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PREFACIO

El cuerpo de este documento constituye la disertacion final sobre mi proyecto doctoral. La
expasicion comienza con una breve introducddn a los topicos de la inmunidad innata y los
péptidos antimicrobianos, prosigue con los antecedentes directos al proyecto, el conjunto de
resultados publicados formalmente, algunos datos adicionales no incluidos en dicho reporte
y culmina con una discusién de los resultados —someramente méds amplia que la
presentada en el articulo mencionado, cuya referencia es:
Bodriguez de la Vega RC, Garcia BL I Ambrosio €, Diego-Gardia E, Scaloni A v Possani LD. Antimicrobial
peptide induction in the haemolymph of the Mexican scorpion Cenfrurodes ryidies immdus in response to
septic ingury, Cell. Mol. Life Sci. 61:1507-1519,
Al final de la exposicién inclul un documento anexo que ahonda sobre un topico colateral al
objeto de esta tesis, los andlisis realizados en este rubro han sido publicados, o aceptados,
como a continuacion se refiere:
Batista CVF, Gémesz-Lagunas F, Rodriguez de ls Vega RC, Hajdu P, Pany G, Gaspar R y Possani LD (2002).
Two moved toxcins from the Amazonian scorpion Tityus cambridged that block Kv1.3 and Shaker channels with
distinctly different affinities. Biachim. Riophys. Acks 1601:123-131,
Rodriguesr de la Vegs RC, Merino E, Becerrl B y Possani LD (2003). Novel interactions between K+ channels
and scorpion toxins. Treads Pl So. 24:222.297,
Possand LT y Bodriguez de la Vega BC (23003). Response bo Xu el al.: Hypothesis-driven sclence paves the way
to mew' discoveries. Tremds Plurmacol, Sc. 245449
Eodripuez de la Vega BC v Possani LD, Current views on scorpion toxins specific for K+ channels. Taxioon
{aceptada),
del Rio-Portilla F, Hernindes-Marin E, Pimients G, Coronas FIV, Zamudio FZ, Rodrigues de la Vega RC,
Wanke E, v Possani LT, NME solution structure of Cril2, a novel peptide solated from Mexican scorpion
%ﬂddﬁﬂnh@ﬁnﬁrﬁﬂmhﬂﬂﬂhamﬂhﬂﬁdfﬂnjﬂﬁmh&pﬂdﬂ].

ABREVIATURAS

af -EC Motive estructural aff) Estabilizado por Cisteinas
a-KTx Toxina de alacran especifica para canales de K+
Cll-dlp Centrurotdes limpidus limpidis defensin like peptide
Ma-5cTx Toxina de alacrén especifica para canales de MNa*
PAM Paptido Antibicrobiano

PMNP Patrones Moleculares asociados a lo Mo-Fropio
REP Receptores de Reconocimiento a PMNP

Oiras abreviaturas de referencia frecuente en la literatura cientifica se usan sin mayor explicacian,
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RESUMEN

Los organismos invertebrados han proporcdonade un panorama general de la activacion
inmune que involucra Péptidos AntiMicrobianos (PAM's), a partir del cual emergen tres
estrategias alternativas: una cs definida por la induecidn inmediata de genes que codifican para
PAM's; otra estd caracterizada por la liberacion sistémica inducible de PAM's a partir de
reservorios celulares, v; la tercera es la produccion constitutiva de PAM's. Estos tres sistermas
alternativos de defensa han sido documentados en organismos quelicerados. En el presente
trabajo se usd una estrategia de despliegue diferencial evaluado por Cromatografia Liquida de
Alta Resolucidn y Espectrometria de Masas para mostrar que el reto séptico induce una
respuesta inmune en el alacrin Mexicano Centrurotdes limpidus limpidus. Se aislaron varios
componentes de la hemolinda de este alacrin, de los cuales el denominado Cli-dlp (C, lingpidus
linrpidus defensin like peptide) fue caracterizado in extenso. Este componente se acumula en la
hemolinfa en respuesta al reto séptico en un periodo de 24 h, regresando a niveles basales a las
48 h después de la infeccion. Experimentos de RT-PCR demostraron que esta acumulacion
sistémica es independiente de regulacion transcripaonal, La secuencia de Cli-dlp contiene 32
residuos de aminodcidos, estrechamente empaquetados por tres puentes disulfuro formados
entre los residucs Cis2-Cis21, Cis7-Cis29 y Cis11-Cis31. El gen que codifica para Cli-dlp fue
clonado y secuendado a partir de ADNe y ADNg, mostrando la presencia de un péptido sefial
de 24 aminodcidos, el cual se interrumpe con un intron de 128 pb, seguido por la secuencia
madura que finaliza en un codén de terminoe. Este péptido constituye un nuevo miembro de la
familia de las defensinas de invertebrados. Adicionalmente, se registrd un efecto antibacteriano
cooperativo entre Cll-dlp y dos componentes constitutivos de la hemolinfa,



SUMMARY

Invertebrate models have provided a general picture of innate immune activation involving
AntiMicrobial Peptides (AMPs), from which three alternative strategies emerged: one is
defined by the immediate up-regulation of genes encoding for AMPs; another is characterized
by the inducible systemic release of AMPs from cellular reservoirs; the third altemative is the
constitutive production of AMPs. In Chelicerate organisms the three alternative defensive
systems have been documented. In this work a differential High Performance Ligquid
Chromatography / Mass Spectrometry approach was used to show that seplic injury elicils an
immune response in the haemolymph of the Mexican scorpion Centrirmides lmpidus Umpidis.
Several haemolymph components were isolated, from which one named Cll-dlp (C. Ineprdus
opidus  defersin-like  peptide) was comprehensively characterised. This component
accumulates in the haemolymph in response to septic injury within 24 hours, returning to basal
levels after 48 hours post-infection. The systemic accumulation of Cll<dlp is independent of
transcriptional regulation as demonstrated by RT-PCR assays. The Cll-dlp sequence comprises
32 amino acid residues, closely packed by three disulfide bridges formed between Cys2-Cys21,
Cys7-Cys29 and Cys11-Cys3l. The gene encoding Cll-dlp was cloned from cDNA and genomic
sources, showing the presence of a signal peptide containing 24 amino acid residues,
interrupbed by an intron with 128 bp, and a mature peptide ending with a stop codon. This
peptide constitutes a novel member of the invertebrate defensin family of AMPs. Additionally,
a cooperative antibacterial effect was registered between Clidlp and two other constitutive

haemalymph polypeptides.



INTRODUCCION

Unidad por unidad, el mundo estd habitado por una abrumadora mayoria de organismos
unicelulares (microorganismos): Archeas, Bacterias y varios tipos de Eucarias, incluyendo
protistas, hongos y algas [1]. Si bien la generalidad de los microorganismos se desarrolla en
vida libre, para algunos de éstos los sistemas multicelulares constituyen su habitat,
estableciendo relaciones simbioticas con sus hospederos —durante alguna o el total de las
etapas de sus ciclos de vida—, ya sea en forma de mutualismo, comensalismo, amensalismo
o parasitismo. La definicion ecolégica de parasitismo refiere a la interaccion entre dos
organismos cualquiera, donde uno de ellos (el parasito) afecta la homeostasis del otro (el
hospedero), generando, por tanto, una patologia [2].

Las ventajas adaptativas que ofrece la multicelularidad se intuyen al reconocer que varios
linajes eucariotes y procariotes la han desarrollado de forma independiente, incluso en mas
de una ocasion dentro de una misma linea evolutiva [3,4]; sin embargo, los sistemas
multicelulares se encuentran en desventaja numérica y cinética con respecto a los
microorganismos, mismos que —asi sea s6lo por esta diferencia ecologica— les son
potencialmente peligrosos [5]. Los hospederos multicelulares han desarrollado estrategias
de defensa que limitan la posibilidad de establecer infecciones por parte de los paréasitos
potenciales. Dichas estrategias incluyen barreras fisicas (v.g. las condiciones extremas de
humedad, salinidad y pH en los epitelios), eliminacién inespecifica (v.g. el recambio de
matrices extracelulares del tipo de las mucosas) y una bateria de respuestas celulares y
humorales que, en conjunto, constituyen el sistema inmune del organismo [6,7]. Se ha
reconocido que la presion evolutiva que significa el parasitismo es una de las principales
fuerzas motrices de la diversificacion de los sistemas biologicos [2]. De hecho, se ha
propuesto que dos de los fenémenos biologicos mas complejos que se conocen —Ila
reproduccién sexual y, obviamente, las estrategias de defensa conocidas como sistema
inmune— podrian haber surgido como consecuencia de la presion evolutiva ejercida por los

parésitos [5,8].

Discriniinacion inmune de lo no-propio

En los organismos multicelulares el paradigma de la inmunidad concierne al
reconocimiento de lo no-propio, es decir: como puede el hospedero distinguir entre una
célula que le es ajena y su propia diversidad de tipos celulares, y al mismo tiempo discernir
qué tipo de respuesta requiere para evitar ser danado por el potencial parasito [9-11]. En el
caso especifico de los metazoas, los mecanismos de inmunidad han sido tradicionalmente
diferenciados en innatos (o naturales: todos los miembros de una misma especie los poseen)
y adaptativos (0 adquiridos: en cada individuo son diferentes como resultado de las
distintas ontogenias) [6,9,12,13]1. Paraddjicamente, esta distincion de mecanismos s6lo es

1 La presencia de mecanismos adaptativos de defensa fue rapidamente identificada (Tucidides por ejemplo, hace 2434
afnos, reconoce que "...sin embargo, fue en aquellos que se habian recuperado de la enfermedad en quienes la
postracién y la muerte encontré mayor compasion"..."porque el mismo hombre jamas fue atacado dos veces, al menos
no fatalmente" [Historia de la guerra del Peloponeso. Porrtia. México]). Sin embargo, fue hasta principios del siglo XX
que las caracteristicas basicas de este sistema fueron establecidas, en particular su capacidad de memoria, su
propiedad de responder especificamente ante distintos antigenos y la funcion efectora de los anticuerpos (si bien éstos
no fueron identificados como entidades moleculares hasta la segunda mitad del siglo) [14]. La respuesta celular de los
mecanismos innatos fue observada por primera vez en la misma época, con la descripcién del fenémeno de
fagocitosis, presentando también evidencia de su ubicuidad en los metazoas [Metchikoff E. Inmunity in the infectious
diseases. Macmillan. Nueva York], pero su analisis a detalle ha sido realizado hasta muy recientemente.



valida para los vertebrados con mandibula, un subphylum de los cordados; en el resto de
los metazoas (~90 % de las especies existentes) el sistema inmune reside exclusivamente en
las respuestas innatas [10,15]. Los mecanismos adaptativos estan centrados en el sistema
antigeno-especifico de producciéon de opsonizadores y/o receptores —anticuerpos y
receptores de células T— llevado a cabo por leucocitos mediante rearreglos génicos y
expansion clonal. El sistema inmune adaptativo tiene, ademas, la propiedad de guardar
memoria de retos previos, mediante la conservacion de linfocitos diferenciados que
mantienen los receptores seleccionados en contra de las entidades responsables de los retos
anteriores [6,13].

En contraposicion, mecanismos innatos estan presentes en todos los metazoas [10,11,15].
La variedad de respuestas celulares y humorales que constituyen el sistema inmune innato
estan centradas en el reconocimiento de lo no-propio en forma de Patrones Moleculares
(PMNP), esto es: estructuras quimicas presentes en los parasitos potenciales y ausentes en el
hospedero. Dicho reconocimiento estd mediado por un nimero limitado de receptores
codificados en la linea germinal del organismo, denominados Receptores de
Reconocimiento a PMNP (RRP) [9,11]. Al censar el reto de lo no-propio, el sistema inmune
innato responde mediante la activacion rapida de mecanismos efectores, los cuales culminan
con la eliminaciéon de la entidad invasora, asi como, en el caso de los vertebrados, la
activacion del sistema inmune adaptativo [12,13,16-18]. Los mecanismos que participan de
manera temprana en la eliminacién incluyen: fagocitosis por células especializadas (v.g.
diversos tipos de hemocitos), cascadas proteoliticas (v.g. coagulacién) y la sintesis y/o
liberacién de moléculas con actividad antiparasitaria directa (v.g. Péptidos AntiMicrobianos
(PAM’s)) [11,13,15,17]. Esta descripcion general del sistema inmune innato aplica para todos
los modelos metazoas estudiados a detalle [13,17-25], e incluso, en su acepcién mas amplia,
para la respuesta inmune de todos los sistemas multicelulares [26]1. De hecho, buena parte
del renovado interés en la inmunidad innata deviene del reconocimiento de paralelismos
entre los sistemas antimicrobianos inducibles de Drosophila melanogaster (ver mas adelante) y
las respuestas tempranas del sistema inmune de mamiferos (v.¢. la respuesta de fase aguda)
[15-17,27] (Recuadro 1). En ambos modelos, el reconocimiento de PMNP activa las
respuestas tempranas a la infeccién, mediadas éstas por genes regulados por factores
transcripcionales de la familia Rel/NF-kB [28], los cuales son liberados de su represor
citoplasmico, IxkB, como respuesta a cascadas de senalizacién iniciadas por receptores
transmembranales de la familia Toll/IL-1R [29].

Los paralelismos mostrados en el Recuadro 1 son, indudablemente, llamativos en el
contexto de la evolucién del los mecanismos innatos de defensa presentes en metazoas. En
ambos modelos, mamiferos e insectos, estan presentes proteinas homoélogas, aunque no
siempre con las mismas funciones [26]. Es importante recalcar que ni la respuesta mediada
por Toll ni la via IMD son, en sensu stricto, equivalentes a las cascadas activadas por,
respectivamente, TLRs/IL-1R o el receptor a TNF-a.. Lo anterior es reafirmado por el estudio
de las respuestas inmunes de otros metazoas, asi como de plantas que poseen homologos de
las proteinas involucradas, fundamentalmente especies peptidicas similares a Toll (v.g.

1En todos los sistemas eucariotes multicelulares existen paralelismos importantes en los médulos utilizados para
discernir lo no-propio, sugiriendo un origen comtin de los sistemas inmunes innatos, por lo que se ha propuesto que
precederia a la separacion de los linajes eucariotes principales; sin embargo, las diferencias entre los distintos sistemas
son considerables (ver mas adelante en el texto). Una evaluacion integral de las presiones evolutivas que han dado
origen a los distintos sistemas multicelulares, antepone serias consideraciones a esta interpretacion.



[35,36]). El estudio del nemétodo inmunocompetente Caenorhabditis elegans es relevante en
este sentido, toda vez que posee homélogos de varias de las proteinas que participan en la
via mediada por Toll en D. melanogaster; sin embargo, ninguna de éstas parece estar
involucrada en los mecanismos de defensa que este organismo despliega ante el reto
microbiano. El sistema inmune de C. elegans es mediado por MAP cinasas de la familia p38 y
proteinas receptoras de factores de crecimiento [24,25]. MAP cinasas de las familias JNK y
p38 se han involucrado en la via IMD de la respuesta inmune de D. melanogaster y la
induccién de citocinas proinflamatorias en mamiferos [37]. Estas y otras analogias (v.g. las
familias de RRP conocidas como NOD, proteinas intracelulares encontradas en plantas y
mamiferos que activan factores transcripcionales de la familia Rel/NF-«xB [38], y las
proteinas de unién a peptidoglicanos presentes en insectos y mamiferos [39]), sugieren que
los sistemas inmunes innatos de los organismos multicelulares, si bien no son homélogos,
habrian evolucionado mediante la cooptacién diferencial de un ndamero limitado de
modulos proteicos, involucrados éstos en el reconocimiento de lo no-propio y la activacién
de las respuestas tempranas a la infeccion [11,18,20,26].

Recuadro 1. Activacién inmune innata

Desde un punto de vista evolutivo, las dos entidades moleculares que mas llaman la atencion son los
receptores transmembranales de la familia Toll/IL-1R y los factores transcripcionales Rel/NF-kB, toda
vez que estan conservadas en los dos linajes principales de metazoas: protostomas (la mayoria de los
invertebrados) y deuterostomas (cordados, equinodermos y algunos tipos de gusanos). En D.
melanogaster, el modelo protostoma mejor conocido, proteinas circulantes en la hemolinfa del
organismo censan la presencia de hongos y bacterias Gram(+), por lo cual son consideradas RRP,
activando cascadas proteoliticas, llevadas a cabo en la hemolinfa, que generan el ligando de Toll-1
(Spétzle). La unién de Spitzle a Toll-1 es transducida intracelularmente a través de dMyd88, Tube,
Pelle y otras proteinas atn no identificadas, culminando en la fosforilacion del inhibidor Cactus. La
fosforilacién de éste condiciona la liberacién de DIF, el cual es un factor transcripcional de la familia
Rel/NF-kB y el principal activador de la respuesta antimicética de D. melanogaster. El efector final de
esta ruta es el PAM Drosomicina [20,21]. En mamiferos, los deuterostomas mas estudiados, los
receptores homélogos de Toll (TLR 1-10) se encuentran expresados en células del sistema inmune
innato, en las cuales censan directamente la presencia de PMNP, es decir: a diferencia de lo que sucede
en el modelo de D. melanogaster, en mamiferos los TLR fungen como RRP. La senalizacion intracelular
en este caso depende de las proteinas adaptadoras Myd88 e IRAK, homoéloga de Pelle, y la activacién
del complejo IKK dependiente de las proteinas TRAF 6 y TAK 1. El complejo IKK fosforila a IkB,
originando la liberacién de proteinas de la familia Rel/NF-xB, las cuales a su vez son los factores
transcripcionales responsables de la activacion de la expresion de citocinas pro-inflamatorias y
proteinas coestimuladoras de linfocitos T [12,18]. Notablemente, la expresion de defensinas f —PAM’s
encontrados en diversos epitelios de vertebrados— es transcripcionalmente regulada por proteinas de
la familia Rel/NF-kB, dependiente ésta de la activacion directa o indirecta de TLR [30-32]. En el
genoma de D. melanogaster hay homologos de TRAF 6, TAK 1 y las proteinas del complejo IKK; sin
embargo ninguna de ellas parece estar involucrada en la cascada activada por Toll. Por el contrario, las
dos tltimas participan en un mecanismo de activacion inmune independiente, llamado la via IMD, el
cual define la respuesta de la mosca ante bacterias Gram(-) [33]. El producto del gen imd es homélogo a
la proteina efectora de mamiferos RIP, la cual participa en la cascada activada por el receptor a TNF-a.
En la via IMD actian, ademas, la proteina efectora dFADD y la caspasa DREDD, ambas con
homélogos claros en la via activada por TNF-a en mamiferos (FADD y caspasa-8, respectivamente).
Tanto la via IMD como la del TNF-a pueden culminar en la activacion de factores transcripcionales de
la familia Rel/NF-kB, Relish en el caso de D. melanogaster, dependiente del complejo IKK [20,21]. En D.
melanogaster las vias Toll e IMD regulan la mayor parte de los procesos asociados a la respuesta
inmune de estos insectos [34].
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Figura R-1 | Izquierda: Transducciéon del reconocimiento de lo no-propio en D. melanogaster (a) y
mamiferos (b). Derecha: Similitudes entre la via IMD (a) y la sefalizacion inducida por TNF-a (b).

Ahora bien, como se ha visto, no existe una relaciéon directa entre los mecanismos de defensa
innata seguidos por los dos linajes metazoas principales. Para comprender las relaciones que
subyacen a los paralelismos documentados, en particular el reclutamiento de médulos
proteicos homélogos y la conservacion de algunos efectores, es necesario analizar la
respuesta inmune de otros organismos, preponderantemente de aquellos que pertenecen a
clases distintas de las ya estudiadas (Insecta, Mamalia y Chromadorea).

Peéptidos antimicrobianos

Los mecanismos efectores activados por los sistemas de defensa innatos incluyen una
bateria de respuestas celulares y humorales, parte fundamental de las cuales reside en la
produccién y/o liberaciéon de moléculas con actividad antiparasitaria directa. Uno de los
elementos mas sobresalientes de la respuesta humoral es la accién efectora de polipéptidos
con funcién antibidtica¥, codificados en el genoma del hospedero y sintetizados en
ribosomas, los cuales son conocidos nominalmente como PAM's. Moléculas dentro de esta
categoria se han involucrado en la respuesta innata de todos los sistemas multicelulares en
los cuales se han buscado [13,15,17,27,31,42,48-50]. De hecho, se estima que cada individuo
del reino metazoa produce entre 5 y mas de 40 PAM's distintos [42,49,51]. Los PAM's
constituyen una categoria funcional y estructuralmente heterogénea, si bien comparten
algunas caracteristicas como la abundancia de residuos bésicos y la anfipaticidad de la
conformacién activa. La mayoria de los PAM's se han dlasificado en cuatro categorias

¥ Los PAM's en concentraciones micromolares son capaces de esterilizar poblaciones de 10¢ microorganismos en
periodos cortos de tiempo (1 -10 minutos). Estas moléculas presentan, distintivamente, una alta especificidad por
membranas de microorganismos, en particular de origen procariote; sin embargo, el mecanismo mediante el cual los
PAM's actiian no ha sido del todo esclarecido. De hecho, la diversidad de estructuras moleculares que presentan los
péptidos clasificados en esta categoria, sugiere que es poco probable que todos sigan un mismo patron. En general el
unico modelo aceptado es el que describe la actividad de los PAM's a-helicoidales [40-42]; si bien, evidencia se
acumula para el caso del los ricos en cisteina (v.g. [30,43-47]). Cabe resaltar que, en ambos casos, se ha descartado que
el proceso de eliminacién microbiana dependa exclusivamente de la actividad membranolitica de los PAM's, misma
que fue vista durante muchos afios como el mecanismo subyacente al efecto biol6gico de éstos.



estructurales [27,52]f, a saber: péptidos lineales capaces de adoptar estructuras o-
helicoidales al entrar en contacto con sistemas membranosos [53]; péptidos ricos en ciertos
aminoacidos (v.g. Pro [54] o Trp [55,56]); péptidos con asas cerradas por un puente disulfuro
[57,58], y; péptidos ricos en cisteinas, subdivididos a su vez en aquellos con estructuras
netamente P (defensinas de vertebrados [30], protegrinas [45,59], taquiplesinas [60,61],
adroctonina [44,62,63] y gomesina [64-66]), y moléculas peptidicas que adoptan el motivo
estructural o/P Estabilizado por Cisteinas (o/B-EC), las cuales conforman el grupos mas
ampliamente distribuido de PAM's, encontrandose en una variedad de plantas (defensinas
y tioninas y [67]) e invertebrados (defensinas [58,68])5. En la Tabla I-1 se presentan algunas
secuencias representativas de cada una de estas categorias, mientras que en la Figura I-1 se
muestran estructuras tridimensionales representativas de cada grupo.

