1pTx.. Gaps {—) in the anmno acid sequence of Pi-1 and Pi-3, two Kt
channe! Blockers lrom the scorpion P. imperator (13,14}, as well as in Tx2-9, a P-type Ca?* channel blocker from the spider P. nigrivenier EL6],
have been introduced to maximize homofogy. Agelenin, also 2 spider toxin that blocks P-type Ca2* channel [17], is presented without gaps

["Hryanodine binding to skeletal SR with 2 concentration of
15 ugfent yielding the half-maximal effect (EDso) (Fig 1D, see
also (8]). The presence of componenlts that stimulate RyRs is
only apparent after separation of the stimulatory and inhib-
ilory components. The purification of IpTx,, an activator of
RyRs, was performued in three chromatographic steps as de-
scribed in the Seclion 2 and shown in Fig. 1. After fractiona-
tion of whole venom in Sephadex G-50 (Fig. 1A), five frac-
fions were collected and assayed for effects on [*H]ryanodine
binding. Fraction 2 contained peptides in the range of 10-20
kDa that were responsible for the inhibitory effect exhibited
by the whole venom. Fraction 3 increased [*H]ryanodine bind-
ing with an EDg =0.19 yp/ml (Fig. 1D), but since it accounts
for =5% of the total venom, its effect is probably masked in
the whole venom by that of Fraction 2. Fraction 3 was sub-
sequently applied to a carboxymethyl-celiulose and eluted
with a gradient of NaCl (Fig. 1B). The peak containing IpTx,
(marked by an arrow) cluted late in the run, suggesting that
IpTx, was a strongly basic peptide. Fig. 1C shows the chro-
matographic profile of IpTx, (marked with an arrow) after
¢elution from a reverse-phase Cg HPLC column. IpTx, in-
creased [PHjryanodine binding with an EDg=0.016 pg/mf
Given this value and the molecular weight of IpTx, (3.7
kDa, see below), the apparent dissociation constant (Ka)
was -5 nM. The proportion of IpTx, in the whole venom is
very small, about 0.03%, but since it displays a high poteqcy
to stimulate RyRs, the (FH]ryanodine binding assay offers a
sensitive method to track its functional activity.

Fig. 2 shows the complete amino acid sequence of IpTx, as
determined by direct automated microsequencing. IpTx, is
composed of 33 amino acids with a caleulated M, =3765.
As most short scorpion toxins, IpTx, is a basic peptide con-
taining three pairs of cysteine residues that stabilize the three-
dimensional conformation by forming disulfide bridges. Fig. 2
also shows a comparison of the amino acid sequence of IpTx,
with those of Pi-1 and Pi-3, two peptide blockers of K+ chan-
nels from the same P. imperator venom {13,14), reportediy the
smallest ionic channel-targeted scorpion peptides. Pi-3 is rep-
resentative of a group of homologous toxins with three disul-
fide bridges such as noxiustoxin, charybdotoxin, iberiotoxin,
etc. (for a review, see {15]); Pi-1 forms a K* toxin subgroup
on its own by having the remarkable characteristic of possess-
ing four disulfide bridges {13]. No significant similarity is ob-
served between IpTx, and any of these toxins, even when gaps
(-) are introduced at the level of Cys'® to maximize homology.
Even less homology is found when the comparison involves
the larger Na* channel-selective peptides from scorpion ven-
oms {not shown). Thus, IpTx, constitutes a novel class, the
smallest yet, of scorpion toxins targeted agamst ionic chan-
nels.

Albeit not dramatic, a higher sequence homology was

found when the comparison was made with Tx2-9 of the
spider P. nigriventer (16}, and agelenin of the spider 4. asperia
[17], two peptide blockers of neuronal P-type calcium chan-
nels (Fig. 2). If gaps are introduced to maximize homology,
Tx2-9 is the most similar with 45% sequence identity. Agele-
nin has only limited resemblance (21% sequence identity),
although higher homology may be ascribed if two-residue
gaps are introduced. Regardless of the extent of similarity,
it is clear that IpTx, is more refated to these two spider toxins
than to other toxins present in scorpion venoms. Thus, IpTx,
adds to the emerging notion that peptide toxins found in
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Fig. 3. HPLC comparison of native and synthetic IpTx, Native
and Synthetic IpTx, (-1.5 nmol ¢ach), as well as an equimolar mix-
ture {-1 nmol each) were chromategraphed on a Pierce Cy analyti-
<zl column. The peptides were eluted using 0.075% triflucroacetic
acid as solvent, applying a linear gradient from 0 to E00% (v/v) of

acetonitrife at a flow rate of 1 mi/min. .
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venomous animals of different phyla contain similar structural
motifs [18).

We used the IpTx, amino acid sequence to synthesize a
lincar analog of [pTx,. After purification and cyclization of
the synthetic analog as described in Section 2, synthetic IpTa,
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Fig. 4. Functional properties of synthetic IpTx,. A: Dose-response
relation for native () and synthetic IpTx, (8}, *H]Ryanodine (7
nM) was incubated with skeletal SR i the standard incubation me-
dium deseribed in Section 2 in the presence of the indicated concen-
trations of IpTx,. Both sets of data poinis were fitted with the same
kine. Ky was 5 nM and By, wag 325%, which corresponded to 2.36
pmolimg protein. B: Effect of synthetic IpTx, on the Ca**.depend-
ence of [*H]ryanodine binding. The standard binding medium con-
tained | mM BGTA and severat CaCly concentrations to yield the
desired [free Ca®*} Syntbetic IpTxa {1 $M) was present throughout
the incubation period, Smooth lines linking data points have no the-
oretical meaning, C: B iation of synthetic 1pTx, effect by caf-
feine. The binding of [*Hjryanodine was determined in incubaticn
medivm containing 100 nM free Ca® (1 mM EGTA and 385 uM
CaCly). Caffeine was added at the beginming of the incubation as
10:u] aliquots From 100-Told stocks for concentrations up to 10
mM, and as powder form te reach 20 mM,
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. was analyzed by reverse-phase HPLC for comparison with

native IpTx, (Fig. 3). The elution time of synthetic IpTx,
was identical to that of native 1pTx,, and a single sharp
peak was observed upon mixing synthetic and nalive IpTx,.

We alse tested the functional activity of synthetic IpTx,.
Fig. 4A shows that synthetic [pTx, increased [*H]ryanodine
binding to skeletal SR with the same potency and affinity as
native 1pTx,. Both sets of data points were overlapping and

, could be fitted with the same line. We used the function:

B= B | H{KaHIpTx,])" to fit the data, where B is the spe-
cific binding of PHlryanoding, Bnax is the mazimal activation
of PH]ryanodine binding evoked by IpTx, (325%), K is the
apparent dissaciation constant of [pTx, (5 nM), and # is the
Hill number (1.58). Unlike this dramatic effect on skeletal
RyR, no significant activation of [*H]ryanodine binding to
cardiae SR was observed with synthetic TpTx, (results not
shown)). Hence, synthetic IpTx, also displays selectivity for
skeletal-type RyRs, just as native IpTx, does.

In a previous study [9], we reported that native IpTx, in-
creases {"H]ryanodine binding by sensitizing RyRs to Ca®*,
Fig. 4B shows the Ca?*-dependence of [*Hlryanadine binding
to skeletal SR and the effect of synthetic IpTx,. Specific bind-
ing in the absence of the peptide (Fig. 4B, Control, ) had a
threshold for detection at pCa 7-6 and was maximal at -50
UM [Ca?*], In the presence of | pM synthetic IpTx, (Fig. 4B,
+Synthetic IpTx,, @), the threshold for detection of
{*H]ryanodine binding decreased to pCa 8 and the binding
curve was dramatically augmented in absolute values. The
ECyy for the activation of [PH]ryanodine binding by Ca®*
(ascending limb of the curve) was -5 M and 0.8 uM for
control and synthetic IpTx,, respectively. Thus, synthetic
IpTx, also activates [PH]ryanodine binding by sensitizing
RyRs to Ca?*.

