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Resumo

O presente estudo visou a prospec¢ao e caracterizacdo de peptideos biologicamente
ativos em venenos de animais representantes da biodiversidade brasileira, nomeadamente,
Tityus serrulatus (Arachnida, Scorpiones, Buthidae), Acanthoscurria natalensis (Arachnida,
Araneae, Theraphosidae) e Phasmahyla jandaia (Anura, Hylidae, Phyllomedusinae). Para
tanto, empregou-se espectrometria de massa como ferramenta central. Destacam-se o
seqlienciamento de novas familias ou variantes peptidicos do veneno de 7. serrulatus e da
secrecao dérmica de P. jandaia, o que permitiu inferéncias sobre a biologia desses sistemas
defensivos, e a determinagdo da estrutura primaria completa da toxina p-TRTX-Anla do
veneno de A. natalensis. Ademais, demonstrou-se que a u-TRTX-Anla, em preparagao de
neur6nios DUM de Periplaneta americana, provoca aumento na freqiiéncia de descargas

espontaneas e diminui¢do da amplitude dos potenciais de acao.

Palavras-chave: Tityus serrulatus; Acanthoscurria natalensis; Phasmahyla jandaia;

peptideos biologicamente ativos; espectrometria de massa; seqlienciamento de novo.



Abstract

The present study aimed at the prospection and characterization of biologically active
peptides in venoms of animal representatives of the Brazilian biodiversity, namely Tityus
serrulatus (Arachnida, Scorpiones, Buthidae), Acanthoscurria natalensis (Arachnida,
Araneae, Theraphosidae) and Phasmahyla jandaia (Anura, Hylidae, Phyllomedusinae). For
the attainment of such goal, mass spectrometry was employed as the central tool. The
sequencing of new peptidic families or variants from the venom of 7. serrulatus and from the
skin secretion of P. jandaia, which allowed inferences on the biology of these defensive
systems, and the complete determination of the primary structure of the toxin u-TRTX-Anla
from the venom of 4. natalensis are highlighted. Moreover, it has been demonstrated that p-
TRTX-Anla elicits an increase in the spontaneous discharges frequency and a diminishment

in the action potential amplitude in Periplaneta americana DUM neuron preparation.

Keywords: Tityus serrulatus; Acanthoscurria natalensis; Phasmahyla jandaia; biologically

active peptides; mass spectrometry; de novo sequencing.
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1 Introducao

1.1 Peptideos: principios estruturais e diversidade

Peptideos podem ser definidos como polimeros de residuos de aminoacidos
concatenados a residuos adjacentes por meio de uma ligagdo peptidica (Figura 1). Essas
moléculas diferem-se das proteinas pelo nimero de aminoacidos que contém; peptideos
possuem entre dois e uma centena de residuos, ao passo que proteinas podem consistir em
cadeias polipeptidicas com até varios milhares de residuos (Nelson e Cox, 2004). No entanto,
uma vez que suas extensodes distribuem-se em um continuum, o limite para a diferenciacao

dessas duas classes moleculares ¢ arbitrario (Sewald e Jakubke, 2002).

R r R
)V/Jl H )\/Ho

H. SN

T Y

0 R N

—n

Figura 1. Representacio da estrutura quimica basica de um peptideo.

As cadeias peptidicas naturais, codificadas por acidos nucléicos, sdo usualmente
compostas por 20 aminoacidos diferentes. Os aminoacidos consistem em um grupo carboxila
(-COOH), uma amina (-NH;), um atomo de hidrogénio e uma cadeia lateral (ou grupo R)
ligados ao mesmo atomo de carbono, denominado carbono o (Figura 2). As cadeias laterais,
ou grupos R, que diferenciam os aminoacidos entre si, variam em estrutura, tamanho, carga

elétrica e solubilidade em agua (Nelson e Cox, 2004).