Tabla I-1 | Sexsenias de PAM’s

i. PAM's a-helicoidales

Cecropin A|Hyalophora cecropia
Moricin|Bombix mori

Cecropin Al|D. melanogaster
Sarcotoxin ID|Sarcophaga peregrina
Cecropin C|Anopheles gambiae
Cecropin A|Aedes albopictus
Cecropin Pl|Ascaris suum
Hadrurin|Hadrurus gerstchi

KWKLFKKIEKVGONIRDGI IKAGPAVAVVGOATQIAK* P01507
PWNIFKEIERAVARTRDAVISAGPAVRTVAARTSVAS* P48821
GWLEKIGKKIERVGOHTRDATIQGLGIAQQARANVAATAR* P14954
GWIRDFGKRIERVGQHTRDATIQTIAVAQQOAANVAATLE* P18312
RRFEKFLEKEGAGRRVANARQKGLPLAAGVKGLV* ARMB2612
GGLEKLGKKLEGVGKRVFKASEKALFVAVGIKAL* PB1417
SWLSKTAKKLENSAKKRISEGIATAIXGGXR* P14661/AW165880
GILDTIKSIASKVWNSKTVQDLEKRKGINWVANKLGVSPOAR PB2656

Pandinin 2}Pa.ndinus imperator FWGALAFKGALFKLIPSLFSSFSKKD PB3240
Magainin 2|Xenopus laevis GIGKFLHSAKKFGKAFVGEIMNS P11006
PGLa | Xenopus leavis GMASKAGATAGKIAKVALKAL* Q99134
Dermaseptin S51|Phyllomedusa sauvagei ALWKTMLEKLGTMALHAGKAALGAAADTISQGTQ P24302
Dermaseptin BS|Phy. Bicolor GLWNKIKEAASKAAGKAALGFVNEMV P81487
Dermadistinctin l(|Phy‘ Distincta GLWSKIKAAGKEAAKAAAKAAGKAALNAVSEARV PB3638

FALLGDFFRESKEKIGKEFKRIVQRIKDFLRNLVPRTES P45913
ISRLAGLLRKGGEKIGEKLKKIGQKIKNFFQKLVPQPEQ P51437

LL37|Homo sapiens
CRAMP | Mus musculus

ii. PAM’'s ricos en ciertos aminocdcidos

Apidaecin IA|Apis mellifera GNNRPVYIPQPRPPHPRI P35581

Apidaecin Bp|Bombus pasuorum

GNRFVYIPPPRPPHPRL PBl464

hbaecinfﬂpis mekkufera YVPLPNVPQPGRRPFPTFPGQGPFNPKIKWPQGY P15450
Abaecin Bp|Bomb. pasuorum FVPYNPPRPGQSKPFPSFPGHGPFNPEIQWPYFPLFNPGH PB1463
Metchnikowin A|D. melanogaster HRHQGPIFDTRPSPFNFPNQPRPGPIY Q24395
Penaedin-1 ! Litopenaeus vannamei YRGGYTGPIPRPPPIGRPPLRLVVCACYRLSVSDARNCCIKFGSCCHLVE PB1056
Penaedin-3 [Li topenaeus vannamei QVYKGGYARPIPRPPPFVRPLPGGPIGPYN. . . PEL1O60
. . .GCPVSCRGISFSQARSCCSRLGRCCHVGKGYSG
PR-39|8Sus scrofa RRRPRPPYLPRPRPPPFFPPRLPPRIPPGFFPRFFPRFFPGKR FPBOOS54
Bac-5 i Bos taurus RFRPPIRRPPIRPPFYPPFRPPIRPPIFPPIRPPFRPPLGPFPGRR P19660
Indolicidin|Bos taurus ILPWEWFPWWEPWRRG P33046
Tritrp|Sus scrofa VRRFPWWWPFLRR 1D6X
iii. PAM's con asas cerradas
Thanatin|Podisus maculiventris GSKEPVPIIYCNRRTGKCQRM P55788
Brevinin 1|Rana Brevipoda FLPVLAGIARKVVPALFC-KITKKC P32423
Brevinin 2|R. brevipoda GLLDSLEGFAATAGKGVLOSLLSTASC - KLAKTC P32424
Brevinin 2Ed|R. esculenta GILDSLENLAFNAGQILLNKASC-KLSGQC P40840
Esculentin 1|R. esculenta GIFSKLGRKKIFNLLISGLENVGKEVGMDVVRTGIDIAGC-KIKGEC P32414
Gaegurin 4 |R. rugosa GILDTLKQFAKGVGEDLVEGAAQGVLSTVSC-KLAKTC PBO39B
Rugosin B | R. rugosa SLFSLIKAGAKFLGKNLLEQGAQYARC-KVSKEC PB0955
Ranalexin|R. catesbiana FLGGLIKIVPAMIC-AVTEKKC P39084
iv. PAM's ricos en cisteinas
2 puentes disulfuroc® 1-4,2-3
Tachyplesin I|Tachypleus tridentatus -=-=-KWCF--RVCYR-GICYRRCR---~ P14213
Tachyplesin III|Tach. Gigas ---KWCF--RVCYR-GICYRKCR---- P18252

1 La base de datos mas completa puede consultarse en: http:/ / www.bbcm.univ.trieste.it/ ~tossi/ pagl.htm. En ella se
enlistan mas de 750 PAM's.

§ Péptidos que adoptan el motivo estructural o/ B-EC se han encontrado en plantas e invertebrados, en los cuales
llevan a cabo funciones muy diversas. Un analisis detallado sobre los péptidos que adoptan este motivo estructural se
presenta como anexo a esta disertacion.



Polyphemusin I|Limulus polyphemus

- -RRWCF - -RVCYR-GFCYRKCR- - - -

P14215

Androctonin | Androctonus australis -===-QCR--RLCYK-QRCVTYCRGR- - PS6684
Gomesin|Acanthoscurria gomesiana --RSVCRQIKICRRRGGCYYHKCTNRPY P82358
Protegrin I|Sus scrofa RGGRLC- - - -YCRR-RFCV- -CVGRG- P32194

Defensinas a" 1-6,2-4,3-5

HNP-1 |h’omo sapiens === ===ao--- AC--=--- YCRIPACIAGERRYGTCIYQGRLWAFCC---- P59665
HNP-3|Homo sapiens =000 aceee-a- DC===m= YCRIPACIAGERRYGTCIYQGRLWAFCC- -~~~ P59666
HNP-4 | Homo sapiens VSGSTRGMVC----~ SCRLVFCRRTELRVGNCLIGGVSFTYCCTRVD P12838
HAD-5|Homo sapiens =000 @ —eeeaoo ATC-===~ YCRTGRCATRESLSGVCEISGRLYRLCCR- -- Q01523
HAD-6 | Homo sapiens =000 —-eo-- AFTC = wme HCR-RSCYSTEYSYGTCTVMGINHRFCCL--- Q01524
RhAD-1|Macaca mulata = =--aoooo PC= = YCRIPACLAGERRYGTCFYLGRVWAFCC- - -~ P60030
Cryptidin-1|Mus musculus ====LRDLVC===== YCRSRGCKGRERMNGTCREGHLLYTLCCR - -~ P11477
Cryptidin-5|Mus musculus --=--SKKLIC----- YCRIRGCKRRERVFGTCRNLFLTFVFCCS--- P28312
MCP-1|Oryctolagus cuniculus = ------- VWC--=-=- ACRRALCLPRERRAGFCRIRGRIHPLCCRR- - P01376
RK-1|Oryctolagus cuniculus = -=====- MPC----- SCE-KYCDPWEVIDGSCGLFNSKY - ICCREK - PB1655
GNCP-1|Cavia porcellus = -—------ RRC---~-- ICTTRTCRFPYRRLGTCIFQNRVYTFCC---- P11478
Gallinacin alpha|Gallus gallus -~ --GRESDCFRFENGFCAFLKCPYLTLISGKCS - - - -RFHLCCKRIW P46157
Defensinas f' 1—5,2-4,3-6

HBD-1|Homo sapiens =0 ——mmmmmono- DHYNCVSSGGQCLYSACPIFTEIQGTCYRGKAKCCK - - - - - - - == ==~ = P60022
HBD-2|Homo sapiens =00 =eeemaao GIGDPVTCLESGAICHPVFCPRRYKQIGTCGLPGTHCCKKP - -~~~ ==~ - -~ 015263
HBD-3 |Homo sapiens =000 ----- GIINTLOKYYCRVRGGRCAVLSCLPEEEQIGKCSTRGRECCRREK -~ = == ==~ = = P81534

———————— EFELDRICGYGTARCRKK-CRSQEYRIGRCP-NTYACCLRKWDESLLNRTKE Q8WTQ1
----------- DHYNCVRSGGQCLYSACPIYTRIQGTCYHGKAKCCK - -~ -~ -------- 018794
-GILTSLGRRTDQYKCLQHGGFCLRSSCPSNTKLOGTCKPDKPNCCKS - = = = = = === = - = P56386

HBD-4 | Homo sapiens
RhBD-1|Macaca mulatta
mBD-1|Mus musculus

mED-2 |Mus musculus VGSLESIGYEARELDHCHTNGGYCVRAICPPSARRPGSCFPEKNPCCKYME - PB2020
RBD-2|Rattus norvegicus = -------QSINNPITCLTEKGGVCWGP-CTGGFRQIGTCGLPRVRCOCKKK-----==--—- 088514
gBD-1|Capra hircus - 097946
sBD-1|0Ovis aries === -------QGVRNRLSCHRNKGVCVPSRCPRHMROIGTCRGPPVECCREK----------= 019038
TAP|Bos taurus =00 ==---------NPVSCVRNKGICVPIRCPGSMKQIGTCVGRAVECCREK--======---= P25068
LAP|Bos taurus =---GFTQGVRNSQSCRRNKGICVPIRCPGSMRQIGTCLGAQVKCCRRK= == ===-=--~ Q28880
BNED-5|Bos taurus = =-------QVVRNPQSCRWNMGVCIPISCPGNMRQIGTCFGPRVPCCRRW- - = === ===-=-~ P46163
BNBD-11|Bos taurus ~  ===-=--------GPLSCRRNGGVCIPIRCPGPMRQIGTCFGRPVKCCRSW~========== P46169
THP-1|Meleagris gallopavo = =-=--=--G-----KREKCLRRNGFCAFLKCPTLSVISGTCS-RFQVCCKTLLG-~=~-==-~ PB0391
Gallinacin 2|Gallus gallus ==-=-----------LFCK--GGSCHFGGCPSHLIKVGSCF-GFRSCCKWPWNA- - - - --- - P46158
Defensinas o/B-EC*" 1-4,2-5,3-6, (N-C)

DefA PROTE| =---ATCDLLS - - - ~-GTGINHSACAARHCLLRG- - -NR-GGYCNGKG- - -VCVCRN------------ Pl0891
Sapecin_SARPE| - == ~ATCDLLS - - - -GTGINHSACARHCLLRG - - -NR-GGYCNGKA - - -VCVCRN - == = == == == = P18313
SapecinB_SARFPE| ====LICEIDR-~~~==w=s~ SLCLLHCRLKG- - - YL-RAYCSQQK- - -VCRCVQ-~= == ==----- P31529
ALCRF_ACALU | == ==AICYPLS~-==~=w=mr=— CHNQICFPR--===== LGSCY--=Y-NTCRCN---===------- BACT88B09
Tenecin_ TENMO | - - - -VTCDILSVEAKGVELNDAACARHCLFRG - - -R5-GGYCNGKR - - -VCOVCR- === == === === = Q27023

Royalisin APIME| - ---VTCDLLS- - -FKGQVNDSACAANCLSLG - - ~-FA-GGHCEKV - - - -GCICRKTSFEDLWDERFG P17722

Def PALPR| - - - ~ATCDALSFSSKWLTVNHSACATHCLTKG- - - YK -GGRCVNT - - -~ TCNCRN- - = = = === === P80407
Galleremycin GALME | -=--PGCVFYE-~--=-=c=m= CIANCRSRG- - - YKNGGYCTIN- - - -GOQCLR- === = == == === ARM46728
DefA_ MAMBR | - - - ~ASCYLLD- - - -GYAAGRDDCRAHCIAPR - - -NR -RLYCASYQ- - -VCVCRY - = - - = = = = - = - - AAL69980
Heliomicin HELVI| DKLIGSCVWG-- -~~~ AVNYTSDCNGECKRRG - - - YK-GGHCGSFAN - VNCWCET - -~ = - == - — == - P81544
Termicin PSEUS| = ==e-- ACNFQ§-=========-- CWATCQAQHSIYFR -RAFCDRS - - - ~-QCKCVEFVRG- - - - - - - - - P82321
Def_ AESCY| ---GFGCPL-----=---~ DQMOCHRHCQTIT- - -GRSGGYCSGPLK - LTCTCYR -~ -~ = - === == = P80154
Def LEIQU|Scorpiones == =GFGCPL- == ======= NQGACHRHCRSIR- - -RR-GGYCAGFFK-QTCTCYRN- -~~~ -~~~ P41965
MGD-1_MYTGA |Mollusks ---GPGCP-=-======== NNYQCHRHCKSIP- - -GRCGGYCGGWHR - LRCTCYRCG- - - -~ - - -~ P80571
ASAEFe ASCSU|Nematode - - -=ATCGYDD- - ~-AKLNRPTIGCILSCKVQG- - - CE-TGACYLRDSRPICVCKRC- - - = = - =~~~ - BAC57591
Drosomycin|D. melanogaster -DC- - -LSGRYKGPCAVWDNETCRRVCK - EEGRSSGHCSP- - - SLKCWCEG-C-----  P41964
gammal-P|Plant KIC-RRRSAGFKGPCM- - SNKNCAQVCQ - QEGWGGGNCDG - - PFRRCKCIRQC - - - - - P20158
gammal-H|Plant RIC-RRRSAGFKGECV - - SNKNCAQVCM-QEGWGGGNCDG - - PLRRCKCMRQC -~ - - - 1gpt
Rs-AFP1|Plant KLC - ERPSGTWSGVCG - - NNNACKNQCINLEKARHGSCNYVFPAHKCICYFPC- - - - - AAR69541
Ah-AMP1 | Plant - LCNERPSQTWSGNCG - -NTAHCDKQCQDWEKASHGACHKRENHWKCFCYFNC - - - - - 1bks

Psdl |Plant KTC-EHLADTYRGVCF - - TNASCDDHCKNKAHLISGTCHN - - - ~-WKCFCTQNC - = = - = PB1929
PhD1|Plant mmeemmeeeeo DSVCI - -NKKPCVACCK - KAKFSDGHCSK - - ILRRCLCTKECVFEKT  AAN64750

4 La secuencia de los péptidos de estos grupos se encuentran alineadas con el programa CLUSTAL_X [69].
+ Consultar el anexo a esta disertacion para una lista més extensiva de secuencias dentro de este grupo estructural.

El papel critico que desempenan los PAM's en la defensa del hospedero ha sido establecido
sélidamente a partir de diversas lineas y modelos de estudio. Cronolégicamente, la primera
evidencia sobre la importancia de los PAM's fue la identificacion de las entidades
moleculares responsables de la actividad microbicida inducible en la hemolinfa de insectos
[71], un fenémeno que habia sido registrado por primera vez 75 anos antes [7,14]. Poco
tiempo después, los componentes principales de los granulos primarios de neutrofilos —
células del sistema inmune innato de vertebrados [72]— fueron identificados como PAM's



ricos en cisteinas [73]. Evidencia mas directa devino del estudio de mutaciones asociadas a
fenotipos inmunodeficientes de D. melanogaster, estableciéendose que las respuestas
antibacterianas [33] y antimicéticas [74] dependian, en tltima instancia, de la produccién de
PAM's (ver Recuadro 1). Mas recientemente, organismos genéticamente manipulados para
anular la expresion de uno o varios PAM's, han demostrado que su presencia es
indispensable para evitar la colonizacion de bacterias patégenas, e incluso para mantener el
equilibrio entre el hospedero y sus simbiontes (v.g. [75-77]; en contraposicion, la expresion
transgénica de un s6lo PAM puede aumentar (v.g. [78-82]) o restituir, en modelos deficientes
en PAM'’s [83,84], la capacidad del hospedero para combatir infecciones microbianas.

a) b)

Figura I-1 | Estructuras tridimensionales de algunos PAM's. Estructuras tridimensionales del PAM o-helicoidal
hibrido CEisMA .12 (a), la taquiplesina I de T. tridentatus (b), la defensina p-2 de humano (c) y la defensina 6 de
mono rhesus (d), representadas con el programa MOLMOL [70]. Los codigos de acceso son, respectivamente:
1f0d, 1ma2, 1fd3 y Thvz. Los residuos basicos (Arg, His y Lis) y los puentes disulfuro se muestran en detalle.

ANTECEDENTES

PAM'’s involucrados en el componente hunioral del sistema inmune de los invertebrados

La vasta bateria de técnicas genéticas disponibles para el estudio del diptero D. melanogaster
(Ne6ptera, Insecta), ha permitido que esta mosca sea el modelo arquetipico para la diseccion
de los mecanismos inmunes innatos de invertebrados del linaje protostoma. Dos vias
principales regulan la respuesta sistémica de este organismo ante bacterias Gram(-) (la via
IMD) y Gram(+) y hongos (la via que depende de Toll) [33,34,74,85]. En ambos casos, la
expresion de PAM's especificos [86] es inducida en el cuerpo graso —aunque también
participan hemocitos [87-89] y células epiteliales en las respuestas locales [89,90]— por la
acciéon directa de factores transcripcionales de la familia Rel/NF-«xB —Relish y DIF
respectivamente—, para después ser liberados al torrente (hemolinfa), en donde participan



en forma critica en el proceso de eliminacién de las entidades invasoras [20,21]. Este
mecanismo de activacién inmune ha sido verificado en otros insectos de los 6rdenes Diptera
[22,23,91,92] y Lepidoptera [93,94], asi como en aracnidos del orden Ixodida [95-98], anélidos
de la clase Hirudinida [99] y nematodos de la clase Chromadorea [36,100]. Como se
mencioné anteriormente, algunas defensinas 3 de mamiferos son, de forma analoga,
transcripcionalmente inducidas en las respuestas locales de epitelios por proteinas de la
familia Rel/NF-kB, las cuales son activadas como respuesta al reconocimiento de lo no-
propio mediado por receptores de la familia TLR/IL-IR [30-32]. La amplia distribucién
filogenética de los organismos que recurren a esta estrategia de induccion de PAM's, ha
constituido una de las fuerzas motrices del renovado interés en la inmunidad innata; sin
embargo, como en el caso de las cascadas transduccionales, el estudio del contexto en el cual
participan los PAM's en otros organismos ha revelado una alta diversidad en las estrategias
de activacion de PAM's.

En varios invertebrados del linaje protostoma la activacion de PAM's sigue un camino
alternativo que reside en el almacenamiento de éstos en células especializadas, las cuales
liberan su contenido a la hemolinfa en respuesta al reto de los potenciales parasitos. El
modelo mejor estudiado son quelicerados del orden Xiphosura (Merostomata, Chelicerata),
cuyos hemocitos contienen granulos ricos en PAM's y otras moléculas involucradas en la
defensa del hospedero, los cuales son vaciados hacia el torrente al censar PMNP1 [19]. Esta
estrategia de almacenamiento de PAM's en hemocitos y su liberacion sistémica ha sido
descrita en otros quelicerados (el aracnido Ac. gomesiana [66,102]), asi como en crustaceos de
la clase Malacostraca (el camarén Litopenaeus vennamei [103-105]) e incluso moluscos de la
clase Bivalvia (los mejillones Mytulis edulis y M. galloprovinsialis [106]). Este escenario se
asemeja al descrito para defensinas o y cathelicidinas en mamiferos, las cuales son
almacenadas en los granulos de neutréfilos y liberados al fagosoma o el medio circundante
en respuesta al reconocimiento de lo no propio [30,31]. En este caso, como en el anterior, la
diversidad de organismos que recurren a esta estrategia ha servido para argumentar que
ésta constituiria una de las respuestas ancestrales de los hospederos ante el reto parasito. El
panorama se diversifica al reconocer una tercera alternativa, que ha sido propuesta para el
caso de la termita Pseudocanthotermes spiniger (Isoptera, Insecta) [107] y los alacranes Leiurus
quinquiestratus habraeus [108] y Androctonus australis [62]. En estos organismos la produccion
y/ o liberacién de PAM's seria independiente de la activacién inmune.

Con base en lo expuesto en los pérrafos anteriores, la participacion de PAM's en las
respuestas humorales de invertebrados pareceria ser mas o menos homogénea en cada clase
de invertebrados: en insectos y nematodos Chromadorea, fundamentalmente mediante la
activacion transcripcional de éstos; en crustaceos Malacostraca y moluscos Bivalvia por via
de su liberacion a partir de hemocitos. Sin embargo, la regulacién a nivel transcripcional de
PAM's registrada en aracnidos, asi como los organismos que parecen no responder
activamente al reto de los potenciales parasitos (termitas y alacranes), resaltan la necesidad
de contar con una mayor diversidad de modelos biologicos, con el fin de esclarecer las
relaciones evolutivas que subyacen al desarrollo del sistema inmune de invertebrados. De
particular interés resulta el caso de los aracnidos, toda vez que sus PAM's parecen estar
participando en las tres estrategias alternativas en distintos organismos de esta clase.

% La cascada de coagulacion de estos organismos ha sido uno de los sistemas mas utilizados para determinar la
presencia del LPS, el principal componente de la membrana externa de bacterias Gram(-). Los hemocitos granulares
de estos quelicerados liberan su contenido ante concentraciones de LPS en el orden de 1010 M [101].



PAM's en ardcnidos

Los aracnidos constituyen la segunda clase mas diversa de metazoas con ~100000 especies
descritas, la mayoria de ellas pertenecientes a los érdenes Aranae o Acari [109,110]. Estos
artrépodos habitan en casi todos los ecosistemas terrestres actuales; de hecho constituyen
una de las clases terrestres mas antiguas —fosiles de alacranes se encuentran en
sedimentos con 410 millones de anos de antigiiedad (MA) [109,111]. Los nichos ecolégicos
ocupados por los ardcnidos son diversos: algunas especies son parasitos obligados (v.g.
garrapatas), mientras que otras son depredadores estrictos (v.g. aranas y alacranes). Los
organismos de esta clase han sido estudiados, fundamentalmente, por su importancia
médica; ya sea porque son vectores de patoégenos humanos (v.g. varios tipos de garrapatas
[112-114]) o por el efecto neurotéxico de sus venenos, que en ocasiones causan accidentes
fatales [115]. El estudio de los aracnidos ponzonosos —aranas y alacranes— ha sido
también estimulado por la utilidad que las entidades moleculares responsables de la
accion toxica significan para el campo de la fisiologia [116,117]".