Another functional attribute of native IpTx, was its ability
to potentiate its effect with caffeine [9]. Fig. 4C shows the
interaction of caffeine and synthetic IpTx,. At pCa 7, binding
was 0.02 pmolimg in the absence of synthetic IpTx, and caf-
feine and increased to 0.39 pmolfmg in the presence of 20 mM
caffeine (Fig. 4C, O). In the presence of 1 pM synthetic IpTx,
(Fig. 4C, @), binding was 1.52 pmol/mg in the absence of
caffeine and increased to 4.51 in the presence of 20 mM caf-
feine, i.e., a net gain of -3 pmol/img, Since the binding incre-
ment evoked by the combined addition of synthetic IpTx, and
caffeine was larger than that evoked by caffeine or synthetic
IpTx, alons, this suggested a cooperative interaction between
the synthetic IpTx,~ and caffeine-binding sites,

A mass spectrometry analysis of native and synthetic TpTx,
yielded the expected molecular mass (37658 Da) based on
amino acid composition and sequence. Thus, by all structural
and functional criteria applied, synthetic IpTx, is identical to
native IpTx,. The design of a synthetic analog of IpTx, with
fupctiona! attributes identical to the native IpTx, verifies the
correctpess of the aminp acid sequence, since even single ami-
no acid substitutions in anslogous peptides result in large
changes of affinity towards their acceptor site [13]. The avail-
ability of relatively latge amounts of synthetic IpTx, should
accelerate its use as a peptide probe of RyR function,
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IV.- DISCUSION Y CONCLUSIONES.

Diferentes 2 otros ligandos exégenos, las imperatoxinas (IpTxa, IpTxi) constituyen el
primero de un grupo de péptidos que sirven como herramientas para ¢l estudio del receptor
de Rianodina. Parecidos a la rianodina, estos péptidos regulan al RyR a concentraciones
nanomolares, al menos 300 a 1000 veces menos de la que se necesita para observar efectos
con otros ligandos ex6genos.

En este trabajo, reportamos algunos de las caracteristicas funcionales y .estmcturales de

IpTxa e IpTxi y discutimos su utilidad en la elucidacién de la relacién estructura funcién

del RyR.

Imperatoxina A

Debido a que la rianodina se une preferentemente al canal liberador de calcio (RyR) cuando
este se encuentra en estado abierto y los ligandos que activan al canal también aumentan la
unién de [H]rianodina y los que bloquean o cierran el canal también disminuyen la unién
de rianodina marcada, se utiliz6 el sistema de unitn de rianodina a su receptor para buscar
y caracterizar con-lpuestos del veneno de alacran Pandinus imperator que tuvieran efecto
sobre el RyR. Asumiendo que los cambios producidos en la uni6n reflejan activacién o

inhibicién sobre la actividad del canal.
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Se determiné la secuencia de aminodcidos completa de la toxina IpTxa por
microsecuenciacién automatizada. La IpTxa esta compuesta de 33 amino4cidos con un
peso molecular calculado de 3765. Como muchas de las toxinas de cadena oor;ta que se
encuentran en el veneno de los alacranes, ¢s un péptido bésico que contiene tres pares de
cisteinas que estabilizan su conformacién tridimensional formando puentes disulfuro. Sin
embargo, la IpTxa no muesira una semejanza significativa con otras toxinas de alacrin
bloqueadoras de canales de K* 6 CI' (conocidas como toxinas de cadena corta) ni con las
toxinas de cadena larga (70 aminoficidos) que actian sobre los canales de Na* dependientes -
de voltaje (Possani 1984, 1998). Asi, Iptxa constituye una nueva clase de toxinas de alacrén
que actia sobre canales i6nicos

Las toxinas peptidicas cuya estructura tridimensional se conoce se han agrupado en solo
tres estructuras bésicas (fig. 6) de acuerdo a su plegamiento globat (Omecinsky y col.
1996). El criterio de clasificacién de las toxinas peptidicas dentro de estos grupos es
independiente de su origen animal, especificidad sobre un canal iénico o secuencia de
aminoAcidos. El criterio de clasificacién es el de aparear los residuos de cisteina que son
criticos para mantener ¢l arreglo tridimensional. Con base en la estructura tridimensionat ya
conocida de dos toxinas que presentan un arreglo de cisteinas similar a la IpTxa, p-
agatoxina IVA y w-conotoxina GVIA, se ha propuesto un modelo tridimensional de la
IpTxa, formado por tres hojas beta unidas por asas, que corresponde al tipe I de acuerdo a
la clasificacién de Omecinsky (fig. 6) En el modelo, dentro de 1a asa mayor que va del
residuo glicina 18 a la alanina 28 existe un aminodcido hidroxilado (Tre 26) precedido de
un grupo de cinco aminoécidos bésicos (Lis 19-Arg 24). Este arreglo de aminoécidos es un

rasgo Unico de IpTxa, que puede participar en la unidén de la toxina al RyR porque otras
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FIGURA 6, Comparacion de elementos de estructura primaria y secundaria en
péptidos encontrados en venenos de arafia, caracoles y alacranes que actian sobre
canales ibnicos. Las secuencias corresponden (de arriba a abajo) m-Aga-IVA (11VA),
u-Aga-1 que actian sobre canales de calcio tipo P que presentan una estructura de
tipo I; toxina para insectos 15A (ISIS) que tiene accidn sbbre canales de potasio
(ejemplo de estructura de! tipo IT) y una neurotoxina de alacrén variante 3 (25N3) que
afecta canales de sodio (corresponde a la estructura de tipo III) En el alineamiento de
las secuencias, los elementos de estructura secundaria son designados como sigue:
$1-S3 = Segmentos de hoja-B conservados; S = segmentos de otras hojas-B; T = asa,
H = a-hélice. (Omecinsky y col 1996).
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toxinas relacionadas a IpTXa con una asa igual de grande, pero diferente secuencia de
amino4cidos (como @-conotoxina “GVIA) no tiene ningén efecto sobre el RyR. Alineando
las secuencias de aminoacidos de la IpTxa y la secuencia de aminodcidos de la region
llamada TI-III loop de! receptor de dihidropiridina (regién que se ha postulado interacciona
directamente con ¢l RyR en el mecanismo excitacién-contraccién) se observa que no tiene
una identidad significativa respecto a la secuencia de aminodcidos pero presentan un rasgo
caracteristico que es la presencia de un aminoacido hidroxilado precedide por un grupo de
cinco aminoécidos basicos. Utilizando la IpTxa sintética (uno de los logros de este trabajo
de tesis), Valdivia y Possani, (1998) reportan la importancia del grupo de residuos basicos
y la treonina 26 para la unién de Iptxa a su receptor; ademés de una semejanza funcional
importante con la regién II-1II loop del receptor de dihidropiridina.

Asi, esta toxina resulta ser una herramienta interesantc para estudiar el mecanismo de

activacién del RyR y poder relacionarlo con el mecanismo fisiolégico involucrado.

