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~ ¢Quisiera usted decirme que
camino debo tomar para irme
de aqui?

- Eso depende, en mucho, del lugar
a donde quiera ir -respondidé el gato.

- No me preocupa mayormente el
lugar ... - dijo Alicia.

- En tal caso poco importa el camino
- respondié el gato.

- .+« con tal de llegar a alguna parte
afnadidé Alicia, a manera de explicacién

~ jOh! -dijo el gato -~ puede usted
estar segura de llegar, con tal de que
camine durante un tiempo bastante largo.

Lewis Carroll (Alicia en el
pais de las Maravillas)
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Prefacio

En afios recientes se han purificado, a partir del veneno de
alacranes, pequefios péptidos téxicos, que tienen efecto sobre
diferentes tipos de canales de potasio en diversos tejidos
(Carbone et al., 1982; Possani et al., 1982; revisado por:
Castle et al., 1989; Blaustein et al., 1991).

Los estudios realizados sobre estas toxinas han sido muy
importantes no sélo para identificar y comprender las
propiedades biofisicas de dichos canales, sino que también han
resultado ser instrumentos iddneos para el aislamiento y
caracterizacién de las mismas proteinas que conforman los
mencionados canales (Prestipino et al., 1989; Garcifa-Calvo et
al., 1994).

Es importante mencionar que la estructura primaria de
estos péptidos es muy semejante (entre ellos) y, probablemente,
tienen una confiquracién tridimensional con algin "motivo"
estructural conservado (Ménez et al., 1992), aunque el
mecanismo molecular de accién, en términos de afinidad y
especificidad, varia considerablemente.

De acuerdo con lo antes mencionado, nuestro trabajo
pretende ‘incrementar el conocimiento de la relacién
'estructura-funcién' de toxinas sobre canales de potasio,
tomando en cuenta las siguientes consideraciones:

a) Buscamos caracterizar la regién de la molécula de
noxiustoxina que interacciona con su receptor en
membranas de cerebro de rata;

b) nuestras investigaciones procuran describir el efecto
de modificaciones quimicas de la toxina en esta
interaccién;

c) también buscamos determinar la posicidén de los puentes
disulfuro en esta molécula para delinear en forma més
completa su estructura;

d) por idltimo, emprendimos la tarea de comparar la
estructura y sitio activo de nuestra toxina con otra

M o am e mmeee seeiie
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andloga: en este caso, la caribdotoxina. De este modo
completamos la investigacidén que nos hemos impuesto
realizar.
Por lo que respecta a la presentacién de la investigacién
y sus resultados, la hemos dividido en cinco grandes apartados,
como hemos sefialado en el indice-contenido. En la introduccién
describimos el cuadro completo de los elementos estudiados,
como una referencia. A continuacién presentamos los objetivos
propuestos a realizar, los cuales estan avalados en los
resultados y que son presentados aqui en formato de articulos.
Estos se han dividido en dos secciones. La primera contiene un
solo articulo, el cual se encuentra en proceso de dictaminacién
para ser publicado, antecedido por su ficha bibliografica. En
la seQunda seccién se incluyen tres articulos ya publicados.
También llevan antepuesta su respectiva ficha bibliografica.
En las dltimas secciones se presenta una discusién en la
que se incluyen los aspectos mas relevantes del trabajo de
tesis, cuyos detalles se localizan en los articulos incluidos
en el punto III.

S




b o SRR L S e i b

Abreviaturas

Aa H I
Aa H II

Cll 1
Cli 2

Cn 2
Cs Ev 3

CTX

DR K
DTX
IbTX
ICs0
1237-c1x.
1257.pTX
1257 -nTX
IR K
Kca

Kd

Ki

KTX
MgTX
NMR

NTX

T K
TsTX Ka

Toxina I del veneno del alacran Androctonus australis
Toxina II del veneno del alacran Androctonus
australis

Toxina 1 del veneno del alacradn Centruroides limpidus
limpidus |

Toxina 2 del veneno del alacran Centruroides limpidus
limpidus

Toxina 2 del veneno del alacran Centruroides noxius
Toxina variante 3 del veneno del alacran Centruroides
sculpturatus

Caribdotoxina

Canal de potasio rectificador tardio

Dendrotoxina

Iberotoxina

Concentracién de inhibicién al 50%

CTX marcada con iodo radiactivo

DTX marcada con iodo radiactivo

NTX marcada con iodo radiactivo

Canal de potasio rectificador entrante

Canal de potasio dependiente de calcio

Constante de afinidad

Constante de inhibicién

Kaliotoxina

Margatoxina

Espectroscopia de resonancia magnética nuclear
Noxiustoxina | |

Canal de potasio de corriente transitoria
Tityustoxina Ka
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Resumen

El tema de esta tesis se centra en la identificacién de la
regién de la molécula de noxiustoxina (NTX) que interacciona
con su receptor en membranas de cerebro de rata.

La NTX es un péptido formado por 39 aminodcidoe (Possani
et al., 1982) estabilizado por tres puentes disulfuro, que
bloquea canales de potasio en diferentes tejidos.

Por medio de digestién enzimdtica con la endopeptidasa
Lisina-C, se logré identificar la posicidén de los puentes
disulfuro: cis7-cis29, c¢isl3-cis34 y cisl7-cis36. Por otro
lado, utilizando péptidos sintéticos se mostrd que los
fragméntos correspondientes a la secuencia amino terminal de
esta toxina, son capaces de competir con !2°I-NTX en la unién a
membranas del cerebro de rata, no asi los fragmentos de la
regidén carboxilo terminal.

A su vez, se probd el efecto que ciertas modificaciones
quimicas pueden tener sobre la capacidad de unién de la toxina
al receptor. Se encontré, por ejemplo, que la hidrélisis con
proteasa V8 (en la posicién 19 que contiene &acido glutamico)
modifica la constante de afinidad de esta toxina por el
receptor, no asi la ruptura en la metionina 30, con bromuro de
ciandgeno.

Por medio del modelado molecular, por computacién, a
partir de la estructura obtenida por NMR para la caribdotoxina,
se obtuvo un modelo tridimensional de la NTX. Se pudo observar
que la primera regién de configuracién beta plegada y la regidn
de alfa hélice se encuentran en el mismo lado de la molécula,
abarcando del aminodcido 1 al 20. Este segmento de la molécula
parece estar involucrado en el reconocimiento de los canales de
potasio de membranas de cerebro de rata y en el caso de la
caribdotoxina la regidén mads relevante para su interaccién con
el mismo receptor se encuentra hacia el extremo carboxilo
terminal.
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Summary.

The principal objective of this thesis was to identify the

molecular region of noxiustoxin (NTX)} that binds to rat brain
membranes. |

Noxiustoxin is a basic peptide isolated from the venom of
the scorpion Centruroides noxius. Its primary structure and
effect on K* channels are known (Possani et al., 1982; Carbone
et al., 1982).

Selective enzymatic digestion of NTX by exposure to Lys~C
endoproteinase produced fragments capable of defining the
disulfide bond arrangements of NTX: cys7-cys29, cysl3~cys33 and
cysl7-cys36.

We studied the effect of several synthetic peptides
corresponding to various segments of the N-terminal and C-
terminal regions of noxiustoxin cn 12°I-NTX binding to rat brain
synaptosomes. Only the N-terminal peptides inhibited 1251-NTX
binding. These findings suggest that the N-terminal domain of
NTX is involved in the toxin-channel interaction.

Computer modeling using the three dimensional structure
obtain from lH-NMR spectroscopy of Charybdotoxin and chemical
and enzymatic rupture of Noxiustoxin with cyanogen bromide and
protease V8 from staphylococcus aureus confirms that the N~
terminal segment, including an alpha-helix from residues 10-20
are important for channel recognition. A synthetic peptide
corresponding to the C-terminal sequence (24-37) of
Charybdotoxin, however, showed that it is the important part
for the binding of this molecule to rat brain synaptosomal
membranes.

10
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"Parikuté, el duefic de los animales, tenia
temor de que el alacridn hiciera dafio a la

gente y pidid al zopilote que acarreara un

canasto de los que usan los chamanes. Debia
colocarlo en una repisa alta. No le dijo
que contenia el mas peligroso de los
alacranes y le ordené que no mirara, pues
lo que estaba aprisionado podia escapar.
Pero el zopilote era curioso y abrid el
canasto; el alacrédn salidé y se escondié"
Mito Huichol.
(P. Furst y S. Najad, 1972)

11
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I. Introduccién

1.1 Las toxinas como herramientas en el estudio de
receptores

Una gran variedad de organismos terrestres y marinos producen
toxinas. Estos las utilizan como medio de defensa contra
depredadores o como arma inmovilizadora para atrapar a las
presas, que son su sustento. Esta es una realidad, que por otra
parte el hombre ha podido constatar a través de la observacién
empirica. Pero esta situacidén no ha quedado ahi. También, a
través del tiempo y de las diversas culturas en el mundo, el
hombre ha sido capaz de utilizar las toxinas en préacticas
medicinales o en practicas ceremoniales. Recientemente muchas
toxinas se han adaptado para uso terapéutico o para diagnéstico
o como agentes insecticidas. E 4incluso, han servido como
herramientas que revelan mecanismos fisiolégico, celulares y
moleculares de varios receptores (Adams y Olivera, 1994).

Con el advenimiento de 1la clonacién molecular y el
incremento en el nimero de canales y receptores identificados,
la necesidad de estudiar y de utilizar, las toxinas selectivas,
como herramientas farmacolégicas se hace indispensable en
nuestros dias. (Castle et al., 1989; Rehm, 1991).

De este modo los venenos de los animales ponzoiiosos se
han convertido en una valiosa fuente de compuestos de este
tipo. Pues estos animales producen una diversidad importante de
toxinas que actdan sobre diferentes tipos de receptores que
afectan el sistema nervioso o muscular de sus presas. Algunas
de estas toxinas se han estudiado ampliamente respecto a su
estructura, modo de accién y localizacién de su sitio
funcional. Tal es el caso de las toxinas que actian sobre el
receptor de acetil colina, en particular las alfa-conotoxinas
y toxinas de veneno de serpientes (alfa bungarotoxina vy
cobratoxina) que contribuyeron exitosamente al aislamiento del
receptor nicotinico de acetil colina (Silveira y Daja, 1994).

12
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Dentro de la subunidad alfa del canal de sodio se han
podido identificar dominios funcionales por medio de
experimentos fisiolégicos y bioquimicos usando diferentes
toxinas como ligandos especificos. Hasta la fecha se han
identificado mas de cinco sitios distintos de unién de toxinas,
algunos de ellos se han asociado con activacién, inactivacién
Y propiedades de permeacién del canal (Trainer et al, 1993).

Algunas toxinas con diferentes especificidades se han
utilizado en la purificacién de receptores, por ejemplo: el
receptor de glicina, usando estricnina (Betz, 1991); y para el
canal de calcio tipo N se usé omega-conotoxina GVIA (McEnery
et al., 1991). Algunas de las proteinas de las terminales
nerviosas involucradas en la liberacién de neurotransmisor
vesicular se purificaron utilizando a las toxinas tetdnica y
botulinica y a la latrotoxina (Schiavo et al., 1992; Blasi et
al., 1993; Petrenko et al., 1991).

Tanto en la purificacién como en la clonacién de canales
Yy receptores, las toxinas de los venenos son ltiles para
determinar la presencia y la integridad funcional de la(s)
proteina(s).

1.2. Canales de potasio
Los canales idénicos son moléculas que forman poros en las
membranas celulares que permiten el flujo de iones. Estas
moléculas permiten principalmente el paso de un tipo de idén por
lo cual se les ha clasificado de acuerdo con su selectividad en
canales de sodio, potasio, calcio y cloro.

Estos canales estdn ampliamente distribuidos en 1la
células eucariotas y controlan la excitacién, secrecién vy
movilidad (Jan y Jan, 1989).

En el caso del ién potasio, se han caracterizado varios
canales, mostrandose que éstos estdn involucrados en distintos
procesos fisiolégicos, como la actividad eléctrica neuronal,
contraccién muscular, procesos secretorios, proliferacién vy
requlacién del volumen celular (Rudy B., 1988).

Desde el punto de vista funcional, los canales de

13
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potasio, se han clasificado en: 1. Dependientes de voltaje que
incluyen tres clases, a) rectificadores tardios (DR K), b) los
de corriente transitoria (T K) y c) los rectificadores
entrantes (IR K); 2. Los canales de potasio que, ademas del
voltaje, requieren de ligandos, se les ha denominado canales de
potasio activados por ligandos (L K). Los canales de esta clase
tienen propiedades de DR, T o IR; pero ademids del potencial de
membrana, requieren de iones como calcio o sodio o un
nucleétido como ATP o una proteina G para su activacién (Brown,
1993).

Los canales de potasio dependientes de voltaje estén
formados por subunidades que fluctuan en un rango de 400 a 700
amingdcidos y cuatro de estas subunidades se ensamblan como
homo' o heterotetrameros. Por dltimo un péptido adicional parece
estar asociado con el canal de potasio, pero su funcidén aiin es
desconocida. (Parcej et al., 1992; Kanaus et al., 1994).

En virtud de la ausencia de datos estructurales de los
canales 1iénicos, los estudios funcionales han proporcionado
gran informacién sobre la activacién, corrientes de "disparo”,
permeacién iénica y transicién entre los estados cerrado,
abierto e 1inactivado de 1los canales. A los elementos
responsables de estas funciones, se les ha dado nombres tales
como los de: sensor de voltaje, "disparo", poro y filtro de
selectividad y se han ordenado en un modelo electromecanico.

Recientemente, el enfoque de estos estudios ha cambiado
de estrictamente funcional, al de utilizacién de andlisis
mutacional y mediciones electrofisiolégicas, debido a que
muchos de los genes que codifican para estos canales se han
clonado.

Estructuralmente, cada subunidad de los canales de
potasio tiene 6 segmentos transmembranales (excepto los de tipo
IR que sdlo tienen dos de estos segmentos); por su parte los
dominios amino y carboxilo terminales se encuentran situados en
el lado citoplasmatico.

Asimismo entre las zonas transmembranales 5 y 6, llamadas
S5 y S6, se encuentra el poro (es decir, la zona formada por

14




las 4 'subunidades) por donde pasan los iones. La region que se
piensa es el sensor de voltaje, se encuentra en el dominio §54.
De la misma manera se han asociado tres zonas de la secuencia
de aminodcidos de los canales de potasio con diferentes tipos
de inactivacién: la regién amino terminal, la sexta regién
transmembranal, S6, y la regién del poro (Miller, 1991).

Hasta el momento se han clonado genes para una serie de
canales de potasio de diversas especies y tejidos, habiéndolos
clasificado en cuatro grupos de acuerdo a sus semejanzas
estructurales (Jan y Jan, 1990a; Chandy, 1991).

Por expresién de mensajeros de diferentes canales de
potasio en oocitos se ha demostrado que éstos pueden formar
heterotetrdmeros. Lo anterior puede explicar la diversidad que
estos canales muestran en la naturaleza (Jan y Jan, 1990b;
Stihmer et al., 1989). |

El grupo de Dolly demostrd la presencia de estructuras
heterotetraméricas, "in vivo", (Scott et al., 1994), utilizando
anticuerpos monoclonales contra diferentes tipos de canales de
potasio, encontrando que varios de estos anticuerpos reconocian
a un solo receptor purificado.

Se ha demostrado, utilizando anticuerpos monoclonales,
una distribucién especifica de canales de potasio en diferentes
partes del cerebro de la rata (McNamara et al., 1993; Beckh vy
Pongs, 1990).