Ahora bien, PAM's involucrados —de forma andloga a otros grupos de
invertebrados— en la defensa sistémica de estos organismos han sido aislados a partir de
aracnidos de los 6rdenes Scorpionidae [62,108], Aranae [64,102] e Ixodida [98,118-120].
Todas estas moléculas, excepto una encontrada en la arana Ac. gomesiana [102], se ubican
en la categoria de los PAM's ricos en cisteinas, tanto del grupo con estructuras netamente
B [61-64], como del correspondiente a las defensinas de invertebrados [62,98,108,118-120].
En todos los casos estos PAM's se encuentran en la hemolinfa de los organismos
respectivos, ya sea constitutivamente [62,108] o liberados en respuesta a reto inmune,
proceso que puede ser [95-98] o no [66,102] dependiente de activacion transcripcional.
Adicionalmente, péptidos con actividad antibi6tica se han encontrado formando parte del
veneno de varias especies de arafas y alacranes [121]; la mayoria de éstos parecen fungir
como agentes citoliticos irrestrictos, esto es: a diferencia de la mayoria de los PAM’s,
rompen con la misma efectividad membranas biolégicas de origen diverso. Estos péptidos
asemejan al bien conocido modelo de la melitina de abeja, un péptido con caracteristicas
estructurales similares a los PAM's a-helicoidales, la cual actia facilitando la accion de los
componentes neurotoxicos del veneno [122].

JUSTIFICACION Y OBJETIVOS

El estudio de invertebrados protostoma ha revelado un panorama —en creciente
expansion— de la diversidad de mecanismos involucrados en el sistema inmune innato de
los hospederos, que aplica, incluso, al estudio de los miembros del otro linaje principal de
metazoas (deuterostomas); se han registrado tanto analogias notables, como substanciales
diferencias entre los distintos modelos caracterizados. Sin embargo, no han sido esclarecidos
aspectos fundamentales de los paralelismos descritos (v.g. los mecanismos moleculares de la
regulacion del proceso de liberacion de PAM's a partir de hemocitos), asi como las
determinantes evolutivas de la diversificacion de estos sistemas (v.g. la cooptaciéon de
modulos proteicos homologos para funciones diferenciadas). El andlisis de los sistemas
innatos de defensa de otros modelos biolégicos, ciertamente ayudaria a establecer las
relaciones evolutivas que subyacen a la diversidad de mecanismos de defensa empleados

% Una discusién mas amplia sobre las toxinas de alacran se presenta como anexo a esta disertacion.



por los organismos multicelulares en contra del reto de los potenciales pardsitos. En este
escenario se inserta el trahajo obgeto de esta exposicion; en éste se analiza la respuesta al reto
séptico del alacrdn Mexicano Cembruroides  lipidus  limpudus  (Buthidae, Scorpiones,
Arachnida, Arthropoda), con especial énfasis en la caracterizacion de especies peptidicas
que pudiesen estar involucrados en ésta.

Adicionalmente, como se explica en el anexo a esta disertacion, el veneno de los alacranes
estd compuesto mayoritanamente por una bateria de neurotoxanas que adoptan el motivo
estructural o/ FEC. Como se ha visto, PAM's con el mismo motive estructural se han
encontrado en la hemolinfa de dos alacranes Buthidae, sugiriendo que ambos Hpos de
proteinas constituirian un grupo monofilético —siendo pardlogos en los alacranes— (lo cual
no es evidente a partir del uso de las ténicas de evaluacion de filogenia molecular), Un
andlisis integral de los péphidos y los genes que los codifican ayvudaria a esclarecer las
relaciones evolulivas en esta familia estructural, en particular podria sugerir elementos
estructurales que definirfan el destino funcional de los péplidos que adoptan el motivo a/f -
EC. La identificacicn y caracterizacion de péphdos similares a defensinas en otros alacranes
sustentarfa el origen pardlogo de ambos lipos de proteinas, afadiendo informacion
relevante en el contexto evolutivo que habria dado origen a la enorme variedad de toxinas
de alacran conocidas.

EXPERIMENTACION Y RESULTADOS

Esta seccidn estd dividida en tres partess en la primera se exponen las estrategias
experimentales empleadas, ubicandolas dentro del contexto de las disciplinas en las que se
integran; en la segunda se reproduce el articulo publicado, el cual contempla el grueso de los
resultados obtenidos durante el desarrollo de este proyectn, y; en la dltima se presenta una
breve exposicion de resuliados dentro del mismo provecto, pero que no fueron incluidos en el
manuscrito referido.

Estrategurs experimeniales i mcfodotognn gemern

Orgmmisios: Durante el desarrollo del proyecto se manejfaron miles de individuos de la
especte C. [impidus linmpidus, la cual, junto con las subespedies C. L teconinus, C. infamties
mfmatus y O sufussus sufussus, son las responsables de la mayoria de los accdentes
ocasionados por alacranes en México. El estudio de los mecanismos de inmunidad en
condiciones de laboratorio requiere que la poblacion sea suficientemente homogénea en su
interaccion con el medio, con el propdsito de minimizar las posibles influencas que las
condiciones de manutencion pudiesen ejercer sobre el sistema de defensa del hospedero
[123,124]. En consecuencia, todos los experimentos comparativos (ver mds adelante) se
realizaron con hembras del mismo peso (~ 1 g). mantenidas sin alimentacion, pero con agua,
por dos semanas v en densidades de 7 a 10 individuos por dm?. Para evaluar el efecto de la
infeccion aguda, los organismos fueron inoculados con una mezcla de bacterias con ~ 10°
unidades formadoras de colonia (wfc), mediante punciin directa a la hemolinfa. Dos
grupos control fueron usados, uno es el de alacranes sin reto inmune (organismos maite) y el
otro es el de organismos con el mismo dafo mecanico, pero en condiciones asépticas. La
infeccion experimental tiene un ligero efecto sobre la mortalidad de los organismos,
consistentermente entre 5 v 6 % de los organismos infectados murid en menos de 48 hrs,
mientras que este valor en grupos control por dafo mecinico no fue mayor al 2 %.
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Despliegue diferencial: La identificacién de moléculas involucradas en la respuesta al reto
séptico se evalué mediante tres metodologias. En las técnicas de “peptidéomica” —i.e.
identificacion de péptidos presentes en una condicion dada, ya sea mediante mapeo
sistematico o comparativo [125], estas técnicas también son llamadas “despliegue
diferencial de péptidos” [126]— se emplearon dos tipos de muestras: una con hemolinfa
libre de células y la otra una subfraccién de ésta obtenida a partir de HPLC, en ambos las
muestras comparadas fueron normalizadas para contener la misma cantidad de proteina
total. En la primera estrategia utilizada se analizaron los perfiles cromatograficos
obtenidos mediante HPLC, evaluando la prevalencia de las subfracciones con respecto a
la proteina total (v.g. [102,127-133]); en la segunda, las muestras se analizaron por medio
de Espectrometria de Masas (EM) tipo MALDI-TOF, identificando las diferencias de
intensidad de las senales asociadas al reto séptico (v.g. [130,132-137]); en la tercera
metodologia se analizo la expresion de un componente, previamente identificado en las
otras dos, mediante RT-PCR semicuantitativo [138], usando como control el gen de la
subunidad ribosomal 18S.

Misceldnea de métodos experimentales: Los componentes con actividad antimicrobiana se
identificaron mediante ensayos microbiolégicos tipicos: inhibicion de crecimiento
bacteriano en medio sélido (placas de LB/agar) y liquido (microdiluciones en medio
Miieller-Hinton). Dado que las muestras probadas fueron de naturaleza peptidica, se
emplearon algunas modificaciones a los ensayos tradicionales [139,140], con el propésito
de considerar los efectos de difusién (para los ensayos en medio solido) [141-143] e
inactivacion por absorcién en las placas (para los ensayos en medio liquido) [124,143-
145]1. Los procedimientos bioquimicos incluyeron, entre otros: separaciones
cromatograficas en fase reversa; electroforesis tipo Schagger - von Jagow [146];
cuantificacién cromatografica de aminodcidos mediante hidrolisis acida [147,148];
determinacion de los coeficientes de absortividad molar para los componentes aislados
[149]; cuantificacion de proteina total por el método de Bradford [150], y; los
procedimientos bioquimicos y de biologia molecular descritos en los siguientes incisos de
esta seccion.

Resultados publicados

Notas aclaratorias: i) La evaluacion de las respuestas asociadas al reto séptico y la
caracterizacion extensiva de un componente involucrado en la respuesta a éste constituyeron el
cuerpo principal del manuscrito que a continuacién se reproduce, mismo que ha sido
publicado en la revista Cellular and Molecular Life Sciences. ii) Algunos datos que aparecen como
resultados no mostrados, se presentan en la Figura E-1: a) perfiles cromatogréficos de la
hemolinfa a diferentes tiempos posteriores a la infeccion experimental. b) ensayos de RT-PCR
para el gen que codifica para Cll-dlp. iii) Las referencias [151-170] comprenden articulos no
referidos hasta aqui, respetando la numeracion secuencial que contempla el trabajo publicado.

1 El proceso modificado se encuentra en vias de aprobacion por el National Committee of Clinical Laboratory
Standards (NCCLS) y puede consultarse en: www.cmdr.ubc.ca/ bobh/ methods. php.
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Abstract. Antimicrobial peptides (AMPs) are essential
components of host defences against infectious micror-
ganisms. In chelicerate organisms they have been impli-
cated in three alternative defensive systems: one is de-
fined by the immediate up-regulation of genes encoding
AMPs, another is characterized by the inducible systemic
release of AMPs from cellular reservoirs and the third al-
ternative is the systemic constitutive production of
AMPs. In this work we used a differential high-perfor-
mance liquid chromatography and mass spectrometry ap-
proach to show that septic injury elicits an immune re-

sponse in the haemolymph of the Mexican scorpion Cen-
truroides limpidus limpidus. We isolated several haemo-
lymph components, one of which one was characterized
extensively (amino acid sequence, disulphide pairing,
cDNA and genomic clones) and demonstrated to be a
novel member of the invertebrate defensin family and
consequently named C. limpidus limpidus defensin-like
peptide (Cll-dlp). This peptide accumulates in the haemo-
lymph in response to septic injury, independently of tran-
scriptional regulation.

Key words. Antimicrobial peptide; cysteine-stabilized a/f motif; defensin; haemolymph; innate immunity; scorpion.

Arthropods are the mostly widely spread phylum among
living animals, comprising at least 75% of all extant
metazoas and inhabiting an outstanding variety of eco-
logical niches, where they cohabit with a huge diversity
of potentially harmful microorganisms. This evolutionary
success can be associated, in part, with their relatively
simple but highly effective innate immune system [1, 2].
Their effectiveness relies primarily in the recognition of
infectious non-self organisms and consequent activation
of cellular and humoral responses leading to the clear-
ance of foreign invaders [3—5]. Analysis of invertebrate

* Corresponding author.

immunity reveals striking similarities between their
strategies of non-self recognition and the early immune
responses of vertebrate organisms [6—8].

Antimicrobial peptides (AMPs) are a highly diverse cate-
gory of gene-encoded molecules that critically partici-
pate in the clearance phenomenon by humoral processes,
mainly due to their antibiotic properties, but also as ef-
fectors that can drive the whole process [9—12]. Apart
from their diversity, AMPs share a few important struc-
tural characteristics, like the presence of several basic
residues and the amphipathic character of the functional
conformation of their polypeptide chains. Four families
of AMPs have been recognized on the basis of structural
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similanties [9], namely: lincar pepiides thai can adopt
aimphipathic a-<helical struciures in membrane environ-
Edils; qnutme-:':ch r}q'rlulu._ |;||m:|=.' pni;kpl,! h:,' desal-
phide bridges: linear peprides with 258 unosually high
comtent of certain amino acids (e, g. Pra, His or Trp). and
refatively long polvpeptides rich in Gly residues (8
comnprehensive hist is available in the Antimicrobial
Feptides Dambase ol wwwbbom,univirieste it/ ~tossi/
pagl. him),

Among cysdeine-rich AMPs, the largest family corre-
sponds 1o the invertebrate and plant defensins with the
cysteing-stubilized o/ (CS-aff) motif, which is defined
by the presence of two disulphide bridges that join the
consensus  seduence. . CyseXom- Xog-Xan-Cys . Cys-
Xan-Cys, ;... through a Cya-Cys, and Cys, ~Cys,,, pairs
ing [13, 14]. The CS-aff motif is a remarkably versatile
framework shared by a variety of peptides with different
functions, including the antimicrobial defensins from in-
vertebrates [ 1, 15] and planis [16], the scorpion toxins,
which are ion channel modulators [ 17], the sweet-tasting
protein bruzzein [ 18] and the mpessed class of plint ser-
ime protesse imhibitors [ 19]. Defensins comaiming the C3-
e matif have been found m three different phyla of -
wertebrtes: arthropods [15], molluscs [20, 21] and ne-
matodes [22-24]. Al present, the mosl representative
group comes oo anhropods of the insect class, particu-
larly from different orders of the subclass Meopiern.
From the best-charactenzed models of mvertebrate im-
maunity, in particular from the Diptera (Insecta) order [4,
5] and the Xiphosum (Mermstomata) 1], two allemotve
mechamisms of systemic immune acination have been
found, Ome is characterized by the inducible transcription
of genes encoding AMPs in response to an immune chal-
lenge. The other is defined by the storage of AMPs in
hacmocyte granules which are either fused with phago-
eyted microbes or delivered to the haemocell afier non-
self recognition. Many insect orders appear (o follow the
firs sirategy [4, 5, 25-27), whereas some arachnids (the
spider Acanthorewrria gomesieng [28, 29]). merostom-
atans {the horseshoe crab Tachyplens midimiames [3]),
malacostrucans (the shrimp Lifopenaens vammamed [ 30,
3111 ond molluses (the edible mussels Mytfur spp. [32])
seem 1o adopl solely the second mechanism. However, at
least in wermites [33] and scorpions [34, 35), o third
mechanism secms 1o be present, by which the AMPs are
systemically constitutive and independent of an exoge-
nous immune challenge. Intriguingly, the production of
AMPs in the Ixodida (Arachnida) [36-39] and the rela-
tively distand class Chromadosen {Mematoda) [40] are in-
ducthle by immune challenge.

[n the subphylum Cheliceraia the three different mecha-
nisms of AMPs production were shown to exist [3, 28, 29,
34-139, 41]. Specifically regardmg AMPs from scorpi-
ons, 9 different peptides have been documented, 5 were
isoloted from the venom of 4 different specics of the

SEplic-Inpury POSpORSE in SCOTpion

Scorpionoides superfamily [41] and 4 were found in the
haemobymph of 2 Buthosdea species |34, 35), In all the
coses, AMPs appear as consitutive components, Four of
such peptides present the consensus sequence of CS-aff
el

I the present work, we describe the immung response
coused by septic injury in the Mexican scorpion Cen-
fruroides  fgpidas limpiduy (Buthidse, Seorpiones,
Arachnido, Chelicerata). We isolated and characterized
several components from the haemolymph of control and
experimentally challenged organisms, wsing a comibined
differential high-performance liquid chromatograply
(HPLC) and miass spectrometry (MS] approach, as well
i3 a semi-guantitative reverse-transcripuse polymerase
chain reaction (RT-PCR}. One of the inducible compo-
ments was studsed in detail, and shown to be a movel mem-
ber of the mvertebrate defensin Tamily.

Material and methods

Animaly, septic injury and haemolymph collection
Adull scorpions of the species © fimprdis Sogmicdns were
collected in the field (s of Guerrern, Mexico) and
mimlainsl i the laboratory with water and food ( Tene-
frter larvae and erckets) for several months. Experimental
and control groups consisted of female animals {npproxi-
matcly 1 g body weight each), which were deprived of
food (water ad libatum) for 2 weeks before expenmenta-
thomn. Scorpions can hive perfectly well and healthily in cap-
tivaty for up o month withoul solid Food, bat with water,
Inchwiduals from test groups wene pricked with a fine
needle soaked in a8 mixture of bacteria { Eschesichin coll
S and Bacillies sufwilink. Two control groups wene gi-
ther kept unireated (naive scorpions) of pricked with a
sterile needle, Haemolbymph (25 -35 pl per scorpion) was
collected by a puncture between the second and third seg-
mieats of the scorpion metasoma, and collected into wce-
coled plastic tubes. Hoemalymph was extracted from
controd andd infected groups (50 specimens each) at &, 12,
24 anel 4% h. To obiain suiTicien polvpeptide amoums for
further biochemical characierization, hoemolymph was
collected in o separate experiment from 100 scorpions
imale and female individuals) 24 b alter bacteral inocu-
latson,

Haemolvmph fractionation and peptide purilication

The following procedure was adapted from Hetru and
Bulet [42]. Afer collection, haemolymph was inmed:-
ately centrifuged [Beckman OptimaTL wltrncentrifuge)
for 30 min a1 4°C and 30,006 g to remove cellular con-
1. The supernatant was then diluted 151 with 0.10% tr-
fuorsacetic acid ( TFAY (w/v), kept in wn ice-bath with ag-
itation for 30 min 1o improve cationic extraction, and
again centrifuged for 30 min &t 4°C and 30,000 g. This
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acidic extract (indicated here as HCI) was loaded onto
Sep-Fack Vac C18 cartndges (Waters Associates) equili-
brated with 0. 10% TEA (wiv). The first fraction collected
was the washing with 0, 10% TFA (vi/vl. Themeafier, car-
tridge elution was performed stepwise with solutions
containing 50 and 100%% acetomitebe 10 0. 10% TEA (viv),
The fraction eluted & 50% scetonitrile is indicated here
as HCN-T1. Al fractions were freeze dried under vacuum
| Speed Vac; Savant Instruments), except for those derived
froom the large infected group, which due to their quantity
were byophilized

The three Sep-Pack fractions (washing, 50% and 100%
acetonmitnbe) were reconstituied in MilliQ) water, ond ap-
plied on a semi-preparative reverse phase (RP) C18 col-
umn {1} = 250 mm. Vydac TM) equilibrated with 0.12%
TEA (wiv) (solution A) and eluted with acetonitrile con-
tnining 0. 10% TEA (v} (solwion B). Elution was per-
formed with o tnphasic acetonitrile gradient (0-30% so-
lution B for 15 min, 30-50% solution B for 20 min and
0= 100% salutson B for 15 min], at 0 flow ate of 2 ml!
imin. Active subfractions (see below) were Further loaded
oo e amabaical CIR column (4.6 = 250 mm, Vyidac
TM) eguilibrated with solution A, and eluted with a
iriphasic solution B gradient (0-25% for 12.5 min,
25--40% for 22.5 min and 40 - 100% for 15 min), ot o
Mow rate of | ml'mim, Final peptide punfications were
performed on the same analytical C138 column, equili-
brated with 15% solution B and eluted with & linear
| 5-40% pradient of solution B for 45 min, ot & Now rate
of 0.75 mlfmin, All experiments wene carried out using a
Waters HPLC system model 600E coupled with o fune-
able shaarbamce detector model 486. The column eflivent
wis monitofed by absorbance at 230 nm,

Antibacterial and haemolytic assavs

Two Gram-positive (8. subdilis and Srapdylocoecus au-
rens ATCC 25923) and two Gram-negative (£ cofi
DS af and Kleksiclla prevmoniae ATCC [3883) strains
were used for antibacterial assays. The HCIl extract aned
fractions from Sep-Pak and RP-HPLC steps were guali-
tatively proven according to the classical growih inhibi-
tion assay in solid medium [43]. Briefly, circa 10 pg ol lo-
tal proteins resuspended in 10 gl of seerle wlirs-pure wa-
ter were placed in dishes over ploies of Luria Bertiani
(LB} medium with agor condaining 5 = 10° bacteéria, An-
tibactersal activity was visualized as clear rones (no bac-
terial growih) after overnight incubation at 37°C.

To determine minimal inhibitory concentration (MIC)
values, pure peptides and reconstituted HPLO subfrac-
tons were tested in a liquid growth anhibitbon assay fol-
bowing an adapted microdilution protocol of the Mational
Committee of Clinical apd Laboratory Standards [44]
performed in polypropylene plates with 96 wells {Corn-
ing). Briefly, 50 yl of sample (50 pg'ml final concentra-
tion] was mised with 50 pl of Muclier-Hinton medium
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{ Becton Dickinson), serial dilwions were performed and
each well was inoculated with 5 pl af saline buller cone-
tninimg § = |0F° bacteria. The plates were incubaled
overnight at 37°C,

Hoemolytic activity was assayved as described in Torres-
Lanos et al. [45). Freshly collected human blood was
washed several times and alugueotz of resuspended cells in
phosphate buffer saline (PRS) were incubated with a Ti-
nal concentrution of 10 pgiml of 1ol protein from
HCH-M1 subfractions or pure peptides, Haemolysis was
estimated by absorlance af 541 wm of the supernatant al-
ter | b incubation &t 3790 Positive and negative conlnols
were obtained using 1% Triton X-100 (v and cells
without treatment kept in the appropriate buffer, respec-
tively

Structural characterization

Aming acid composition of the native pepide was ob-
taimed after acid hydrolysis wsing & Beckman G300
annlyser, essentially as previously described [45). Se-
quence unalysis was performed using a Beckman L300
instrument on in sity alkviated matve peptide samples
{proponamide-cysieine derivatives oldaimed as deseribed
by the manufacturer) or a Procise 491 instrument { Ap-
plicd Biosystems) on peptides penerated from enzymatic
hvdrofysis of carboxamidomethylated or native species,
Cystine-contaiming peptides were snalysed according 10
Haniu et al. [46]. Mass analysis of native peptide or en-
rymatic digests was obtained using a Thermoa Finnigan
LCQ DUD electrospray  ionismtion-ion trap (ESI-IT)
minss spectrometer or 0 MA LDE-TOF mass spectrometer,
as reported nhove,

Purified peptide samples were eventually treated with
10 mM dithisthreitol in 0.25 M Trs-HCl, pH 8, Tor
45 min ot 55°C, before alkvlation, or directly alkylated
with 55 mM iodoacetamide in 0.25 M Tris-HCL, 1.25 mM
EDTA, 6 M guanidinium chloride, pH 7, for 30 min at
25°C, Peptide products were freed from salt and reagent
excess by passing the redction mixture through an analyt-
icol CIE column (4.6 x 250 mm, Vydac TM), us previ-
ously reported [47], manually collected and dried for fur-
ther characterization. Mative of carboxamidomethylated
peptide wamples were dipested with trypsin in 50 mM am-
monium bicarbonate, pH 6.5, overnightl, Trypiic digests
were directly analysed by MALDI-TOF M5 or resolved
on a mictobare C18 caluma {1 ® 230 mm. Vydae Th)
equilibrated with 5% solution B and eluted with a linear
5-d40% grockient of solution B for 43 min, al a fow rate
of 006 mlimin Peptide fractions were manually col-
lected for further characterization,

Differentisl MALDI-TOFMS snalysis

Samples of cell-free haemolymph and the HCI-1D frac-
tion were obtained as described above and used for MS
analysis follovang the addition of 200 pmol fragmemt

17



1500 K. C. Rodrigeer de la Vega eral

(1=17) from sdreonocorticotropic honmone (ACTH),
used as mternal standard. The anabysis of cell-free hae-
medlyrmeph { 30 pl) was conducted on six independent sam-
ples, each obwained from a single individual. Three con-
el (sterile injured) and three 24-h posi-infection sam-
ples were investigated, all presenting = similar protein
content @s determined with the Bio-Had Protein Assay.
These samples were filtered through stenlized (L45-pm
filters before mass spectrometric analysis. The HCI-N
fractions were obtmned from a pool of haemolymph from
aboait 30 scorpions in each samiple (three control and
three infected), nonmalized to conain the same amount of
protein.