Morrisett y col. (1996), purificaron la rianotoxina, un péptido de 7 kDa del veneno del
alacrén Buthotus judaicus que induce, al igual que la IpTxa, la aparicion de estados de
subconductancia en el receptor de rianodina esquelético. La estabilizacién de aperturas del
canal en un estado de subconductancia parece ser un rasgo comun en los péptidos de

veneno de alacran moduladores del RyR.
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Imperatoxina I

La Imperatoxina 1 (IpTxi) es otra proteina aislada del veneno del alacran P. imperator
que afecta 1a actividad del RyR con una afinidad nanomolar, pero con un mecanismo de
accin radicalmente diferente del descrito para la IpTxa. Se preparé una biblioteca de
¢DNA a partir de las glandulas venenosas del alacran y se uso para clonar €l gene que
codifica para la IpTxi. De esta forma, se confirmé la secuencia de aminodcidos determinada
por microsecuenciacién automatizada directa de la proteina. La IpTxi consiste de una
subunidad grande (104 residuos de amino4cidos) con una secuencia de aminoécidos que
tiene un 38% de identidad con fosfolipasas del tipo A2 del veneno de abejas (dApis
mellifera) y 35% con la fosfolipasa A2 del veneno del heloderma {Heloderma horridum).
Esta subunidad esta unida covalentemente pcl)r un puente disulfuro a una subunidad
pequefia (27 aminodcidos) esmxctu_ralmente no relacionada. Entonces, la IpTxi ¢s una
proteimi heterodimérica con acci6n lipolitica, propiedad que sélo es compartida por las B-
bungarotoxinas, un grupo de neurotoxinas de venenos de serpiente (Kwong y col 1995) que

inhiben la liberacidn de neurotrasmisores.

La inhibicién de la actividad fosfolipasa de la IpTxi, ya sea por pérdida de su estructura
(reduccién y carboximetilacién) o por tratamiento con reactivos especificos como el
bromuro de p-bromofenacilo, inhibe también su efecto sobre el receptor de rianodina. Esto
sugiere que un producto de la actividad fosfolipisica, més que una interaccién directa con

el receptor, es la responsable de Ia inhibicion de la union de rianodina a su receptor. La
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incubacién de RyR con el sobrenadante de vesiculas de RS preincubadas con IpTxi,
mostrd un efecto inhibitorio de la unién de [*H]sianodina al receptor, lo que refuerza la
hipétesis de que algin producto de hidrélisis y no la IpTxi per se afectan al RyR. Pensando
en la posibilidad de que el efecto enzimético de la toxina pudiera afectar la integridad del
receptor convirticndo el efecto en irreversible, se incubaron las vesiculas de RS con una
concentracién 1 uM de IpTxi y después de centrifugar y lavar el precipitado, se probé la
capacidad de unidn de [*H]ranodina, de estas vesiculas mostrando basicamente la misma
unién que en las membranas control, no tratadas con tﬁxina. Confirmamos asi, que el efecto
de IpTxi es reversible y que o existe alguna alteracidn sobre la estructura del canal o del
medio que lo redea que afecte su capacidad de unién de rianodina.

Si 1a interaccién de los productos de la actividad enzimética de la IpTxi y el receptor de -
rianodina resultan en una inhibicién del canal liberador de calcio, esto se reflejaria en una
disminucién de la probabilidad de apertura del canal, Para qonﬂnnar esta suposicién, se
probs el efecto de la toxina y de 4cidos grasos sobre él RyR in-corporado en bicapas.
Encontramos que IpTxi bloquea al RyR en una forma dependiente de la concentracién. A
baja concentracién (<200nM) IpTxi disminuye el tiempo medio de apertura, haciendo las
aperturas del canal mas breves, al aumentar la concentracién de toxina las aperturas del
canal desaparecen. La disminucién en la frecuencia y duracién de los eventos de apertura
del canai contn“buyenra 1a disminucion de la probabilidad de apertura. La ICsp de la IpTxi
es de 140 nM.

Estos resultados nos indican que el producto de la actividad fosfolipasa de 1a IpTxi es capaz
de interaccionar con el RyR o con alguna proteina asociada que regulan el mecanismo de

apertura y cierre del canal,
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Los productos de la accién enzimética de las fosfolipasas A2 son acidos grasos libres y
lisofosfolfpidos, para discemiir sf alguno de estos productos son los que tienen efecto sobre
el RyR, probamos tanto écidos grasos libres como lisofosfolipidos separadamente tanto en
ia unién de rianodina marcada como e€n canal unitario. Encontramos que los
lisofosfolipidos prob;dos. hasta una concentracién 300 pM no tienen efecto sobre el RyR.
Por ofro lado no todos los 4cidos grasos probados tuvieron el efecto inhibidor sobre el RyR.
Los 4cidos araquidénico, linoleico y oleico (4cidos grasos insaturados) gue se encuentran
en cantidades abundantes en las membranas de reticulo sarcopldsmico de miisculo
esquelético y cardiaco inhiben totalmente al RyR, no asi los 4cidos grasos saturados como
el 4cido palmitico. |

Estos resultados indican que son los 4cidos grasos producto de la actividad fosfolipasa tipo

A, de la IpTxi los que causan la inhibicién del RyR.

Papel de los dcidos grasos en Ja liberacién de calcio

Se sabe que los lipidos, los 4cidos grasos y metabolitos relacionados, participan en sefiales
de transducci6n que estimulan la liberacién de Ce?* de los almacenes intracelulares en
diversos tejidos. Una cascada bien conocida, es la iniciada por el rompimiento del fosfatidil
inositol bifosfato en inositol trifosfato y diacilglicerol (Berridge e Irvine, 1989). Ofros
metabolitos que movilizan Ca® incluyen el 4cido araquidénico, dcidos grasos insaturados
o derivados de esfingosina, que movilizan Ca** de almacenes intracclulares pero
independiente de la via del inositol trifosfato. ( Wolf y col. 1986; Chow y Jondal, 1990,

Ghosh y col. 1990)
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El-Hayek y col. (1993) muestran que la palmitoil caritina es un activador del canal
liberador de calcio de muisculo esquelético de diferentes especies por un efecto directo
sobre el mecanismo de apertura y cierre del RyR y proponen que esta interaccién puede
representar una via por la cual el metabolismo del musculo esquelético podria influir en el
Ca?* intracelular y ser responsable de las manifestaciones fisiopatolégicas musculares

presentadas en 1a enfermedad genética conocida como deficiencia de palmitoil transferasa

IL

Los cidos grasos {particularmente el é4cido araquid6nico) son conocidos reguladores de
varios eventos fisiolégico-s en diferentes tipos de células. Se conoce también que los acidos
grasos producen una variedad de efectos en vesiculas de reticulo sarcoplésmico; estos
dependen de la concentracitn, la longitud de la cadena, el grado de saturacién y las
condiciones experimentales usadas. Los efectos observados parecen ser promovidos por
interaccién de los 4cidos grasos con los fosfolipidos de la membrana que rodea 2 la
ATPasa de calcio del RS. Cardoso y De:Meis (1993) usando una preparacion de vesiculas
de reticulo sarcopldsmico que no presenta RyR reportan que los Acidos grasos saturados
(Cis, Cis, ¥ Ca0) y el écido araquiddnico inhiben la acumulacién de Ca®* en el RS,
estimulan el eflujo de Ca** de vesiculas de reticulo sarcoplﬁsmico y activan a 1a ATPasa de
calcio. Estos efectos son antagonizados por tapsigargina un inhibidor especifico la Ca™-
ATPasa, sugiriendo un mecanismo de accién comun. Ellos encontraron gue los acidos
grasos insaturados son méas efectivos que los 4cidos grasos saturados, proponiendo dos
hipétesis: 1. Los 4cidos grasos saturados ¢ insaturados tienen sitios de accién diferentes; 2.
Actiian sobre el mismo sitio, pero la afinidad de los 4cidos grasos saturados es menor que

Ta afinidad de los 4cidos grasos insaturados.
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El transporte de calcio en el retic;ulo sarcoplasmico y la actividad de la ATPasa de Ca** se
pueden modificar por manipulacién del medio ambiente lipidico que rodea a la enzilma
(Johammsson y col 1981). La hidrélisis parcial de los fosfolipidos de membrana por
fosfolipasas, la remocién de los productos de hidrc')]isis con albiéimina y la adici6n de 4cidos
grasos o de lisofosfolipidos a las membranas depletadas de lipidos, pueden alterar de forma
diferente 1a actividad de la ATPasa de calcio y el transporte de calcio de las vesiculas de

reticulo sarcoptésmico (Messineo y col, 1984).