1.3. Toxinas de alacrdn y canales de potasio

El veneno de los alacranes es una fuente de péptidoe de ba‘jo
peso molecular que son téxicos a una variedad de organismos,
incluyendo al hombre (Zlotkin et al., 1978; Possani, 1984). La
mayoria de los venenos estudiados contienen dos clases de
toxinas; péptidos de cadena larga (60~70 aminodcidos) que
bloquean canales de sodio de membranas excitables (Catterall,
1977; Couraud et al., 1982) y péptidos de cadena corta (30 a 40
aminodcidos) que afectan diferentes clases de canales de
potasio (Possani, 1984; Moczydlowski et al., 1988; Castle et
al., 1989).

15
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Las toxinas que actian sobre canales de potasio tienen
caracteristicas comunes, como: a) baja concentracién relativa
en los venenos, b) ser péptidos de cadena corta, c¢) ser
basicos, d) estructuralmente compactos y e) poder soportar
condiciones drédsticas de temperatura y acidez (Possani, 1984).

Examinando su estructura primaria se puede notar que
éstas se pueden alinear de acuerdo a la posicién de las
cisteinas, lo que indica que posiblemente la posicién de los
enlaces disulfuro esté conservada (Ménez et al., 1992).

Se ha investigado la estructura tridimensional de algunas
de estas toxinas (caribdotoxina e iberotoxina) utilizando
espectroscopia de resonancia magnética nuclear. Esta técnica
revela que dichas toxinas son moléculas globulares, con una
regién de triple ldmina beta plegada, unida a una de alfa
hélice a través de dos de los tres enlaces disulfuro presentes
en estas moléculas (Bontems ‘et al., 1992; Johnson y Sugg,
1992),

Cuando hacen una comparacién de la estructura de las
toxinas de cadena larga (variante 3 de Centruroides
sculpturatus y toxina II de Androctonus australis Hector) con
la de las toxinas de cadena corta (caribdotoxina), Ménez et al
(1992) observan que existen semejanzas estructurales. Los
principales elementos de estructura secundaria y los enlaces
disulfuro se sobreponen en ambas clases de toxinas y se
encuentra un nidcleo estructural conservado para estas toxinas.
Por esta razdén se propone que muchas de las toxinas de alacrén
tienen una estructura secundaria conservada y por lo tanto, un
"motivo" estructural comin (Menez et al., 1992).

El nicleo estructural puede aceptar numerosas mutaciones
de un solo sitio; la regién de alfa hélice y las dos regiones
beta plegada del extremo C-terminal, tienen pocos cambios de
una toxina a otra en términos de longitud. En contraste, los
segmentos que unen a los elementos conservados pueden acomodar
asas, que se caracterizan por el gran ndmero de mutaciones y
por ser de longitud variable. Por ejemplo, las dos regiones de
beta plegada que se localizan en la parte C-terminal de la

16



molécula, estdn unidas una a la otra por dos residuos de
aminodcidos en caribdotoxina, variante 3 y toxina I de
Androctonus australis, y por siete residuos en la toxina II de
Androctonus australis. En estas toxinas se encuentra una
secuencia invariable :
-cig7~[...]~cisl3-aa-aa~aa-cisl7-[...]-cis28-[...}-cis33~aa~
cig35=[..]- (tomando 1la posicién en la secuencia de 1la
caribdotoxina) (ver figs. 1 y 2). Lo anterior nos hace suponer
que los pequefios cambios en secuencia entre las toxinas que
actian sobre canales de potasio confieren un reconocimiento
mayor o menor hacia un receptor dado.

Agi existe una serie de toxinas conocidas que tienen
accién sobre canales de potasio:

La primera toxina, con efecto sobre canales de potasio,
descrita en la literatura fue la noxiustoxina (NTX) (Carbone et
al., 1982; Possani et al., 1982). En vista de que la NTX es el
principal objeto de este trabajo se describird en forma més
detallada al final de esta seccién.

La caribdotoxina (CTX) es un péptido de 37 aminoAdcidos
basico que se aisla del veneno del alacrdn Leiurus
quinquestriatus hebraus (Miller et al., 1985). Esta toxina
bloquea canales de K* dependientes de Ca?' de alta conductancia
del misculo esquelético, con una Kd=1-3 nM (Valdivia et al.,
1988), También sabemos que se une con alta afinidad a membranas
de cerebro (Kd=30 pM) (VAzquez et al., 1990) y también bloquea
un canal de K* dependiente de voltaje de linfocitos (Kd=14 pM)
(Deutsch et al., 1991). En este veneno encontramos también a la
leiurotoxina I (scyllatoxina), un péptido de 31 aminodcidos,
que presenta una similitud de accién con la apamina (péptido
de 18 aminodcidos proveniente del veneno de la abeja Apis
melifera), ya que ambas toxinas bloquean el canal de Kt
dependiente de calcio de pequeila conductancia (Auguste et al.,
1990).

En cuanto a un péptido de 37 aminodcidos, llamado
iberiotoxina (IbTX) tenemos referencia de que se encuentra en

17
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Figura 1. Estructura tridimensional de toxinas de alacrén
A. toxina II de A. australis, B. variante-3 de C. sculpturatus,
C. caribdotoxina de L. quinquestriatus. En todas las
estructuras se observa el "motivo" estructural formado por
tres regiones con estructura beta plegada (formando una l&mina
beta), dos de las cuales estdn unidas a la regién de alfa
hélice por dos puentes disulfuro. lLas regiones que unen a las
zonas conservadas forman asas de longitud variable (tomado de
Ménez et al. 1992).
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Figura 2.

Comparacién de secuencias de aminodcidos de toxinas de alacrédn de cadena corta y
de cadena larga.

AaR T
CsE v3
AaH IT
CTX

BBEB oaaaaaoaooo BRBARK BBBBB

KRKNGYAVDSSGKAPECL-L-~-SNYCNNOCTRKVH-YADKGYCCL—-—~—~ LSCYCFGLNDDKRVLEISDTRRKSYCDTTIIN

KEGYLVEKKSDGCKYGCLKLGENEGCDTECRKARNQGGSYGYCYA~-———~ FACWCEGLPESTPTY~PLPNKS--C

VRKDGYIVDDVNCTYFCGR---NAYCNEECTKL--KGESGYCQWASPYGNACYCYRLPDHVRTK--GPGR---CH
ZFT—————- NVSCTT-~-SKECWSVCORL-HNTSRGKCMN—~~-— KKCRCYS

——————————————— C————====CXXXCr—=mm——mmCm === CXC e e e

Las secuencias de aminodcidos estan alineadas de acuerdo a la posicidén de las cisteinas.

Los simbélos a y B se refieren a las conformaciones de alfa-hélice y beta-plegada.

La secuencia consenso se indica al final de las secuencias.
(Tomado de Ménez et al., 1992).
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el veneno del alacran Buthus tamulus. Este péptido bloquea con
alta afinidad al canal de K' activado por calcio de alta
conductancia por oclusién del poro. Esta interaccién estéa
influida  fuertemente por interacciones electrostaticas
(Giangiacomo et al., 1992).

Otra toxina que bloquea especificamente al canal de K'
activado por calcio de alta conductancia, es la kaliotoxina
(KTX). Este péptido se purifica del veneno del alacran del
norte de Africa Androctonus mauretanicus mauretanicus (Crest et
al., 1992). Otra toxina llamada P05, que encontramos también en
este veneno, es estructural y funcionalmente muy semejante a la
leiurotoxina I, pero aparentemente su unién al receptor es
irreversible a diferencia de esta idltima (Sabatier et al.,
1993).

En el veneno de los alacranes llamados del Nuevo Mundo
también se encuentra este tipo de toxinas. Asi tenemos a la
margatoxina, un péptido de 39 aminodcidos, que se aisléd del
veneno del alacrdn Centruroides margaritatus. Parece que
bloquea sélo el canal de potasio dependiente de voltaje (Kv
1.3) de linfocitos T humanos (Garcia-Calvo et al., 1993).
También existe la tityustoxina Ka (TsTx-Ka), que se encuentra
en el veneno del alacran Tityus serrulatus. Esta compuesta por
37 aminodcidos y bloquea canales de potasio dependientes de
voltaje (Blaustein et al., 1991; Ragowski et al., 1994).

Noxiustoxina

La noxiustoxina es un péptido de 39 aminodcidos. E1 grupo de

Possani lo aisldé, por primera vez en 1982, del veneno del

alacran Centruroides noxius (Possani et al., 1982).

La primera evidencia de su efecto sobre canales de
potasio dependientes de voltaje fue en axén gigante de calamar,
en experimentos de fijacién de voltaje. Ahi se observé una
disminucién del pico de corriente de potasio, sin afectar la
cinética de apertura y cierre del canal, presentando una Kd=300
nM (Carbone et al., 1982, 1987).

En sinaptosomas de cerebro de ratén estimula la
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liberacién de 4-amino[3H]butirico e inhibe el eflujo de %°Rb,
por bloqueo de canales de potasio con una ICg,=2.9nM (Sitges et
al., 1986),

En otro experimento se observdé que en canales de potasio
dependientes de calcio de alta conductancia de membranas de
misculo esquelético, la NTX induce estados breves de bloqueo,
aunque con baja afinidad (Kd=450 nM) (Valdivia et al., 1988).

Esta toxina también bloquea canales de potasio
dependientes de voltaje en linfocitos T, con alta afinidad,
Kd=0.2 nM (Sands et al., 1989). Se ha demostrado que NTX inhibe
alostéricamente la unién de '?°I-CTX a membranas sinaptosomales
de cerebro de rata (Ki=8 pM). En este sistema se cree que CTX
se une a canales de potasio dependientes de voltaje y no a los
activados por calcio (Vazquez et al., 1990). También, NTX
inhibe la unién de !'25I-DTX* a membranas de cerebro de rata,
facilita la 1liberacién de acetil colina en uniones
neuromusculares de manera semejante a la dendrotoxina (Harvey
et al., 1992).

Algunos péptidos sintéticos correspondientes a la
secuencia N-terminal de NTX muestran efectos téxicos que se
parecen a los presentados por la toxina nativa (Gurrola et al.,
1989). Los mismos péptidos inducen diversos grados de bloqueo
en canales de potasio dependientes de calcio de pequeiia
conductancia, en endotelio (Vaca et al., 1993).

En el veneno del alacran Centruroides noxius se
encuentran péptidos que comparten determinantes antigénicos y
caracteristicas funcionales con la NTX, por ejemplo: la NTX 2.
Esta tiene una similitud del 64% con NTX, comparte algin
determinante antigénico ya que es reconocido por un suero anti-
NTX, y es capaz de competir con !2°I~-NTX en la unién a membranas
de cerebro de rata (Nieto, 1994). Existen ademas,
aproximadamente 6 toxinas semejantes a NTX dentro de este

*Dendrotoxina (DTX), péptido de 59 aminodcidos, purificado del veneno de la
serplente, Dendroaspis angusticeps, que afecta canales de potasio
dependientes de voltaje (Dolly et al., 1984).
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veneno, pero sus secuencias no se han terminado.

En el veneno de otros alacranes se ha encontrado la
presencia de péptidos capaces de competir con 125I-NTX en la
unién a membranas de cerebro de rata. Algunos ejemplos son:
Centruroides limpidus limpidus, Centruroides elegans y Pandinus
imperator. Las secuencias de estos péptidos son semejantes a
NTX (datos no publicados).
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II. Objetivos

El objetivo propuesto en esta tesis es caracterizar las
zonas de interaccién de la noxiustoxina con su receptor en
membranas de cerebro de rata y comparar con otras toxinas

semejantes en estructura, abarcando los siquientes aspectos:

l. Determinar la posicién de los puentes disulfuro de la
noxiustoxina para terminar su caracterizacién
estructural.

2. Valorar los posibles cambios funcionales de la
noxiustoxina (unién a membranas de cerebro de rata) por
modificaciones especificas de ésta, utilizando reactivos
quimicos y enzimas hidroliticas.

3. Obtener mediante sintesis quimica, fragmentos de la NTX
y ensayar su capacidad de mimetizar el efecto de la
toxina nativa en membranas de cerebro de rata y en
células endoteliales, mapear regiones importantes.

4. Comparar el efecto de toxinas de otros venenos de alacran
que afectan canales de potasio, sobre la unién de la
noxiustoxina en membranas de cerebro de rata.
Finalmente, elaborar un modelo de la estructura

tridimensional de la noxiustoxina basado en las coordenadas
obtenidas por estudios de espectroscopia de resonancia
magnética nuclear, para una toxina semejante a la NTX: la
caribdotoxina.

Esta informacién es importante para entender los
mecanismos de selectividad de las diferentes toxinas por cierto
tipo de canales de potasio, para determinar qué aminoacidos
modulan la afinidad por el receptor, lo que eventualmente
permitird el disefio de nuevas variantes de toxinas teniendo una
inica especificidad o funciédn.
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III. Resultados

En esta seccidén presentamos los resultados producto' de
investigacién del tiempo en que se ha realizado nuestra tesis.
Se presentan en forma de articulos terminados en vista de que
el programa mismo de doctorado asi lo requiere; pero también
obedece a la razén de no repetirme, como al hecho de dejar
constancia de la participacién de mis compafieros de equipo y de
mi jefe de investigacién. Su trabajo estd reconocido con la
aparicién de su nombre, el lado mio, en estas publicaciones.

He decidido presentar estos resultados mediante la ficha
técnica bibliografica, en primer lugar, acompaiiada del resumen
del articulo. A continuaccidén se presentan los articulos
completos y divididos en dos secciones pertinentes para el
caso. 3.1 Para un articulo en proceso de publicacién. Al
momento de la redaccién del presente trabajo, no tenia en mi
poder el articulo impreso. 3.2 Articulos publicados, tres en
total.

Finalmente debo afiadir que estos articulos evidencian la
mayor parte de las investigaciones y dan un panorama bastante
cabal de los propésitos que nos impusimos investigar desde la
primera hora en dque iniciamos nuestro trabajo, bajo 1la
direccién del Dr. L.D. Possani.

3.1 Articulo sometido a publicacién
Gurrola, G. B. and Possani, L.D. "Structural and

functional features of Noxiustoxin: a K+ channel
blocker", sometido en FEBS Letters
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En este trabajo se determind la posicién de los puentes
disulfuro en la molécula de NTX, por medio de digestién
enzimdtica utilizando la endopeptidasa lisina-C e identificando
por secuencia de aminodcidos los péptidos obtenidos, lo que
permitié asignar las siquientes posiciones: cis7-cis29, cisl3-
cis34 y cisl7-cis36,

Basdndose en las coordenadas obtenidas por estudios de
espectroscopia de resonancia magnética nuclear, para una toxina
semejante a la NTX: la caribdotoxina, se presenta un modelo de
la estructura tridimensional de la molécula de NTX.

Se probé la capacidad de péptidos sintéticos,
correspondientes a secuencias de aminodcidos de la
noxiustoxina, de competir con 125I-NTX en la unién a membranas
de cerebro de rata. Los péptidos sintéticos que fueron capaces
de inhibir la unién de 2°I-NTX a membranas de cerebro de rata
fueron los correspodientes a las secuencias 1-14, 1-21 y 11~
39, con una IC;, semejante (160, 800 y 250 nM respectivamente);
no asi los péptidos correspondientes a las secuencias 1-9 y 30-
39 con las concentraciones probadas (100 uM).