Differential MALDI-TOF MS analyses were performsed
using a Yoyager-DE PRO mass spectrometer (Applicd
Biosystems). Samgles (| pl) were loaded on the instru-
ment target, using the dred-droplet technigue and -
eyano-d-hydroxycimmamic acid [5 mgiml n 50% ace-
tenitrile, 5% formic acid (vv)] as matris, as previously
reported [47). Spectra were acquired either in reflectron
or linear mode with delayed extrnction. Spectm were cal-
ibrated enher by externil or imernal calibration using the
molecular jons from angiotensin 1, ACTH [15-=39),
ACTH (7-38) and bovine insulm. Dhata are reported as
AVETIEE MISSEs.

Grenomic and cDNA cloning

Tar prevemt excessive cuhicle debois and Lo avold venom
gland contamination, total RNA was obtained only from
the first six tergites of the scorpion opisthosoma, Total
RMA was isolated from infected C limpidias Hmpidi
scorpions {females of same weight), after 12 h of infec-
tion, wsing the Promega TotalRMA soelation system,
First-strand symthesis was achieved with SuperScripeli
Moloney murine leukoemia virnus (M-MLY) BT (Gibeo-
BEL) in the presence of EMase inhibitor (Roche Diag-
nostics), using polyiT),NM as primer. The PCR was per-
formed with Went DMNA polymerase (Mew England Bio-
labs), wsing first-strand cDMNA o3 template and 25-mer
degenerated oligonucleatide (5°-GONTGY CARTTY TG-
GWEYTOYAAY-3') and polv(T)uNN as primers. The
cloning and sequencing were obtained usmg PCR prod-
weis punified in a Centricon 100 column (Millipore), fol-
lowing the manufscturer insroctions ond then ligated
into the EcoRV site of the pk.S plasmid ( Stratugene). This
consiruct was used to fransform E, cofi DHSa cells. Plas-
mid DNA was isolated from clones carrying the insern
and sequenced from both strands in an Applied Biosys-
tens 3100 apparatus, as described by the manufacturer.
The 5* cDMNA sequence wis obtained by the rapid ampli-
fication af ¢DNA ends (RACE) method wsing S'RACE
system version 20 {Invitrogen). Briefly, first-sirand
cDMNA was synthesized from totn] RNA using o gene-spe-
cific primer (3-TTATTGACACTGGUAATATT 1-3") and
M-MLY BT, A homopobymeric il was then added 1o the
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3" end of the cDNA using TdT and JCTP PCR amplifi-
cation was accomplished using Tag DNA polymerase, an
anchor oligonucleatide provided in the kit as sense poimer
and o nested pene-specific antisense primer (5-TTTAT-
ACTGTATTCCCCAGCAATA-Y), The FRACE prod-
ucts were cloned Mo on appropriate vector for subse-
quent chamcterization as described abave,

The genomic DNA was obiained from scorpion femakes
with the DNeasy mim kit {Chagen ), Two speciflic oliponu-
cleatides were used as primers for PCR amplification
isemse,  S-ATGAAAGCAATOGTTGTTCTT-1"  ann-
sense, S -GGCAATATTTATACTGTATTC-Y'), using Tag
DA polymemnsze, Prodects visualized i agarose pel
electrophoresis were purified with o QlAquick pel ex-
traction kit (Chagen) and cloned into the pGEM vector
{Promegn). Sequencing was determined as described
abonve.

Semiguantitative RI-POR analysis

Gene expressaon was anabysed by RT-PCR. Total RNA
exiraction and (irst-sirend cDNA synihesis from twa
nalve and two bacteria-challenged scorpions were per-
formed as described above, except that random decamers
(Ambion) were used as primers. Equal amounts of gach
clINA wene used in the subsequent PCR, carried out with
Tag DNA polymerase and two specific primers (sense, 5'-
CATGACAACCOTGGAAGG-1", amisense, 5-TTATT
GACACTGOGCAATATTI-3'), which resufted in an ex-
pected | | T-base pair prodiect, The primers for the howse-
keeping gene of 185 rRNA were used acoording to the
CupntumBMNA Universal 185 Internal Standards K
(Ambion), PCR samples were performed for 26, 29, 32
and 35 cycles; the products stained with ethidiom bro-
mride were analysed in 2% agarose pel electrophoresis.

Similarity searches and sequence analvsis

The sequences obtained in this work were deposited ot
SWISS-PROT (PR3IT38) and GenBank ([(AYS520534)
dotabases. Similanty searches were performed using
BLAST {www.nchi.nlm.nih.gov/BLAST) and FASTA 3
{www,ehiacuk/Tasall) against non-redundant  data-
bases, using BLOGUM 62, PAM 70 or PAM 120 weijghi
mgtrices. Sequence aligninents were performed with
CLUSTAL X [48]. The signal peptide was predicied us-
ing the SignalP server {www.chs, diu.dk'services/SignalP).

Resulis

Antibacterial activity in fractions of C. Neypidus
limpidus haemaolymph

Earlier work conducted with haemolymph of two Old
Waorld scorpions, Lefurus guinguesirians hebroous [34]
and Androcionuy ausiradis [35] showed the presence of
comstiutive antibacterial peplides. This motivated our re-
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search with haemolymph of the New World species C.
limpidus limpidus. At the starting point of this work, 500
naive individuals were used for haemolymph extraction
and analysis. The animals were kept and fed in captivity
for several months. Five groups of individuals were sepa-
rated containing 50-250 individuals each. The haemo-
lymph from each group was treated independently, as re-
ported in Materials and methods. Each fraction from the
C18 cartridge extraction was tested for antibacterial ac-
tivity, using a solid-medium assay [43]. In all cases, only
the HCII-IT fraction contained antibacterial activity.
These fractions were further separated on a semi-prepar-
ative RP-HPLC column, from which three positive sub-
fractions were found and called HCII-IL.10, -1I.11 and

Research Article 1511

-11.12 (fig. 1, table 1). The chromatographic profiles ob-
tained with haemolymph of the different scorpion groups
was quite reproducible, except for the subfaction labelled
with an asterisk in figure | (subfraction I1.11). The rela-
tive concentration of this subfraction was not constant
when compared with various haemolymph samples from
other scorpion groups (data not shown).

Components of C. limpidus limpidus haemolymph in-
volved in the septic injury response

The unexpected finding that the subfraction indicated
with an asterisk in figure 1 was variable within different
haemolymph batches prompted us to examine if these dif-
ferences could be due to extrinsic factors, rather than to
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Figure |. Chromatographic separation of HCII-II. One milligram of total protein from the HCII-II fraction was loaded on a C18 semi-
preparative column and eluted with the acetonitrile gradient displayed (broken line). Squares under the chromatogram profile indicate sub-
fractions with antibacterial activity in a solid-medium assay against E. coli (empty) or B. subtilis (closed). Asterisk indicates a variable sub-
fraction called HCUI-II.11 (see text for details).

Table |. Antibacterial assays.

E. coli K. pneumoniae B. subtilis 5. aureus

solid liquid solid liquid solid liquid solid liquid
HCII-11 + NT + NT + NT . NT
Cli-dip > 50 - > 50 =50 - > 50
HCII-11.12a 50-25 NT NT + NT NT > 50
HCII-I1.12b + 50-25 NT NT + NT NT =50
12a+ 12b + 50-25 NT NT + NT NT NT
Cli-dlp + 12a+ 12b NT 20* NT 20* + 20+ NT 20

Solid-medium assay [43]: +, presence of inhibition zones; —, no inhibition.

Liquid growth inhibition assay [44], concentrations are given in pg/ml: MICs are expressed as intervals between the minimum concentra-
tion at which no growth was observed and the maximum at which bacterial growth was still present.

NT, not tested.

* No serial dilutions were performed.
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constitutive determinants, The idea was that a mechanism
of innate defence could be associted with these varia-
tions, depending on the environmenial conditions used io
maintain and feed the scorpions. To test ths hypothesas,
we selected three independent groups of 330 female soor-
peons of the same weight (arcund | g), kept starved lor 2
weeks to avoid feeding inferferences, and mjected with
the bacteria descnibed in Materials and methods. Haenso-
lymph coliected from control and fest groups was
analysed using the same protocol described above. Sam-
ples were separsted by a stepwise clution on the C18 car-
trichge and the respective HCH= fractions (normalized to
contain | mg of wal protein) were loaded onto a CIRE
semi-preparative column, The resulis indicated that 1he
animals challenged with bacteria mjections slowed o
higher relptive contend of the subfraction eluting st 24
min (data mol shown ). This increment was visible from 6
to 24 h after injection, but returned to the basal level afer
48 h, The highest value was obtained at 24 h afier injee-
tipn. This suggessed that septic injury could elicit an in-
crement of the relative abundance of ihis subsfraction in
the haemolymph. The remaining components showed
compamble relative concemimtions, independent of the
treatment applied. The control groups did not show the
inducible increment of this specific subfaction in the
same fime intervals. These experiments were performed
an three independent groups, with duplicaie analysis of
each.

The correspanding subfractions of HCW-11 from the con-
irel and bacierial-challenged group of scorpions were
separated by analytical RP-HPLC. The chromatographic
profile of the injured animals showed comparable sub-
components, excepd for the one shown with an asterisk in
Figure 2A, which increased from 610 12 and to 24 hafier
infection (highest level), decreasing to normal levels at
48 h after injury. This component was purified 1o homo-
geneity after a thind RP-HPLC step {inset in fig. 2A). and
its molecular mass was estimated by ESL-1T MBS, showing
a monoisotopic signal ot 3816.5 atomic mass units, This
peptide corresponded 1o 0,01 8% of the total protein con-
tent for hasmolymph extructs of challenged scorpions.
On the basis of our chromatographic and M5 determina-
tions we estimated that induction by septic injury would
double or triple the relative concentration of this compo-
nent in the circulating haemalymph. To proceed with is
chemical charactenization, the hacmolymph of 1000 in-
fected scorpions was obtdined and the corresponding
peptide isolated ns described phove. About 180 g was
used for final characterization. This pepiide was named
Cll=dip, meaning . fimpicher lingmichus defensin-like pep-
tide.

Amino acid sequence and disulphide bridges of Cll-dip
The polypepiide sequence was obtained by direct Edman
degradation of the native spectes (first 31 aming acids)

Sephic-mnjury Mesponss i soorpeon

and mass mapping measurcrment and sequencing of over-
lapping fragments genersied follwang ryptic digestion
of a reduced and alkylated peptide zample (g, 2C), The
sequence obtained is consistent with the amino acid coin-
position determined by ncid bydrolysis {data not shown).
The peptide presented six cysteine residucs, all involved
in disulphide bridges, as determined by ESE-IT MS and
MALDI-TOF M5 analysis of native and carboxam-
idometlvlated pepide samples, Tollowing alkylabon in
reducing or non-redecing denaturing conditions (data no
shiwn),

Cll-dlp disulphide bridge poinng was investipated by a
combined mass spectrometric-Edman  degradation ap-
proach, Mative Cli-dip was digested with trypsin and the
resulting peptide mixtune was directly analysed by
MALDI-TOF MS, producing the specirum shown in fig-
ure 2B. A& series of signals were assigned 10 5-5-bridged
peptides on the basis of their unique mass values and their
disappearance following incubation with dithiothreitol.
The signal at 3475.6 m/z was associated with a three-pep-
tide clusier involving fragmems (1- 14}, (1B-37) and
{28-32) (theoretical valse: 34759 miz) linked by three
disulphides. The remuining peaks were pssigned o 5-5-
coptaining pepticdes  ongimating  from  the mentioned
above one, following non-specific hydrolysis at Trp3, In
fact, the signal ai 18976 m/z was interpreted as ansing
from peptides {1-5) and {18-27}) linked by the disul-
phide Cys2-Cys2| {theoretical value: 1897 4 miz). Simi-
larly, the signal at 1595.7 m'z was associnied with & com-
plementary peptide cluster involving fragmenis (6—14)
and (28-32) (theoretical value: 15961 mfz) linked by
two disulphides. The final 5-5 assignment was obtained
by direct Edman degradation of these latter Cys-contain-
ing pepiides, following chromategraphic purification and
identification of the PTH-cystine st the expected degra-
dation cycles [46]. This analysis led to the expected se-
quence in the case of the component with (M+H} ot
1897.6 m/z, with a straightforward identification of the
disulphide Cys2-Cys2 1. Similarly, the peptide a1 15957
miz, smociated with the peptide closier (6-14) +
(28 -32) showed the presence of PTH-cystine at the see-
ond and the gixth eyele during Edman degradation, thus
demanstrating the occurrence of the disulphides CysT-
Cys29 and Cysl1-Cys3|. On the basis of these resulis,
the determined Cll-dlp disulphide paimimg (fig. 2C) was
equivalent to that already reported for other inverizhnite
defensins (CS-aff motl signature pairing). Moresover,
BLAST and FASTA 3 searches grouped the sequence of
Cll-dlp with other inverichbrate defensins and CS-afl mo-
fif-contaiming peptides | see below),

Cl-dip systemic Hierathon im response fo seplic injury
To present an sdditional sermi-quantitave measurement of
this phenomenon, haemolymph samples from control an-
imals and septic-injured scorpions were also analysed by

20



CMLS, Cell. Mol. Life Sci.  Vol. 61, 2004 Research Article 1513
A
0.05
2
;e"l
g
— 100
g
=
9 2
(@]
e
0 - =0
B
au a5 v - wu
| a7 & a3
woi  BE & ey, g
| 35 2% #o% 5
z e 25 & ‘:5: :
Bl $2 OB & o |ROEE
S 88 - 3 § ér:& 3 |
5% g 25 &
| N n Y |
10000 | % <
! 1 N
R U W _L_L_M
150 2000 2500 000 500 w0
m/z
C r

ACQFWSCNSSCISRGYRQGYCWGIQYKYCQCQ

direct

Ll

T o
trypsin

Figure 2. Purification and characterization of Cll-dlp. (4) The variable subfraction (HCII-IL.1 1) in semi-preparative HPLC from naive (0)
and bacterial-challenged scorpions after 24 (24) and 48 (48) h were further fractionated on an analytical C18 column eluted with the ace-
tonitrile gradient displayed (broken line). The retention times over which the components HCII-I1.12a and HCII-I1.12b elute are indicated
by solid rectangles. The inset shows the final purification of Cll-dlp from pooled peaks indicated with an asterisk in the main figure. (58)
MALDI-TOF mass spectrum of native Cll-dlp following tryptic hydrolysis. Signals corresponding to the disulphide-bridged peptides are
reported. Each signal was assigned to the corresponding peptide pair or triplet on the basis of its mass values, peptide sequence and en-
zyme specificity. The cysteine residues involved in S-S bonds are indicated. (C) Amino acid sequence of Cll-dlp as determined by Edman
degradation and MS analysis. The fragments considered to assemble the full sequence are indicated below. Disulphide pairing is also dis-
played. The Cll-dlp sequence is in the SWISSPROT database under accession number P83738.

MALDI-TOF MS procedures (fig. 3). Two kinds of sam-
ples were used in these experiments: cell-free haemo-
lymph extracts (fig. 3A) and fraction HCII-II (fig. 3B).
Consistently, the MS spectra of cell-free haemolymph
showed the same set of components in samples from both
control and bacterial-challenged groups; however, a clear
induction of at least four components with a molecular
mass ranging from 3100 to 4100 m/z was registered in ex-
perimentally infected scorpions (compare lower and up-
per panels in fig. 3 A). As a result of a stepwise purifica-

tion, fractions HCII-1I from control and septic-injured an-
imals seemed to be enriched in the component with the
molecular mass at 3816.9 m/z. This species showed a
clear apparent increase in samples from septic-injured
scorpions (fig. 3B). The weaker signals occurring in
the spectra were not considered to be statistically signifi-
cant (experiments done in triplicate). Important to not is
that the component Cll-dlp with an (M+H)"' signal at
3816.9 m/z was the most conspicuously inducible.
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Figure 3. Differential MALDI-TOF MS analysis. (4) The cell-free hacmolymph was collected from a single-bacterial challenged scorpion
(upper panel) or sterile injured (lower panel), to which with the ACTH (1-17) internal standard was added and analysed as reported in Ma-
terials and methods. Circles indicate molecular components common to both samples, whereas indicated m/z values correspond to the sig-
nals variable between both kinds of samples. (B) The fraction HCII-I was collected from the stepwise purification of challenged (upper
panel) or sterile-injured (lower panel) scorpions, to which with the internal standard was added, and analysed as mentioned above. Indi-
cated with # are the peptides with (M+H)* at 3105.8, 3602.0 and 4130.5 m/z, already reported in (4). All analyses were performed in du-
plicate for three independent sterile-injured or bacterial-challenged scorpion samples; all samples were prepared in parallel under the same

experimental conditions. IS means the internal standard.

Cll-dlp gene structure and mRNA expression after
septic injury

The apparent increase in Cll-dlp in response to septic in-
jury could be associated with its de novo synthesis (as in
some insects, nematodes and arachnids [4, 5, 25-27,
36-40]), or to the release of pre-synthesized and stored
peptide in special reservoirs, which could liberate the
peptide upon stimulation (as in mussels, shrimps and
some chelicerates [3, 28—32]). To solve this question, we
cloned the gene from cDNA and studied the expression of
mRNA in response to septic injury.

The ¢cDNA sequence encoding mature Cll-dlp was ob-
tained by classical 3" and 5’RACE protocols. This clone
consisted of 363 base pairs (bp), comprising 61 at the 5°
untranslated region, a putative 24-residue-long signal
peptide, the full mature sequence for Cll-dlp followed by
a stop codon and 131 bp at the 3’ untranslated region, in-
cluding a putative polyadenylation signal (fig. 4). The ge-
nomic sequence was determined by PCR and cloning.
The sequence overlaps with cDNA from position —72 to
position +88. This clone included a single-phase I intron
of 128 bp with canonical splicing sites splitting an Ala
codon within the putative signal peptide region (fig. 4).
Determination of the nucleotide sequence provided the
information needed to synthesize the appropriate
oligonucleotides for mRNA expression analysis. RT-PCR
assays were performed with mRNA isolated from naive

and bacterial-challenged scorpions (10 h post-infection),
using specific primers for Cll-dlp and the housekeeping
rRNA of ribosomal subunit 18S (see Materials and meth-
ods). No significant differences in relative abundance of
the Cll-dlp transcript were observed between these two
conditions (data not shown).

Cooperative antibacterial effect of Cll-dlp

The HCII-II subfraction from which Cll-dlp was isolated
(asterisk in fig. 1), showed antibacterial activity against E.
coli and B. subtilis in solid-medium qualitative assays
(table 1). However, for the pure peptide ClI-dlp, only mar-
ginal activity was observed at relatively high concentra-
tions (maximum concentration tested was 70 pg/ml, due
to scarcity of sample). Nevertheless, almost one-half of
the Cll-dlp-containing HCII-II subfraction consisted of
two other major components: peptides HCII-I1.12a and
HCII-IL. 12b, which coelute in the HPLC conditions used
(labelled HCII-I1.12 in fig. 2A). These two peptides were
isolated in homogeneous form after a third HPLC step and
are now being analysed. These components were tested for
their antibacterial activity: the MIC values against E. coli
were 50-25 pg/ml (table 1). When a mixture of HCII-
I1.12a and HCII-11.12b, at a ratio of 1: 1, was prepared, the
measured MIC was practically the same. Thus, apparently
no cooperative antibacterial effect existed for these pep-
tide species. This situation was quite different when a pep-
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tide mixture was prepared incleding Cli-dip. Equal
armounis of pure components (Cll-dlp, HCI-I1123 and
HCI-11L 12k were miwed and assaved in a liquid growth
inhibition aszay, The rationale for choosing this proportion
of components was hased on the fact that it resembles the
one present in the semi-preparative HPLC subfraction
from which the Cll-dlp was obtained. When a total peptide
content of 20 pp/ml was tested the £ coli growth was
null, We extended these results by testimg the same mix-
ture with other bacterial strains and found that this prepa-
raticn was active af the same concentrution against B -
ritiz, K PREHRORSE and 5 ourewy. Thes, an apparently
cooperilive antibacierial sctivity existed betwesn comnsti-
tutive {HCI-1T.12a and 12b peptides) and inducible (C11-
dlp} kaemobymph components.

Because other AMPs Bolated from scorpion [41] have
been reported 1o have an intrinsic kaemolytic activity, we
needed 1o verify if any of the peplides we isolated could
have similar activities on erythrocyies. The effect of all
the fractions punified, including the cell-free haemo-
lymyph, did aot show any haemobytic activity in human
erythrocyles, assayed in the conditions described in Ma-
terials and methods.

Discussion

As described in the Materials and methods and results,
this work required the use of several thousand scorpions,
The handling of live dangerous ammals (o obiain the
haemolymph was not o trivial task. Mevertheless, the pu-
rification of the haemolymph soluble peptide fractions
was relidively simple, comprising a cemrifugation fol-
levawed by a reverse-phase extraction step on Sep-Pock cor-
tridges and a couple of HPLC separations. The complete
covillent siructure of Cll-dip was successfully obpined,
Regarding its biological activity, Cli-dip seemed 10 be o
poor anfibacterial agent; however, we were able
demonstrate a cooperative effiect berween this peptide and
the constitutive componems HOI-IL 1 2a and 12b. After
incubation with the mixture, no bacteral growth was re-
covered for four bacterial siraing (table 1) This siuation
i= similar to that already reported for mommalian an-
tibacterial peptides (some of which are immune in-
discible) und lysozyme (which is constitutive) [49]. ClI-
dip and the other peptides shown to be present in sub-
fraction HOU-IL 1T (Tig. 1, labelled with astensk) were
also assayed for possible membrane Iytic activity on hu-
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man erythrocytes and ovarian insect cells obtained from
Spodoptera frugiperda (cell line Sf9); in neither cases
was disruptive activity recorded (data not shown). Taking
together these results suggest that Cll-dlp is preferentially
active against bacterial cells, but whether Cll-dlp acts like
other invertebrate defensins, which display a membrane
lytic activity [50-52], remains unclear. Further experi-
ments are needed to explore if Cll-dlp follows a similar
mode of action.