Los mecanismos por los cuales los 4cidos grasos producen estos efectos complejos sobre el
reticulo sarcoplasmico ain no se entienden, aunque la exposicién de vesiculas de reticulo
sarcoplasmico a concentraciones micromolares de 4cidos palmitico y oleico puede alterar la
estructura de la membrana. (Herbette y col, 1984). Messineo y col (1984), estudiaron los
mecanismos por los cuales los 4cidos oleico y palmitico modifican el secuestro de calcio
por el reticulo sarcoplésmico examinando los efectos de estos 4cidos grasos sobre la
actividad de la ATPasa de Ca®* y la permeabilidad pasiva del calcio a través de la
membrana. Ellos proponen que el 4cido oleico inhibe el secuestro de calcio por el RS por
un incremento de la permeabilidad de la membrana al caleio mientras que el &cido
palmitico parece estimular el secucstro de calcio al intercalarse en la membrana fipidica y

formar un complejo calcio-dcido graso.

Cheah (1981) mostrd que el transporte de calcio de reticulo sarcoplasmico de misculo
esquelético se inhibe -por los 4cidos grasos araquiddnico, oleico y Tinoleico. La actividad de
1a ATPasa de Ca* del reticulo sarcopldsmico se estimula a bajas cencentraciones de acido

araquidénico y oleico, pero la enzima se inhibe por altas concentraciones de estos 4cidos.
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La inhibicién del transporte de calcio por estos Acidos grasos no puede por lo tanto
atribuirse a la inhibicién de la ATPasa, y probablemente se deba a un incremento de la

permeabilidad a calcio del reticulo sarcoplasmico.

El 4cido araquidénico es uno de los cidos grasos liberados de la membrana plasmética por
activacién de fosfolipasas A2. El acido araquidonico y sus metabolitos se han implicado
como segundos mensajeros. Se ha sugerido que estan involucrados en la movilizacién de '
calcio del reticulo sarcoplasmico de células cardiacas. Damron y Bond (1993) mostraron
que ¢! 4cido araquidénico incrementa las concentraciones de Ca®* de miocitos cardiacos
cargados con Fura-2. Detbamn y Palade (1993) reportan que el 4cido araquidénico acelera
fa liberacién de Ca®* de vesiculas de membranas de reticulo sarcopldsmico cardiaco.
Varios de los efectos del &cido araquidénico se han reportado utilizando diferentes
materiales y métodos experimentales y se han discutido una variedad de posibles
mecanismos. Sin embargo, €} blanco intracelular de las moléculas de acido araquiddnico
atin 1o s¢ ha identificado, y el mecanismo de interaccién entre el 4cido araquidonico y su

molécula blanco no se conoce.

Los Acidos grasos y el RyR

En cuanto al efecto de los acidos grasos sobre el receptor de rianodina, Urehara y col.
(1996) presentan un estudio de la interaccién del acido araguidénico, con los canales
liberadores de calcio de reticulo sarcoplasmico cardiaco, uno de los canales intracelulares
més importantes para la movilizacién de calcio. El 4cido araquidénico ejerce un efecto
inhibitorio en 1a unién de [‘H]rianodina a ve;iculas de reticulo sarcoplismico cardiaco,

tanto en las vesiculas como en el receptor solubilizado. Ellos demuestran que a bajas dosis
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(menos de la concentracién micelar critica alrededor de 100 pM) de acido araquidénico
modifica la unién de [*Hlrianodina a vesiculas de reticulo sarcoplésmico reduciendo el
valor de Bmax e incrementando ¢! valor de Kd. Los resultados obtenidos utilizando el
receptor solubilizado sugieren una unién directa del dcido araquidénico con la molécula det
canal. También, encuentran dos tipos de inhibici6n: competitiva y no competitiva,
sugiriendo asf la existencia de dos sitios de unién para el 4cido araquidénico.

En un trabajo previo a éste, Valdivia y col. (1992) encontraron gue la IpTxi inhibfa
alrededor del 40% Ia unién de [PH]PN200-110 a tﬁbulos-T. de musculo esquelético. El
*H]PN200-110 es una droga selectiva para un sitio de alta afinidad sobre el receptor de
dihidropiridina. IpTxi tiene efectos sobre el transiente de Ca’* resaltando la contraccién de
miocitos de corazén. A tiempos cortes, I minuto, la contraccién y los transientes de Ca**
son muy similares en las células control y en las células tratadas con IpTxi; sin embargo, a
tiempos largos 5-9 minutos (presumiblemente cuando ya se han liberado los dcidos grasos
por la accién fosfolipasa de la toxina) la contraccién disminuye a menos det 10 % y el
transiente de calcio también se reduce significativamente con respecto al control bajo las
mismas condiciones Estas f)bservaciones sugieren que la IpTxi desacopla la excitacion y

contraccién en miocitos cardiacos por una inhibicién del receptor de rianodine.

Conociendo ahora ¢l mecanismo por el cual la IpTxi actia sobre el receptor de rianodina
sugerimos que los resultados observados por Valdivia y col (1992) se deben al efecto de los
4cidos grasos liberados por el efecto fosfolipasa de la IpTxi y presumiblemente debido

principalmente al 4cido araquidénico. El efecto observado en este mismo trabajo sobre el
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DHPR puede ser debido también por los 4cidos grasos liberados, ya que se ha reportado

que estos deprimen las corrientes de calcio tipo L (Shimada y Somlyo, 1952).

Se sabe que el 4cido araquidénico y otros dcidos grasos se acumulan en isquemia del
musculo de corazdn (Corr y col. 1984; Prinzen y col. 1984; Engels y col. 1990), en distrofia
de musculo esquelético (Kawamoto y Baskin, 1986) y en hipertermia maligna (Cheah y
Cheah, 1981; Fletcher y col.1990). También al dcido araquidénico y otros 4cidos grasos
suprimen la funcién cardiaca tanto en corazon normal como isquémico (Liedtke y col.
1978; Piper, 1990}, e inhiben la fuerza de contraccién en misculo esquelético y liso
(Kossler y col. 1986). Estos efectos inhibitorios del 4cido araquidénico pueden estar
relacionados con nuestros resultados en cuanto al efecto de IpTxi o de los productos de su

actividad de fosfolipasa, sobre el receptor de rianodina.
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V.-PERSPECTIVAS.