Se probaron también péptidos correspondientes a
secuencias de aminodcidos de caribdotoxina (1-10 y 24-37) ya
que la NTX es capaz de inhibir no competitivamente la unién de

1251-.0TX a membranas de cerebro de rata (Vazquez et al., 1990)

- encontrando que en este caso sdlo el péptido correspondiente al

segmento carboxilo terminal fue capaz de inhibir la unién de
1257-NTX. |

Al observar el modelo tridimensional de la NTX, vemos que
la regién del aminodcido 1 al 20 se encuentran en el mismo
plano. Esta zona parece ser una parte importante del sitio de
unién con el receptor, ya que cuando a la toxina nativa se le
quitan los primeros seis aminodcidos (queda NTX7-39), disminuye
su afinidad por el receptor, y disminuye aidn mas cuando no
tiene los primeros diez aminodcidos (NTX11~39).

Cuando la NTX es tratada con préteasa V8 el enlace
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peptidico entre el acido glutamico 19 y la leucina 20 se rompe,
lo que produce una disminucidén en la afinidad por el receptor,
no encontrando ninguna modificacién de ésta cuando la toxina es
tratada con bromuro de ciandégeno y el enlace peptidico
hidrolizado estd entre la metionina 30 y asparagina 31. En el
modelo tridimensional de la molécula de NTX, se puede observar
que, el acido glutamico de la posicién 19 se encuentra en una
estructura de alfa hélice. Al romper este enlace peptidico se
pudo haber desestabilizado la estructura de la molécula (perder
parte de la estructura alfa hélice) y por lo tanto no mantener
en la posicién adecuada los aminodcidos que interaccionan con
el receptor (cargas positivas). Debido a que la metionina 30 se
encuentra en el asa que une a las dos dltimas regiones de beta
plegada, la hidrélisis de este enlace peptidico, no tiene
efectos significativos sobre la unién de la toxina al receptor.

De estos resultados concluimos, que para la NTX la regién
amino terminal forma parte importante del sitio de unién a su

receptor y que para la CTX es la regién carboxilo terminal la
mas relevante.
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S8UMMARY
The disulfide bridges of Noxiustoxin (NTX) were found to be: Cys7-
Cys29, Cysl3-Cys34 and Cysl7-Cys36. A three-dimensional model of
NTX is presented. Binding of 225[I]-NTX to rat brain synaptosome
membranes and displacement with synthetic peptides correspondind to
the amino acid' sequence of NTX, show that the N-terminal segment,
including part of the alpha-helix, of this toxin is implicated in
the recognition of brain K*-channels. Cleavage of NTX with cyanogen
bromide or protease V8 support this findings. On the contrary, a
synthetic C-terminal tetradecapeptide of charybdotoxin (ChTX), show
that in this K'-channel blocker, the C~terminal region, rather than

the N-terminal is capable of displacing 125[I]-NTX binding to brain

membranes.

1. INTRODUCTION
NTX is a 39 amino acid polypeptide with three disulfide bonds
isolated from the yenom of the Mexican scbrpion Centruroides noxius

Hoffmann (1], originally described to block voltage-activated

delayed rectifier K' channels in the giant axon of squid [2]. It

was subsequently shown that it also blocks other classes of voltage
and Ca”-dependent K*'channels from various excitable [3-6] and non
excitable tissues [7,8), with highly variable affinities,' Kds
ranging from uM to pM (a million fold difference!), depending on
the tissue under study. Charybdotoxin (ChTX), another K'channel

blocker was also widely studied [9-12], and shown to share a

considerably degree of similarity with NTX in terms of primary_'

2
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structure (44% identity). Both toxins, recognize several distinct
classes of K'-channels, and apparently bind to distinct sites of
brain synaptosome membranes [6, 13]). In this preparation, 25[(1]-
ChTX binds to a voltage-dependent K' channel with an affinity of
25-30 pM, and is effectively displaced by NTX ([6]). Synthetic
peptides corresponding to the arqino acid sequence of NTX
(nonapetide and eicosapeptide at the N-terminal part) were shown to
be toxic to mice, presumably by blocking K'-channels [14), while a
decapeptide at the C-terminal segment was inactive. Similar results
were obtained with these synthetic peptides in another preparation,
where 'e:lectrophysiological measurements at the level of single
channels (ca?* activated K* from aortic endothelial cells) were
conducted with membrane fragments incorporated in planar bilayers
[15]. On the contrary, the C-terminal region of ChTX seems to be
essential for its activity (9, 12]. Modification of Lys27 by
genetic engineered ChTX abolishes its activity on the ca2*-
activated K' channel from skeletal muscle. Similarly, the results
of experiments with chimeric synthetic peptides of ChTX [13)
suggest that the presence of charged amino acid residues at the c-
terminus are important for binding to a strongly inactivating
voltage~gated K'-channel (K,; ;). Thus, NTX and ChTX have similar
structural features, recognize similar K'channels with distinct
affinities, and the region of the molecule that binds to the
channels seems to be the N-terminal part for NTX and the C-terminal

for ChTX, when assayed in the brain preparation (presumably binding

to the K, 3 channels).
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Hexe we report the synthesis of pep ‘ides corresponding to the N-
terminal and C-terminal regions of bctch NTX and ChTX, and conducted
chemical modifications of NTX in order to test their effect on the
K*-channels of rat brain synaptosome membranes.

The disulfide bridges of NTX were also determined and their
positions discussed in view of the recent results obtained by NMR

spectroscopy, for the homologous charybdotoxin [16].

2. MATERIALS AND METHODS

.. T o |
The disulfide bridges of NTX were found by sequencing heterodimeric
peptides separated by HPLC of NTX hydrolyzed by mild enzymatic
cleavage. Briefiy, 50 ug of NTk was dissolved in 0.1 M Tris-HCl1,
1 mM EDTA buffer pH 7.2 (250 ul totel volume), and hydrolyzed with
0.5 ug of Lys-C endoprotease (Boehring-Manheim, Germany), for 18 h
at 37 °C. Separation was obtained in a C18 reverse-phase column
with a linear gradient of acetonitrile (0 to 60%) in 0.1% aqueous
trifluoracetic acid. Eight fractions were collected and sequenced.

ee-di od

The stereo-image of the three dimensional model of NTX was obtained
using the NMR parameters determined for ChTX (See
acknowledgements). The suit of programs for homology modeling from
Biosym Technologies (San Diego, USA) was used for model geﬁeration,
including minimization, and molecular dynamics at 400 °i( for 5 pS

and then 5 ps at 300 °K, as earlier described {17).
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2.3 chemical synthesis

Chemical synthesis of peptides were conducted according to
Merrifield's method [18] of solid phase peptide synthesis, using
tert-butyl-oxy-carbonyl amino acids, as described [14]. Peptides
were purified by high performance liquid chromatography (HPLC), and
the synthesis confirmediby amino acid analysis and, when necessary,

by microsequencing, as described [19].

2.4 Cleavage of NTX

Native NTX was purified by chromatographic procedures [1], with an
additionél separation through a C4 reverse column, using the HPLC
system described [19]. The cleavage of NTX (50 ug) with cyanogen
bromide [1], and the hydrolysis of 50 ug of NTX by protease V8,
from Staphylococcus aureus was also conducted as described for
other toxins [19]. Cleaved products of NTX were separated by HPLC,

and the resulting peptides were used for binding assays, and

chemical analysis.

2.5 Binding assays
Rat brain synaptosome membranes (fraction P3) were prepared
essentially by the procedure of Catterall [20].

Radio-labelling of NTX with 125{Todine} [21] and binding to P3

membranes were performed as described (5], with minor

modifications. Briefly, 30 ug of membrane proteins were incubated
with 50 pM 125[I]-NTX in 200 pl of incubation medium (50 mM NacCl,

20 mM Tris-HCl buffer PH 7.8 and 0.1% bovine serum albumin) in
5
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absence or presence of increasing concentrations of either toxin or
peptides, at room temperature for 60 min. The reaction was stopped
by the addition of 5 ml of 100 mM NaCl, 20 mM Tris-HCl buffer, pH
7.8, followed by rapid filtration through GF/B filters (Whatman)
presoaked in 1% polyethyleneimine, washing twi}ce with the same

buffer.

3. RESULTS AND DISCUBSION

Since the disulfide bridges of native NTX were not known, we have
cleaved native NTX with Lys-C protease, separated the peptides by
HPLC (dafa not shown), and sequenced. The disulfide bridges are
made between: Cys7-j-Cysz9, Cysl3-Cys34 and Cysl7-Cys36é (Table 1).
These results were obtained after many trials, since NTX |is
resistent to tryptic hydrolysis, and only small amounts (about 10%
each time) are ruptured, in our experimental conditions using LysC
endoprotease. The pair Cysl13-Cys34 was found after sequencing a
heterotrimer, in which the peptide-bond of the 1lysil residue at
position 15 was not cleaved (Table 1), resulting three distinct
amino acid for each position during microsequencing (corresponding

to peptides Glnl2 to Lysl18, Cys34 to Lys35 and Cys36 to Asn39).

Since the disulfide pairing of Cysl17-Cys36 and Cys7-Cys29 were

uneqguivocally determined (Table 1), the only other combination
compatible with the sequence cf the heterotrimer was the pair
Cys13-Cys34. It is worth mentioning that cyanogen bromide cleavage
of methionine at position 30, shows that the other possible pair

Cys34-Cys36 does not exist.
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These results show that the disulfide bridges of NTX and ChTX
occurs at equivalent positions of the primary structure. We have
prepared a stereo model of the three-dimensional structure of NTX,
using the NMR-coordinates obtained for ChTX [16], g;anerously
provided to us by Dr. Andre Menez (CEA, Gif-Sur-Yvette, France).
Figure 1 shows the model obtained, including the positions of the
disulfide bridges. The same general structural features obtained
for ChTX [16] is present in NTX, despite the possibility discussed
elsewhere [22], that the Ala at position 27 instead c;f Gly present
in ChTX‘and"other‘ K*'channel blockers [22], would probably generate
steric hindrance for the appropriate folding of NTX. The fact that
NTX has an extra amino acid (Gly before Ala) in this stretch of the
primary structure (amino acids 20 to 30, Table 1) when compared to
ChTX is the rational explanation for not having the hindrance
previously foreseen.

In order to gain more information on structural and functional

characteristics of these toxins, we have synthesized a series of

peptides corresponding to the primary structure of both, NTX and

ChTX, and assayed their effect on K'channels of ‘rat brain
synaptosome, demonstrated [5,6], to be a good model to study
binding and displacement properties of these peptides. In this
pteparation, as already mentioned, there is a voltage dependent K*
channel , for which the affinity of both toxins, NTX and ChTX is in
the order of pM [6]. The following peptides, corresponding tp thé
amino acid sequence of NTX or ChTX were synthesized, purified by

HPLC and confirmed by amino acid analysis and microseguencing:
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NTX1-9, (numbers correspond to the amino acids position on the
primary structure of the toxin), NTX1-14, NTX1-20, NTX11-39,

NTX30-39, NTX1-39, ChTX1-10, ChTX24-37 (bottom part of Table 1).
The presence of several free sulphydryl groups, in cysteine-
containing peptides always poses an important prpblem fqr
intexpretation of the data, when the cross-linking through
disulfide pairing is not known. For these reason NTX1-21 was also
synthesized with alanines, replacing cysteines. In this manner,
even without knowi;lg the correct disulfide bridges of segments
containing mixed thiol groups, we could surmise the participation
of that 1given segment of the primary structure of the ligand in
recognizing the receptor molecgle. The results of the binding-
displacement of the various synthetic segments of NTX and that of
native NTX are shown in Fig.2a, and will be discussed shortly.
Before accessing the effect of synthetic toxin and their fragments
we started by simple chemical modifications of native NTX, such as
reduction and alkylation. When NTX is reduced and alkylated, either
with iodomethane or iodoacetic acid the toxin becomes completely
inactive. The modified native peptides are incapable of displacing
the binding of radio-labelled NTX to brain membranes (data not
shown). However, when NTX is reduced but not alkylated, and is
purified from reactants (gel filtered through Biogel P-30 in the
same conditions used for the alkylated samples), the native
conformation is partially regained, or respected. The ICgzy value
for binding displacement of -native NTX versus iodinated-NTX is 200

pM (Fig.2a), while the refolded NTX has an ICgy value of about 800

8
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pM (data not shown), 4-fold reduced in affinity. Concerning the

synthetic NTX and the corresponding segments, we have found that

the full span synthetic NTX (residues 1 to 39) was obtained in pure'

form after air oxidation [11] and HPLC purification, given

essentially the same results as native toxin (Fig.2a, black squares

and white squares, fespectively). This data confirms our original
repérts on the purification and sequencing of native NTX [1].

The possibility that native NTX, at the C-terminal residue (Asn) is
amidated (23], is not dismissed by the present results. The method
used by us for the primary structure determination |1] of NTX did
not alloWéd the detexrmination of a possible amidated form of Asn39.
The synthetic peptides NTX1-9 (extreme of the N-terminal region)
and NTX30-39 (the C-terminal region) do not displace the binding of
125[TJNTX to brain synaptosome membranes, even at the relatively
high concentration tested (100 uM). However, when the synthetic
segments are larger, like NTX1-14, the displacement is evident
(Fig.‘za) with an IC;; of 160 nM. Similar results were obtained
with synthetic NTX1-20 (data not shown). More important yet, are
the results with the synthetic peptide NTX1-21, in which alanines
replace cysteines (Fig.2a). This peptide does not have possible

constrains of disulfide bridges, and is capable of displacing the

binding with an ICg; of 800 nM. Equally effective is the fragmént

NTX11-39, with an ICg;, of 250 nM (Fig. 2a). Our interpretation of
these results is consistent with the conclusion that the N-terminal
part of the molecule, including amino acids spanning over residue

9 are important for binding to the receptor (K,, jz~channel). The
9
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fact that NTX1-9, recognizes the channel [14,15] but does not
displace the binding is not surprising since the affinity of native
toxin for this specific type of channel is in the range of 200 pM.
It is worth recalling that previous experiments [14,15) also
indicate that the C-terminal part of NTX does not recognizes the
channels.

By observation of the three—dimensioﬁal structure of ChTX [16] and
our Fig.l of NTX, we can conclude that residues Lysll to Leu20 are
forming a three turns of an alpha-helix, while segments Thrl-Asnd,
Ala25-Cys29- and Lys33 to Tyr37 are probably forming three anti-
parallel beta-sheet structures. Methionine of position 30 is
situated in a turn, between two beta-sheets structures. Thus, to
test the need of an intact alpha-helix in the N-terminal portion of
the NTX for the binding, we have hydrolyzed the glutamyl-bond in
position 19 (see Fig.2 b) with protease V8. The resulting NTX was

purified by HPLC, and the cleaved toxin was sequenced to proof that

in fact the glutamyl residue was hydrolyzed. This cleaved NTX

decreases significantly the affinity for the channels (1.5 order of
magnitude less) with an IC50 of about 12 nM, showing that the
presence of an intact alpha-helix region is important for binding.
Digestion of NTX with LysC-endopeptidase produced a segment laéking
the N-tefminal hexapeptide (positions 1 to 6). The resulting native
NTX7-39 is also less active by one order of magnitude (Fig. 2b),

showing that the N-terminal is important for recognition of the

channels. However, the cyanogen bromide cleaved Met30 does not

change the affinity for the channel, having essentially the same

10
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affinity as native NTX (Fig. 2b), compatible with the idea that the
C~-terminal segment is not important for binding to the membranes.
The endopeptidase-cleaved NTX, and the cyanogen bromide ruptured
NTX were also confirmed, by purification of the resulting’peptides
and by amino acid sequence determination (data not shown).
Finally, in order to test the results obtained by others with ChTX
(10-13], we have synthesized, purified and assayed two peptides
with the amino acid sequence corresponding to charybdotoxin: first,
a decapeptide at the N-terminus (ChTx1-10) and second, a
tetradecapeptide at the C-~terminus (ChT24-~37). Our results of
Fig.2c ciearly shows that is the C-terminal fragment of ChTX the
one important for binding, in our assay of synaptosome membranes,
and not the N-terminal (not shown), which was completely
ineffective.