Comparison of the amino acid sequence of ClI-dlp
with known invertebrate defensins

The Cll-dlp sequence resembles the known scaffold of -

the invertebrate defensins and most scorpion toxins [18].
Several authors have proposed a close relationship be-
tween the primary structure of some scorpion toxins and
invertebrate defensins [53, 54]. The results of BLAST
and FASTA 3 searches grouped the Cll-dlp sequence with
both kinds of peptide, although with low scores. When all
available sequences of short chain scorpion toxins (121 to

ig
i

e

Cil-dlipIFPR3IT7I8 | Arachnida: Scorpiones

Septic-injury response in scorpion

date) and invertebrate defensins (a total of 60) were taken
into consideration for analysis, the alignment obtained
with CLUSTAL_X [48] confidently clustered the Cll-dlp
sequence within defensins, whereas all the scorpion-
venom-derived peptides were grouped with toxins (not
shown). In figure 5, the Cll-dlp sequence is aligned with
other invertebrate defensins; this figure clearly shows
that the only fully conserved residues are cysteines. Two
main defensin groups can be identified on the basis
of this alignment. The largest one includes defen-
sins from different orders of the subclass Neoptera
(Diptera, Coleoptera, Hemiptera and Hymenoptera), al-
though the defensins from lepidoterans are more diverse.
A second group, often referred to as ancestral, contains
defensins from phylogenetically distant invertebrates
(mussels, arachnids and the dragonfly Aeschnea cyanea)
[1, 15, 20, 21, 34-36, 39]. This analysis reveals that
the Cll-dlp sequence is quite distant from both groups,
but remains closer to the defensins than to the scorpion
toxins.
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Defr glomolAAL34AII2IN, E:Diptera -—- VICKIGE~===~w == NVEVAH§H$K5~mAKK~SGYCSEG~ --vE

Def phldulP83404 |N,E:Diptera -- <= RTCDLLS - -~ - RFGVGHAADARMO I GHG - - - YR-CGYONSKA- - ~VETERR - -~ - ——- - - -
DefA_proteiPl08%1)licail, E:Diptera == =s s o ATCDLLS - - - - GTGINHSABAAHELLFG - - - WR- GGYC HGEG ~~v::§PN-«~-ww-~----
SapeciniPiB3i31li4viN, Eiliptera .- ~~ATCDLLS - - ~GTGINMSAGAAHE LLRG -~ ~NR - GG YCNGIA- - ~VEVERN -~ -~ m oo - - oo B
Def2 stocalCleld¥iN, E:Diprera o == ATCDLLS - - - - MWHVEH S ACARME LLLG - - - K5 - GGRUNDDA- - ~VEVERE -~ - === -=--o - g
Def acalufQ9BKSZiN, E:Coleoptera wm= o e s FTCDVLSVEAKGVKLEHAACG THELFRR- - -RT - GGYLHRKKR- - =¥ =
ALCRP | BACTBE0%IN, EiColeoptera AICYPLS~ === mnnmmr - - BNQIBFPR- -~~~ - LGSCY - -~ Y- NT 4
Def alldilQlo745|N,E:Coleopteara S YTCDLLSPEAKGFAANHSLL ELAIG - ~RR-GGSCEEG--~-VEC o
HolitrociniJC2554 (N, ExColoeptera i YTCOLLSLOIKGIAINDSACAAHELAME - - ~RK - GGSCHEG~ - - -V ¥
Def ocryrhi0%604%IN,E:Coleoptera == w==ws - LTCOLLS FEARGEARNHS LEAMC LALG- - - RK- GGACONG- - - -V
Tenecin|Q27023|N,E:Colecptera - ——VTCBILSL’!‘.&KGWCH{DBA&WFLF?G———P-S—{“.GYC."I’G!{waVI

Def zopat|PBOCI3 N, E:Coleoptera e o e - - FTCOVLGFEIAGTKLNSARCGAHC LALG- - - RE - GGYCNSKS - - - Vi
Def:palpzIPEOGDT:H,?:neuipte:a s - ~ATCDALS FSSKWLTVNHSACATHOLTKG- - - YK~ GGROVNT - - - - 1ENC

Def_pyrapiP37364 N, P:Hemiptera —-- --ATCD:LSFQSQMWHAG?AU@;V:KG---?K-GGQCH!T— VEHBRAR === == soomon=

Def rhopr |AROT46241N, P:Hemiptera - mmmm = - ATCDLES FRSKWVT PNHARCAAHE LLRG - ~ - NP - GGRCKGT = - - IEHERK - ==~ - == v o= - =
Royalisin|P17722iN,EB:Hymenoptera == -~VTCDLLS"-?KGQVHDSAFAAHELSLG-—-KR—GGHEEKV----GE?EEKTSFKDLWDKRFE

Def bompalPB1462|N, E:Hymenoptera 00 0—m==-ooc YTCDLLS - - - IKGVAEHSACAANE LSHG- - - KA -GGRCENG - - - - IQLEPKT TEKELWDKPF -
Sapecin BIP31529|N,E:Diptera - 1DR-~ - === SLOLLHERLKG- - - YL~ RAYCSQUK- - ~VEREYQ---- - - - - ~- -~

~eww=--LTCE
TermiciniPE23211 lmmd N, O: [soptera - -
Galleremycin!AAM4€726 [N, E: Lepidoptera
Grm-cobatoxin like |[ARNISTRSIN, E:Leprdoptera
Hel:cmzcxu!?ﬁlﬁiilIIEUIN.E:Lepadop:eza
Defh mambyrjAALES9E0|N, E:Lepidoptera
Spodoptericin| AAMPES2S N, E:Lepidoptera
Sf-cobatoxin_ likelAAPESSI|N, E:rLepidoptera
ASABF e|BACST55]1 ! Nematoda:Chromadorea

== =ATCGYDD--~AKLNRPTIGE

-~ - -CWATCQAQHS I YFR- RAFCDRS - -~ - GCKEVFVRG
= mmei - -G IANERSPG - - - YKRGGYCTIN- - - -GG
=== N5G-EDSVCRALG- -~ FN-HGRCVS A=~ - DT)
~AVRYTSDCNGECKRRG - - - YK - GGHCGSFAN-VNEWEET - - = - o
GYAAGRDDGRAHCTAPR- - -NR-PLYCASYQ-- -VEVERY - - -~ - —-- == -~

- - ~EDAVEQEHCLPKG- - - {T-¥GICVS----HTESEI- -~ -—- === -on
----------- S5A-CNFVEKFLG -~ YK-YGNCVSA- - -ETCREYS- = - < === ===~
ILSCKVOG- - -CE~TGACYLRDSRPIOVEKRC == - = » ===

Figure 5. Multiple sequence alignment of some invertebrate defensins. Amino acid sequences of invertebrate defensins were retrieved
from public databases and aligned with CLUSTAL_X [48]. Fully conserved amino acid residues are indicated by asterisks (*) below the

alignment. Cys residues of the CS-aff motif signature sequence are

grey shaded. Names, accession numbers and sources are indicated in

the left column. In defensins from the class Insecta, the subclass (N, Neoptera; P, Palacoptera), the infraclass (E, Endoptcr_ygqta; 0O, Or-
thopteroidea; P, Paraneoptera) and the order are indicated. In defensins from other arthropods, only the class and order are indicated. For

defensins from organisms of other phyla (molluscs and nematodes),

the phylum and the class are indicated. Vertical lines on the right in-

dicate the two main groups of invertebrate defensins: ancestral and classical.
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Crenomic organization of the Cll-dip gene and the
evilution of the C5-a f structural family

The structure of the gene coding for Cll-dlp, found in this
work, seems similar to those of scorpion toxins. There is
a signal peplide, interrupted by a short intron of variable
length, followed by the sequence coding for the mature
peptide and ending with a stop codon. Our results are
consistent with the suggestion given by Froy and Gureviiz
|55] for the gene encoding o defensin obtained from the
Morth African scorpion L guinguestrintes hebraews, al-
though these authors did not report any sequence or give
any database reference useful to compare experimental
resalis.

When companng scorpion toxins and defensins with the
CS-afd il due 1o their ko sequence similarity {(only
cystenss were conserved al identical positions), making
any valuahle evolutionary predictions about the two Ivpes
of peptide & difficult, However, taking into account the
Cll-dip gene organization and the common conservation of
the CS-aff signature among the bao peptide groups, there
does seem to be an evolutionary relatbonship between these
v elagses of peptide. The very wide phylogenet: distib-
ution of delfensing suggests that they might be the ancestors
of the CS-afT motif-containing peptide family.

Deefensin pens organization is highly variable both at the
genomic and transcrpt levels. Apart from scorpion de-
fensins, all the other cloned transcripts for defensins con-
tain o pro-sequence [55, 56]. The pro-ssgment of the se-
quence in other arthropods s situnted at the M-tenminal
side of the mature peplide, whereas in molluses and ne-
matodes the pro-segment is at the C-terminal side. Un-
fortunately, there is a reduced number of known genomic
clones available for defensins, and yet they show grest
variability [35—5€]. The tick defensin genes confain two
imtrons, one in the signal peptide, the other ot the pro-se=
quence; mussels have a single intron interrupting the sig-
nal peptide, and for some dipterans and lepidopterans an
imtron is situaied at the pro-sequence. For Drosopkila and
other insects there are no introns. Such variations are hard
to reconcile with @ divergent evoluiionary process, al-
though ey could be schicved as a result of exon-shuf-
fling of the mature region, as recently proposed by Froy
andd Glurevitz [55].

Inducible liberation of Cll-dip in ihe contexi

of imverichrate immune syslems

Two previous repors on scorpion defensins [34, 335
showed that there is no difference in the level of these
peptides when comparing the control with challenged an-
imals. In both cases, the time clapsed between infection
and haemolymph extraction was | week. These results
comlel be contrdictory to our report here, However, in our
opinien this is not the case because different time inter-
vals were used for the experiments, We performed a ki-
netic investigation with sherter time intervals. At 24 h,

Research Article 1517

the amount of Cli-dip was maximal, and this value de-
creased after 48 h(figs. 2A, 3). Thus, if measured | week
later we would expect to find the same basal peptide
level, as already reported for the other seorpron de-
fensins. Cur results on the relative amount of Cli-kip tran-
scripls {mRMNA measured by RT-PCR) also support the
idea that this peptide is not synthesized in response 1o
septic injury, bui is, rather, libermed lrom a seill unchar-
acterized cell reservoir In this way, the sysiemic accu-
milation of Cl-dip is similar o that already reporied for
AMPs from horseshoe crab [3], maessels [32], shrimps
[30, 31] and spiders |28, 29], The phylogenetic variety of
organisms whose innale immine responses depend on the
systemic release of AMPs, independently of transcrip-
tional regulation, sugpests thot this strategy is ancesiral o
that followed by recent nsect orders [3, 5, 32]. In the lai-
ter, the AMPz are oflen iranseniptionally inducible, How-
ever, there are other arachnuds of the order Ixodida
[36-39] as well a3 the distant nematodes Chromadores
[40], in which the response is also via transcriptional ac-
tivation of AMP genes, Thus, the documented cases show
pwo distinct strategies for imune activaion in inverte-
brates, on the one hand, the liberation of AMPs, pre.
stored in kaemocyies, and on the other, the transcriplional
activation of AMP penes. However, still not clear is
whether an evolutionory relationship exists between the
two strufegies, Additional studies with phylogenstically
diverse organisms are needed before o better and clearer
pden of the evolutionary history of inate immune svs-
LEms,
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Figura E-1 | Amndlisis diferencial de la respuesta inductda por el reto séptico. a) Perfiles cromatograficos de la fraccion
HCII-1I de alacranes naive (control) y 24 o 48 hrs después del reto séptico. b) RT-PCR del gen que codifica para
el componente Cll-dlp obtenido a partir de ARN total de alacranes naive (c) o 12 hrs (i) después de la infeccion
experimental.

Resultados no publicados

La subfraccion de la hemolinfa de C. limpidus limpidus a partir de la cual se aislo el péptido
similar a defensinas (HCII-11.11 [Resultados publicados: Fig. 3A]), contiene ademas otros dos
componentes mayoritarios, los cuales corresponden a los componentes de la subfraccion
HCI-I1.12, que a su vez eluye inmediatamente después en las condiciones de la primera
cromatografia [Resultados publicados: Fig. 1]. El total de esta subfraccion y sus dos
componentes principales (HCII-II.12a y -11.12b) se identificaron como activos en los ensayos
de inhibicion de crecimiento, con Concentraciones Minimas Inhibitorias (CIM) idénticas
[Resultados publicados: Fig. 1 y Table 1]. La secuencia N-terminal y los pesos moleculares de
ambos componentes fueron determinados mediante degradacion Edman y EM con
ionizacion por electrospray, respectivamente (Figura E-2a). En los primeros 38 residuos de
ambos componentes se observa un solo cambio (Glu22Leu con respecto a HCII-I1.12a) y sus
pesos moleculares son similares (14059 y 14026 para -I1.12a y -11.12b respectivamente). Estos
polipéptidos difirieron en su susceptibilidad al tratamiento reductor con f-mercaptoetanol;
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la muestra de HCII-IL.12b incubada con este agente revel6 una banda de ~7 kDa en
electroforesis tipo Schégger - von Jagow (Figura E-2b), lo cual indica que éste es un dimero
unido por enlaces disulfuro intermoleculares. Cabe sefalar que la concentracién relativa de
estos componentes en la hemolinfa no se modifica en respuesta al reto séptico.

a)
Componente Secuencia PM
HCl1l-IT.12a DTAXQRSRARELEKDKPFVIHEXDEX. . . 14059
HC11-ITI.12b DTACQRSRARELEKDKPFVIHLCDECGKYMPLPNVGTP. . . 14026
b) PM 12a 12a 12b 12b

- + - + M-SH

17

L s

6

Figura E-2 | Caracterizacion parcal de los componentes HCII-1I.12a y -12b. a) Secuencias N-terminales y pesos
moleculares. b) Electroforesis desnaturalizante tipo Schégger - von Jagow en presencia (+) o no (-) de f-
mercaptoetanol (M-SH).

NOTAS ADICIONALES PARA LA DISCUSION Y PERSPECTIVAS

En este trabajo se demuestra que el alacran Mexicano C. limpidus limpidus es capaz de
montar una respuesta al reto séptico en forma analoga a otros organismos invertebrados, en
particular ésta es similar a la reportada para los quelicerados Xiphosura Tachypleus
tridentatus [19] y Aranae Ac. gomesiana [66,102], el crustiaceo Lp. Vannamei [103-105] y los
moluscos Mytilus sp. [106], esto es: PAM'’s son liberados a la hemolinfa en respuesta al reto
séptico en ausencia de regulacién transcripcional. En este sentido, es relevante recalcar que
el protocolo experimental empleado permitié definir la participacion de PAM's en el
contexto de la activacion inmune de C. limpidus limpidus, demostrandose que la liberacion
sistémica ocurre en un periodo de horas, retornando a niveles basales en dos dias. De hecho,
en todos los casos reportados, la liberacion sistémica inducible independiente de activacion
transcripcional es consistentemente transitoria (v.g. [103,171]); en contraste, la induccion de
mensajeros es mas heterogénea en su intervalo de duracion, iniciando en minutos (v.g.
[33,94]) y extendiéndose hasta semanas (v.g. [95,130]). Los resultados obtenidos establecen,
también, que las observaciones previas acerca de la presencia constitutiva de PAM's en la
hemolinfa de los alacranes L. quinquiestratus [108] y A. australis [62] estuvieron sesgadas por
la diferencia de tiempos entre los cuales se compar6 (en ambos casos 1 semana), y restringe
la participacion no inducible de PAM's en el contexto de la inmunidad innata al caso de la
termita Ps. spiniger (Termitidae, Isoptera, Insecta) [103], lo cual es relevante para el estudio
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de la evolucion de los sistemas inmunes de invertebrados. La identificacion del reservorio
celular propuesto para Cll-dlp, la definicion de los PMNP a los cuales responde y la
caracterizacion de los posibles RRP, contribuiria a esclarecer la relacion entre las similitudes
observadas con los modelos mencionados, toda vez que el mecanismo molecular que regula
este proceso se ha definido tnicamente para el caso de los quelicerados Xiphosura [19].

Ahora bien, aunque no se registr6 actividad antibacteriana para preparaciones
homogéneas del componente Cll-dlp, este péptido se aislé a partir de una subfraccion activa
en ensayos cualitativos de inhibicion de crecimiento y la combinacion de éste con los otros
dos componentes principales de la subfraccion (HCII-II.12a y -I1.12b) present6 un efecto
cooperativo en la capacidad de inhibir el crecimiento de cuatro cepas bacterianas. En
conjunto, este fendmeno asemeja al sinergismo reportado en el caso de PAM'’s liberados de
neutréfilos y la lisozima constitutiva en torrente [164,172]. En este sentido es relevante
analizar sistematicamente dicho efecto, para lo cual es necesario completar la caracterizacion
bioquimica de los componentes antibacterianos constitutivos.

Por ultimo, la distribuciéon filogenética de las defensinas de invertebrados y la
conservacion de la estructura génica entre toxinas y defensinas de alacran sugiere que los
PAM'’s que adoptan el motivo o/ B-EC preceden, evolutivamente, a las toxinas. De hecho, la
correspondencia entre las organizaciones génicas de las toxinas y Cll-dlp —también la
anunciada para la defensina de L. quinquiestartus hebracus [167]— ofrece evidencia sobre un
origen paralogo de ambas familias de proteinas en alacranes. La ruta evolutiva seguida por
los posibles homélogos de Cll-dlp —defensinas o/ B-EC de otros invertebrados— es menos
clara, toda vez que: i) las secuencias estan pobremente conservadas; ii) la organizacién de
los mensajeros precursores y los genes correspondientes es notoriamente variable [165-168] ,
y; iii) la diversidad filogenética de los organismos en los cuales estan presentes es muy
extensa —artrépodos de las clases Arachnida e Insecta y moluscos de la clase Bivalvia—, sin
encontrarse ejemplos en otros organismos dentro de los Phyla correspondientes (en
particular no se han reportado en ninguna clase de crustaceos, ni en otra clase de moluscos
ademas de la Bivalvia). Cabe sanalar que la hipétesis que sostiene que la evolucién de las
defensinas de invertebrados habria estado mediada por recombinacion de exones de la
region madura [165] no parece ser satisfactoria, en particular considerando la falta de
evidencia que sustente que ésta habria estado flanqueada por intrones de la misma fase —
con lo cual calificaria como un “protomédulo” de acuerdo a la definicién de L. Patthy [173].
De cualquier forma, la caracterizacién del componente Cll-dlp ofrece un panorama maés
completo para estudiar el proceso de diversificacion funcional que debi6 haber originado la
enorme bateria de toxinas que se encuentran presentes en los venenos de los alacranes,
contribuyendo asi a elucidar las determinantes moleculares del destino funcional de la
familia estructural que adopta el motivo a/B-EC [ver anexo].

1 Esta breve discusion se restringe a invertebrados del linaje protostoma, por lo cual excluimos a las defensinas que
adoptan este patron estructural provenientes de nematodos y plantas.
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ANEXO: ESTUDIOS DE CASO DENTRO DE LA FAMILIA ESTRUCTURAL o/-EC

La gran diversidad de funciones llevadas a cabo por las proteinas ha evolucionado sobre un
namero limitado de andamiajes estructurales [1a], esto se debe a que, en rangos de tiempo
evolutivo, la secuencia de una proteina se modifica varias veces mas rapido que su
estructura. Consecuentemente, las relaciones evolutivas de las proteinas pueden inferirse
mejor a partir del andlisis de su estructura, es por ello que se utilizan criterios basados en la
conservacion estructural para la identificacion de homélogos distantes (v.g. las bases de
datos SCOP [3a4a] y CATH [5a,6a]). Considerando que el numero de secuencias de
proteinas disponibles en las bases de datos, inferidas o determinadas, rebasa en varios
ordenes de magnitud al niumero de proteinas funcional y/o estructuralmente caracterizadas
[7a], se desprende que la mayoria de las anotaciones en las bases de datos estén basadas en
la identificacién de homdlogos ya caracterizados; sin embargo, en el caso de homélogos
remotos, las relaciones evolutivas pueden encubrirse por la ausencia de similitudes
significativas entre las secuencias comparadas, derivado esto por procesos de diversificacion
extensos [8a]. En ausencia de protocolos experimentales que operativamente acorten este
desfase, el analisis exhaustivo de las bases de datos mediante basquedas basadas en perfiles
de secuencia autogenerados (v.g. PSI-BLAST [9a]) o en “cadenas ocultas de Markov” (v.g.
SAM-T99 [10a] y Superfamily [11a]) constituye la estrategia més accesible para delimitar
estructural y funcionalmente el universo proteico [8a]. Cabe resaltar que conociendo el
camino evolutivo de una familia de proteinas pueden inferirse las determinantes
moleculares que subyacen a la diversificaciéon de las funciones desempenadas por sus
miembros, ayudando, por tanto, a depurar el mapa de las relaciones estructura-funcién
dentro de un espacio de secuencia dado [12a].

Ahora bien, como se ha mencionado las proteinas que poseen la firma consenso del
motivo estructural a/B-EC (definida por los disulfuros C-C; y Ci+4-Cj+2) adoptan un mismo
tipo de plegamiento tridimensional y, en consecuencia, estan ubicadas dentro de una misma
superfamilia, tanto en la clasificacion SCOP (Scorpion toxin-like) como en la implementada
en CATH (3.30.30.10). En la versién actual de la base de datos SCOP (v1.65) se contemplan
~60 estructuras, de las cuales 44 corresponden a toxinas de alacran (18 de cadena corta y 26
de cadena larga), 6 a defensinas de invertebrados y 7 son derivadas de plantas (incluyendo
al edulcorante brazeina y al inhibidor de proteasas ATTP). En general, todos los miembros
de una superfamilia de las clasificaciones implementadas en SCOP y CATH corresponden a
proteinas monofiléticas [8a,13a], es decir: provienen de un ancestro comin; sin embargo la
baja representacién de la extensa variabilidad en las secuencias de las proteinas que poseen
la firma consenso del motivo estructural o/ B-EC —el total de secuencias disponibles en las
bases de datos es mayor a 300, mientras que las identidades promedio menores al 15%— no
permite evaluar los eventos evolutivos que relacionarian a los miembros de esta
superfamilia. En este sentido, la implementacién de otros algoritmos$ (v.. basados en el
reconocimiento ponderado de los patrones de cisteinas [14a,15a]) y el analisis detallado de
los grupos de secuencias mas estrechamente emparentadas dentro de esta superfamilia,
permitira definir y validar, o refutar, los procesos evolutivos que habrian dado origen a la
sofisticada diversidad de funciones que desempefan sus miembros.

1 Se ha estimado que el nimero de secuencias tinicas de proteinas esta en el orden de 5 x 10'° [2a], mientras que el
namero de plegamientos monomodulares ronda 1 x 10° [1a].