De acuerdo a los r.%ultados hasta ahora obtenidos, se puede decir que dentro de las
perspectivas més importantes serian la de realizar, para el caso de la IpTxa un estudio en el
que la toxina sea marcada radioactivamente y por medio de entrecruzadores quimicos
unirse al receptor con el objeto de mapear la regidn de pegado y asi poder llegar a entender
un poco mas la relacién estructura-funcién del RyR en vesiculas de} reticulo sarcopldsmico
o del receptor purificado. A este respecto podria destacarse la limitante de que estos
péptidos no atraviesan la membrana plasmética celular por lo cual el experimento no podria
hacerse en células intactas. En relacién a la protefna IpTxi, es el primer ejemplo reportado
en que un péptido con actividad fosfolipasica es acompafiado por otro péptido pequefio,
aparentemente no relacionado con esta actividad, por lo que seria interesante tratar de
encontrar cual es Ia funcién de esta subunidad pequefia y cual es su molécula blanco.
(Existe alguna relacién con el mecanismo molecular de la toxicidad?. ¢Involucra esto
anormalidades en la movilizacién de Ca?* intracelular debido al bloqueo de receptores de
rianodina?

Estas y otras preguntas relacionadas todavia quedan como perspectivas futuras de este-

trabajo.
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F. Gémez-Lagunas, T. Olamendi, F. Z. Zamudio, L. D. Possani(1996). “Two novel toxins
from the venom of the scorpion Pandinus imperator show that the N-terminal amino acid

sequence is important for their affinities towards shaker B K* channels” J. Membrane Biol.

152, 49-56
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Ei veneno del alacran Pandinus imperator resultd ser una valiosa fuente de péptidos que
tienen efectos sobre canales iénicos.

En el presente trabajo se muestran los resultados obtenidos con dos péptidos de cadena
corta (35 aminoacidos) que bloquean canales de potasio.

Siguiendo los mismos pasos de purificacion descritos en los articulos anteriores, se logrd
obtener a homogeneidad dos péptidos que comparten la misma secuencia de aminoécidos,
con una sola diferencia en la posicién 7, Prolina en el péptido Pi2 y Glutimico en el
péptido Pi3. Este solo cambio resultd ser muy importante en su interaccion con el canal de

potasio tipo shaker B, modificando la Kd de 8.2 nM a 140 nM.
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Abstract. Two nove! peplides were purified from the
venom of the scorpion Pandinus imperator, and were
named Pi2 and Pi3. Their complete primary structures
were determined and their blocking effects on Shaker B
K* channels were studied. Both peptides contain 35
amino acids residues, compacted by three disuifide
bridges, and reversibly block the Shaker B K* channels.
They have only one amino acid changed in their se-
quence, at position 7 (a proline for a glutamic acid).
Whereas peptide Pi2, containing the Pro7, binds the
Shaker B X* channels with a K}, of 8.2 nM, peptide Pi3
containing the Glu7 residue has a much lower affinity of
140 nM. Both peptides are capable of displacing the
binding of '**I-noxiustoxin to brain synaptosome mem-
branes. Since these two novel peptides are about 50%
identical to nexiustoxin, the present results support pre-
vious data-published by our group showing that the
amino-terminal region of noxiustoxin, and also the
amino-terminal sequence of the newly purified homo-
logues: Pi2, and Pi3, are important for the recognition of
potassium channels.

Key words: K* channel — Scorpion toxin, — Pandinus
imperator — Shaker B expression — Sf9 cells

Introduction

Blocking agents against ion channels have been instru-
mental in defining both structaral and mechanistic prop-
erties of the channels. They also allow to discriminate,
hence to study, the various different conductances nor-
mally present in most cells [12].

Correspondence to: LD Possani

hoology, Uni

It js well known that among blocking agents of K*
channels, the toxins from scorpion venoms are & particu-
latly useful group. Most scorpion toxins against K*
channels (K* toxins) are short peptides, composed of
31-39 amino acid residues, with a highly variable amino
acid sequence [reviews 7,17]. Regardless of their great
variability on the primary structure, the three-dimen-
sional structure of K* toxins share a common motif: a
short alpha helix and three strands of beta sheet struc-
tures, stabilized by three disulfide bridges {15). Con-
ceming their mode of action, previous work condacted
with noxiustoxin (NTX), the first K* toxin ever de-
scribed (3,18], suggested that part of the sequence that
recognizes K* channels in NTX is located towards the
amino terminal region. In fact, synthetic peptides with
only nine andfor twenty amino acid residues correspond-
ing to the amino terminal sequence of NTX are toxic to
mice [9}, and effectively block Ca®*-activated K* chan-
nels [20]. Furthermore, while NTX needs the N-terminal
segment for channel recognition, another K* toxin:
charybdotoxin (ChTX) has the C-terminal segment as the
most important segment for channel recognition [10,16],
despite the fact that Ser10 and Trp14, at the N-termmnat
region are also considered to be *‘crucial residues” {19].

Since the affinity of the synthetically prepared N-
terminal peptides, for the K* channels stadied [10], are
considerably lower than that of native NTX, it is quite
possible that the C-terminal part is also necessary for full
recognition and binding to the channels, ejther because
the C-terminal segment also interacts with the receplors,
or it is important for structural reasons, positioning the
N-terminal region in its best conformation.

In this work, we describe for the first time two new
K* toxins purified from the venom of the scorpion P.
imperator. The toxins have identical primary structures
except for position 7, at the N-terminal region, where a
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Pro substitute for a Glu, While Pi2 (Pro?) ias a 8.2 nm
Ky to Shaker B K* channels, expressed in Sf9 cells, Pi3
{Glu7) has a sevepteenfold lower affinity (K of about
140 nm). The differential affiity of these toxins, sup-
ports our previous suggestion that the amino terminal
residues of NTX-like K* toxins are part of the domain
that recegnizes K* chanpels.

Materlals and Methods !

SOURCE OF VENOM

Scorplons of the species P, imperator (Gabon, Africa) maintained alive

" in the baboratory were anesthesized menthly with CO, and milked for
venam by clecirica! slimulation. The venom was placed in double
distilled water and centrifuged st 15,000 x g for 15 min. The super-
natant was freexe-dried and stored at =20°C uniil use.

SEPARATION AND BlOASSAYS

The soluble venom was initially fractionaled in u Sephadex G-50 col-
wmn and their subfracions were further separaled by HPLC, wsing a
C18 roverse-phase column (Vydae, Hysperia, CA), of a Waters 600E
high pacformance Hquid chromographer (HPLC), equipped with a vari-
able wavelength deiector, end a WIPS 712 aulomatic sample injector.

The homogenelty of the purified peptides was confirmed by step-
gradient HPLC and by direct Edman degradation wsing an automatic
sequencer [[4], Amino acid analysis of peptides confitmed the mo-
lecular mass and the sequences found,

The bloassay used to identify these peptides was through binding
and displacement expetiments from brain synaptosome membranes of
previously bounded **[ILNTX [21}. With this procedure two peplides
eluting initiafly in the fraction I of the Sephadex G-50 column, and
subsequently in the peak 2 and 3 of the HPLC, respectively, were
isolated in homogenecus form and wseqd for chemical characterization
and electrophysiological experiments,

AMING ACID ANALYSIS AND SEQUENCING

Samples {about one nmol sach) of the pure native peptides P2, and Pi3,
and thelr fragments geerated by enzymatic digestion, were analyzed in
a Beckman 6300E amivio acid analyzer, after acid hydrolysis for 20 hr
in6 N HCl at 110°C. An aliguot of ench one of the pure peptides (100
g} was reduced and aikylaed with fadoaceiic acid as described [14],
An automatic ProSequencer (Millipore model 6400/6600) was vsed 1o
determine the amino actd sequence of: (i) the individual native pep-
tides, (i) their reduced and carboxy-methylated derivatives (RC-
peptides), and (iii) their HPLC-purified fragments produced by prote-
ase V& endopeptidase (Bobering, Mant Germany) digestion. The
cleavage of RC-peptides with pratease V8 was performed with samples
contalning 50 wp peptide in 200 pl, buffered with 100 mM ammonium
bicarbonatz, pH 7.8; incuhated for 4 hr at 37°C, in the presence of 2 pg
digestive enzyme. For Pi2, en additlonal hydrolysis was performied
with eyanogen bromide using a 25 g sample 1n 400 pl of 10% formic
#cid al room femperature overnight. The corresponding fragments
were aso separated by HPLC, and used for sequence and amino acid
analysis.