In conclusion, our data indicate that the N-terminal segment of
NTX, including the alpha~helix region, is important for recognition
and.binding to the channels of the brain membrane preparations,
while the C-terminal part seems not to be that important. These are
in agreement with our previous data [14-15). Cth, however,
probably interacts with the channels of these membranes by the C-
terminal region, confirming also data available in the literature
[10~13]. These findings are important for the understanding of the
immense diversity of toxic peptides, evolved by scorpions, with
similar structural motifs, but with exquisite specificities for
various different tfpes of ion channels, displaying a tremendous

variation in affinity, which can be as great as 1 million fold

11
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LEGEND FOR FIGURES
Fig. 1. Stereo-image of the three dimensional model of NTX.
Coordinates for ChTX (See Acknowledgements) were used for mddeling
the NTX structure, using a Silicon-Graphics IRIS 4D/35; with
programs from Biosym Technologies, Inc. Energy minimization, and
molecular dynamics at 400 °K for 5 ps and then 5 ps at 300 °K were
employed to refine the model, a water shell 5 A thick was included.
NH2~- and COOH- termini are signaled in the ribbon model. The
disulfide bridges (numbers correspond to the cysteine positions in
the primary structure) are represented as sticks linking the main
peptidic backbone structure of NTX. E19 and M30 indicate “the
positions of Glul9 and Met30, respectively. The complete primary
structure of NTX is shown in Table 1.
Fig. 2. Displacement of !25[1]-NTX binding to P3 membranes, by NTX
and synthetic peptides.
Brain synaptosomal membranes (fraction P3) were incubated with 50
pM 125[1 ]1-NTX plus increasing concentrations of a) native NTX (open
squares), full-size synthetic NTX1-39 (closed squares)l, NTX 1-9
(crosses), NTX1-14 (open circles), Ala containing NTX1-21 (Qpen
triangles), NTX11-39 (open diamonds), NTX30-39 (closed triangles).
b) native NTX (open squarés) , NTX cleaved by BrCN (open triangles),
NTX digested by protease V8 (closed triangles), NTX digested with

Lys-C endopeptidase (closed diamonds) and c¢) native NTX (open

. squares), synthetic fragment of Charybdotoxin, ChTX24-37 (closed

circles), for 60 min at room temperature, before filtration. Non

specific binding has been subtracted.
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Table 1: AMINO ACID SEQUENCE OF HETERODIMERIC AND HETEROTRIMERIC
PEPTIDES CORRESPONDING TO THE DISULFIDE BRIDGES OF NTX

Elution time HPLC Amino acid sequence Corresponding disulfide

1 2 3 4

17.81 Pro-CYS-Lys :
Xxx-Tyr-Asn-Asn Cysl7-Cys36
1 2 3 4 5 6 7
20.91 Gln-CYS-Ser-Lys-Pro-CYS5-Lys
- XXX-LySs Cysl3-Cys34
Xxx-Tyr-Asn-Asn Cysl7-Cys36
1 2 3 4
21.66 CYS-Thr-Ser-Pro
| Xxx-Met-Asn-Gly Cys7-Cys29
1 10 20 30 39
NTX TIINVKCTSP KQCSKPCKEL YGSSAGAKCM NGKCKCYNN

ChTX PEFTNVSCTTS KECWSVCQRL HNTSRG-KCM NKKCRCYS

Amino acid sequences were obtained by microsequencing peptides
purified by HPLC, after cleavage with Lys-C endopeptidase. Numbers
on top of the amino acid means the positions in the sequence, Xxx,
means a blank position corresponding to a 1/2 Cys residue
(cysteine), while CYS the position of a cystine residue (usually in
our machine we can identify a component that absorbs at 330 nm
which corresponds to this amino acid).

The bottom lines contain the complete structure of NTX, as
determined by Possani et al [1], and ChTX, as reported by Gimenez-
Gallego et al [24]). A gap (~) was 1ntroduced in the sequence of
ChTX to enhance similarities. Cysteines are in bold.
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3.2.1 Gurrola, G.B., G. Moreno-Hagelsieb, F.2. Zamudio,
M. Garcia, X. Soberén, L.D. Possani, (1994)."The
disulfide bridges of toxin 2 from the scorpion
Centruroides noxius Hoffmann and its three-
dimensional structure calculated using the
coordinates of variant 3 from Centruroides
sculpturatus", en FEBS Letters, 341. 59-62p.
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En este trabajo se determinéd la posicién de los puentes
disulfuro de una toxina de cadena larga purificada del veneno
del alacran Centruroides noxius, llamada Cn 2. Esta toxina es
un péptido de 66 aminodcidos con cuatro puentes disulfuro que
bloquea canales de sodio de varios tejidos y pertenece a las
toxinas de tipo beta. '

Sometiendo la toxina Cn 2 a digestidén enzimadtica con las
endopeptidasas tripsina y quimotripsina, se obtuvieron varios
fragmentos de los que se logrd identificar cuatro péptidos que
mostraban doble secuencia. Dado que la estructura primaria de
esta toxina se conoce fue facil identificar dentro de é&sta los
péptidos obtenidos y asignar los correspondientes enlaces
disulfuro (cisl2-cis65, cislé-cis4l, cis25-cisd46é y cis29-
cis48), los cuales tienen posiciones equivalentes a los puentes
disulfuro de otras toxinas de alacran que bloquean canales de
sodio (Variante 3 de C. sculpturatus, toxina II de A.
australis).

Basadndose en las coordenadas obtenidas por difraccién de
rayos X por Fontecilla-Camps, para la variante 3 de C.
sculpturatus, se presenta un modelo tridimensional de la
molécula de Cn 2, mostrando que estas toxinas tienen una
estructura semejante.

Se puede observar la presencia de tres regiones con
estructura beta-plegada, dos de las cuales estan unidas a una
regién de alfa-hélice por dos de los cuatro puentes disulfuro.
Las tres regiones de beta-plegada forman una regidén de lamina
beta. Este "motivo" estructural se encuentra presente £ambién_
en las toxinas de alacrdn de cadena corta que afectan canales
de potasio (ver trabajo anterior).
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The disulfide bridges of toxin 2 from the scorpion Centruroides noxius
Hoffmann and its three-dimensional structure calculated using the
coordinates of variant 3 from Centruroides sculpturatus

G.B. Gurrola, G. Moreno-Hagelsieb, F.Z. Zamudio, M. Garcia, X. Soberon, L.D. Possani*

Instituto de Biotecnologia, Universidad Nacional Auténoma de México, Apartado Postal 510-3, Avenida Universidad 2001, Cuernavaca 62271, Mexico

Received 7 May 1994

Abstract

The disulfide bridges of toxin 2 from the venom of the scorpion Centruroides noxius Hoffmann were found by amino acid sequence determination
of fragments of native toxin, produced by enzymatic cleavage and separated by high-performance liquid chromatography (HPLC). They are:
Cys"-Cys®, Cys'*-Cys*!, Cys*.Cys* and Cys**-Cys". The coordinales of the X-ray diffraction structure of toxin variant 3 of C. sculpturaius |(1980)
Proc. Natl. Acad. Sci. USA 77, 6496-6500) were used to construct a three-dimensional mode] of toxin 2. All the amino acid replacements were easily
accommodated, and the modeled structure reveals a clustered pattern of sequence variation, which may help to identify residues responsible for

functional differences among toxins of mammals and insects.

Key words: Scorpion toxin; Disulfide bridge; Homology modeling, Centruroides noxius; Centruroides sculpturatus

1. Introduction

To elucidate the structure-function relationships of
scorpion toxins and their targeted ion channels [2] more
information is needed, not only on their primary struc-
ture, of which many are known [3,4], but also on their
three-dimensional folding [1,5). One of the structural fea-
tures of the Na* channel-directed toxins is the high con-
tent of disulfide bridges, but few disulfide pairs have been
directly determined [1,5,6). Here we describe the experi-
mental determination of the disulfide bridges of toxin 2,
a mammalian-specific toxin. We also present a model of
its three-dimensional structure, based on the crystal
structure of its insect-specific homologue, variant 3 of
C. sculpturatus [1). Insights into possible structure-func-
tion relationships are discussed.

2. Material and methods

Toxin 2 was purified as described by Zamudio et al. [7]. This peptide
(1.2 mg, equivalent to 170 nmol) was hydrolysed by chymotrypsin and
trypsin, and separated by HPLC, following the procedure of Sugg et
al. {8). Heterodimeric peptides containing the native disulfide bridges
were identified by microsequencing in a Millipore ProSequencer [7).
Since the primary structure of this toxin is known it was easy to assign
ils disulfide pairing.

Computational analysis made use of the coordinates of variant 3 of
the related scorpion C. sculpturatus [1}. The suit of programs for homol-
ogy modeling from Biosym Technologies (San Diego, USA) was used
for model generation (including minimization, and molecular dynamics
at 400 K for 5 ps and then 5 ps at 300 K). A water shell was included.

*Corresponding author. Fax: (52) (73) 172 388.
E-mail: possani@pbr322.ceingebi.unam.mx

3. Results and discussion

The few experimentally determined disulfide bridge
patterns of Na® channel-specific scorpion toxins are
those of variant 3 from C. sculpturatus {1}, toxin M9 from
Buthus eupeus [5), toxin III and toxin II {5,6], from An-
droctonus australis, a typical a-scorpion toxin [9]. The
disulfide bridges of these toxins all correspond to equiv-
alent positions on the primary structure (Cys'?-Cys®,
Cys'%-Cys*!, Cys®-Cys*® and Cys?*-Cys*), except for the
insect toxin I from A. australis [10], which has the pairing
Cys'®-Cys¥, Cys*-Cys®, Cys?.Cys¥, and Cys*-Cys™,
Toxin 2 from C. noxius {7], initially called component
11-9.2.2 [11], was shown to recognize Na* channels of
several tissues [12-14). This toxin is a typical S-scorpion
toxin [15].

Since the species specificity and the fine mechanism of
action of insect, and mammalian a- and S-scorpion tox-
ins are different, we decided to determine the relative
positions of the disulfides of toxin 2 from C. noxius.
Separation of enzymatically cleaved peptides of native
toxin 2 gave rise to approximately 30 components when
applied to a C; reverse-phase column on HPLC (data
not shown). Under sequence analysis, peptides that
eluted at 47.15 min (step-gradient 9.82 min), 59.28 (8.51),
64.36 (8.28) and 68.76 min gave two amino acids each at
every step of the microsequencing process. The values in
parenthesis after the time (min) mean that the same com-
ponent before sequencing was further applied to HPLC
and eluted at the time indicated, when using a continuous
gradient mode (step-gradient). Since the primary struc-
ture of toxin 2 was known [7), this allowed us to assign
the the disulfide pairing unequivocally (Table 1). The

0014-5793/94/87.00 © 1994 Federation of European Biochemical Societies. All rights reserved. 47
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Fig. 1. Stereo-image of the three dimensional models of toxin 2 from C noxius (CN2), and variant 3 of C sculpturatus (SN3), Coordinates for variant
3 of C sculpturaius (Brookaven data bank lsn3} were used for modeling the Cn2 structure, using a Silicon-Graphics IRIS 4D/35 and a Cray
Y-MP4/464; with programs from Biosym Technologies Inc. Energy minimization. and molecular dynamics at 400 K for 5 ps and then § ps at
300 K were employed to refine the model: a water shell 3 A thick was included. NH. and COOH-termini are indicated. Variant amino acids (one
letter code) are represented as ball and stick side chains. protruding from the main chain represented as a solid ribbon. Disulfide bridge-forming atoms,
used as a reference, are represented by dark sticks. and labeled with numbers corresponding to the ¢yvstemes involved, Other identical amino acids
are not shown. The complete primary structure of these two proteins is shown in Table |

relative positions of the disulfide bridges of toxin 2 corre-
spond to equivalent positions in variant 3 of C. seulpriora-
tus [1) and toxin II from A. awstralis [0].

We next modelled the structure of toxin 2 of C noxius.
using the available coordinates of the three-dimensional
structure of variant 3 (Brookhaven entry ISN3. from the
original reference of Fontecilla-Camps ct. al. [1]). The
alignment of the two sequences was straightforward and
the amino acid residues of toxin 2 were substituted on the
SN3 structure. A simple energy minimization protoco
revealed very good compatibility of the toxin 2 sequence
with that of SN3 structure. In order o have a slightly
better sampling of conformational space we also con-
ducted fimited molecular dynamics simulations which
further adjusted the model to a sterically plausible one.

Inspection of the model in Fig. 1 shows the preservation
of a face rich in aromatc residues {corresponding to the
front of the "hand model” proposed by Fontecilla-Camps
et al. [1]. shown here facing away from the viewer). The
figure uses a ribbon representation, in which only the
side chain corresponding to variable amino acids are
shown as stick representations, Numerous amino acid
differences between the two toxins occur mainly towards
the opposite face (back of the hand model, facing to-
wards the viewer in the figure). For example, in CN2
there are charged amino acids. such as glutamic acid at
position 15 (Glu'). and Arg®™. facing this side, which
replace. respectively, Gly™ and Ser™, present in SN3,
Also noteworthy 1s the substitution of Asp” in CN2 for
Lyvs of SN3, which faces the front of the hand, at the
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Amino acid sequence of heterodimeric peptides corresponding to the disulphide bridges of toxin 2

Elution time HPLC  Amino Acid Sequence Corresponding disulfide

1l 2 3 4 5 6
47.15 (9.82) min Asn-Thr-Gly-CcYS-Lys-Tyr
Xxx-Ser

1l 2 3 4 5
59,28 (8.51) min Glu~CYS-Lys
Xxx-Thr-His-Leu-Tyr

1 2 3
64.36 (8.28) min Glu-C¥S-Leu
XxXx-Tyr

1 2 3
Xxx-Leu-Arg
Ala=CYS-Trp

68.67 min

1 10 20 30 40

Cys12-Cys65

Cys29-Cys48

Cys16~Cysdl

Cys25-Cys46

50 60

CN2 KEGYLVDKNTGCKYECLKLGDNDYCLRECKQQGYKGAGGYCYAFACWCTHLYEQAIVWPLPNKRCS
SN3 KEGYLVKKSDGCKYGCLKLGENEGCDTECKAKNQGGSYGYCYAFACWCEGLPESTPTYPLPNKSC

Amino acid sequences were obtained by microsequencing peptides purified by HPLC after cleavage with chymotrypsin and trypsin. Numbers on
top of the amino acid mean the positions in the sequence; Xxx, blank position corresponding to a 1/2 Cysresidue (cysteine); CYS, position of a cysteine
residue (usually in our machine we can identify a component that absorbs at 330 nm which corresponds to this amino acid). The two bottom lines
contain the complete primary structure of CN2, as determined by Zamudio et al. [7), and SN3, as corrected by Fontecilla-Camps et al. [1). Cysteinyl

residues are printed in bold.

bottom center of Fig. 1. From observation of Fig. 1 it
seems that the portion facing forward at the back of the
hand of these two molecules may play an important role
in defining species specificity. On the other hand, the
analysis made earlier by Kobayashi et al. [16] shows
another important structural feature of the scorpion tox-
ins. The spatial arrangement of these toxins seems to
follow the same pattern: they all have the same general
motif, around which many variants have been con-
structed by natural selection [17]; the only highly con-
served residues are the cysteines [16). Thus the substitu-
tions of amino acids in key positions of the toxin, at the
protruding J- and B-loops, located, respectively, at rela-
tive positions 15-25 and 4045 [18)), and at the confluent
N- and C-terminal regions of the molecules [1,5,10], seem
to be important structural determinants of the species
specificity and/or fine mechanism of action of these tox-
ins (eg. a- vs. f-scorpion toxins), as already noted [4].
Loret et al. [19] have proposed that the species specificity
might reside in the C-terminal region of the molecule.
Toxins having proline-rich segments at the C-terminus
are thought to be more rigid, so they would not fit well
into the binding sites of the Na* channels of mammals,
while those having a more flexible C-terminus, like
y-toxin (toxin VII) from Tiryus serrulatus [19], can recog-
nize the Na* channel of either mammals or insects.
Although chemical modification of lysine at position
56 of toxin II from A. australis [20] showed it to be
crucial for toxicity, the study of the structure-function

relationship of Na* channel scorpion toxins is less ad-

vanced than in other toxins, such as charybdotoxin, a K*
channel toxin [21]. Park and Miller {21] showed by ge-
netic engineering that a single lysine residue at position
27 was fundamental to toxin activity. Also, Gurrola et
al, [22] and Vaca et al. [23] have found that the N-
terminal segment of noxiustoxin, another K* channel
scorpion toxin, was important for its toxicity. The latter
authors showed that a synthetically prepared nonapep-
tide of noxiustoxin was sufficient for channel recognition
and modulation.