§ Cabe senalar que la clasificacion jerarquica de la base de datos SCOP estd basada en inspeccién manual, mientras
que la correspondiente a CATH deriva de alineamientos de secuencia basados en criterios estructurales.
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Caso 1. Toxinas de alacrdn que bloquean canales de K*$

El veneno de los alacranes se compone principalmente de dos tipos de toxinas que adoptan
el motivo estructural a/B-EC, diferenciadas por la longitud de su cadena polipeptidica y sus
blancos celulares. En general, las “toxinas de cadena corta” (2342 residuos) actian
bloqueando canales de K* —nomenclatura sistematica de la forma o-KTx x.y— mientras que
las “toxinas de cadena larga” (59-76 residuos) ejercen su funcion modificando las
propiedades de apertura y cierre de los canales de Na*. Estas toxinas han servido para
elucidar las propiedades bioquimicas, farmacolégicas, biofisicas e incluso estructurales de
los canales ionicos que les fungen como receptores. En los trabajos que a continuacién se
discuten se abordan dos temas comunes al estudio de las relaciones estructura-funcién de
las proteinas en un contexto evolutivo, a saber: tomando en cuenta la notable conservacion
del plegamiento tridimensional, i) se enfatiza la estrecha relaciéon entre las estrucuturas
primarias y las especificidades de funcién que despliegan, y; ii) se especula sobre las
distintas alternativas que el proceso evolutivo ha generado en estos péptidos en el contexto
de la adecuacion de las superficies que interactiian con sus receptores.

Evidencias sobre la diversidad de modos de interaccion entre a-KTx's y canales de K*: Las toxinas de
alacran han sido extensivamente utilizadas en el estudio de los canales de K*. En particular,
la disponibilidad de mutantes sitio dirigidas de varias toxinas y distintos tipos de canales,
permitié que la interaccién de los pares ligando - receptor correspondientes se definiera en
gran detalle, aun en ausencia de informacién estructural del receptor. La evidencia
acumulada a partir del estudio de toxinas de las familias o-KTx 1, 2 y 3 resalt6é un par de
residuos conservados en las toxinas que desempenan un papel critico en el efecto de
bloqueo a los canales Kyl.x y Kcil.l. La identificacion de residuos analogamente
importantes para otros bloqueadores de canales de K* fundament6 la propuesta de que éstos
constituirian un farmacéforo minimo —denominado “diada funcional”, constituida por un
residuo basico y uno hidrof6bico ubicados a ~ 7 A de distancia— a los péptidos capaces de
bloquear la conduccién a través del poro de los canales de K*. Ahora bien, la toxina Tc32,
aislada del alacran Tityus cambridgei, es el tinico miembro caracterizado de la subfamilia a-
KTx 18. Su estructura primaria es altamente divergente con respecto a las demas a-KTx's, en
particular no posee el par de residuos repetidamente senalados como indispensables para el
efecto bloqueador de éstas (Figura A-1); atn asi, es capaz de inhibir totalmente la corriente
asociada a los canales Kv1.3 de linfocitos humanos. A partir de estas observaciones resulta
claro que no todas las a-KTx’s interactiian de la misma manera con los canales de K*.

a e} e}

) 18.1|Tc32 -TGPQTTCQAA-MCEAGCKGL-GKSME-SCQGDTCKCKA-
1.1|Chtx —QFTNVSCTTSKECWSVCQRLHNTSRG-KCMNKKCRCYS-
2.1 |Ntx -TIINVKCTSPKQCSKPCKELTGSSAGAKCMNGKCKCYNN
3.2 |Agtx2 GVPINVSCTGSPQCIKPCKDA-GMRFG-KCMNRKCHCTFPK
4.1 |TsTXKa -VFINAKCRGSPECLPKCKEAIGKAAG-KCMNGKCKCYP~-
6.2|Mautx 00 Z———- VSCTGSKDCYAPCRKQTGCPNA-KCINKSCKCYGC

1 Las referencias relevantes para esta discusion se encuentran en los articulos incluidos, por lo cual no se reproducen en
esta seccion.
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Figura A-1 | Secuencia y modelo tridimensional de la toxina Tc32 (-KTx 18.1). a) La secuencia de Tc32 se alineo
con miembros representativos de las familias a-KTx 1 (Chtx), 2 (Ntx), 3 (Agtx2), 4 (TsTXKa) y 6 (Mautx), para
las cuales estudios con mutantes puntuales han sefalado a los residuos marcados en negritas como
determinantes en el efecto de bloqueo. El alineamiento se obtuvo con el programa CLUSTAL_X [16a]. bA)
Arriba: Representacion del modelo de Tc32 generado por el programa SWISS-MODEL disponible en la suite
ExPASy (www.expasy.org) y minimizado en el médulo DISCOVER del programa Insight II. Abajo:
Sobreimposicién del modelo de Tc32 con las estructuras de las toxinas Scytx (1scy) y Pi2 (2pta), mostrando los
residuos propuestos como esenciales en la funcién de bloqueo. La figura fue preparada con el programa
MOLMOL [17a]. bB) Superficies electrostaticas del modelo de Tc32 (izquierda) y las toxinas Scytx (en medio)
y Pi2 (derecha), calculadas con el programa GRASP. Las imégenes arriba y debajo de ambos paneles se
encuentran en la misma orientacion relativa.
Con datos de: Batista CVF, Gomez-Lagunas F, Rodriguez de la Vega RC, Hajdu P, Pany G, Gaspar R y

Possani LD (2002). Two novel toxins from the Amazonian scorpion Tityus cambridgei that block Kv1.3 and
Shaker channels with distinctly different affinities. Biochim. Biophys. Acta 1601:123-131.

Expandiendo los modos de interaccion toxina - canal: Tres elementos han propiciado un renovado
interés en el estudio de este par ligando - receptor, a saber: i) la determinacion de estructuras
tridimensionales de varios canales de K*; ii) el desarrollo de programas computacionales que
permiten evaluar interacciones bimolecualres con “verosimilitudes” cada vez mas altas, y; iii)
la caracterizacion acelerada de nuevos ligandos y mutaciones puntuales de los mismos que
permiten evaluar, directa o indirectamente —a través de analisis evolutivos—, la relevancia de
ciertos residuos en el contexto de la complementariedad de las superficies interactuantes. En el
primero de los articulos que a continuacion se reproducen se senalan las limitaciones que, de
alguna manera, han definido el campo de estudio de los pares a-KTx's - canales de K*, se
compendian los modos de interaccion descritos hasta esa fecha (ler. Semestre del 2003), en un
contexto evolutivo se hace hincapié sobre las relaciones estructura - funcién de las toxinas y se
hipotetiza sobre los modos de interacciéon aun no descritos, aunque previstos por la evidencia
experimental. En el segundo se describen los avances mas recientes en el campo de las a-KTx's,
los cuales, en conjunto, soportan y expanden las predicciones sefaladas en el primero.

1El par a-KTx - canal de K* es particularmente accesible para este tipo de estudios, toda vez que ambas moléculas
son relativamente rigidas —los canales por estar embebidos en la membrana y la toxinas en virtud de la abundancia
de disulfuros que la entrecruzan—, las atracciones primarias son fudamentalmente de naturaleza electrostatica y, en
general, presentan una notable complementaridad geométrica.

A-3
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Table 1. Activities of scorpion toxins specific for K* channels

Toxin® Channels tested” K, (nw)°  Refe Toxin® Channels tested® K, (nm)°  Refs
Charybdotoxinia-KTx 1.1 Shaker (d} 120 14m)? Meurotoxin/a-KTx 6.2 Shaker (d) 24 181}
Ky1.3 (r) 0.17 |48} Ky1.2 (m) 0.2 1411
Keal.1 i) 21 {48] Ky1.3 {h) 150 |48]
Kea3.1 (h) 5 135] Kea2.2 (h) High* 129)
Iberiotoxin/a-KTx 1.3 Kea1.11b) 17 (48] Kea23 (h) High 129)
Noxiustoxin/a-KTx 2.1 Shaker (d) 180 [48) Key31 (h) 1.1 {41
Ky1.1 (m) 24 48] Pi2a-KTx 7.1 K11 (d) 83 {48}
K13 0r) 0.31 {481 Ky1.3 [h) 0.044 1521
Keal.1 (1) 450 48] POVa-KTx 8.1 Kea2.2 (h) High (28]
Margstoxin/a-KTx 2.2 Shaker (d) 160 i48] Kee2.3 (h) High 1291
Ky1.3 (h) 0.03 48] BmPO2/-KTx 9.1 Iro r) Na' [48)
Kallotoxinfa-KTx 3.1 K130 0.41 48] Cobstoxin/a-KTx 10.1 Shaker |d) 700 148}
Agitoxin 2/a-KTx 3.2 Shaker (d) 0.16 [48] Ky 1.1 (h) 500 148]
K11 0r) 0.044 148] PBTxVa-KTx 11.1 Na' - -
K13 () 0.004 (48] Butantoxin/a-KTx 12.1 Shaker {d) 860 1s3)
ToKalo-KTx 4.1 Ky1.2 {m} 0.2 48] Tela-KTx 13.1 Shaker () es [s4]
Tewla-KTx 4.2 Kea2.2 [h) 80 [29] Os¥a-KTx 13.2 K1 I} High 1551
Kca2:3 (h) 197 [29) ¥y1.2 (1) 97 1551
Seyllstoxin/a-KTx 5.1 Kea2.2 (h) 03 |49] BmKK1/a-KTx 14.1 NA' - -
Kea2:3 (h) 1.1 [29] Aalio-KTx 15,1 Shaker (d) High [56]
POS/a-KTx 5.2 Kea2.2 (h) 22 [29] Iatr) 150 (58}
¥ea2 3 (h) 13 [29] Martentoxin/a-KTx 16.2 Keo11(r) n is7]
Tamapinia-KTx 5.4 Kea2.1 (h) 42 130] TXKsd/a-KTx 17.1 Na' - -
Kea2:2 (1) 0.02 [20] Te32la-KTx 18.1 Shaker (d) High {47}
Keo23 6 17 [30] K,1.3(h) 10 {47}
Pilla-KTx 8.1 Shaker (d) 2 48] Ergtoxin/y-KTx 1.1 lengs (M) 16 s8]
Ky1.3 (h) 1 1501 Ky11.1 (R} 65 f22]
Kea2.2 (h) 100 [29] BemK-1/y-KTx 2.1 Kuw11.1 (h} 8.2 120}
Keu23 h) 250 129] CnErg2yKTx 3.1 Tenaa (1) 418 159]
CsEKerg1/y-KTx 4.12 Tenga (M) 230 160}
CsErgShy-KTx 5.1 Na' - -

*The comman names followsd by the systematic names a3 outlined in [7.8] ate shown.

'mewﬂwwmmwhhl&k.ﬂ K, 2, K30 M&NAMHNMM Seumulrouleﬂm b, eattde; d, fruit fiy; b, human: m, mousa; 1, Fat.

“Onty data Idantity of

Dissocistion constants are derived either from the kinetic ke'k,. i wmﬂoﬂ of Hill's squation in dose- response expariments,

wxcapt if

“A review refarance was ussd for the sake of space; the suthors apalogize for the sxclusion of the original references.

'!Mﬂﬂﬂ'v-dlh-rmhwvmmbll
"Abbtevi

stions: L, fas. transient, low-voltage-activated curment; iyac,. #ther-2-go-go-related cuments: hg. transient outward curment; NA, not svailabla.

Phylog ic tree of plon toxins specific for
K* channels
Figure 1 shows the results of a phylogenetic tree con-
structed using the data available in the literature. Grossly,
the dispersion of sequences of a-KTxs throughout the tree
support the proposed classification of these toxins [8,9].
The peptide toxins that are specific for the Ca®*-activated
K* channels of large{Kcg,1.1) and small- (Kc,2.x) con-
ductance are branched in distantly related clusters,
whereas those specific for the Shaker-related voltage-
dependent K* (Ky1.x) channels are more disperse but fall
on the same side of the tree, opposite to the toxins specific
for the ether-a-go-go-related K* (Ky11.x) channels, which
are all at the right side of the tree. In general, there is a
good correlation between phar logical findi and
the position of the toxins in the phylogenetic tree. How-
ever, toxin BeKm-1 (y-KTx 2.1), although specific for
Evll.x channels, is not clustered together with the
remaining y-KTxs, but rather with the a-KTx 14 sub-
family, which thus far have not been tested for their
affinities for K* channels.

At least two different groups of 3D structures of KTxs
exist. The first and better described group ins a

section) with either three or four disulfide bridges. This
group includes a-KTx subfamilies 1-4, 6, 7 and 12 and the
only ber of y-KTx subfamily 2 (BeKm-1). The second
group is characterized by N-terminal deletion with respect
to the other group, which results in the lack of the first
strand of the f-sheet. This group includes o-KTx sub-
families 5, 8, 9 and 13. A third group (not shown in Fig. 1)
has a tnpl&st‘randed B-sheet aud four disulfide bridges.
This group includes chlorotoxin, i totoxin and similar
peptides and, very likely, the +-KTx subfamilies

Interacting surfaces of scorplon toxins and K* channels
Following earlier studies of a-KTxs, it was suggested that
the architecture of the pore region of K* channels should
be highly conserved [9,11]. Recently, these data received
strong experimental support from the analysis of: (1) the
3D structure of K* ch ls; and (2) K" ch 1 mut

from Streptomyces lividans (KcsA) that are capable of
being blocked by o-KTxs, but are normally insensitive to
a-KTxs [17-20]. Despite the fact that there is a homo-
logous structural folding of the o-KTxs and similar

itk

triple-stranded B-sheet (or a double-stranded p-sheet com-
plemented with a third pseudo-strand at the N-terminal

TR A0S trends.com

>

|
W

ar e of the vestibule of the channel pore, binding
of a-KTxs is characteristic for each type of K* channel
(Table 1). Thus, channels and/or toxins should have subtle
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Fig. 1. Unrooted phylogenstic ires of scorpion toxina that are specific for K™ channels (XTxs). A muhigls slignmant of 105 KTx sequences waa ussd 1o caleulate & matrix
with the genetic distances for asch pair of the ssquences. Bassd on this matrix, successive clustering of linasges wars used 1o construct tha ires with the nesghbor-joining

algorithm, & described in [12). Esch branch of the tree snds with the

nama of the KTxn and their number sccording 1o the systematic nomen-

lsture, axcept for the genersl 1emm o-KTx. ANl the vETxs are indicated,

nples of the th of KTxs are atso included with both

1ha systamatic and the trivisl narmes. Thess show the two different struciurel groups of toxine, One group, which includes o-KTx subfamilies 1-4, 8, 7 and 12 and the +KTx
sublamily 2 toxin Bekm:1, contains a triple-stranded f-shest (blue arrowa) (or 8 doubls ded B-aheet ‘with 8 third pesuds d 81 the N-tsrminal

snction} and either thres of four disulfide bridges [yallow lines). The second group. which includes a-KTx subfsmilies 5, B, 5 and 13, is charscterized by an N-tsrminal
delation with respact 1o the first group, which results in tha lack of tha first strand of the B-sheet. Tha coordinates were obtained from the Proten DetaBank (Mo Swww.
reab.orgpdt). The colors of the loxins were sssigned sccording 1o the type of channel for which thay are specific: blus, Ko, 1.1; brown, K, 1% and Ko, 2.5 grean, K, 1x: red,
K2 purple. Kyl and Ko, 1.1; pink, K, 110 Black, thoss 1oxing that have not as yet been tested. Asteriskas denole sequences deposited in the Protein DetaBank thet, s

et have not baen classified or functionally analyzed.

differences that would explain the specific interactions
found for each channel-toxin pair [21,22].

Work in various laboratories [23-26] has clearly
established that the interaction of the K¢,1.1 and Kyl.x
channels with o-KTxs from the subfamilies 1-3 is
characterized by the interaction of amino acid residues
situated at the B-hairpin face of the toxins with amino
acids located at the vicinity of the selectivity filter of

earlier proposals [27], it has been demonstrated recently
that for other toxins (e.g. a-KTx 4.2 and the entire a-KTx
subfamily 5) the interacting residues of the Kc,2.x channels
are situated at the ‘turret’ (i.e. the extracellular loop
between the transmembrane segments S5 and 56 of the
channel) and the bottom of the vestibule, whereas the
amino acids of the toxins are located at the a-helix, instead
nf the B-hairpin (28-31]. In the case of the Kyll.x

the respective K* channel. However, in agr t with

hetp:itips trends com

ls, for which an entirely new family of specific
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inhibitors (y-KTxs) has been described [8], the archi-
tecture of the S5-P (pore} segment seems to contain an
extra a-helix region [22,32]. The interaction of y-KTxs
with the mouth of the channel must be situated more
externally [22.33,34].

Finally, it is worth noting that small changes, either in
the K* channels or in the KTxs, might drastically change
their affinities for each other. For example, recent reports
show that point mutations at the g-turn of charyhdotoxin
(a-KTx 1.1) and iberiotoxin (a-KTx 1.3) render analogs
with severely affected n‘peuﬁmtlas for Kg,1.1 and Kc.:l 1
channels but no change in affinities for Kyl.x ch

correspond to the two ting surfaces) [40]. In Fig. 2ba
two-dimensional cartoon model indicating the interactions
of a-KTx 3.2 with pore-forming segments of the Shaker
channel is shown. Interestingly, this model holds for all the
data obtained, both experimentally [23-26,35,37,39.41]
and model derived (17,42~ 44], for KesA, Kyl.x, Ke,1.1 and
Kc,d.1 channel interactions with a-KTxs from subfamilies
1-4 and 6. The amino acids that are clearly known to
make contacts are indicated. Figure 2c illustrates the
case in which the a-helix segment of the toxin replaces the
B-hairpin of the model shown in Fig. 2a. In this case,

[35,36]. A chimeric construct involving residues of the o/f
loop of iberiotoxin grafted into noxiustoxin (a-KTx 2.1)
loses the ability to block Kv1.3 channels, but has a greatly
augmented ability to block K¢,1.1 channels [37]. Grafting
of three residues commonly present in specific blockers
of Kyl.x channels into BmP05 (a-KTx 5.3) confers to
the chimera the ability to block a fraction of the Ca®*-
independent currents [38]. Incorporation into BeKm-1
(v-KTx 2.1) of two highly conserved residues present in
-peciﬁc blockers of Kc,1.1 and K,3.1 channels results in

t ble of blocking both Kyll.l and Kg,l.1
ehmals with high affinity ['!4]

s y of & surface

From l.hu data described above, we propose an interpret-
ative model for the known contact surfaces of KTxs (Fig. 2).
In Fig. 2a a ribbon molecular model of a-KTx 1.1 Ly

doubl t cyclic was not performed; how-
ever, the data obtained with toxins from the subfamily 5
and a-KTx 4.2 interacting with the K¢,2.x channel iso-
forms aup'porl. t.ha mterpml.ntmn ofthe cartoon [28-30]
and al tisfies Br derived interactions
[31]. Finally, Fig. 2d ohws the cartoon representing the
Kv11.1 channel, where an additional a-helix segment was
suggested to protrude from the mouth of the pore-forming
region of the ch 1, betv the S5 seg t and the
P site [22,32]. The interactions with two toxins (ergtoxin-1
and BeKKm-1) were studied but the doubl tant cyclic
analysis was also not performed. Thus, in Fig. 2d some
amino acid residues known to be important for recognition
are indicated for both the toxin and the channel [22,34],
without specification of the contact pairs.

Thus, Fig. 2 izes the d d cases for the
surface areas of scorpion toxins that interact with known
K* cf ls. Three different modes of interactions are

docked into a KcsA-based Shaker model, as previously
reported [10,17,35,39], is shown taking account of a pair
of interactions derived from double-mutant cycles (which
consist of preparing pairwise mutations of residues that

clearly discernible: (1) internal, involving residues at the
‘turret’ region, the pore helix and the selectivity filter of the
channel, which interacts with the f-hairpin of the toxins;
(2) intermediate, involving r at the ‘turret’ region

(a)

Fig. 1. Two-dimensional cancon model of scorpion toxine that am specific for K* channels (KTxsl, and K channel i i {21 Ribbon dock ol of the i
batwesn o-KTx 1.1 snd two of the four segments forming the pors region of the KcsA-based Shaker model 110,17 35,381, (b) Cartoon model of the interaction batwesn loxin

a-KTx 3.2 and s model of Shaker |43]. Relevant contact smino acid residues oblsined from doubh ten are indicated. lc]

toxine-KTx 5.3 and

the Kc,2.2 chennel |31]. Four amino acids in the channel and thres on the toxin wars directly determined by data oblained independently |29,30]. The toxin position was
assurned based on the bewt fit Brownisn dynamics-derived caloulations [31], [d) Tha K,11.1 channel showing amino scds impontant for the Hocking activity of +XTx 1.1
[22]. The model of v-ETx 2.1 [note that the thres-dimensional structure of +KTx 1.1 is nat known) was mltuliv situsted on 1op of the vestibule. Indicated amino acidy

ch based vith sile Tha tooin sssayed

1341, At the top of parts b-d, & ribbon molecular

madel of tha corresponding KT hmn I il pansls, arming acids shown in bold are those crucial for lummwmmn no direct demonstration of contact, Asterisks

ndicate the spproximate position of the B-turn region of the oxine
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and the bottom of the vestibule of the channel; and
(3) external, involving residues distant from the selectivity
filter of the channel. The latter two cases seem to involve the
a-helix segment of the toxins, rather than the B-hairpin.
It is important to note that most scorpion toxins still

isolated from scorpion venoms: a-KTx molecular subfamilies. Trends
Pharmaocol. Sci. 20, 444 =447

B Corona, M. ef al. (2002) A large oumber of novel Ergtoxin-like genes
and ERG K™ <hannels blocking peptides from the scorpions of the
genus Centruroides. FEBS Lett. 532, 121-126

g (‘llag\lmm K.M. et al. (1999) Probing the structure and functon of

need to be screened for affinities towards the i
variety of existing K' channels. Furthermore, the 3D
structures of most K* channels are still not determined.
Thus, it is reasonable to assume that the surface areas
of contact between scorpion toxins and K' channels are
still an open question. This is supported by recent data
obtained with KTxs of several subfamilies, in which the
dyad residues (i.e. two important residues for recognition)
[45] or the RXCQ motif (found in toxine specific for the
Ke,2.x channel) |10] are absent in toxins of the subfamilies
a-KTx 9, 11, 14 and 18. However, at least o-KTx 9 and 18
toxins are bona fide blockers of the channel activity [46.47.