Com excecdo da glicina, por ser covalentemente ligado a quatro elementos distintos

(i.e., -H, -COOH, -NH; e grupo R), o carbono a constitui um centro quiral (Figura 2). No
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entanto, salvo excegdes resultantes de modificagdes pds-traducionais, os aminodcidos dos
polipeptideos naturais, mesmo em extremos opostos do espectro das formas de vida,

apresentam a configuracao L (Nelson e Cox, 2004).

O—O0
O—_O0

\R R/
/ \C o ‘e / ~

™~ - T
HaN HZN

HO

Figura 2. Estrutura basica e estereoisomerismo em aminoacidos. Estereoisomeros L ¢ D de um aminoacido

genérico mostrados a esquerda e a direita, respectivamente.

As ligacdes peptidicas sdo formadas pela remocao dos elementos da agua (desidratagao)
do grupamento o-carboxila de um aminoacido e do grupamento a-amino de outro. O residuo
em uma das extremidades, que possui a a-amina livre, ¢ denominado de residuo N-terminal; o
residuo da outra extremidade, que possui o grupo a-carboxila livre, denomina-se residuo C-
terminal. A orientacdo N-terminal — C-terminal ¢ utilizada para representar seqiiéncias

peptidicas (Nelson e Cox, 2004).

Uma propriedade da ligagdao peptidica que possui importantes implicagdes estruturais
refere-se a sua caracteristica rigida e planar. H4 um compartilhamento parcial de dois pares de
elétrons entre o oxigénio da carbonila e o nitrogénio da amida. Esses elétrons em ressonancia
fazem com que a ligagdo peptidica tenha um carater de ligacao dupla e que, portanto, nao haja
livre rotagdo em seu eixo. Em principio, a ligacao peptidica poderia assumir configuragdes cis
ou trans (Figura 3). No entanto, por motivos estéricos, a configuracao trans ¢ favorecida por
um fator de 1000:1 sobre a cis. Dessa regra excetuam-se as ligagdes com residuos de prolina
0s quais possuem uma pequena diferenga de estabilidade entre seus rotameros (Nelson e Cox,

2004).
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Figura 3. Rotimeros trans e cis de um dipeptideo genérico.
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Devido a caracteristica rigida da ligacdo peptidica, a conformacdo dos peptideos ¢
caracterizada pelo angulo de tor¢do nas ligagdes N-C. (¢), C.-C (V). Interacdes desfavoraveis
entre os 4tomos da cadeia principal ou das cadeias laterais resultantes de certas combinagdes
dos angulos ¢ e 1, somadas a prevaléncia da configuracdo trans sobre a cis nas ligacdes
peptidicas, impdem limites sobre os possiveis arranjos espaciais de uma cadeia polipeptidica.
Ainda assim, existiriam inimeras conformacdes tedricas possiveis. No entanto, apenas alguns
arranjos predominam nas condi¢des biologicas, por serem os mais termodinamicamente

estaveis (Nelson e Cox, 2004).

O universo de conformagdes estruturais de peptideos e, principalmente, de proteinas
pode ser intimidante. No entanto, a medida que um numero crescente de estruturas sdo
elucidadas, torna-se cada vez mais evidente que essas sdo uma manifestagdo de um nimero

finito de padrdes (ou motivos) conformacionais (Nelson e Cox, 2004).

Apesar disso, peptideos de uma mesma familia estrutural podem apresentar uma grande
diversidade de atividades que resulta de modulacdes em sua seqiiéncia de residuos
aminoacido. As toxinas de trés dedos (three-fingered toxins) destacam-se como exemplos
contundentes desse fato. Esses peptideos cuja extensao varia de 60 a 74 residuos possuem um
nucleo estabilizado por quatro ou cinco pontes dissulfeto e apresentam voltas protuberantes
que se assemelham a trés dedos de uma mao, das quais seu nome deriva. Mais de 300