Thus, concerning the species specificity of Na* channel
scorpion toxins, chemical or genetic modifications of the
residues discussed above should still be conducted before
a clear-cut picture can emerge. The construction and
expression of artificially mutated toxins, by genetic engi-
neering of the cloned cDNA genes [24-26], should allow
the hypotheses discussed above to be tested.
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En este trabajo se muestra el efecto de péptidos sintéticos
correspondientes a secuencias de aminodcidos de la noxiustoxina
sobre un canal de potasio activado por calcio de pequeiia
conductancia, obtenido de cultivo de células endoteliales de
aorta de bovino. '

La NTX induce una reduccién de la probabilidad de apertura
(Po) del canal de potasio dependiente de calcio de pequefia
conductancia. Este bloqueo es dosis dependiente, teniendo una
IC;, de 310 nM. Los péptidos sintéticos correspondientes a la
regién N-terminal de la NTX son capaces de reducir la
probabilidad de apertura del canal de forma semejante a la NTX,
con diferente afinidad (NTX1-20, ICg,=5uM; NTX1-9, IC;,=40uM;
NTX1-6 IC5,=500uM). Los péptidos cdrrespondientes a secuencias
del extremo C-terminal (NTX35-39, NTX30-39) en concentraciones
hasta de 1 mM, no tienen efecto sobre este canal. Dado que las
curvas dosis respuesta de la NTX y los péptidos sintéticos son
paralelas, se sugiere que la diferencia de accién entre estos
péptidos y la toxina nativa reside en la afinidad aparente por
el canal. |

El principal efecto de la NTX y los péptidos sintéticos
es sobre la reduccién de la constante de tiempo del estado
abierto (conductor) sin tener efecto en la distribucién de
tiempo del estado cerrado. |

La regidén minima para observar bloqueo de este canal fue
NTX1-6.

Estos resultados sugieren que en la regidénm amino terminal
estd localizada parte de la secuencia que reconoce al canal de
potasio dependiente de calcio de pequeifia conductancia, lo cual
concuerda con trabajos anteriores realizados "in vivo" (Gurrola
et al., 1989) y con los trabajos relizados en membranas de
cerebro de rata. (primera parte de este trabajo de tesis).
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Abstract. Using the outside-out configuration of the
patch-clamp method, we studied the effect of several

synthetic peptides corresponding to various seg-

ments from the N-terminal region of noxiustoxin
(NTX) on single Ca?*-activated K* (K¢,) channels

of small conductance obtained from cultured bovine

aortic endothelial cells. These peptides induced di-
verse degrees of fast blockade in the endothelial
K, channel. The most effective blockers were the
peptides NTX,_y, (IC5 = 0.5 uM) and NTX, _,, com-
prising the first 20 amino acids from the native toxin
(ICs = S uM), while less effective was the hexapep-
tide NTX,_, from the first six amino acid residues
of NTX (1Cs, = 500 uM). This was the minimum
sequence required to block the channel,

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

Correspondence 10! L. Vaca

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

Introduction

Noxiustoxin (NTX) is a 39 amino acid peptide
purified from the venom of the Mexican scorpion
Centruroides noxius Hoffmann [14). This was the
first animal toxin described as a specific K* channel
blocker [3]. NTX can reversibly block several
types of K* channels, including the delayed recti-
fier (3], voltage-gated K* channels from human T
lymphocytes [15], Ca®*-activated K* (K¢,) chan-
nels from skeletal muscle [18] and whole-cell K,
currents from bovine aortic endothelial cells (4).
However, NTX has no effect on the inward rectifier
K* channel [4].

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

We show that several synthetic peptides corre-
sponding to the N-terminal region of NTX can in-
duce diverse degrees of blockade on a K, channel
from bovine aortic endothelial cells (BAECs), con-
firming an earlier suggestion [9] that part of the se-
quence that may recognize K* channels is located
in this region,
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Materials and Methods

REAGENTS

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

NOXIUSTOXIN

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

PEPTIDE SYNTHESIS AND CHARACTERIZATION

All synthetic peptides were synthesized using the solid phase
method [11]) as previously described [9). The yield of each newly
incorporated amino acid in the growing polypeptidic chain was
ascertained by the ninhidrin reaction {16). At the end of the
synthesis, the peplides were liberated from the resin by cleavage
with fluorhydric acid [11}. All peptides were purified by high
performance liquid chromatography (HPLC) using a C18 reverse
phase column eluted with a linear gradieut of acetonitrile from
0 to 60% in presence of 0.1% trifluoroacetic acid. The resulting
peptides were hydrolyzed by HCI 6 N, 110°C, and their composi-
tions were determined by amino acid analysis [9). When needed,
an additional separation using an isocratic gradient was applied

-10 the peptides. Some peptides were confirmed by direct amino

acid sequence using an automatic Beckman 89%M micro-
sequencer. Only highly purified peptides were used for the experi-
ments described here.

SOLUTIONS

The HiK solution contained in ma: 150 K aspartate, 10 HEPES,
2 CaCly, 2.2 EGTA. pH adjusted to 7.2 with H,SO,. The free
Ca¥ concentration was | uM [7]). All peptides were applied 10
the membrane patch with a perfusion system modified from Car-
bone and Lux [1] driven by gravity.

CeLL CULTURE

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

L. Vaca et al.: K¢, Channel Blockade

SINGLE CHANNEL RECORDING

All experiments were performed at room temperature. The out-
side-out configuration of the paich clamp [10) was used to study
single channels obtained from excised patches from single endo-
thelial cells. Pipettes were fabricated from thick-walled glass
(B161, Garner) using a 1wo-stage pipette puller (Narishige), and
fire-polished with a microforge (Narishige). Pipette resistances
ranged from 5-12 M} when filled with the HiK solution. The
reference electrode used was a Ag-AgCl plug connected 1o the

bath solution via a 150 mm KCI agar bridge. The extracellular -

face of the palch was used to report voltages, The amplifier
was the Axopatch IC from Axon Instruments, Single channel
fluctuations were initially stored on FM tape (Racal) and digitized
later for computer analysis using an analog-to-digital interface
(Axon Instruments) connected to an I1BM 386 clone. The signal
was filiered with a low-pass 8-pole Bessel filter (Frequency De-
vices) at § KHz and digitized at 10 KHz (100 usec/sample). All
the records with single channel activity were filtered at 1 kHz
for illustrative purposes.

SINGLE CHANNEL ANALYSIS

Fetchan and Pstat (Axon Instruments) were used for data analy-
sis. The half-amplitude criterion was used to distinguish between

. the open and the closed states of the channel {5}. P, was calculated

from 30-60 sec records using the equation P, = (open time/total
time). Time distributions have been binned logarithmically to
improve the resotution of multiple exponential components {17).
The routine used to fit the data consisted of a generalized nonlin-
ear least-squares procedure based on the Levenberg-Marquadt
algorithm, which fit up to four exponentials to raw data. For
previously binned data (distributions), the method used for fitting
was the maximum likelihood. Fitting iterations proceeded until
convergence was reached, as defined when successive improve.
ments in parameters produce a change in the chi-square value
less than 2.5 x 1077,

Results

SYNTHESIS OF PEPTIDES

Figure 1 shows the amino acid sequence of noxius-
toxin with the peptides synthesized for this work
underlined. Eight overlapping hexapeptides, corre-
sponding to the full amino acid sequence of NTX
were synthesized. A nonapeptide and an eicosapep-
tide from the N-terminal region and a pentapeptide
and decapeptide from the C-terminal were also syn-
thesized. Figure 2 represents an example of HPLC
separation of a synthetic peptide. The main peak
from the chromatogram was identified as the hexa-
peptide NTX,_, by amino acid sequence. A similar
procedure was followed to identify all the synthetic
peptides used in this work.,
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Fig. 1. Peptides synthesized for this work.
Panel A: Small peptides (hexapeptides). Panel
B: larger peptides. All peptides are aligned by
their N-lerminal region with NTX sequence.

Fig. 2. HPLC separation of synthetic peptide
NTX|.,. The peptide (228 ug) was injected at
time zero in 8 Beckman chromatographic
system. An Altex C,; reverse phase column
was used 10 separate the peptides, An
isochratic gradient from solvent A (0.12%
trifluoroacetic acid in distilled water) to
solvent B (0.19% trifluoroacetic acid in
acetronitrile) was used to separate the
componenis. Absorbance was measured at
225 nm. The largest peak in the
chromatogram (indicated by the arrow)
corresponds to NTX_; according to amino
acid analysis and sequence. Chromatographic
separations like this one were used to purify
0  the synthetic peptides in this study.

i
o
o

Solvent B (%)

I I

I 1 T I 1 I f 1
0 & 10 156 20 25 30 35 40 45

Time (min)

NTX Brocks SINGLE K¢, CHANNELS

The effect of various concentrations of NTX on K,
channel activity is shown in Fig. 3. NTX induced a
concentration-dependent reduction of channel open
probability (P,) with an apparent IC; of =310 nm
(n = 4). NTX blocked this channel only when used
in the extracellular solution. When 1 uM NTX was
applied to the intracellular face of the channel, no
effect on channel P, was observed (n = 3, daia
not shown).

BLOCKAGE INDUCED BY SYNTHETIC PEPTIDES

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

channel P,. In general, we found that larger peptides
were more effective in reducing channel P,. The
most effective channel blockers were the peptides
NTX|_39 (ICSO = (0,5 M.M)_and NTxl_zg (lCm == § MM)
which comprise the first 20 amino acids from NTX.
Less effective were the nonapeptide NTX, ¢ (ICq, =
40 uM) and the hexapeptide NTX, ¢ (ICs; = 500 uM).
The pentapeptide NTX,s_;, and the decapeptide
NTX;,19 corresponding to the C-terminal region of
NTX had no effect on channel P, at the concentra-
tions tested (up to 1 mM, n = 3, data not shown).

The hexapeptides NTX,_;; and NTX,_,s, which are

contained in the peptide NTX,_»5, produced no ef-
fect on channel P, at the concentrations tested (up
to | mM, n = 4, data not shown). The hexapeptides
NTXs.a) and NTX,,_,, were also unable to modify
channel P, (1 mMm, n = 3, data not shown), just like
the other peptides from the C-terminal region of
NTX. These results indicate that the first 1-20 amino
acids of NTX are essential for recognizing this K¢,
channel but only the peptides containing the region
1-6 can block the channel. This was the minimum
region required to block the channel.
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Fig. 3. Noxiustoxin blocks single K¢, channels in BAECs. (4)
Concentration-response curve for NTX obtained at ~40 mV,
Unbroken line was used to connect data points, The half inhibi-
tory concentration (ICy) = 310 nM (n = 4). (B) Examples with
channel activity at —~40 mV from an outside-out patch containing
one K¢, channel. Solutions used symmetrical HiK. The dotted
line indicates the zerocurrent level (baseline). Arrows point tothe
closed level {(C). Channel activity was monitored under control
conditions and after addition of several concentrations of NTX
(only 700 nM shown). Full recovery was achieved after replacing
the bath solution with toxin-free buffer,

MoDULATION OF OPEN AND CLOSED TIMES

Figure 5 illustrates the effect of NTX on channel
open and closed time distributions. Under control
conditions the channel displayed two mean open and
two mean closed times when measured at =40 mV,
The time constants for the open time distributions
were =150 and =6 msec. The time constants for the
closed state were =0.6 and =8 msec. At the IC,, of
the NTX the long-lived open time was reduced from
147 = 6 msec (control) to 5.1 * 2 msec (300 nMm
NTX). The short-lived open time was also affected
by NTX. At the IC, this time constant was reduced
from 6.15 msec (control) to 0.38 msec (300 nM NTX).

L. Vaca et al.: K¢, Channel Blockade

1.0 e NTX  0.31

0.8- 01-39 0.50
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Fig. 4. Concentration-response curves for synthetic peptides,
Concentration-response curve for the peptides that affected chan-
nel P,. Half inhibilory concentrations for native NTX (@, n =
4), NTX;.39 (3, 0 = 3}, NTX .30 (B, 1 = 5), NTX; 5 (A, n = 4)
and NTX,_; (®, n = 6). Unbroken lines were used to connect
data points. The holding potential is —40 mV. Solutions used
symmeirical HiK.

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

EFFECT OF VOLTAGE ON K¢, CHANNEL BLock

Previous studies reporting the effect of NTX on voit-
age-gated K* currents from squid axon indicated
that at low concentrations the blockade induced by
NTX was voltage insensitive but at larger concentra-
tions (=1.5 uM) the blockade was voltage sensitive
[2]. Contrary to this report, we found that in this K¢,
channel the blockade induced by NTX was poorly
affected by changes in the membrane potential; how-
ever, voltages outside the range =60 mV were not
explored, Figure 7 illustrates the effect of two differ-
ent voltages (+60 and —~60 mV) on the ICy, for NTX
and the synthetic peptides. Positive voltages re-
leased more effectively the blockade produced by
the peptides NTX,_, and NTX,_, with little or no
effect on the blockade produced by NTX, NTX,_
or NTX,.. This result indicates that the blockage
by small peptides lacking the region NTX,,_5 can
be slightly attenuated by membrane depolarization.
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Discussion

BLOCKADE BY NTX AND SYNTHETIC PEPTIDES

The parallel shift in the concentration-response
curves of NTX and the synthetic peptides suggests
that the difference between the native toxin and the
peptide fragments resides in their apparent affinities
for the channel. We found that larger peptides were
more effective channel blockers. However, large
peptides lacking the sequence NTX,_, produced no
effect on channel P, (e.g., peptide NTX,y_;9). The
minimum sequence capable of blocking the channel
was the hexapeptide NTX,_o; however, the most
effective channel blockers were the peptides
NTX|_39, NTX;_m and NTX|_9 (in that Ol'del'). When
measuring in previous studies the ability of these
peptides to induce neurotransmitter release in
mouse synaptosomes mediated through voltage-
gated K* channels, we found the same potency se-
quence [9]. This result suggests that the binding site
recognized by NTX and the synthetic peptides is
conserved among various types of K* channels.
However, the affinity of NTX for different types of
K*channels is variable. In this study we found an
apparent affinity of =300 nM for native NTX. Val-
divia et al. [18] reported that NTX blocks K, chan-
nels of large conductance with an apparent affinity
of 450 nM. Carbone et al. [2] reported an apparent
affinity of 290 nm for the delayed rectifier while
Sands et al. [15] found that NTX blocks voltage
gated K* channels from T lymphocytes with an ap-
parent affinity of 0.20 nM. The apparent affinity re-
ported here is within the range of previously pub-
lished values obtained in whole-cell experiments
with BAECs [4].