F Gsmez-Lagunas et al * Novel K*-channel Blockers

PROTEIN CONTENT

The concentration of peptides used for binding and electrophysiolog:-
cal measurements were estimated based on amino acid analysis. A
solution containing 1.0 mg/mi pepnde, for both toxing, absorbs 0,65
units ot 280 nm, using o cuvelte with | em pathway.

BINDING AND DNSPLACEMENT ASSAYS

NTX was madiolabeled with '*lodine and used for binding and dis-
placement assays as described [2(). Rat brain synaptosomal mem-
branes (frachon P3) were prepared by the method of Catgrall, Morrow
and Harfshorne [4], and used for assessing the capability of P12 and Pid
to displace the binding of '**I-NTX,

. 819 Insgct CeLLs CULTURE, AND SHaksr B K*

CHANNELS EXPRESSION

The culture af the insect cell line SI9 from the army-worm catergitiar
Spadopiera frugiperda, and the expression of Shaker B K channels
were done a5 previously reponed (8], T brief: ihe cells were kept at
27°C in Grace’s media, and miected wilh the recombinant baculovirus -
Autagrapha celifornico nuclear polyhedrosis viras, containing the
Shaker B K* channe! ¢DNA [13). The recombinant baculovirus was a
kind gifi of Dr. C. Armsirong

ELECTRODES, ELECTRICAL RECORDINGS AND SOLUTIONS

The electrodes for patch-clamp recordings wete pulled from borosili-
cate glass {(KIMAX 51}, to a resistance of 1 to 1.8 M), and used
without Eurther treatment, Macroscopic currents through Shaker B K*
channels wege recorded under whole-cell patch-clamp [11), iwo days
after the infectlon of the cells, with an Axopateh [D (Axon Instru-
ments), The delivery of the pulses and the acquisition of the data were
done (Brough a TL-2 interface (Axon Instruments) connected to a PC
compuler, with the pClamp 5.5 sofiware Currents were sampled at
100 psecipoint. Between 70-T3% of the series resistance were elec-
tronically compensated,

The holding potential was ~80 mV. Pulses were delivered at a
rate of one each 13 see te allow full recovery from inactivation,

The intemnal solution was Gn mm) 90 KF, 30 KCI, 2 MgCl,, 10
EGTA, 10 HEPES-K, pH 7.2. The external sofution was: 145 NaCl, 10
CaCly, 10 MES-Na, pH 6.4, ’

Resulis and Discussion

PEPTIDE PURIFICATION AND AMING ACID SEQUENCE

Two unknown K*- channel-blocking peptides (Pi2, and
Pi3) were isolated from the venom of the scorpion P,
imperator, by chromatographic procedures, Briefly, the
soluble venom was initially separated by gel-filtration
chromatography in Sephadex G-50 (Fig. l2). The frac-
tion 111, which contained the peptides capable of displac-
ing the binding of "LNTX 1o synaptosome membranes,
was subsequently applied to an HPLC column (Fig. 1b).
Subfractions 2 and 3 from this columu were rechromato-
graphed in a step gradient, giving a homogeneous com-
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Fig. 1. Sephadex G-50 and HPLC punfication of P12 and Pi3. (@) P.
imperator soluble venom (120 mg) was applied 1o a Sephadex G-50
colutun (09 % 200 cm) equikibraied and run with 20 mds ammonium
stetate bulfer, pH 4.7, al a flow rate of 30 ml per hr. Five subfractions
(Borizpotal bars £-¥) were oblained. (&) Subfraction II was further
separated in a C18 reverse-phase column of an HPLC system, using 2
Yinear gradient from sotution A {©.12% mifinoroacelic ackd i watkr) to
40% solution 8 (0.1% wifluoroacetic acid i acttonitrile), for 60 min
(¢} Fractions 2 and 3 were further separated by a step gradient (12%
solution B for PiZ, and 13% B for Pi3) given pure toxins Pi2 and Pi3,
as demonstraltd by Edman degradation and amino acid analysis.

ponent (Fig. 1c). These peptides were named Fi2 and
Pi3, which are the abbreviagons of P. imperator toxin 2
and 3, respectively (the word toxin is not included). The
total amount of these peptides, based on recovery values
from the chromatographic separations, showed that P2 is
abour 2.1%, while Pi3 is 2.5% of the whole soluble
venom.

Amino acid analysis (Table 1) of both peptides
showed that they are composed of 35 amino acid resi-
dues each, with a calculated molecular weight of 4,036
for Pi2 and 4,068 for Pi3, respectively. To confirm the
initial amino acid composition and to determine the full
amino acid sequence of these toxins, samples of native
peptides, RC-toxins and the endopeptidase V8 digestion
produets of RC-toxins, after HPLC fractionation (Fig. 2),
were sequenced. The 1IPLC-separated fragments for
both Pi2 and Pi3 (Fig. 2), were analyzed de novo, for
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their amino acid content (Table 1). Both peptides have
confirmed the amino acid composition initially deter-
mined for the native peptides and also provided evidence
for the presence of two arginines in both peptides.

In Fig. 3. we show the full amine acid sequence of
Pi2 and Pi3, indicating the comesponding overlapping-
segments. The sequence of the C-terminal segment of
Pi2 was confirmed after cyanogen bromide rupture of
Met at position 26. Since the composition of Fi2 and Pi3
differs by only one amino acid, the sequence determina-
tion of Pi3 was conducted directly with RC-toxin. Pi2
and Pi3 are naturally occurring single amino acid mu-
tants of each other. Their three dimensional structures
are assumed to be closely compacted by three disulfide
bridges {6 cysteines each), as demaonstrated for the case
of NTX and ChTx {7.10].

THE NOVEL PEPTIDES, P12 AND P13, BLOCK
VOLTAGE-DEPENDENT K CHANNELS

Two assays were used to determine the possible function
of these peplides. By binding and displacement experi-
ments, using radiolabeled noxiustoxin {21] it was found
that both Pi2 and Pi3 were effective in competing for
similar binding sites (K* channels) of membranes ob-
tined from rat brain syraptosomes (data not shown).
To confirm these data, we decided to verify their effects
on the activity of well-défined K* channels. For this
purpose we expressed Shaker B K* channels in the insect
cell line $f9, by infection with a recombinant baculovirus
(see Materials and Methads). This system has the ad-
vantage that the Shaker B channels are the only voltage-
dependent macroscopic conductance in the membrane of
the cels, thus making the results upambiguous [[3].

Addition of Pi2 to the external solution effectively
reduces the corrent through Shaker B K* channels, in &
reversible manner. This is shown in Fig. 4. The upper
panel shows macroscopic currents through Shaker B
K*chaonels under whole-cell patch clamp. The channels
were opened by depolorizing the membrane 10 the indi-
cated voltages, from a holding potential of ~80 mV (up-
per traces, control). Addition of 150 nu of Pi2 to the
external solution, produced an almost 100% reduction of
the current at all voltages (middle traces). The effect was
easily reverted by washing the cells with the control
external solution (lower traces, recovery). This is best
seen by looking at the current vs, voltage curve (fV) in
the bottom panel.