peptideos com essa arquitetura molecular ja foram descritos. Suas atividades farmacologicas
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sdo diversas: os primeiros representantes dessa familia de peptideos a serem isolados, as o-
neurotoxinas, paralisam o musculo esquelético por meio do bloqueio de receptores nicotinicos
de acetilcolina (ACh), na jung¢do neuromuscular; diferentes representantes das chamadas
toxinas muscarinicas sao agonistas (MTx1 e MTx2) ou antagonistas (MTx3 e 7) de diferentes
subtipos de receptores muscarinicos de ACh; as fasciculinas produzem um inibi¢ao duradoura
da enzima acetilcolinesterase, o que prolonga a acdo da ACh; a mambina e a y-bungarotoxina
conttm a seqiiéncia Arg-Gly-Asp - a assinatura classica das proteinas que se ligam ao
receptor IIb-IIla das plaquetas - de modo que possuem atividade similar as desintegrinas, i.e.,
atuam como inibidores da agregacdo plaquetaria; os peptideos FS2 e calciseptina reconhecem
canais de Ca™ do tipo L. Em células de musculo cardiaco e liso, ambos os peptideos atuam
como antagonistas dos canais de Ca™ do tipo L. Em células de musculo esquelético a
calciseptina atua como agonista desses receptores. Além dos representantes com atividade
bioldgica conhecida, hd ainda outras toxinas de trés dedos cujas funcdes ndo foram

determinadas (Harvey, 2006; Gross, Drevet et al., 2009).

De maneira similar, as toxinas de aranhas terafosideas, cuja diversidade farmacolédgica
¢ extensa, estdo restritas a peptideos relativamente pequenos que se enquadram em um
nimero limitado de padrdes moleculares. A maioria dessas toxinas apresenta trés pares de
residuos de cisteina e pode apresentar dois motivos estruturais que diferem entre si de acordo
com o arranjo de suas pontes dissulfeto, nomeadamente Inhibitory Cysteine Knot (ICK) e
Dissulfide-Directed Hairpin (DDH) (Escoubas e Rash, 2004). Também ¢ possivel mencionar
o motivo af} estabilizado por cisteina (Cysteine Stabilized o motif - CSaf), recorrente em
peptideos que atuam sobre canais idnicos (Bontems, Roumestand et al., 1991; Kobayashi,

Takashima et al., 1991; Possani e De La Vega, 2006).

Apesar de possuirem um pequeno tamanho e estrutura que obedece a um padrdo
simples, os peptideos podem realizar uma vasta gama de atividades biologicas. Essa aparente
contradi¢do pode ser explicada pelo fato de que um decapeptideo pode ter 20" possiveis
seqliéncias possiveis. A diversidade de peptideos também ¢ grandemente aumentada pelos
aminoacidos ndo usuais e por uma extensa lista de possiveis modificacdes pos-traducionais
(e.g., hidrodlises, acetilagdo, hidroxilagdo, glicosilagdo, sulfatacdo, iodacdo, carboxilacdo,
amidacao, fosforilacdo, etc.). Além da grande variedade de peptideos lineares, existem os
chamados peptideos ciclicos, criados a partir da formagao de uma ligacao peptidica entre os

aminoacidos N- e C-terminais de um peptideo linear (Figura 4) (Sewald e Jakubke, 2002).
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Figura 4. Representacio da estrutura quimica de um peptideo ciclico.
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1.2 Seqiienciamento de peptideos

A atividade biologica dos peptideos ¢ uma funcao de seu arranjo espacial, que por sua
vez esta diretamente relacionado a sua estrutura primaria. Como coroldrio, o conhecimento da
seqiiéncia de aminodcidos de um peptideo pode revelar informagdes sobre sua funcao,
localizagao celular, modificagdes quimicas, estabilidade e evolugdo. Uma vez que familias de
proteinas e peptideos compartilham caracteristicas funcionais e estruturais, diversas
informagdes podem ser acessadas e inferéncias podem ser feitas a partir de uma busca por
similaridades de uma seqiiéncia recém obtida com outras moléculas conhecidas (Nelson e

Cox, 2004).