MoODULATION OF OQPEN TIME BY THE TOXINS

The major effect of NTX and synthetic peptides was
the reduction of the open time constants with little
or no effect on the closed time distributions. The
affinity of the toxins (NTX and synthetic peptides)
for the channel is proportional to the ability of the
toxins to reduce the association constant, At the
IC,, of the toxins the long mean open time was re-
duced =30 times while the short-lived open time
was reduced =7-13 from the control values. Inter-
estingly, a third nonconducting state (presumably
the blocked state) could not be identified, This sug-
gests that the mean lifetime of the blocked state is
similar to that of the nonconducting (closed) states.
The relative cccurrence of the blocked state is diffi-
cult to calculate since the blocked and the closed
states are nonconducting (they have the same ampli-
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Fig. 5. Effect of NTX on channel open and closed time distribu-
tions. Dwell-time distributions obtained from one outside-out
patch under control conditions and afier addition of 100 nM, 300
nM and 5§ uM NTX to the bath (extracellular) solution, Open
and closed time distributions were binned logarithmically from
records containing 50-60 sec of continuous channel activity for
each experimental condition. The binwidth used was 0.1 msec.
Time constant (f) in milliseconds and amplitude (A) for each
exponential component are shown in the inset. The P, obtained
for each experimental condition was 0.95 (control), 0.68 (100
mM), 0.52 (300 nm™) and 0.14 (5 uM). The dotted line indicates
the individual exponential and the unbroken line represents the
fit 1o a double exponential function. Holding potential for all
measurements was —40 mV. Symmetrical HiK solution.

tudes) and no significant difference was observed
on either closed time constants at any of the toxin
concentrations tested.
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Fig. 6. Effect of synthetic peptides on
channel open and closed time distributions.
Mean open and closed times obtained at
different concentrations of the synthetic
peptides. These mean times were obtained
after fitting with a double exponential function
experiments like the one described in Fig. 5.

Open symbols represent Jong-lived events
while close symbols indicate short-lived

n=4), NTX,,(&A, n = 3)and NTX,, (OB,
n = 2), The unbroken lines through the data
represent a linear least-squares fit. Holding
potential for all measurements was =40 mV,
Channel activity was obtained from at least
one minule of continuous recording in
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Fig. 7. Effect of voltage on channel blockade. The effect of two
different voltages (—60 and +60 mV) on the ICy of NTX (@,
n = 3) and the synthetic peptides NTX,.y (O, n = 3}, NTX.%

(Y. n = 4), NTX, 5 (O, n = 4) and NTX,_, (A, n = 3) explored
- in outside-out patches. The ICy used here were obtained from

concentration-response curves as those illustrated in Fig. 4. Solu-
tions used symmetrical HiK.

If we assume a simple bimolecular binding
mode! to approach the mechanism of block by the

~ toxins, we can express it as follows:

Kon * ‘
TOXIN + CHANNEL «—— TOXIN-CHANNEL

Ko

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

. symmetrical HiK solution.

%

stant should be K,= K 4/K,,. For this model to be
valid the following criteria need to be met. (i) The
time constants of the blocked state (1/K ) should
be independent of the toxin concentration, (ii) the
time constant of the unblocked state (1/K,) should
decrease proportionally with increasing toxin con-
centrations. Qur results are consistent with this
model.

EFFECT OF VOLTAGE oN CHANNEL BLOCKADE

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

STRUCTURE-FUNCTION RELATIONSHIPS

NTX belongs to a family of small peptides targeting
K* channels. This family of toxins is composed of
NTX, charybdotoxin (CTX) a toxin isolated from a
European scorpion {12] and the recently isolated
iberiotoxin (IBX) [8]. CTX and IBX share 68% se-

quence homology between them and about 50% ho-.

58

events for NTX_;y (O®, n=3), NTX;.s (VV,

s o, R T B oy T, o

T e et



L. Vaca.et al.: K¢, Channel Blockade

mology with NTX. CTX and IBX block K¢, chan-
nels in a similar way—both toxins induce long-
lasting nonconducting periods of minutes in dura-
tion. The effect of NTX on the K, channel is clearly
different. NTX induces a fast flickering block in K,
channels ([17] and this study). We have shown here
that the amina acid sequence that recognizes K,
channels is located in the N-terminal region of NTX.
A recent report indicates that the C-terminal region
of CTX appears to be involved in recognizing the
K. channel [13]. Point mutations of CTX at Arg25,
Lys27 and Arg34 decreased the toxin affinity for
the channel. In that study the affinity change was
produced by an increased dissociation rate. In our
study, changes in the toxin affinity for the K., chan-
nel were related to a decrease in the association rate,
Interestingly, the higher homology among these tox-
ins (CTX, IBX and NTX) occurs at the C-terminal
region, Amino acids 25, 27 and 34 are identical be-
tween CTX and IBX; however, in NTX the only
amino acid conserved is Lys27, the other two amino
acids are replaced by an Ala at position 25 and a
Lys at position 34.
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En este trabajo se describe la purificacién, a partir del
veneno del alacran Centruroides limpidus limpidus, de dos
péptidos (Cll-1 y Cll-2) que bloquean canales de potasio
dependientes de voltaje de corriente transitoria (T) en células
granulares de cerebelo de rata, con una ICs;, de 1.5 uM.

Estos péptidos se identificaron en el veneno utilizando
anticuerpos monoclonales anti-Noxiustoxina, suponiendo que
toxinas semejantes pueden compartir determinantes antigénicos.

Estas nuevas toxinas son péptidos de 38 aminodcidos
teniendo una similitud del 64% con NTX; son capaces de competir
con 125I-NTX en la unién a membranas de cerebro de rata,
mostrando una IC;, de 100pM.

La toxina Cll-1 tiene enla posicién 30 una isoleucina en
lugar de una metionina como presentan otras toxinas que actian
sobre canales de potasio (ver discusién al final de este
trabajo de tesis). En estudios realizados con caribdotoxina, se
ha observado que el cambio de esta metionina por isoleucina
modifica de forma importante la afinidad (1000 veces menor) de
esta toxina por el canal de potasio dependiente de calcio de
alta conductancia (Stampe et al., 1994). En este caso podemos
decir que en la toxina Cll-1 este aminodcido no es tan
importante en la interaccién con el receptor.
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Novel K*-channel blocklng toxins from the venom of the scorpion

Centruroides limpidus limpidus Karsch

Brian M. MARTIN," Angelina N, RAMIREZ} Georgina B. GURROLA, Marlo NOBILE,} Glanranco PRESTIPINGY

and Lourival D. POSSANIT§
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1Depariamenio de Bloguimica, Instituto de Blolecnologla, Universidad Nacional Auldnoma de Méico, Av. Univarsidad 2001, Apartado Postal 510-3, Cuernavaca,
Mor. 62271, Mexico and §instiulo di Cibernelica e Biafisica, Via Dodecaneso 33, CNRI-16146 Genova, taly. .

‘Two novel loxins were purified from thetvenom of the Mexican
scospion Centruroides limpidus limpidus, using an immunoassay
based on anlibodies raised against noxiustoxin (NTX), a known
K* chanael-blocker-peptide. The primary structure of C. /. limp-
{dus \oxin | was oblained by Edman degradation and was shown
to be composed of 38 amino acid residues, containing six half-
cystines, The first 36 residues of C.1.| toxin 2 were also determined.
Both toxins are capable of displacing the binding of radio-
labelled NTX to rat brain synaplosomes with high affinity (about
100 pM). These toxins are capable of inhibiting transient K’-
currents (resembling 7,-type currents), in cultured rat cerebellar

granule cells, About 50% of the peak currents are reduced by.

application of a 1.5 uM solution of toxins | and 2. The K*
current reduction is partially reversible, under washing, but not
voltage-dependent. Comparison of the primary structure of C..1.
toxin | with other known toxins shows 749 identity with
margatoxin, 64% with NTX, 51% with kaliotoxin, 399% with
iberiotoxin, 37% with charybdotoxin and Lq2, and 29% with
leirutoxin 1. The only invariant amino acids in all these toxins

~ are the six cysteines, a glycine In position 26 and (wo lysines at

positions 28 and 33, respectively. The relevance of these differ-
ences in terms of possible structure-function relationships is
discussed. ’

s

INTRODUCTION

Scorpion venoms contain a varicty of peptides toxic o man {1},
insects [2) and crustaceans [3,4). Several (amilies of peptides
which target Lhe ion channels of excilable membranes have been
described (Na* (5,6), K* [7,8), Ca** [9] or Cl"<channels {10). Our
group has contributed to this field by isolating and characterizing
the first K*-channel blocking peptide: noxiustoxin (NTX) (7,11],
and by showing the structural similarities of NTX and Charybdo-
toxin (12). NTX, purificd from the venom of the Mexican
scorpion Centruroides noxius was shown o block several K*-
channels from a variely of lissues, with different affinities: squid
axon [7), brain synaptosomes [13), skeletal muscle [12], aortic
endothelial cells (14) and T-cell lymphocyles [15,16,17), Recently,
the number of known peplides from scorpion venom which
interfere with excitable and non-excitable cells has increased
considerably 18,29,20,21,22,23,24,13,25}. The primary structure
of these peplides is similar and they possibly have a three-
dimensional structure with conserved motifs {26], but the mol-
ccular mechanism of aclion in terms of affinity and specificity
varies considerably (27]. Thus, in order Lo increase our knowledge
on the structure-funclion relationship of toxins versus ion-
channels there is need for a continuing effort in the dircction of
isolating and characterizing all peptides available in scorpion
venoms. It is worth mentioning the pressure of selection to which
these animals have been subjected for millions of years, during
which period scorpions have evolved interesting peptides to help
them prey on or defend themsclves against other animals [4,1,2).

In this paper we describe two novel K*-channel toxins purified
from the Mexican scorpion Centruroides limpidus limpidus, which
affect K* permeability of rat cerebellar granule cells and displace
binding of Noxiustoxin 1o rat brain synaplosomes.

MATERIALS AND METHODS
Source of venom and separation procedures

Crude venom from C. /. limpidus was obtained in the laboratory,
by electrically stimulating the telsons of scorplons collected in the
state of Guerrero. The animals were anaesthelized with carbon
dioxide before venom extraction. The venom was recovered in
doubly dislilled water and centrifuged for 10 min at 4°C and
18000 g (r,,, 10.8¢m). The supernatant was lyophilized and
stored at —20 °C before use. -

The purification of toxic peptides from the soluble venom was
carried out by several chromatographic steps starting with
gel-filration on a Scphadex G-50 (medium grade, Pharmacia
Fine Chemicals, Uppsala, Sweden) column, Freeze-dried venom
was dissolved in 20 mM ammonium acetale bufler, pH 4.7, and .
applied directly to the column. Subsequenlly, two chromato-
graphic separations on carobxymethyl-cellulose (CM-cellulose)
ion-exchange resin (CM-32 from Whatman Inc., Clifton, New
Jersey, U.S.A.) run at pH 4.7 and pH 6.0 respectively, were
necessary in order to separate the loxic components of the
venom. The final purificatipn step cousisted of h.p.l.c.

Delailed information about these procedures is given in the
figure legends. Recovery was calculated based on absorbance at
280 nm. Elcctrophoresis was performed by the method of Reisfeld
et al. [28). Columns were run at room temperature (25 °C). All
chemicals and solvents were of analytical-reagent grade.

Chemical characterlzation

Cliemical characterization was performed by amino acid analysis,
mass speclromelry and microsequencing, as described earlier
[23,29]. Briefly, amino acid composilion was obtained after acid

. Abbreviallons used; CM-callulose, carboxymathyl-ceflulose; NTX, noxiustoxin; TFA, Wrifluoroacelic acid

§ To whom correspondence should be addressed.
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hydrolyais of peptides, using a Beckman 6300 analyser. Molecular
masses of loxins were confirmed by mass spectrometry of
cleclrospray-ionized samples and the Millipore 6225 Pro-
sequencer (Bioanalytical Division) was used for sequence de-
termination of reduced and carboxymethylated toxins [29).

Lothality test

Three designations were used Lo define the lethality of the various
protein components of the venom. ‘Nontoxic’ means that the
mouse injected did not show symploms of intoxicalion, similar
lo injeclion of saline or buffer alone. ‘Toxic' means that the
animal showed any of the following symploms: excitability,
salivation, lacrimation, dyspnea, temporary paralysis of limbs,
but recovered within 20 b after injection. *Lethal’ means the
animal died after showing some or all of the above symptoms.
Since these effects are dose- and mouse slrain-dependcnl we
always injecled less than 100 ug of the protein per animal
(assuming that an absorbance of | at 280 nmisequalto | mg/ml).
The same strain {CD1) of albino mice (18-20 g welghl) was used
lhroughout the experiments. The number of mice were kept at
the minimum strictly necessary to define the different fractions
(1-2 animals), in accordance with protocols approved by the
animal care committee of our Inslilute.

Bioassay with monocional antibodles

The bioassay used during purification was based on monoclonal
anlibodies generated against NTX. Since the isolation of K*-
channel blocking peptides, using direct electrophysiological
measurements as a routine assay, is very cuinbersome and time-
consuming we decided to use an immunological approach by
means of specific antibodies, The rationale behind this approach
was that if K*-channel peptides share similar functions they must
share structural similarities. Monoclonal antibodies were pre-
parcd essentially by the same method described previously by
our group for Na*-channel blocking peptides [30}. Briefly, alter
Itnmunization of Balb/c mice with NTX, spleen cells were fused
with a selected subclone of the SP2/0-Agld4 myeloma line [31),
plated in selection medium in 96-well microplates (at a densily
corresponding lo 10* spleen cclls per well) on a feeder layer
consisting of 5 x 10* mouse periloneal macrophages, Hybridomas
were cloned in soft agar and immunoglobulin-secreting clones
were detected in situ, as previously described [32). Two different
monoclonal antibody-producing lines (named BNTX-14 and
BNTX-16) were sclccted for screening procedures.

Enzymic Immunoassays

Enzymic immunoassay (e.l.i.s.a.) was performed on 96-well vinyl
plates (Costar, Cambridge, MA, U.S.A.) coated with NTX
(100 ul/well of a 3 mg/l solution in 20 mM NaHCO,, pH 9.2)
and incubated overnight at 4 °C, Unsaturated siles were masked
by incubation with 1% ovalbumin in 0.15M NaCl/0.02 M
phosphale bufler (NaCl/Pi buffer), pH 7.8, at room leiperature
for 4 h,

A mixture of increasing concentration of punﬁcd peptidcs
(50 pl solution) plus a fixed concentration of monoclonal anti-
bodics (in 50 z1 BNTX-14 at 3 ug/ml or 50 ul BNTX-[6 al
0.3 ug/ml) were added to each well of the plate in NaCl/Pi
buller, pH 7.4, conlaining 1% DSA and 0.19% Tween. Ap-
propriate washing was conducted at each required step and the

final reaction was revealed by means of peroxidase-labelled
rabbit anli-{mouse 1gG) antibodies (4 h at room temperature)
using the chromogenic substrate (o-phenylenediamine 0.4 mg/m!
and urea hydroperoxide 0.2 mg/ml in 0.1 M NaH,PO,, pH 5.0).