Using lower concentrations of Pi2, it is readily seen
that the reduction in the curreat is not voltage dependent
(see below), and does not change the kinetics of the
macroscopic currents; therefore the simplest interpreta-
tion of the reduction of the current induced by Pi2, is that
the peptide is blocking the K channels.

We have shown that Pi2 is a highly effective blocker
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Table 1. Amino acid composition of peplides

F, Gémez-Lagunas et al.t Novel K*-channel Blockers

Amino acid Pirl wol (i) P13 nmol 4§} Pi2N amol (i) Pi2C nmol {1} PiIN nmel (0 PiIM nmo! () Pi3C amol (D
Asp 3403 3.203) 1.2 (1) 202 LE 1y ta () 2.0(2)
Thr 2.6(3) 265 1.2 L) LT t.a (0} L 08()
Ser 0.9 (1) Lo} Lo ta ) 0.7{1) tad) t.a (0)
{ilu 244 32(3) 1) ta (0 LI 2.242) ta(0)
Pro 6(3) 18(2) LT2) 09(1) Lol 0.9 (1) Q8
Gly 2412) 2.3¢2) t.a (0) 2.0(2) ta{0) 1.a{0) 202
Al LI L t.a (0} Lo [RY (G ta ) I H
val ta {0 ta (0 ta (0 La La(0) s (0 La {0
Met LI{l) 09(1) ta (0) 0.6(1) La{l a{l) 0.4 (1}
fle 0.6¢1) 01N 09D ta (@ 1.4 1.a{0) 1.a(0)
Leu a0} e el La (0} ua (g t.a (0} L.a (0)
Tyr 1842} 1.8 49 (1) [ KiTg}] 1a () 0.7(1) 083l
Phe 1.0¢1) 1O} a2 {n LD La i) La () 08(1)
His 1.041) 124l 0.9(1) La {0} ta (0 1.0(1) ta{0)
Lys 6.2{6) 6.3 (6} 29(3) kANES] LA () 2.9(3) 21N
Arg L2y L2y 1.8(0) 19 () ta () ta (@) 21Q2)
Tr! - © - - -0 - - -
2 Cys” - (6) - (6 - (3} -3 - (1} - -3
Total 35 35 17 18 7 10 18

Pi2 and Pi3 e toxing .2 ead 3, respectively, PIZN and PN, and Pi2C and Pi3C are Neterminal and C-terminal fragments generated by
endopeptidase v8 hydrolysis of Pi2 and Pi3, respecrively, while PI3M means intsrmedinte peptide from vB cleavage of Pil.

* (i), means nearest intager number of resldues found per mol
bta, means ace amounts oF nong

© Arg were confirmeq to be 1wo per molecule

4 =Trp ond Y2 Cys number determined by sequencing

of Shaker B K* channels, Tt was therefore of major in-
terest to examine the effect of Pi3, a peptide considered
to be 4 natural point mutation of Pi2, as mentioned be-
fore, Figure 5 shows the effect of 150 nm Pi3 over the
activity of Shaker B. It Is clear from Fig, 5 that PiJ also
blocks the channets, but whereas the addition of Pi2

caused an almost 100% reduction in the amplitude of the

current, the addition of Pi3, at the same concentration,
caused only approx, 48% reduction of the cwrrent, There-
fore, the affinity of Pi3 for the channels seems to be
stgnificantly smalfer than that of Pi2,

Neither the block by Pi2, nor that by Pi3 have a
noticeable voltage dependence. This is shown in Fig, 6,
wherse the fraction of blocked channels is plotted against
the voltage, 1t is Interesting fo observe that even 7.5 iM
of Pi2 produces a stronger block than 150 nm Pi3.

The sbove tesults clearly show that the change of
Pro7 in Pi2, for Glu? in Pi3 significantly reduces the
affinity of Pi3 towards the Shaker B K* channels. To
quantitate this point we measured the extent of the block
produced by several concentrations of the peptides. The
results in Fig. 7 show that: (i) the concentration depen-
dence of the block, by both Pi2 and Fi3, follows a Mi-
chaelis-Menten saturation curve, meaning that each
channel is blocked by a single peptide, (i) with zero K*
{not added) in the externa) solution, the K, of Fi2 is 8.2
M, and (iii) the change Pro7->Glu7 dramatically reduces
the affinity of the peptide for the channels, K, over
140 nM,

These results are not pH dependent in the range of
5.5 10 8.1 (data not shown). Since the binding of Pi2 and
Pi3 is dependent on the concentration of externat K*, and -
for comparative purposes in identical conditions, these
expetiments were performed in absence of potassium.
It is worth mentioning that K* is an effective competitor
of the toxin hinding after 5 mm. There is practically no
difference between 0 and 5 mm external K* concentra-
tion (data not shown),

STRUCTURE-FUNCTION RELATIONSHIP

Scorpion toxins against K* channels are short peptides of
about 31 to 39 amino acids [7,17], whereas the toxins
against Na* channels are longer peptides containing 61 to
70 amino acids residues [17,18]. Concerning their pri-
mary structure, both families of toxins are highly vari-
able, Bxcept for the constant relative positions of the
cysteines, and a couple of the other residues, most of the
amino acids of the primary structire are variable, This
variability certainly explains the differential affinities of
these peptides for their various subtypes of ion channels.
For example, noxjustoxin (NTX) binds with 100 pM af-
finity to the K* channels present in rat brain synapto-
somes [10], whereas it binds with 450 nM affinity to
Ca**-dependent K* channels of rabbit skeletal muscle
[22], and with 310 nM to Ca**-dependent K* channels of
epithelial cells [20]. Tts homologous peptide (about 50%
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Fig. 2. HPLC separztion of peptides from Pi2 and Pi3. Samples con-
wining 50 HE ach of Pi2 (Fig. 2a) and P13 {Fig, 24) were hydrolyzed
with endopep v8 and dinaCl8 ical reverse-phase
column, using the same system as Fig. 15. The stars in ¢ach chromato-
gram indicate the elution time of the C-terminal fragment.

) 30
Pl2 TISCTHPKQC YPBCKKB‘I.‘GY PHAKC!{H'RKC KC?GR

farasnaene seveas i XCu seqananias ¥
tor swesoyfoss oo
t.==ch.->
aa

29 g 35
Pi3 TIS(.'I'H EKQC YPHCKRE']’G! PHARCMHRKC KCFGR
sesannaFGe srsrracans
tmm mEEmry§oe n=_>

Fig. 3. Amino acid sequence of P12 and Pi3. Numbers on top of the
sequences indicate lhc posmons of the amino aids after ordering the
final seq g 1o overlapping b d by direct
sequencing the native loxm {-d-), RC~lox|n (rc), v8 endopeptidase
clcavage (=vB =), cyanvgen bromide (- cb.-) and amino acid analysis
{aa).

identical), charybdotoxin (ChTX) has a K, of 25-30 pM
to plasma K* channels of membranes prepared from rat
brain synaptosomes [reviewed in 7] and 1 8 nM to Ca®™
dependent K* channels from rabbit skeletal muscle [22]
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Fig. 4. Pi2 added to the extemal solution blocks Shaker B K* channels
The upper traces shows macroscoplc cursents under whole cell patch
clamp, 1 the control exteral solution (see Materials and Methads)
The channels were opened by 30 msec depolarizations from —10 to +60
mV in 20 mV increments, from the holding potential of -80 mV
Addition of 150 n of Pi2 to the extemal solution produced an almost
100% reduction of the curvent {middle traces). The eifect of Pi2 is
easily and totally reversed by washing the cells with the contro] exter-
nal solution (lower traces). These effects are best shown by the com-
plete peak current vs. voltage curve (fV), at the bottom of the figure