Coneluding remarks
Although an increasing amount of molecular data is being
published on this subject, many K* channel currents remain
| . Specific ligands are needed to study K* channels,
and this is a major area of current interest. Despite the fact
that toxin—channel interactions have been important tools
to characterize channels, it seems that some of the avail-
able data still need to be re-evaluated, taking into account
not only the diversity of ligands but also the diversity of the
K* channels.
Extensive studies have been performed with o-KTxs
of the subfamilies 1-6. Regarding the ion channels, only

Is with a-K toxin blockers. Perspeet. Drug Discov. 15,

101'- 186

10 Tenenholz, T.C. ef al. (20001 Structural determinants of scorpion toxin
affinity: the charybdotoxin (a-KTX) family of K”-channel blocking
peptides. Rev. Physiol. Biochem. Pharmacol. 140, 135- 185

11 Garein, ML et al. (2001) Potassium channels: from scorpion venoms to
high-resolution structure. Toxicon 39, 739-748

12 Possani, LD, et al. (2000} Peptides and genes coding for scorpion toxine
that affect ion channels. Biochimie &2, B51-B68

13 Dimareq, J-L. ef al. (1998) Cysteine-rich antimicrobial peptides in
invertehrates, Biopolymers 47, 465-477

14 Thoms, B.P. et al. (2002) Plant defensins. Planta 216, 193-202

15 Caldwell, J.E. et al. (1998} Solution structure of the thermostable
sweet-tasting protein brazzein. Nat. Struet. Biol 5, 427-431

16 Zhao, Q. et al. (2002) NMR solution structure of ATTp, an Arabidopsis
thaliana trypsin inhibitor. erklmu!q 41, 1228412296

17 MacKinnon, R. ef al. (1995) 5 ion in prokaryotic and
cukaryotic potassium channcls. Science 280, 106-109

18 Legros, C. et ol (2000) Generating a high affinity scorpion toxin
receptor in KesA-Kv1.3 chimeric potassium channels. J. Biol. Chem.
275, 16918~ 16924

19 Legros, C. et al. (2002) Engineering-apecific pharmacological binding
wites for peptidyl inhibitors of jum channels ints KeaA
Biochemistry 41, 15369-15375

20 Lu. Z. et ol. (2001) lon conduction pore is conserved among potassium
channels. Nature 413, B09-813

21 Wrisch, A. and Grissmer, S, (2000} Structural differences of bacterial
and mammalian K~ channels. J. Biol. Chem. 275, 3934539353

22 Pardo-Lépez, L. ef al. (2002) Mapping the binding site of & human
rthcrapn -related genc-specific peptide toxin (ErgTx) o the

I's outer ibule. J. Biol. Chem. 277, 16402-16411

Shaker, Kyl.x, Ke,l1.1, Ke,2.x and Kyll.x ch ls have
been characterized in depth with respect to their inter-
actions with scorpion toxins. Moreover, the faces of the o/f
scaffold of the scorpion toxins that interact with K'
channels are not unique, and as a result of the great
diversity that exists in nature we believe that this field is
still under-studied.

Finally, knowledge of the interacting surfaces between
the channels and toxins, and the modification of ligands,
constitute a hot research topic that should be directed
towards the rational demgn of more speclﬁ: drugn and the
control of pathologies with K'

Acknowledgements

Partially supported by granta from Direccidn Genernl de Asuntos del
Prersonal Academico -~ UNAM (number 2169001, and Consejo Nocional de
Ciencia y Tecnologia, Mexican Government (number Z-005 and fellowship
o RCRV).

References
1 Doyle, DA, ef ol (1998) The structure of the potassium channel:
lecular basis of K° conduction and selectivity. Science 280, 69-76
2 Dutzler, K. ef al. (2002) X-ray structure of a CIC chloride channel at
30A reveals the molecular basis of anion selectivity. Noture 415,
287-294
3 Jiang, Y. et al. (2002) Crystal structure and mechanism of a calcium-
gated potassium channel. Nature 417, 515-522
4 Possani, L.I). ef al. (2001) High affinity scorpion toxine for studying
potassium and sodium channels. fon Channel Localization (Lopatin,
AN, Nichols, C.G., et al. eds), pp. 145165
5 Hille, B, (2001) Jonic Channels of Excitable Membranes, 3rd edn,
Sinauer Associates
6 Asheroft, F.M. (2000) fon Channels and Disease, Academic Press
7 Tytgat,J. ef al. (1999) A unified nomenclature for short-chain peptides

LD s trandds com

23 Goldstein, S.A ef al. (1994) The charybdotoxin receptor of a Shaker
K~ channel: peptide and channel residues mediating molecular
recognition. Newron 12, 13771388

24 Hidalgo, P. and MacKinnon, R. (1995) Revealing the architecture of
K* channel pore through mutant cycles with a peptide inhibitor.
Science 268, 307-310

25 Ranganathan, B ef al. (1996) Spatial localization of the K channel
selectivity filter by mutant cycle-based structure analysis. Neuron 16,
131-139

26 Adyar, J. ef al. (1996) The signature sequence of voltage-gated
potassium channels projects into the external vestibule. J. Biol
Chem. 271, 31013-31016

21 Auguste, P et al. tlm} SrgLIuwnn. » blocker of Ca™"-activated K'

hips and brain locali
the bmdmg sites, Blwhcmut?y 31, B4R -654

28 Lecomte, C. ef ol. (1999) Chemical synthesis and structure- activity
relationships of Tax, & novel scorpion toxin acting on apamin-sensitive
SK channel. J. Pept. Res. 54, 369-376

29 Shakkottai, V.G. ef al. (2001) Design and characterization of a highly
selective peptide inhibitor of the small conductance ealcium-activate
K* channel, SkCa2. J. Biol. Chem. 276, 43145-43151

30 Pedarzani, P. ef al. (2002} Tamapin, & venom peptide from the Indian
red scorpion (Mesobuthus tamulus) that u.r;-u -mll conductance

Ca2"-activated K° ch Is and afterh ta in
central neurons. J. Biol. Chm. 3'77 46101 46109

31 Cul, M. ef ol (2002) B of the recognition of the
scorpion toxin POS with 1l dei ivated potas-
sium channels. J. Mol Biol. 318, 417-428

32 Liu, J. ef al. (2002) Structural and functional role of the Al

#5-p linker in the HERG potassium channel J. Gen. Physiol. 120,
723-737

33 Pardo-Lépes, L. ef al. (2002) Mapping the receptor site for ergtoxin, &
specific blocker of ERG channels, FERS Lett. 510, 45-48

34 Korolkova, Y.V, ef al. (2002) New binding site on comman molecular
scaffold provides HERG channel specificity of scorpion toxin BeHm-1.
o, Biol. Chem. 277, 43104-43109



35 Rauer, H. et al. (2000} Structure-guided mndomnm n(ch-rybdm
toxin yields an analog that selectively targets C d over
voltage-gated K~ channcls, J. Biol. Chem. 275, ms 1208

36 Schroeder, N. #f al (20021 Glycine 30 in iberiotoxin is a critieal
determinant of its specificity for maxi-K versus Kv channels. FEBS
Lett. 527, 208-302

37 Mullmann, T.J. e al. (2001} losights into a-K toxin wed-&:iky for K~
channels revealed through in ry 40,
10987 -10997

38 Wu, Jol. et al. (2002) Gene i ion, and
funetion relationship of lwrmu toxin active on SKCa channels.
Biochemistry 41, 2844 - 2849

39 Ellis, K.C. ef ol. (2001) Interaction of toxin from the scorpion Tityus
serrulatus with cloned K” channel from squid (sqKv1A). Biochemiatry
40, 5942-5953

40 Schreiber, G. and Fersht, AR. (1995) Energetics of protein—protein
internctions: analysis of the barnase-barstar interface by single
mutations and double mutant cycles. J. Mol. Biol, 248, 478-487

41 Cantle, N.A, et al. (2003) Murotexin: a potent inhibitor of intermedinte

d Ca2"-activated ium ch In. Mol. Ph L. 63,

409418
42 Cui, M. ef ol (2001) Bi jan d; ics of i botween
scorpion toxin Lq2 and potassium jon channel. Biophys J. B0,
1858~ 1669
43 Eriksson, M A and Roux, B. (2002} Modeling the structure of agitoxin
mmla with Shaker K channel: ueompuuuonnl lppmcln'bcsd
i d from

] distance

mm‘ mlu..ﬂophy: o 83 M 2609
44 Fu, W, of ol (2002) B ics of the ition of the
scorpion toxin maurctoxin with the voltage-gated potassium ion
channels, Biophys. J. 83, 23702388

45 Dauplais, M. ef al. (1997} On the convergent evolution of animal toxins.
conservation of a diad of functional residues in potassium channel-
blocking toxina with unrelated structures. J. Biol. Chem. 272,
4302- 4309

48 Tong, Q.C. ef al. (2000) The blocking effect of BmPO2, one novel short-
chain scorpion peptide oo transient cutward Ki”) channel of adult rat
ventricular myocyte. Regul. Pept. 90, B5-92

47 Batista, C.VF. et ol (2002) Two novel toxine from the Amazonian
scorpion  Titvue cambridgei that block Kvl3 and Shaker
B K" <channels with distinetly different affinities, Biochim. Biophys.
Acta 1601, 123-131

T EEITSEEEEEE 7RENDS in Pharmacalogical Sciences Vol.24 No.S May 2003 21

48 Possani, L.D. ef al. (1999) Structure and function of scorpion toxine
affecting K" -channels. Perspect. Drug Discov. 15, 15-40

49 Jiger, H. et al (2000) SK2Z encodes the apamin-sensitive Ca2"-
activated K™ channels in the human leukemic T cell line, Jurkat.
FEBS Lett. 468, 196-202

50 Péter, M. Jr et al. (2000) Blockage of human T lymphocyte Kvl.3
channels by Pil, a novel class of scorpion toxin, Biochem. Biaphys. Res.
Commun, 278, 34-37

51 Carlier, E_ et al. (2000) Effect of maurotoxin, a four disulfide-bridged
toxin from the chactoid scorpion Seorpic mouwrus, on Shaker
K~ channels. J. Pept. Res. B5, 419-427

52 Péter, M. Jr et al. (2001) Effects of toxins Pi2 and Pi3 on human
T lymphocyte Kv1.3 channels: the role of Glu7 and Lys24. J. Membr.
Biol. 179, 13-25

53 Coronas, FV. ef al. (2003) Disulfide bridges and blockage of Shaker
B K" <hannels by another butantoxin peptide purified from the
Argentinean scorpion Tityus trivittatus, Toxicon 41, 173-179

54 Batista, CV.F. et ol. (2000} Tel, from THyus cambridge:, in the first
member of 8 new subfamily of scorpion toxin that block K™ -channels.
FEBS Lett. 486, 117-120

56 Dudina, E.D. ef ol (2001) OsK2, a new mecloctive inhibitor of
Kv1.2 potassium channels purified from the venom of the scorpion
Orthochirus scrobiculogus. Biochem. Biophys. Res. Commun, 286,
BAL-847

56 Pisciotta, M. ef al. (2000) Fast K° currents from cerebellum granular
cells are completely blocked by a peptide purified from Ardroctonus
austrolis Garzonl scorpion venom, Biochim. Biophys. Acta 1468,
203-212

57 Ji, Y-H. et al. (2003) M in, & novel K*<ch 1-bl
peptide: puﬂﬂml.hn nDNA md guombc dnnlmg, nnd enscu-ophym»
logieal and p % J.
325-335

58 Gurrols, G.B. ef al. (1999) A texin to nervous, cardiae, and endocrine
ERG K* channels isclated from Centruroides noxius scorpion venom,
FASER J. 13, 953962

59 Lecchi, M., ot al. (2002) Inolation of a long-lnsting eag- relmsdgme -type
K" current in MMQ 1 pha and ita A role during
slow firing and prolactin release, J. Neurosci. 22, 3414 -3425

B0 Nastainczyk, W. ef al. (2002) A shortchain peptide toxin isolated
from Centruroides sculpturatus scorpion venom inhibits ether-a.go go-
related gene K channels. Toricon 40, 1053-1058

Conference Reporter

ENDO 2003

Are you unable to attend the 85th Annual Meeting of the Endocrine Society in Philadelphia on 19-22 June 20037
Don't miss outl Sign up for daily reports from the conference at:
http://news.bmn.com/alerts

Each day’s top stories, written by the BioMedNet Conferenca Reporter team, can be sent direct from the conference
1o your inbox in either text or html format.

hitp:itips trends com

Toxicon xx (2004} xxx-zxx

ToxicoN

www elsevier.com/locateftoxicon

Mini-review

Current views on scorpion toxins specific for K*-channels

Ricardo C. Rodriguez de la Vega, Lourival D. Possani*

Department of Molecular Medicine and Binprocesses, Institute of Biotechnology, National Autonomous Universine of Mexico,
Avenida Universidad, 2001, Apartado Pastal 510-3, Cuermavaca 62210, Mexico

Abstract

Much of our knowledge on K*-channels was elucidated using specific peptide ligands isolated from a number of venomous

organisms, Recently, this field received a strong suppont and increased interest due to the solution of the three-dimensional
structure of a couple of K*-channels. At the same time, several new subfamilies of specific toxins for K*-channels were
isolated from scorpion venoms, enhancing the availability and diversity of such useful molecular wols. It opened new lines of
research for the better understanding of K*-channel bmphyslcs and pharmacology. In this review, we listed 120 amino acid
sequences of peplides isolated from scorpion venoms. They were demonstrated or assumed Lo be specific for K™ -channels.

These sequences were aligned and used 10 g a rooted phylogenetic tree. The y tree indi that several
clusters Of livergent peptides show p for specific sublypes of channels. The three-dimensional struciures of
les of these peptides were drawn and analysed concerning the molecular fitness of their interactions with

the channel Iarsms I'mrr dhlfmnl hmcracung modes were identified to exist between scorpion toxins and the various subtypes

of K*-channels.
© 2004 Published by Elsevier Lid.
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1. Introduction model for studying K*-channel ion and

A little bit over 20 years have elapsed since the first short
chain scorpion venom peptide (Noxiustoxin) was isolated
from Centruroides noxius (Possani et al.. 1982) and shown
to affect potassium permeability in squid giant axon
(Carbone et al., 1982). The discovery of Charybdotoxin
(Miller et al., 1985), initially thought 1o be unique on its
genre, prompted a significant increase of research in this
area, since the peptide was shown to be an excellent ligand

* Corresponding author, Tel.: +52-777-3171209; fax: +52-777-
3172388,
E-mail address; possani @ibt.unam.mzx (L.D. Possani)

004 1-010175 - see front matter © 2004 Published by Elsevier Lud.
doi: 10,1016 toxicon. 2004.03.022

(Miller, 1995). By the years 1999, the review of Tyigat
et al., grouped the K*-channel acting peplides into three
families (the a-, B- and y-scorpion toxins, abbreviated
KTa's) and a systematic numbering system was proposed
for the three families. The a-KTx family, lhe Iargesl one.b)
that time ined 49 diffe
12 subfamilies. Since then, the numb:l ol' Imuwn pepuﬁ:x
talrmed from scarpmn venoms that block or modify
bility in excitable and non-excitable cells
'havt increased drastically 10 the point that now about 120
peplides are known, object of this communication.
Here we present a comprehensive list of K*-channel
specific scorpion toxins known to date, we analyse their
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three-di ional tures in refs 10 the interf;

contacts with distinct subtypes of channels and we present a
extended, rooled phylogenetic tree, in which all known
K*-channel specific scorpion toxins and a few other related
structures have been included.

2.-How many different structurally related toxins
are known?

Except for the x-hefutoxins, all the K*-channel specific
peptides isolated from scorpion venoms are structurally related
and were taken imo consideration for the present analysis. The
structural signature of these peptides is defined by the p

the ether-a-go-go related family of K*-channels (Ky11.x)
(Gurrola et al., 1999; Korolkova et al., 2001; Lecchi et al.,
2002; Nastainczyk et al., 2002; Corona et al., 2002).

4. Structural features of scorplon toxins implicated
in K*-channel recognition

The interacting surfaces of scorpion toxins with
K*-channels were thought to depend on several side-chain
residues mainly located at the beta-sheet face of the toxins
(Miller, 1995; Menez, 1998). The discovery of peptides
from Dendroaspis snake venom (Harvey, 2001} and sea

of the Cysteine-Stabilized o/ motif (CS-af), in which two
disulfide bridges. C,;-C; and Ciy4=Cjyy. covalently link a
segment of a-helix with one strand of the B-sheet structure (see
below). From 120 sequences known (Table 1), isolated peptides
or inferred from cDNA sequences, 75 are classified as a-KTx's,
prising 18 different sut (Goudet etal., 2002; Batista
etal, 2002), 4 are B-KTx's, 26 are y-KTx's, 2 are x-hefutoxins,
5 are chlorotoxin/insectotoxin-like peptides and 8 are unclassi-
fied CS-af3 motif-containing shon chain peptides. One hundred
and three sequences are deposited in data-banks, the remaining
were obtained from the li (see ref in Table 1).
Seventy-five are from scorpions of the Old-World and 45 are
from the New World scorpions, Seven genus of the Buthid

toxins (revi d in Garcia et al., 1997) with

similar functions, was used 1o highlight the requirement for
iwo amino acid residues as a minimum for channel
blockade, called ‘the functional dyad theory’ (Dauplais
et al., 1997). The solution of the three-dimensional siructure
of three different K*-channels by the Nobel laureate
MacKinnon's group (MacKinnon, 2004), and the discovery
of truly blocker toxins for which the dyad theory conceming
the molecular mechanism of binding to the channel, did not
seem 1o fit exactly to the predicted model (Tong et al., 2000;
Batista et al., 2002; Dhawan et al., 2003). prompted the
i y of novel interface contact points between

scorpion toxins and the various types and subtypes of
K*-ch Is (Rodriguez de la Vega, 2003; Zhang et al.,

family contributed with 109 known peptides on this list.
whereas the remaining came from 4 genus belonging 1o the
Scorpionidae family. The peptides listed in Table | have from
23 1o 64 amino acid residues in length and are well packed by
either three or four disulfide bridges. Tcl from Tiryus
cambridgei is the shortest one described, with only 23 residues
(Batista et al,, 2000), and the B-KTa's, AaTXKR and
BmTXKPB2 are the longest ones. containing 64 amino acid
residues each (Legros et al.. 1998; Zhu et al., 1999).

3. How many different target types and subtypes
of K*~channels are recognized by these toxins?

There are more than 100 subtypes of known K *-channels
{Miller, 2000) and only for a relatively small number of
them was ever a peptide found 1o affect their coresponding
function (Table 1), About half of the 120 toxins listed in
Table | have been tested directly against some K*-channels
and/or associated currents. For 59 of the peptid ]

2003; Xu et al.. 2003; Zhu et al., 2004).

Several authors, stanting with the work performed with
Scyllatoxin (Auguste et al., 1992) sugpested that the a-helix
segment of this toxin was implicated in the functional
blockade of Ca™-activated K* currents in neuroblastome
cells. Further to this work. it was demonstrated that toxins
affecting the Kg,2.x channels (Lecomte et al. 1999;
Shakkottai et al., 2001; Pedarzani et al, 2002; Cui et al.,
2002) and the ergloxins were capable of interacting with the

inadifl manner than that earlier proposed by the
functional dyad theory (Korolkova et al., 2002; Xuetal., 2003;
Huys et al, 2004b; Zhu et al, 2004). Additionally, three-
dimensional models of toxin-channel imteractions generated
with Pid4 (M'Barek et al., 2003b), Cobatoxin 1 (Jouirou et al.,
2004), Lq2, Agitoxin2, Charybdotoxin and Iberiotoxin
(MacKinnon et al., 1998; Cui et al.. 2001; Eriksson and
Roux, 2002; Gao and Garcia, 2003; Takeuchi et al., 2003) and
Maurotoxin (Fu etal., 2002; Castle eral., 2003; M'Barek et al.,
2003a) have all suggested that other amino acid residues

there is no direct evidence of function described. f:m of
them (Chlorotoxin) was shown to be specific for CI°
channels (DeBin et al., 1993), instead of K*-channel

ding the functional dyad make imp ts with
specific residues at the turret regions of the KesA, Kyl.x,
Ke, 1.1 and K¢, 3.1 channels. The amino acid residues of the

toxins implicated in this site of the K*-channels

The majority of the known functions were determined on
Shaker-related ch I blamily Kyl.x), although
some peptides were shown 10 act on the Ca®*-activated
K*-channels of large (K, l.1). intermediate (Kg,3.1) or
small conductance (K, 2.x). Recently a full new family
of toxins (y-KTx's) was described 1o be specific for

was defined as the “basic ring' residues (Mouhat et al., 2004).

All the above-mentioned toxins fit well to the binding
surface of the various subtypes of K*-channels, except for the
toxins that bind 1o the ERG-channels, because the mouth
structure of the latter seems to be quite different, including the
presence of an exira a-helix within the pore loop (Liu et al..