Binding experiments

NTX was iodinated by the lactoperoxidase method of Morrison
and Bayse [33)), as previously described by our group [13). Rat-
brain synaptosomes were prepared by a similar procedure as that
described by Catterall {34]. The rapid fltration assay described
originally {29,13) was used to determine binding and compelition
experiments of NTX and the novel toxins described here. Briefly,
binding experiments were initiated by addition of synaptosome
membranes to a reaction mixture containing M1-NTX plus
unlabelled NTX or unlabelled new component al increasing
concenlrations, and incubated al room temperature for | h. The
reactions were stopped by addition of § ml of cold binding
medium (140 ;M choline chloride/5 mM KCl/1.5 mM CacCl,/
0.8 mM MgCl,/20 mM Tris/HCl (pH 7.4/0.1% BSA) and
immediately filtered through glass-fibre fillers (Whatman GF/G)
under vacuum and washed two times with cold binding medium.
The filters were dried and counted in a gamma counter. All
values are an average of al lcast triplicale measurements,

Electrophysiological measurements

Cercbellar granule cclls were obtained from newborn rats 8-10
days old. The neurons were prepared as described by Levi et al,
(47} and plated on 33 mm Petri dishes coaled with 10 ug/ml poly-
L-lysine at a density of 2.5 x 104, Ceils were maintained in Basal
Medium Eagle (BME) with 109% fetal calf serum/100 ug/ml
gentamicin/25 mM KCl/2 mM L-glutamine. Cytosine arabino-
side (50 xM) was added 20 h afler plating in otder to prevent the
replicalion of non-neuronal cells, Dishes were maintained at
37°C, in a §% CO, incubator. Experiments conducted at room
temperature (20-22 °C), were performed 4 days after plating,
External solution was as follows (mM): 120 NaCl/3 KCl/
2 CaCl,/2 MgCl,/20 glucose/ 10 Hepes. Tetrodotoxin
(3 x (0" M) was added to the external solution to abolish Na*

currents, while Ca' currents were blocked by | mM Cd**. Pi..

pette-filling solution was (mM): 120 KCl/5 EGTA/0.24 CaCl,/
30 glucose/10 Hepes, The pH was adjusied to 7.3 with NaOH
and KOH for the external and the internal solutions respectively,
osmolarity was set to 290+ 10 mosmol with Manitol. Currents
were recorded in patch-clamp whole-cell configuration [20]. Glass
electrodes were pulled iwilh a programmable puller (Sachs-
Flamming PC-84) lo give a tip resistance of about 8 MQ);
holding potential was held at ~80 mV. Voltage-pulscs and dala
acquisition were performed on-line with a PDP 11-23 mini-
compuler. Vollage-pulscs 200 ms long were applied from
~40mV to +60mV in steps of 20mV. Data were fillered at
JkHzand leak- sublracled with the P/4 technique from a holding
potential of —100 mV, !

1
i

RESULTS AND unscussnt?u

Scparation of soluble venom was performed initially by gel-
filtration chromalography in Sephadex G-50 and gave rise to at
least four sub-fractions (I-1V), of which number 1l was lethal to
mice. This fraction was subsequently separated on a CM-cellulose
ion-exchange column equilibrated and run in 20 mM ammonium
acetate buffer, pH 4.7, from which 13 components were derived.
Results for Sephadex- and CM-cellulosechromatography were
essentially equal to those previously described [29) and (or this
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Figure 1 Purification of toxis 11,108

Toxic fraction 1110 (28.5 mg In 30 mi solution) from reference 37 was applied 1o a CM-
cellulose column (0.9 cm % 33 cm) equilibraled and run In 50 mM polassium phosphale bulter,
pH 6.0, al a Now rate of-30 mi/h. A lineat NaCl gradient (250 ml 0 M~250 mi 0.3 M) in the
oquiibration butter was applied lo the column, Fractions of 2.5 mi per lube were collecled. The
overall recovery was 09.1% (Table 1) and toxin 11.10.9 corresponds lo 5.2'% of the tolal maleslal

absoibing &t 200 nm, L, G, W and T maan: loading the sample, slarting the gradient, washing

with 1 M NaCl and loxic component, respectively,

Tabio 1 Recovery and lethallly of chromatographic fractions

The values teported are percentages calculaled from the absorbance at 280 nm, as described
in Malesials and melhods.

Proleln Recovery
Column  Fractions conent(mg) (W Bioassay
CM-32 110 285 100.0 Lethal
{Flg. 1) 1101 40 140 Non-loxig
I1.10.2 1.0 15 Non-loxic
1103 25 LX) Non-loxic
11104 25 07 Non-loxic
i.10.5 98 M3 Lethal
108 08 28 Non-toxie
ihio.r 12 42 Non-loxic
108 05 A7 Non-loxic
1109 1.5 52 Lethat
f10.10 R 38 Non-loxic
IALAR] 19 66 Non-toxic
1.10.12 1.6 56 , Nonioxic
Proteln recovered 931

reason are not included in Figure 1. In this figure we show
further separation of toxic component II-10, afler dialysis and
lyophilization. Another CM-cellulose column was equilibrated
and run with sub-fraction 110 in 50 mM phosphate bufler,
pH 6.0, and after elution with a salt (NaCl) gradient afforded 12
sub-componenls (Table 1). Two of those were lethal to mice
(Figure 1), In Table 1 we show the results of recovery and
lethality tests conducted. All fractions obtained with the ion-
exchange chromatographic separation at pH 4.7 and pH 6.0
were assayed by e.l.i.s.a., as described in Materials and methods,

Binding (%)
on
[ =
1

1 {
003 03 3 30 300 3000

INTX, toxic component] {ug/mi)

Figure 2 Grosa-reactvlty of toxins with monocional anUbody BNTX-14

El1.Sa. rays wete coaled with NTX. Purified mAB BNTX-14 was Incubated In the walls logelher
with ingreasing concenlialions of NTX (O and loxic component 11.10.9 (T3). Antibodles bound
fo the solid phase were Lhen revealed using rabbil anli-(mouse antibody) conjugated with
peroxidase. Absorbance al 492 nm was considered lo indicale 100% binding when free NTX
was shseni (compating with butler alons). Monoclonal antibody BNTX-16 gave essentially the
same resulls.,

—

for the presence of NTX-like peptides. Figure 2 shows the resulls
oblained from binding-displacement experiments in which NTX
bound to the plale competed for the binding of monoclonal
NTXB12, in the presence of increasing amounts of free NTX and
free component 1-10-9, respectively. Essentially the same resulls
were oblained when assayed with monoclonal antibody NTX 16
(data not shown). Free NTX displaced, with comparable affinity,
the binding of both monoclonals, while component 1I-10.9
displayed lower affinity. This was expecled, since the monoclonal
antibodies were raised against native NTX, PAGE performed
with component 11-10.9, according to the method of Reisleld et
al, (28] showed one band (data not shown). These resulls
suggested thal we might have purified a NTX-like toxin from C. [,
limpidus venom. We decided lo assay this fraction, using the
electrophysiological test described in Materials and methods,
with rat cercbellar granule cells in culture.

These cells display 2 transient K* outward current when
depolarizing voltage pulses of between —40 to +60mV arc
applied, from a holding potential of —80 mV as shown in Figure
3. The elicited outward current rapidly activaled and inpctivated
transiently, reaching a steady-state level. In these cclls the
application of toxic-component 11-10.9 at 1.5 uM reduced the
peak currents by about 50 %, but not the steady-stale level, in a
vollage independent way (see Figure Ja). In Figure 3b current-
voltage (I-V) relationships relative to peak K* currents are
shown for control conditions, perfusion in the presence of toxin
and recovery after washing, Incomplete recovery was oblained
after 2 min of washing. The experimental data are representative
of seven other cells.

In summary, Figure 3 indicated that fraction I1-10.9 was
capable of inhibiting the transient / -like K*-current present in
these cells, in a partially reversible manner, confirming our
conclusions that we had purified a novel K*-channel peplide.
However, when this peplide was subjected to Edman degradation
in the Millipore microsequencer it became clear that two very
similar pcpudcsi were mixced at a ratio of about 3:1. This
conclusion was coufirmed by narrow-bore h.p.l.c. scparation
(Figurc 4) which provided hoinogencous loxin 11-10-9.1, called
loxin I, and homogeneous toxin [1-10.9.2, called toxin 2. The full
amino acid sequence of toxin 1 was determined (Figure 5).
Amniino acid analysis (data not shown) and mass spectrometry
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Figure 3  K*-curronis In corebellum granuie colle

(0) Outward curtenis elicied by depolarlzing volage puises of 20, 40 and 60 mV from 3
holding polentlal of —80 mV (C means conbrol). Ouiward curienls afer application of £.5 uM
component 11-10.9 (loxin), and linaly recovery (R} sRer removing the toxin from lhe balhing
solution, () -V relalionship of the pesk K* currents, Dala were oblained from the same cell
of Figwe 3a. The currend value belore (I ), during perfusion with loxin 1)-10.9 (@ ) aher 3
fapid wash-out of loxin ().

confirmed the results shown in Figure 5, giving a relatve
molecular mass of 4191 (disulphide bridged) or 4197 (reduced
disulphides) for toxin t, compalible with the sequence obtained.
Toxin | is a peptide with 38 amino acid residues and has six half-
cystines, most likely linked by three disulphide bridges, like NTX
(11). Toxin 2 was also sequenced, showing the following amino
acid sequence, starting from the N-terminal region: Thr-Val-lle-
Asp-Val-Lys-Cys-Thr-Ser-Pro-Lys-Gin-Cys-Leu-Pro-Pro-Cys-
Lys-Glu-lle-Tyr-Gly-Arg-His-Ala-Gly-Ala-Lys-Cys-Met-Asn-
Gly-Lys-Cys-Lys-Cys-... A couple of amino acids are still un-
identified at the C-terminal to complete its primary structure.
With these dala, an imporiant additional question arose:
which of these two peplides was responsible for the results in Fig,
37 In order to clarify this question we chose a direct-binding
experimeht using brain synaptosome membranes [13]. Fig. 6
shows that both toxins 1 and 2 compete {or the binding of 1*I-

0.20 =1 0.10

€010

0.00

0.00

Time (min)

Figure 4  Hyp.l.c. soparation on C,, reverse phase

Re-chiomatography of foxin (raction 11-10.9 on narrow-bore revarse phase. Toxin applied In 12%
solvent B and eluted wilh a insar gradient from 12% 8 to 33% B over 50 min. The column
was 2 Vydac C-18 (21 % 250 mm) and the Now-rale was 200 ul/min. Solvent A; 0.42%
Uifluoroacetic acid (TFA) in waler, while solvent B is 0.1% TFA In acelonilrile. Absoibance was
monilred 3l 225 and 280 nm, as indlcaled.

1 ] 10 13
He"Thr-11e~Aan-Val-Lye~Cys-Thr-$ar~-Mro-@d1ln-gin~Cya~Lay=Arg+

ié 20 H 1)
rxo-Cys=Lye~Asp-Arg-rhe-Gly-din-Ais-Ale-aly~Lys-dly-Cys=lle~

-} )
un-dl;-hyl-qu-l.yl-ql-ﬂt-'ro

Figure 5 Amino acid sequence of oxle 1

Aming ackd sequence detarmined on carboxy-methylated loxin 1 using the Miligen 6600

Prosequencer, Tha loxin was coupled either lo (1) DITC-Saquelon (Millipore Co.), of (2) AA-
sequeion (Millipors Co.) and subsaquently reduced and carboxy-methytaled prior 10 sequence
delermination. The sequence was identified lo residus 34 using (1) and Yo residue 37 using
(2). Prokine was assigned a3 residue 38 by mass analysis and amino acld composition.

-

Pl et
1MWy 87 86
~fog [concentration (M}]

Figure 8 Binding Inhibition of "™-NTX by puriied loxins lo synsplosome

membeanes

Ral-braln synagtosome mambranes (20 g Dlolaln) weie Incubaied wilh "'I NTX 31 100 pM,
In 500 4! Anal volume of 8 20 mM Tris/HCI builer, pi 7.8, plus 50 mM NaCl and 0.1% BSA
albumlu in the absence and prasence of Increasing concentrations ol cold NTX (), toxin 4
(@) and loxin 2 (M), lor 1 b a1 room lemperalure. The reaction mixiures were diiuled and
fitered immediately through glass-fibie iters and the radlcactivity measured as desciibed In
the section of Material and methods. Values are the mean of liplicales,

65

P

e s T e g e [ T



Novel K*-channel toxins .

Tebie 2 Comparative smine acid saquance of K* akannel toxing

CITX 1, toxin 1 rom this work; MTX, nargatoxin [16); NTX, noxtustoxin {35); K1 TX, katiotaxin [12); 1bTX, iberictaxin (15); ChTX, charybdotaxin [18}; Lq2, Lalrvs quinquestrialus loxin 2 27);
LoTX |, leirutoxin 1 {2,10). Consensus means only positions in which aining aclds e consarved in al sequences. Gaps (-) wera introducad lo enhanca simifarilies

Toxin Aming xcid sequence Simiartty (%)

) 1 10 20 o 39
Cl1TX 1 ITINVKCTSP QQCLRPCKDR FGQHAGGKCI NGKCKCYP 100
MgTX TIINVKCTSP KQCLPPCKAQ FGQSAGAKCM NGKCKCYPH T4
NTX TIINVKCTSP KQCSKPCKEL YGSSAGAKCM NGKCKCYNN 64
K1TX GVEINVKCSGS PQCLXPCKDA GMRF~G-KCM NRKCHCTP 51
IbTX PEFTDVDCSVS KECWSVCKDL FGVDRG-KCM GKKCRCYQ 39
ChTX PpEFTNVSCTTS KECWSVCQRL HNTSRG-KCM NKKCRCYS i
1q2 PRFTQESCTAS NQCWSICKRL HNTNRG-KCM NKKCRCYS i
LeTX I AF=~=-~CNL~ RMCQLSCRSL ~GL~1G=KCI GDKCECVKH 29

Consenaup~=w=s~elewa wwecmeleose sce=eGeKC= «=KC=C-==

NTX to K*-channels of synaptosomes, with an indistinguishable
affinity of about 10~1* M, This resull is not surprising since they
share a high degree of similarity in their amino acid sequences.
Actually, both toxins had a'higher affinity for synaptosomal

membrane K*-channels than NTX. For comparative purposes,.

in Figure 7 we have included the amino acid sequence of several
known K*-channel toxins, selecting only those from which the
total primary struclure is available, C. /. limpidus toxin 1 is 749,
identical 1o margatoxin, a new K'-channel blocking peptide
purified from the scorpion C. margaritatus [35], and 64 %, similar
to NTX [L1] from C. noxius, while kalioloxip from Androctonus
mauretanicus mauretanicus {21) has 519, similarity. Iberiotoxin
from the venom of the scorpion Buthus tamulus (36) displays
399 identity. The sequence of charybdotoxin {37}, Lq2 {38] and
leirutoxin ! (scyllatoxin) [18,39] from the venom of Leiurus
quinguestriafus have only 37% (equal for both Lq2 and
charybdotoxin) and 29 % similar sequences, respectively. Among
the amino acid residues rigorously conserved (consensus in Table
2) are Lhe cysieines, because they are important in stabilizing the
three-dimensional structure of the toxins, as demonstrated by
n.m.r, studies of charybdotoxin [40], iberiotoxin [41] and leiru-
toxin 1 [42]. Lysines at position 28 and 33 of Figure 7 are also
highly conserved. The lysine at position 28, that corresponds to
Lys 27 in charybdotoxin, has been shown by site-directed
mutagenesis to be critical for blocking the voltage-dependent
Maxi-K* channel (43]. glycine al position 26 has been suggested
to be important for appropriate formation of the disulphide
pairing (44], and is also conserved throughoul these sequences.
The N-terminal scquences of the K*-channel blocking peplides
from the genus Centruroides (New World scorpions) are very
much conscrved, A synthetic nonapeptide corresponding to this
segment of NTX was shown o be toxic lo mice {45} and to
recognize single Ca®*-activated K* channels of small conduc-
tance, obtained from cultured bovine aortic endothelial cells [24).
Thus, il seems that the general motif of the three-dimensional
structure of these peptides is important in targeting K *~channels,
however, the sequences (Figure 7) do show a high degree of
variability, and this could explain the diversity of function and
aflinity for the various classes of K*-channels, as extensively
discussed by others [46,35,41,43).
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IV. Discusién y conclusiones

Considerando los datos mostrados proponemos que la regidén amino
terminal de la noxiustoxina forma una parte importante del
sitio de unién a su receptor. Esta zona involucra la primera
regién de beta plegada y la reqion de alfa hélice que se
encuentran del mismo lado de la molécula, como se muestra en la
estructura tridimensional.