If we compare the primary structures of Pi2 and Pi3
with those of other known peptides that recognize K*
channels, it is evident that they are quite different. As
shown on Table 2, the toxins from scorpions of the New
World, genus Centruroides, are most closely related to
Pi2 and Pi3 (54 to 42% identity), than those of the Old
World scorpions of the genera Leiurus, Buthus and An-
droctonus (only 38 1o 29% identity). Apart from the six
common cysteinyl residues, the only other amino acid
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Fig. 5. PiJ added to the external solutien blocks Shaker B K* channels,
The upper sraces shows macroscopic cumenis under whole cell patch
clamp, in the control external solution {fee Materials and Methods).
The channels were opened as indleated In Pig, 4. Addition of 150 nm
of Pi3 1o the exfesnal solution produced a moderate ~48% reduction of
the current (middle traces). The ebfect of Pi3 is easily and cotally
reversed by washing the cells with the control external solution (lower
traces), These effects ars best shown by the complete IV at the botiom
of the figure.

absolutely conserved in all these sequences is lysine in
position 28 of Table 2, which corresponds to Lys27 in
charybdotoxin, shown to be essential for channel binding
[7,16}. However, the most relevant information obtained
by comparing these K*-toxins (Table 2) is that Pi2 and
Pi3 differs in only one position {(number 7), and that is
enough to change their affinities for the same type of
Shaker B K* channels by at least seventeenfold.

This constitutes a clear indication that the N-
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Flg. 6. Block by both Pi2 and P13 is not valtage dependent, The frac-
tion of the channels blocked is plolted against the voliage, for two
different cells. 7.5 n of M2 caused an average 58% of block arall
voliages, whereas [ 50 nM of P33 caused an average 49% of block, Thus,
the extent of block by both texins 1s not appreciably voltage dependent
{the extent of block also does not depend on the holding potential-—not

. shown), The fraction blocked at each valiage was calculated as 1-(fi/

ic), where Ic Is the peak current in the contrel and /7 is the peak current
after the addilion of the toxin,

s

terminal sequence of both toxins are important for chan-
nel recognition and/or affinity, in a fashion similar to that
described for NTX [9,£0]. The presence of a negativety
charged amino acid (Glu) in position 7, substituting for
the neutral proline, probably interacts unfavorably with
the Shaker B K* channels, Nevertheless, the fact that the
C-terminal regions have several cysteinyl residues clus-
tered together in & highly conserved manner, including
the constant Lys at position 28, is also suggestive that
this part of the molecule must be important for maintain-
ing the three-dimenstonal structure of the molecule and/
or for channel recognition.

Additlonally, the fact that in Table 2, at the N-
terminal segment of the two newly purified toxins we .
added several gaps to enhance similarities between Pi2,
Pi3 and NTX, it would suggest that the N-terminal region
of these twp newly purified peptides do admit some
structural variations in their structures without loss of
channel-binding capacity. These facts could again sug-
gest an evolution of structural features to fit more prop-
erly with variations at the channel level.

In this same direction are the observations related to
the amount of these peptides present in the various scor-
pion venoms, For example, the amount-of Pi2 plus Pi3
{2.1% and 2.5, respectively) and Pi! (also a K* toxin)
which is approx. 1.5% [unpublished resuits), all together
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Flg. 7. The extent of block is a fursion of the toxin concentration. () The fraction blocked by Pi2 is shown in a double-reciprocal plot, each point
represents the mean SO of at least three different cells. The block by Pi2 follows a Michaelis-Menten saturation curve with a K, of only 8.2 nM
{r = 0.998). The inset shows the direct (fraciion blocked vs. concentration) curve. (8} Double-reciprocal plot of the frattion of channels blocked
by P13, The block follows 2 Michaclis-Menlen saturation curve with a Kyof 140 np {r = 0.995). The inset shows the direct plot ‘The points represent

the mean £ 50 of at jeast 3 different cells.

Table 2. Comparative amino acid sequence of K* channel toxins

Toxin Apring acid sequence Identity (%)
1 10 20 30 39

Pi2 _T1---SCTHP KOQCYPHCKKE  TGYPH-AKCHM  HRKCKCFGR 100
Pi3 -¥1---SCTHE KOCYPHCKKE  TGYPH-AKCH  HRKCKCFGR 97
HgTX STIINYKCTSP  KOCLPPCKAQ  FGQSAGAECH  NGKCKCYPH 54
KTX STIINVKCTSP  KQUSKPCKEL  YGSSAGAKCH  HGKCKCYMN 51
Pil ..-L-VKCRGT SDCGRPCQODG  TGCPA-SKC1  NRMCRCYGC &3
CItTX JT{-HVECTSP  QQCLRPCKDR  FGOHAGGKCI  HGKCKCYP- 42
192 pEFTOESCTAS  NOCWSECKRL  HHTHRG-KCH HKKCRCYS- 38
AgTx2 GYPINVSCTGS POCIKPCKDA  GMRF-G-KCHM  MRKCHCTPK k1]
AgTA3 GYPLHYPCTGS  POCIKPCKDA  GHRF-G-KCH  NRKCHCTPK 36
ChTX pEFTNYSCTTS  KECWSVCORL  HHTSRG-KCH NKKCRCYS- 33
KITX GYEINVKCSGS POCLKPCKDA  GHRF-G-KCM  NRKCHCTPK 33
IbTX pEFTOVDCSYS  KECHSVCKDL  FGYORG-KCH GKXCRCYQ- 32
AgTXi GYPINVKCTGS POCLKPCKDA  GHRF-G-KCI  HGKCHCTPK 30
teTX I AF----(-HL RMCOLSCRSL  -GL-LG-KCI  GDECECVEH 29
Consensus  ------ C--- PR AR R ¥C- ---C-C---

Pi2 and Pi3, from this work; Pil from T. Olamendi-Portugal et 21, smpublished results; ¢l ITX 1, toxin
1 from [14]); NTX, noxiustoxin from (18} MgTX {margeroxin), ChTX (charybdotoxin), TWTX (iberio-
1oaind, Lq? (L. quinquestriatus toxin 2) and AgTX! 10 AgTX3 from L. quinguesiriatus var hebrasus
[reviewed in T} LeTX 1, leirutoxin t {1,5). KITX, kaliotoxin [6] Consensus means only positions in
which amine acids are conserved in all sequences Gaps () weie introduced (o enhance similasities

comprises 6.1% of the whole sofuble venom, which is a
much greater amount in the venom of P. imperator than
the related toxins, charybdotoxin and noxiustoxin, iso-
lated respectively from Leiurus quinguestriatus and Cen-
truroides noxins. The latter two occur in less than 0.5%

in each of the comesponding venoms [2,17]. This fact
probably indicates some evolutionary trait. While the
first (Pandinus) is nontoxic to mamsmals, the two other
species of scorpions Centruroides and Lelurus are

Thus, we can hypothesize that scorpions of the genus
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Pandinus have compensated for the lack of typical Na*-
channel blocking toxins (rich in the two other genera} by
producing a larger amount of K"-channei specific toxins,
Since P, imperator venom is loxic 10 insects and crusta-
ceans (unpublished resulls), we are tempted to speculate
that maybe these K* toxins are rather gpecies specif-
.ic. Hence, this variability could be, again, an evolution-
ary cccugrence that meets with the diversity of ion chan-
nel molecules,
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