Tahle |
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Scorpion toxins specific for K™ -channels and related peptides

Toxin*

Targets®

Sequence

Reference”

w-1.1/Lgh Charybdotoin |
a-1.2lLgh?

a-1.31Bt Iberiotoxin
a-1.4ICIb Limbatotoxin
o-1.5/BmTxl
a-1.6/BmTa2
a-1.7ILgh15-1 (Chix2)
a-1.9ICIh Hongotoxin 2
a-1.10IPsp PhTx3
-1.111Cn Slomxin

@-2.11Cn Noxiustoxin
@-2.21Cm Margatoxin
a-23ICNTx 1 (11.10.9.1)
@-2.4I1Cn Nix2
a-25IC1h Hongotoxin |
a-2.7ICUTx2 (11.10.9.2)
a-3.1lAm Kaliotoxin
a-3.2ILgh Agitoxin2
a-3.3lLgh Agitoxind
a-3.4lLgh Agitoxinl
a-351Am Kaliotoxin 2
a-36BmKTX
a-3.7I0sK1

a-1RIBt Bsb

a-191Bo KTzl

a4 1ITsTXKa (TSI-9TsK4)
a-4 2Tswi23-57ISCal
a-4 3ITAK1ITdl

a-4 4ITed0Tel
a-5.1/Lgh Scyllatoxin(LeTx1)
a-5.21Am POS

-5 3BmPOS

@-5.41Bt Tamapin
a-5.5Br Tamapin-2
a-6,11Pil (PiT2-Ky)
a-6.21Sm Mauroroxin
a-6.3HsTx1

o-6.41Pid

a-6.50Pi7
a-6.8/0cKTx!

a6 THOcKTa2
a-6.8I0cK T3
a-6.910cKTad

a6 1000cKTrS
a-T.11Pi2 (PiTx-Ka)
a-1.2IPi3 (PiTx-Kp)
a-8.11Am PO1
a-8.2IBmPOL
a-8.31Lgh Lpll
a-8.4lLgh Lpill
a-9.11BmP02
a-9.2[BmPO3
a-9.3ILgh Lpl

a-9.41Bt BTK.2
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QFTNVSCTTSKECWSVCQRLHNTSRGKCMNKKCRCYS
QFTQESCTASNQCWSICKRLHNTNRGKCMNKKCRCYS
QFTDVDCSVSKECWSVCKDLFGVDRGKCMGKKCRCYQ
VFIDVSCSVSKECWAPCKAAVGTDRGKCMGKKCRCYX
QFTDVKCTGSKQCWPVCKQMFGKPNGKCMNGKCRCYS
QFTNVSCSASSQCWPYCKKLIGTYRGKCMNSKCRCYS
GLIDVRCYDSRQCWIACKKVTGSTQGKCQNKQCRCY
HFIDVKCTTSKECWPPCKAATGKAAGKCMNKKCKCOX
EVDMRCKSSKECLVKCKQATGRPNGKCMNRKCKCYPR
TRDVDCTVSKECWAPCKAAFGVDRGKCMGKKCKCYV

THNVKCTSPKOCSKPCKELTGSSAGAKCMNGKCKC YRR
TURVECTSPEOQCLPPCKAQRGOSAGAKCMRNGKCKCYPH
ITINVKCTSPQOCLRPCKDRFGQHAGGKCINGKCKCYP
TUNEKCFATSQCWTPCKKAIGSLOSKCMNGKCKCYNG
TYIDYKCTSPROQCLPPCKAQFGIRAGAKCMNGKCKCYPH
TVIDVKCTSPKQCLPPCKEIYGRHAGAKCMNGKCKC
GVEINVKCSGSPQULKPCKDAGMRFGKCMNRKCHCTH
GVPINVSCTGSPQUCIKPCKDAGMRFGKCMNRKCHCTPK
GYPINVPCTGSPOCIKPCKDAGMRFGKCMNRKCHCTPR
GVPINVKCTGSPQCLKPCKDAGMRFGKCINGKCHCTPK
VRIPYSCKHSGQCLKPCKDAGMRFGKCMNGKCDCTPE
VGINVKCKHSGQCLKPCKDAGMRFGKCINGKCDCTPK®
GVIINVECKISRQCLEPCKKAGMRFGKCMNGKCHCTPK
GVPINVKCRGSPQCIQPCRDAGMRIGKCMNGKCHCTPQ
VGIPYSCKHSGOCIKPCKDAGMRFGKCMNREKCDCTPK
VFANAKCRGSPECLPKCKEAIGKAAGKCMNGKCKCYP
VVIGQRCYRSPDCYSACKKLYGKATGKCTNGRCDC
VFINVKCTGSKQCLPACKAAVGKAAGKCMNGKCKCYT
VFINVKCRGSKECLPKCKAAVGKAAGKCMNGKCKCYP
AFCNLRMCQLSCRSLGLLGKCIGDKCECVKH?
TVCKLRRCQLSCRSLGLLGKCIGVECECVEH
AVCNLKRCQLSCRSLGLLGKCIGDKCECVEH®
AFCKNLRRCELSCRSLGLLGKCIGEECKCVPY
AFCNLRRCELSCRSLGLLGKCIGEECKCYPH
LYKCRGTSDOGRPCQOOTGCPNSKCINRMCKCYGC
VSCTGSKDCY APCRKQTGCPNAKCINKSCKCYGC!
ASCRTPKDCADPCRKETGCPYGKCMNRKCKCNRC!
IEAIRCGGSRDCYRPCQKRTGCPNAKCINKTCKCYGCS
DEAIRCTGTKDCYIPCRYITGCFNSRCINKSCKCYGCT
AEVIKCRTPKDCAGPCRKQTGCPHGKCMNRTCRCNRC!
AEVIKCRTPKDCADPCRKQTGCPHGKCMNRTCRCNRC!
AEVIKCRTPKDCAGPCRKQTGCPHAKCMNKTCRCHRC?
AENRCSGTRECYAPCOQKLTGCLNAKCMNKACKCYGCY
AEVIRCSGSKQCYGPCKQQTGCTNSKCMNKVCKCYGC!
TISCTRPKQCYPHCKKETGYPNAKCMNRKCKCFGR
TISCTNEKQCYPHCKKETGYPNAKCMNRKCKCFGR
VSCEDCPEHCSTQKAQAKCDNDKCVCERI
ATCEDCPEHCATONARAKCDNDKCVCEPK
VSCEDCPDHCSTQKARAKCDNDKCVCEP]
VSCEDCPDHCSTQKARAKCDNDKCYCEPK
VGCEECPMHCKGKNAKPTCDDGYONCRY
VGCEECPMHCKGKNANPTCDDGVONCRY
VGCEECPMHCKGKNAKFTCONGVONCNY
VGCAECPMHCKGKMAKPTCENEVCKCNIG

P13487 (2CRDY
P45628 (ILIR}
P24663

Tytgat et al., 1999
QINIIG (1BIG)
QOIS (2BMT)
Pa5660

P39848

PR32
Garcia-Valdes et al..
2001

POSEIS (1SXM)
PANTSS (IMTX)
Pase29
AABSOBSS
P39R47 (IHLY)
P45630

P24662 (IKTX)
P41 (1AGTY
Pas112

Pa5110

P45696

QINNT (1BKT)
P35896 (15C0)
P398E6

P59250

P46114 (1HP2)Y
P56219 (1TSK)
PS992S

Batista et al.. 2002
P16341 (15CY)
PAITI9 (IPNH)
AAFDI044
P39869

P39870

Qlom26

PROTIO (1TXM)
P39867 (1QUZ)
P3SB49E (INEM)
P3R490 (1QKY)
AAPTIET
AAPTISIE
AAPTIRIG
AAPTIR20
AAPTIB2]
PS3927 (2PTA)
P55928 (1C49)
P36213 (1ACW)
AAFDI0LS
PROSTO

PEOGT]

QENIPT (1DUS)
QIUEDI
PEDGEY

Drahwan et al., 2003
leontinued on next page)
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Table 1 (continued)

R.C. Rodriguez de la Vega, 1.D. Possani / Toxicon xx {2004 rer-xxx

Toxin* Targets”  Sequence Reference®

a-10.11Cn Cobatoxinl 13 AVCVYRTCDKDCKRRGYRSGKCINNACKCYPY? 046028 (1PIV)

@-10.2ICn Cobatonin2 ! VACYYRTCDKDCTSRKYRSGKCINNACKCYPY PS8S04

a-11.11Psp PBTx1 1 DEEPKESCSDEMCVIYCKGEEYSTGVCDGPQKCKCSD Huys and Tyrgat, 2003

a-11.21Psp PBTx2 nd DEEPKETCSDEMCVIYCKGEEFSTGVCDGPQKCKCSD Huys and Tytgat. 2003

a-11.31Psp PBTx10 nd. DEEPKETCSDDMCVIYCKGEEYSTGYCDGPOKCKCS Huys and Tytgat. 2003

a-12.11Ts Butantoxin 12 WCSTCLDLACGASRECYDPCFKAFGRAHGKC P59936 (1C35)

(TsTXIV) MNNKCRCYT

a-13.1/Tel 1 ACGSCREKKCKGSGKCINGRCKCY PE3243 (LJLZ)

a-13210sK2 I ACGPGCSGSCROKGDRIKCINGSCHCYP PEI244

a-14.11Bmik! nd. TPFAIKCATDADCSRKCPGNPSCRNGFCACT Q967F9

a-14,2|Bmkk2 (BmPOT) nd. TPFAIKCATDADCSRKCPGNPPCRNGRCACT QUSNKT (1PVZ)

a-14.31Bmikk3 nd. TPFEVRCATDADCSRKCPGNPPCRNGFCACT QIBIX2

a-14,41Bm SKTx! nd. TPFAIKCATNADCSRKCPGNPPCRNGRCACT AAK11986

a-15.11Aa1 [ QNETNKKCQGGSCASVCRRVIGVAAGKCINGRCVCYP Pisciotta et al.. 2000

a-15.21BmTx3A 56 QVETNVKCQGGSCASVCRKAIGY AAGKCINGRCVCYP AANI56

a-15.MAaTx] (AmmTX3) [ QIETRKKCQGGSCASYCRRVIGVAAGKCINGRCVCYP CAD20742

a-15.4lAaTx2 nd. QVETNKKCQGGSCASVCRRVIGYAAGKCINGRCVCYP CAD20743

a-16.11Bt TmTX nd. DLIDVKCISSQECWIACKKVTGRFEGKCQNRQCRCY Possani et al., 2000

a-16.2/Bm Martentoxin 2 FGLIDVKCFASSECWTACKKVTGSGQGKCQNNQCRCY AAFRT224 (QINBGY)

(BmTx3B)

a-163/Bm Kchixl nd. FGLIDVKCFASSECWIACKKVTGSVQGKCQNNQURCY QEMQLO

a-17.11Bm TXKs4 QTQCQSVRDCQQYCLTPDRCSYGTCYCKTT! QISNIB (IKLH)

(Bmkk4/BmPOS)

a-18.11Te32 1 TGPQTTCQAAMCEAGCKGLGKSMESCQGDTCKCKA Batista et al., 2002

B-1ITsTXKE nd. KLVALIPNDQLRSILKAVVHKVAKTQFGCPAYEGYCNDH (Legros et al.. 1998)
CNDIERKDGECHGFKCKCAKD

B-21AaTXKB nd. KLVKYAVPVGTLRTILQTVVHKVGKTQRFGCPAYQGYC (Legros et al.. 199%)
DDHOQDIKKEEGFCHOFKCKCGIPMGF

B-IBmTXKR AAF31480 6 KNIKEKLTEVKDKMKHSWNKLTSMSEYACPVIEKWCEDHC
AAKKAIGKCEDTECKCLKLRK

B-4IBmTXKP2 AAFI1479 nd KLVKYAVPEGTLRTIQTAVHKLGKTQFGCPAYQGYCDD
HCQDIKKEEGFCHGFKCKCGIPMGF

¥-1.1CnErgt 5 DRDSCYDKSRCAKYGYYQECQDCCKNAGHN AAD2I2M (INES)
GGTCMFFKCKCA

+1.2ICeErg! nd RDSCYDKSRCAKYGY YQECTDCCKKYGHNG AAD22215
GTCMFFKCKCA

+-1.31CgErg1 nd. RDSCVDKSRCAKYGHYQECTDCCKKYGHNGG AAD2218
TCMFFKCKCA

¥-1.4ICsErg] nd. RDSCVDKSRCAKYGY YQECQDCCKKAGHNG AAD222S
GTCMFFKCKCA

+1.5ICIER ] nd. RDSCVDKSRCSKYGY YQECQDOCKKAGHNG AAD2222)
GTCMFFKCKCA

+1.6iCenErgl nd. RDSCVDKSRCAKYGYYQECQDCCKKAGHSG AAD22230
GTCMFFKCKCA

+-2.11BeKm-1 H PTDIKCSESYQCFPVCKSRIGKTNGRCYNGFCDCF AAK28021 (1LGLY

+3.1iCnltirg2 s RDSCVNKSRCAKYGYYSQCEVOCKKAGHKG P59939
GTCDFFKCKCKY

¥-3.2CeErg2 nd. RDSCYDKSRCAKYGYYQQCEICCKKAGHRG AAD22216
GTCEFFKCKCKY

¥-3.3ICsEEr? nd. RDSCVDKSRCAKYGYYGQCEVCCKKAGHRG AAD22226

¥-34ICgErg2 nd. RDSCYDKSRCQKYGRYAQCTACCKKAGHNK AAO22219
GTCDFFKCKCT

4. 1ICHErRY nd. RDSCVDKSKCSKYGYYGQCDECCKKAGDRA AADZID2

GNCVYFKCKCNP

(continued on next page)

R.C. Rodrigue de la Vega, L.D. Possani / Toxicon xx (2004) xu-xe ]

Table | {continued)

Toxin® Targets®  Sequence Reference®

+4.2IChEmRS nd. RDSCVDKSKCGKYGY YQECQDCCKNAGHNG AAO22214
GTCVYYKCKCNP

¥43ICexErg2 nd. RDSCVDKSKCGKYGY YGQUDECCKKAGDRA AAO2223]
GICEYYKCKCNP

y-4.4ICexErgd nd RDSCVDKSKCAKYGYYYQCDECCKKAGDRA AAD2INN2
GTCEYFKCKCNP

¥4 5iCexErpd nd. RDSCVDKSQCAKYGYYYQUDECCKKAGDRA AAD22233
GTCEYFKCKCNP

y-4 6ICHER3 nd. RDSCYDKSKCSKYGY YGOQCDKCCKKAGDRAG AAQ22223
NCVYFKCKCNG

¥4 TMCHEmn4 nd. RDSCYDKSKCAKYGY YGQUDECCKKAGDRAG AAD22224
NCVYLKCKCNG

¥4 BICeErgd nd. RDSCVDKSKCOKYGY YHQCDECCKKAGDRA AA022217
GNCVYYKCKCNP

-4 SICSEEmR n.d. RDSCVDKSRCGKYGY YGOQUDDOCKKAGDRA AAQIT
GTCVYYKCKCNP

¥4 1HCsEErg4 nd. RDSCVDKSRCGKYGY YGQUDECCKKAGDRA AAD2I22R
GTCVYYKCKCNP

y-4.111CnEmR4 nd RDSCVDKSQCGKYGY YGQUDECCKKAGERY AAD22213
GTCVYYKCKCNP

y-4.12ICsEKerg] 5 RDSCVEKSKCGKYGY YGQCDECCKKAGDRA Nastinczyk et al. 2002
GTCVYYKCKCNP

¥-4.13ICnErg3 nd RDSCVDKSKCGKYGY YGQCDECCKKAGDRA AAD22212
GTCYYYKCKCNP

¥-5.11CsEEmRS nd RDSCVDKSRCAKYGY YGQCEVOCKKAGHNGGTCM AAQ22229
FFRCMCVNSKMN

¥-5.21CgErg3 nd. RDSCVDKSRCQKYGPYGQCTDCCKKAGHTGGT AAOR20
CIYFKCKOGAESGR

w-HITx 1 [Hefutoxin 1 ! GHACYRNCWREGNDEETCKERC? PE2RS0 (1HPS)

w-HITx2IHefutoxin 2 nd. GHACYRNCWREGNDEETCKERCG P82851

2.11Bt Tamulustoxin 1* 1 RCHFYYCTTDCRRNSPGTYGECYKKEKGKECVCKS Q9BNI12

4.21Bt Tamulustoxin 2 nd. RCHFYICTTDCRRNSPGTYGECVKKEKGKECVCKS QBN

a BmKIT (BmBKTx1) n.d. ACYSSDCRVKCVAMGFSSGRCINSKCKCYK PR34OT (1Q2K)

adIBmK3IE nd. KTATRCTQSICQUESCKRONKNGRCVIEAEGSLIYHLCKCY AAMB410

. 51Bsp Neurntoxin nd. VSIGIKCDPSIDLCEGQCRIRYFTGYCSGDTCHCS PR30S

UTspepl! | nd KPKCGLCRYRCCSGGCSSGKCYNGACDCS Pimenta et al.. 2003

2Tspep227-551 1 nd. TVKCGGCNRKCCAGGCRSGRCINGKCQCY Pimenta et al.. 2003

NTspepdl | nd. TVKCGGCNRKCCPGGCRSGKCINGKOQCY Pimenta et al., 2003

CITxlLgg Chiorotoxin | - MCMPCFTTDHQMARKCDDOCGGKGRGKCYGPQCLCR P45639 (1CHL)

CITr-likelLgh-8/6 (BsE) nd. RCSPCFTTDQOMTKKCY DCOGGKGKGKCYGPQCICAPY P3S966 (P15229)

IT.11Be Insectotoxin 11 nd. MCMPCFTTRPDMAQQCRACCKGRGKCFGPQCLOGYD P13220

IT.2IBe Insectotonin 15A nd. MCMPCFTTOPNMAKKCRDOCGONGKCFGPQCLCNR? PI5222 (15I8)

IT.3IBt Butal T n.d. RCGPCFTTRDPOQTQAKCSECCGRKGGYCKGPOCICGIQ PEIT6]

* Systematic nomenclarure are followed by common names with the shbreviated name from the species from which the peptides were
isolated as a prefix (Aa. And Am. A icus. Be. eupeus. Bm. M. martensii; Bo. Borthus occitanus:
Bt, M. somulur; Cex. Centrurnides exilicawda: Cg. C. gracilis; b, C. Imbarus: Cll. C. limpidus limpidus: Cm. €. margaritans; Co. C.
mn'u:; Cs. C nnlpmmm: Hf, Hﬂmm Sulvipes: Hx H. spinifer, Lgh. Leiurus quinguiestratus hebroewr. Lgh. Leivrus

o) hihjal Os, Orthochi bicul Pi. Pandinus imperator, Pap.
.Famhrhu spma Sm Srnrpla maures; Tc Tinyrus cambridgei: Td, T. discrepans. Ts, T. serrulatus).
® Electophy ly tested ph logical rargets: 1. Shaker related K* -channels (Ky1.% family): 2 2, Ca™" -activated K -channel of high
conductance (Ke,1.1% 3. Ca*.sctivated K~-channel of intermediale conductance (Ke, 31k 4. Ca'"-activated K™ -channel of small
conductance (Ke,2.x family): 5. ether-a-go-go related K™ -channel (Ky 1 1.x family): 6 other. molecular uncharacterized. K™ currents. Numbers.
in italics means low activity (Kd > 1 M}

i are databank numbers ieither SwissProt, TREMBL or GenBank) as retrieved from www.ncbi.nih. govientrez

(PDB codes, where available. are beetwen p ish or literature
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# C-terminal amidation,

* Peptides 2.1 1o 2.3 are clearly grouped within alpha-KTx family although no sy i bering has been proposed. Peptides Tspepl.
Tspepl and Tspep3 isolated from T. Serrulanus contains the CS-alphabeta signature but are not carrently rlunﬁnd as alpha-KTx's because of
the lack of functional data.

Seytx R6
Seytx R13

Hydrophobic “head”™
Fig. 1. Functional epitopes of scorpion toxins specific for K™ channels. (A) Functional dyad in two variants: similar to Charybdotoxin {purple),
residues K27 and Y36, and to Agitoxin 2 (green). residues K27 and F25. (B) The basic ring of Pi4 (violet) as defined by M’ Barek et al. (2003b)
and Guijarro et al. (2003). Residues R10, R19. K30 and K33 are displayed as space filing models. whereas K26 and Y33 (functional dyad
residues) are in ball and chain rep ion, (C) Basic residues of the apamin-like mofif of the K, 2.x specific toxins Tsx (yellow), residues R6

and RY, and Scyallotoxin ired). residues R6 and R13. (D) Superimposition of CAERG 1 (blue) and BeKm-1 (grey) showing the residues
imporant in BeKm-1 binding to the ERG channel (Korolkova et al.. 2002) and some residues of CaERG proposed to be important for its
'hmdinpm also indicated (Xu et al.. 2003; Frenal et al.. 2004). The 'too heads’ of this interacting mode proposed by Frenal et al, (2004) are
indicated. The imp residues identified by is in BeKm-1 and confirmed by the ET analysis of y-KTxs are displayed using ball
lnd clwln models. Other residues identified by only one of these methods are shown using the stick model. Ribbon models of averaged and

were with MOLMOL software (Koradi et al.. 1996). FDB entries: Charybdotoxin, 2CRD: Agitoxin 2, 1AGT:
Tsw. ITSK: Scyallotonin, 1SCY: Pid. 1QKY: BeKm-1, 1LGL: CnERG1. INES.

Fig. 2. Phylogenetic tree of scorpion toxin specific for K™ -channels. A mtal of 131 sequences were retrieved from public databases, !ilemulef;
unpublished results from our laboratory. Only 120 branches are shown. The tree was calculated from & distance matrix obtained with a

CLUSTAL X (Thompson et al., 1997) alig passing the full set of seq The tree was rooted 1o the structurally unrelated, but
functionally similar K™ channel blocking peptides ins, The ic names are § at the tip of the branches, followed by the
abbrevisted common names. The vertical lines a1 the right side of the tree are indicating the main p gical tarpets of the toxins,

according to the data of Table |. The a-KTx term was omirted for clarity.

R.C. Rodrigue: de [a Vega, LD. Possani / Taxicon
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Caso 2. Toxinas de alacran que modulan la apertura y cierre de los canales de Na*

Las toxinas de alacran de cadena larga suelen ser el componente mayoritario de los venenos de
las especies peligrosas para mamiferos, su estudio ha estado impulsado porque son las
responsables del efecto letal que pueden producir los venenos de aquellos organismos [18a];
paraddjicamente la interaccién con sus receptores —canales de Na*— ha sido menos estudiada
que su contraparte en el par o-KTx - canal de K*, como consecuencia de la dificultad que
ofrecen los canales de Na* para su estudio electrofisiol6gico y la escasez de mutantes, tanto de
los ligandos como de los receptores, que ayudarian a definir los aminoacidos directamente
involucrados en la interaccién entre ambas moléculas. Ahora bien, tradicionalmente las toxinas
de alacran especificas para canales de Na* (Na-ScTx) se diferencian farmacolégicamente por el
efecto que producen en el proceso de apertura y cierre de los canales: las toxinas o inhiben el
proceso de cierre uniéndose al sitio receptor 3 (definido por las asas extracelulares que unen los
segmentos S5-56 del dominio I y S3-54 del dominio IV), mientras que las toxinas B recorren el
potencial de activacién de los canales uniéndose al sitio receptor 4 (S3-S4 del dominio II)
[19a,20a]. La relacién entre las secuencias de Na-ScTx's y su efecto farmacolégico es directa en
la mayoria de los casos [21a,22a]; sin embargo, la toxina Cn12 posee una secuencia tipicamente
B (Figura A-2a), pero ejerce un efecto tipo a. La comparacion de las estructuras
tridimensionales o las superficies electrostiticas para ambos tipos de toxinas tampoco refleja
patrones que pudiesen estar asociados a la definicion de los efectos farmacolégicos (Figura A-
2b). Lo anterior resalta la plasticidad del motivo estructural o/ B-EC, sobre el cual se parecen
haber desarrollado dos soluciones independientes que derivan en un mismo tipo de funcién.

Toxin sTni2
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B) Face B Surfaces
Cnl2 Bjxtr-1T

Figura A-2 | Comparacion de secuencia y estructura de la toxina Cn12 con otras Na-5cTx’s. a) La secuencia de Cn12 se
alined con otras Na-ScTx’s cuya estructura tridimensional es conocida, usando el programa CLUSTAL_X [16a]. En
la parte derecha de la figura se muestran los porcentajes de identidad con respecto al Cn12 y un arbol filogenético
simplificado, el cual estd enraizado con Bjxtr-IT. Omitiendo a Cn12, el arbol segrega adecuadamente a los dos
grupos farmacoldgicos descritos (nodos marcados como « y B). b) comparacion de la estructura de Cn12 obtenida
por RMN con otras Na-ScTx’s. bA) La toxina Cnl2 se muestra en diagrama de listones, sobrepuesta sobre las
estructuras de la toxina a especifica para insecto Lqh-IT, la toxina tipo a BmK M1 y la toxina exitatoria Bjxtr-IT,
cuyo efecto farmacolégico es tipo B. bB) Superfcies electrostaticas de las toxinas sobrepuestas en bA. La tnica
similitud evidente se da entre Lqh-IT y BmK M1. Las estructuras depositadas en el PDB se desplegaron con el
programa MOLMOL [17a].

Con datos de: del Rio-Portilla F, Hernandez-Marin E, Pimienta G, Coronas FIV, Zamudio FZ, Rodriguez de la
Vega RC, Wanke E, y Possani LD (2004). NMR solution structure of Cn12, a novel peptide isolated from Mexican
scorpion Centruroides noxius having a typical beta sequence but with a alpha-like effect. Eur. |. Biochem.
Aceptado.
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