Un reporte reciente indica que el segmento carboxilo
terminal de la caribdotoxina parece participar en el
reconocimiento del canal de potasio dependiente de calcio.
Mutaciones puntuales de CTX en las posiciones Arg26, Lis27 y
Arg34, disminuyen la afinidad de la toxina por el canal. En
este estudio el cambio de afinidad se produjo por un incremento
en la velocidad de disociacién.

De acuerdo con lo que propone Ménez (1992), las toxinas
de alacrdn presentan un plegamiento conservado ("motivo"
estructural conservado), existiendo regiones que permiten
inserciones, deleciones y mutaciones, lo que posiblemente
proporciona a las toxinas diferente especificidad.

Asi por ejemplo, tenemos a las toxinas CTX e IbTX, las
cuales actidan sobre el canal de potasio dependiente de calcio
de alta conductancia; a pesar de su similitud en secuencia
(ver tablas 1 y 2) presentan una diferencia notable en carga
neta (+1 y +5 respectivamente) y diferente cinética de
interaccién con el receptor. La KTX, otra toxina que actida
sobre el mismo receptor, presenta una semejanza del 37 y 43%
con CTX e IbTX, respectivamente, existiendo algunas diferencias
en el mecanismo de bloqueo.

El mayor grado de similitud entre estas toxinas se

encuentra en el extremo carboxilo terminal, por lo que algunos

autores (Crest et al., 1992) proponen que la secuencia del
aminodcido 26 al 33 estd implicada en el reconocimiento del
receptor. Lo anterior estd de acuerdo con 1los estudios
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Tabla 1. Comparacién de secuencias de algunas toxinas de
alacrdn con actividad en canales de potasio.

1 10 20 ‘ 30
Crseekisvommmere-rbmcdad
CTX. EFTNVSCTTSKECWSVCQRLHNTSRG~KCMNKKCRCYS-
IbTX EFTDVDCSVSKECWSVCKDLFGVDRG~KCMGKKCRCYQ-
KTX GVEINVKCSGSPQCLKPCKD-AGMRFG-KCMNRKCHCTP~-

leiuro I  AF~-=-CNL-RMCQLSCRSL-GLL-G~KCIGDKCECVKH
PO5 TV=~=~=CNL-RRCQLSCRSL-GLL~G~-KCIGVKCECVKH

NTX  TIINVKCTSPKQCSKPCKELYGSSAGAKCMNGKCKCYNN

MgTX  TIINVKCTSPKQCLPPCKAQFGQSAGAKCMNGKCKCYPH
TsTX~Ka  VFINAKCRGSPECLPKCKEAIGKAAG~KCMNGKCKCYP
Cll 1 ITINVKCTSPQQCLRPCKDRFGQHAGKGCINGKCKCYP

NTX 2 TIINEKCFATSQCWTPCKKAIGSLQS-KCMNGKCKCYNP
BRANRA aaaaxaxaax BRRAA ARRRK

los simbolos a y B se refieren a las conformaciones de alfa-hélice y beta-
plegada, repectivamente, las secuencias se han alineado, conservando la
posicién de las cistefinas, los puentes disulfuro se indican con lineas
punteada.

N B R S R ey ot St e, 5 A erm s e A 1 2 1 41 4o e e e 4t 3 omoa ot e wewina, e ne L eeea e e e n

69




AR T A T

Tabla 2 Porcentaje de identidad que presentan entre si diferentes

toxinas de alacran

con efecto sobre canales de potasio.
¢ Identidad. CTX TIbTX KTX leiuro I P05 NTX MgTX TsTX-Ka Cll1 1 NTX 2

- CTX 67 37 24 27 a8 46 a3 34 33
IbTX 43 32 32 43 43 40 36 31
KTX 27 27 54 56 59 52 44

leiuro I 87 35 .35 . 32 26 26
POS 35 35 " 32 26 28
NTX 79 53 - 64 63
MgTX 56 73 57

TSTX-KQ 52 52
cll 1 47
NTX 2




realizados por el grupo de Miller (Park y Miller, 1992) quienes
mostraron la importancia de la Arg 25, Lis 27 y Arg 34 para
esta interaccién. También con los trabajos de Giangiacomo y su
equipo, en los que usando péptidos sintéticos de CTX se observéd
que uno de ellos, sin los primeros 6 aminodcidos (CTX7-37)
causa una inhibicién completa de la unién de 1231-cTX a
membranas de cerebro de rata, con la misma potencia que la CTX
(Ki=20 pM). Estos resultados indican que los primeros seis
aminodcidos no son importantes en la unién al receptor
(Giangiacomo et al., 1993). Estos autores sugieren que el
extremo carboxilo terminal es importante en la interaccién con
el canal de potasio dependiente de voltaje y que la porcién
amino terminal también esta involucrada en el reconocimiento
del canal de potasio dependiente de calcio.

En nuestro trabajo observamos que, en el caso de la NTX,
los primeros seis aminodcidos participan en la unién con el
receptor, ya que la NTX7-39 desplaza a la 12°I-NTX de las
membranas de cerebro de rata, aunque con menor afinidad.

Asimismo tenemos que un péptido correspondiente al
extremo carboxilo terminal de la CTX (CTX24-37) es capaz de
inhibir la unién de !23I-NTX a membranas de cerebro de rata, no
asl los péptidos CTX1-10 (amino terminal de CTX) y NTX30-39
(carboxilo terminal de NTX), como s8e confirma con los
resultados anteriormente expuestos.

Por otro lado, tenemos toxinas como MgTx, TsTX-Ka y NTX
(motivo de este estudio), entre las cuales existe mayor
similitud, y menor con las anteriores (ver tablas 1 y 2).
Curiosamente, se ha reportado que estas toxinas son
bloqueadoras de canales de potasio dependientes de voltaje y no
de los dependientes de calcio (ver tabla 3). Aunque se ha
reportado que NTX actda sobre canales de potasio depéndientea
de calcio, la afinidad que tiene por este receptor es muy baja
(400 nM) comparada con la que tiene por los dependientes de
voltaje (20 pM).

En el caso de CTX, se ha reportado que actda tanto sobre
canales dependientes de calcio como en los dependientes de
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Tabla 3.

Caracteristicas funcionales y selectividad de toxinas de alacrén con accién

sobre canales de potasio.

Ccanales de Potasio

Dependientes de Voltaje Dependientes de ca"’ Regién importante para
Toxinas DR T alta Med pedq la unién al receptor
CTX Ki=10pM IC50=4DnH Kd=1nM - - K27,R25,R34,W1l4
M29,¥36,S10,N30
IbTX - - Kd=1nM - - L19-Q37
KTX - - Kd=20nM = - G26-T36
leiuro 1 - - - - Rd=80pM
P05 - - - - K0.5=20p!{ R6,R7,H31
NTX Ki=8pM ICSO>>3 oonM Kd=450nM - IC50=3 lonM T1-L20
MgTX IC,,=36pM ND - - - ND
TsTX-Kx ICSO=8nH - - - - ND
cl1l 1 ICg,=0.1nM ICg =1.5uM ND ND ND ND
NTX 2 IC50= l100nM ND ND ND ND ND

Los gquiones significa

2L

que no tiene actividad sobre este canal y ND no determinado.
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voltaje en diferentes tejidos, siempre con el mismo rango de
afinidad, por 1lo que parece ser dque comparte rasgos
estructurales con ambos tipos de toxinas. Con excepcidén de
IbTX, CTX presenta un porcentaje de identidad semejante con las
demas toxinas. Algunos autores (Rogowski et al., 1994) han
hecho notar que el aminodcido de la posicién 25, para CTX, IbTX
y KTX es una arginina y para MgTX, TsTX-Ka, Cll 1 y NTX es una
alanina. Lo anterior nos induce a pensar que esa diferencia
podria contribuir a la selectividad. Parece ser que la carga de
la Arg 25 es critica para la unién de CTX con el canal de
potasio dependiente de calcio (Park y Miller, 1992).

Recientemente, haciendo mutaciones puntuales de la CTX
recombinante se han identificado los residuos que interaccionan
directamente con el canal de potasio activado por calcio
(Stampe et al 1994). Asi tenemos a los residuos cargados:
Lis27, Arg25, y Arg34, los hidrofébicos Trpl4, Met29 y Tir36 y
a los residuos con capacidad para formar puentes de hidrégeno,
Serl0 y Asn30.

Como ya se mencioné, la toxina Cll-1 inhibe la unién de
la !25-NTX a membranas de cerebro de rata con alta afinidad.
Esta toxina se puede considerar como una mutante natural de la
NTX. La tabla 1 muestra que esta toxina presenta una isoleucina
en la posicién 30 en lugar de una metionina. Este cambio en la
CTX induce una disminucién de tres &6rdenes de magnitud en
afinidad por el receptor (Stampe et al., 1994), por lo que
podemos concluir que en el caso de la NTX este aminodcido
(Met30) no es importante en la interaccidn con el receptor.

La leiurotoxina I y la toxina P05 formarian el grupo de
toxinas semejantes a apamina, con la cual comparten
caracteristicas estructurales y funcionales. Para estas toxinas
se propone que la reqgidén de estrucura alfa hélice es importante
para su funcién, ya que esta estructura mantiene las cargas
positivas de los residuos de arginina en una posicién adecuada
para su actividad. Lo anterior apoya nuestros resultados de que
en NTX la estructura de alfa hélice es importante para su
interaccidén con el receptor, ya que son tres cargas positivas
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las que se encuentran en esta regién (Lis 11, Lis 15, Lis 18 ).

Analizando las secuencias de las toxinas de alacran que
se conocen hasta el momento y la informacién vertida en la
literatura, podemos concluir que para IbTX, KTX y CTX el
segmento carboxilo terminal forma parte importante de la regién
de reconocimiento al receptor. En cambio para las toxinas de
venenos de alacranes del Nuevo Mundo MgTX, NTX, Cll-1, NTX-2
Yy TsTX-Ka la regién importante se sitida en el extremo amino
terminal y, posiblemente, estas regiones también determinen la
especificidad de las toxinas (tabla 3).

Como ya se mencioné, se ha reportado que NTX interacciona
con diferentes tipos de canales de potasio con distintas
afinidades. Analizando ahora al receptor, se podria pensar que
los canales de potasio comparten una regién que reconoce la
toxina, pero que las diferencias entre ellos explican las
distintas afinidades que muestran por la toxina. Ya que se ha
demostrado que los canales de potasio pueden estar formados
como homo o heterotetrameros, posiblemente la proporcién que
exista de una subunidad dada contribuya a determinar la
afinidad de la toxina (siempre y cuando la toxina tenga una
sola regidén de reconocimiento al receptor y que reconozca
siempre la misma zona en los canales).

En resumen podemos decir que:

1. La regién amino terminal de la noxiustoxina es una
parte muy importante de la zona que interacciona con los
canales de potasio dependientes de voltaje en membranas de
cerebro de rata.

2. La regién de alfa hélice (Lisll-Leu20) es importante
para el reconocimiento del receptor, probablemente por la
presencia de las tres cargas positivas (Lisll, Lisl5, Lisl8),
ya que el péptido NTX11-39 a pesar de no tener los primeros 10
aminodcidos es capaz de reconocer al receptor, no asi solo la
regidén carboxilo terminal (NTX30-39).

3. Para una toxina andloga, la caribdotoxina, la regidn
carboxilo terminal juega un papel mds critico en la interaccién
con su receptor que en el caso de la NTX.
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4. La metionina de la posicidén 30 de la NTX no es crucial
para su unién con el receptor, como lo es para la CTX, lo que
prueba gque estas toxinas no se unen de igual forma al receptor
a pesar de ser estructuralmente semejantes.

5. Posiblemente esta diferencia en 2zonas clave para el
reconocimiento con el receptor esté relacionada con la
selectividad que presentan estas toxinas sobre las diferentes
clases de canales de potasio.

Por udltimo, quisiéramos enfatizar que la bisqueda y
caracterizacién de nuevas toxinas que actdan sobre canales
iénicos, en particular canales de potasio, es importante por la
utilidad que representan en varios aspectos del estudio de los
canales. Asi por ejemplo, su uso como ligandos en la

purificacién de los diferentes tipos de canales de potasio,

complementado con 1los métodos de biologia molécular ha
permitido tener mas informacién respecto a la estructura y
funcién de éstos. Las toxinas puras pueden usarse para
determinar algunas caracteristicas estructurales del canal.
Dado que estas toxinas son pequeilas y que se conoce la
estructura de varias de ellas, se pueden sintetizar o clonar
para poder realizar modificaciones selectivas en ellas.
Estas toxinas pueden, también, ser prototipos de ligandos
enddgenos con actividades similares (Fosset et al., 1984).
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V. Perspectivas

Como perspectivas podemos mencionar, que debido a que la NTX
se ha podido expresar en E. coli en el laboratorio (Baltazar
Becerril y Fernando Martinez) serd mds f&cil obtener toxinas
con modificaciones que nos permitan delimitar mis estrictamente
la regién importante en la interaccidén con canales de potasio,
principalmente los dependientes de voltaje que se encuentran en
cerebro, por los cuales tiene mayor afinidad.

Uno de los aspectos mds importantes que debemos probar es
la relevancia de la Lis27. Aunque en la toxina Cll 1 en esta
posicién se encuentra una glicina, la lisina se encuentra en la
posicién 26 que podria ser equivalente en términos funcionales.

Por otro lado es necesario quitar algunos aminodcidos del
extremo carboxilo terminal, para poder delimitar hasta cual
residuo es importante para la interaccién con el receptor. Como
la NTX tiene el extremo carboxilo terminal amidado es
resistente a la accién de las carboxipeptidasas, por lo que no
se ha podido mapear esta reqién de la molécula. La  NTX
recombinante no tiene el extremo carboxilo terminal amidado y
se ha probado que en el sistema de unién a membranas de cerebro
de rata no se modifica su accién (Baltazar Becerril y Fernando
Martinez comunicacién personal), por lo que resulta un buen
candidato para el uso de carboxipeptidasas.

Por otro lado, se cuenta ya con canales de potasio, shaker
B, expresados en células COS (células de rifién de mono), lo que
nos permitird observar el comportamiento de la NTX y sus
variantes en una poblacién homogénea de canales de potasio.
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