O seqiienciamento de acidos nucléicos ¢ mais rapido e mais conveniente que o
seqiienciamento de proteinas e peptideos. Tamanha ¢ a velocidade das técnicas de
seqiienciamento de DNA que genomas completos de diversos organismos foram e continuam
sendo elucidados. A habilidade de descrever a colecdo completa de genes em um organismo
resultou na redefini¢do do estudo de sistemas bioldgicos, criando a ciéncia da gendmica e suas
derivacdes (Liebler, 2002). Apesar da conveniéncia da dedugdo da estrutura priméria de
peptideos a partir de seqiiéncias de acidos nucléicos, o seqiienciamento direto da molécula
peptidica permanece indispensavel. A determinacdo da estrutura primaria a partir da
seqliéncia de DNA nao prové evidéncia inequivoca de existéncia nem da identidade de
modifica¢des pods-traducionais. Ademais, a determinagdo da seqiiéncia, ainda que parcial, de
um peptideo ou proteina de interesse permite a sintese de um fragmento de DNA que pode ser

utilizado para identificar e isolar o gene correspondente (Sewald e Jakubke, 2002).

A presenca em sistemas com multiplos componentes, a baixa concentracdo e as
pequenas quantidades em que sdo encontrados sdo, freqlientemente, fatores limitantes para o
isolamento e a determinacdo da estrutura de peptideos naturais (Sewald e Jakubke, 2002).
Quicd, um dos exemplos mais extremos da manifestacao dessa limitacdo seja o isolamento da
tiroliberina, um hormonio tripeptidico (piroglutamil-histidil-prolina-NH;). Em 1969, os
grupos dos pesquisadores Roger Guillemin e Andrew Schally independentemente
purificaram e caracterizaram essa molécula a partir do processamento de hipotalamos de
aproximadamente um milhdo de suinos e de ca. dois milhdes de ovinos, respectivamente
(Nelson e Cox, 2004). Tendo em vista situagdes como essa, o estudo de peptideos naturais

foi grandemente assistido pelo desenvolvimento de técnicas de alta sensibilidade como a
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separacdo e purificacdo por cromatografia liquida de alto desempenho (high performance
liquid chromatography — HPLC), o seqiienciamento N-terminal por degradagdo de Edman
automatizada e, principalmente, pelo avango das técnicas de espectrometria de massa

(Sewald e Jakubke, 2002; Escoubas, 2006).

1.2.1 Método Edman

O método de seqiienciamento N-terminal desenvolvido por Pehr Edman em 1949, ¢
um processo ciclico que consiste nas etapas de acoplamento, degrada¢do e conversdo
(Edman, 1949). Cada ciclo envolve a reagdao do aminoacido na extremidade N-terminal de
uma cadeia peptidica com fenilisotiocianato (pheny! isothiocyanate - PITC) sob condi¢ao
ligeiramente bdasica, que resulta na formacdo do aduto feniltiocarbamoil (pheny!
thiocarbamoyl - PTC) (viz. acoplamento). Segue-se, entdo, a remo¢ao do excesso de PITC e
o tratamento com um acido anidro forte, tal como o acido trifluoroacético (¢rifluoroacetic
acid — TFA) para clivar o aminoacido N-terminal, de modo a produzir seu derivativo 2-
anilino-5-tiazolinona, deixando integro o restante das ligagdes peptidicas da cadeia (viz.
degrada¢do). Por meio de tratamento do derivativo 2-anilino-5-tiazolinona em TFA aquecido
¢ formado o derivativo 3-fenil-2-tiohidantoina (3-phenyl-2-thiohydantoin - PTH) (viz.
conversdao). O PTH-aminoacido pode ser identificado, por exemplo, por meio de HPLC de
fase reversa (reversed phase high performance liquid chromatography - RP-HPLC) com

deteccao por absorbancia de luz ultravioleta (Sewald e Jakubke, 2002).

Com duracdo de cerca de 50 minutos por ciclo, 0 método Edman freqiientemente
prové a seqiiéncia exata e sem ambigiiidades para segmentos de até aproximadamente 30
aminoacidos. Esse limite deve-se a reacdes incompletas em cada ciclo, que resultam na
formacdo de pequenas quantidades dos derivativos de PTH correspondentes aos aminoacidos
nas posicdes anteriores da seqiliéncia. Essas sobreposi¢des tornam invidvel a interpretagcdo de
resultados ap6s varios ciclos. O seqiienciamento de peptideos maiores que 30 residuos ou de
proteinas ¢ alcangado por meio de seu tratamento com agentes proteoliticos, purificagdo e

seqlienciamento individual dos fragmentos (Sewald e Jakubke, 2002).

Outras limita¢gdes do método Edman residem no fato de que para esse procedimento

sdo necessarios 10 a 100 pmol de amostra purificada a homogeneidade e em sua
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incompatibilidade com peptideos cujos aminoacidos N-terminais estejam modificados (e.g.,

acido piroglutdmico N-terminal) (Sewald e Jakubke, 2002).

1.2.2 Espectrometria de massa in tandem

A espectrometria de massa provou-se uma ferramenta muito util nos campos da
analise de proteinas e de peptideos, bem como na andlise protedmica. Espectrometros de
massa consistem em trés componentes principais, nomeadamente a fonte, o analisador e o
detector. A fonte cumpre a funcdo de ionizar as moléculas presentes na amostra. Os ions
gerados sdo entdo separados em fungdo de sua relagio massa/carga (m/z)' pelo analisador e
detectados pelo detector. Em suma, o funcionamento de um espectrometro de massa baseia-se
na conversao dos componentes de uma mistura de moléculas ionizadas cujo m/z ¢
subseqilientemente aferido. Os dados sdo registrados automaticamente e podem ser extraidos
para interpretagdo manual ou assistida por computador (Liebler, 2002). Assim,
independentemente do interesse analitico, a espectrometria de massa visa a identificagao de
compostos a partir da massa atomica de seus constituintes. Tal identificagao pode ser derivada
apenas da informacdo da massa molecular do analito, ou pode ser assistida pela verificagdo da
abundancia relativa de isotopologos e/ou pela avaliagdo da massa de ions resultantes da

fragmentacdo da molécula de interesse (Gross, 2011).

O principal desafio da espectrometria de massa de biomoléculas reside na etapa de
ionizacdo, a qual envolve transferir moléculas altamente polares de até dezenas ou centenas
de kDa a fase gasosa sem destrui-las. Tal obstdculo foi superado por meio do
desenvolvimento de técnicas de ionizacdo branda tais como a eletronebulizagdo (electrospray
ionization — ESI) e a ionizagdo e dessorcao por laser assistida por matriz (matrix-assisted

laser desorption ionization — MALDI) (Steen e Mann, 2004).

No método ESI, uma agulha metalica de espessura capilar ¢ mantida a um potencial
elétrico na ordem de kV (em relacdo a entrada do espectrdmetro de massa) e através dela ¢
bombeada a amostra em solucdo. Esse processo gera goticulas altamente carregadas que sao
nebulizadas. O solvente ¢ entdo evaporado das goticulas, o que diminui seu tamanho e

portanto aumenta sua densidade de cargas. fons dessolvatados multiplamente protonados sdo

" A unidade Thomson [Th] (em homenagem a J. J. Thomson) ¢ também utilizada, em substitui¢do a grandeza
adimensional m/z. A unidades Th e m/z sdo equivalentes (Gross, 2011)
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gerados pela dessor¢do dos ions do analito da superficie das goticulas, devido a intensos
campos elétricos e/ou devido a fissdo repetitiva das goticulas até que cada uma contenha
apenas um ion do analito. Por admitir analitos em solu¢do, o método ESI ¢ passivel de ser

diretamente acoplado a etapas de separagdo por (u- ou n-) HPLC (Steen e Mann, 2004).

No método MALDI, o analito ¢ co-cristalizado com um grande excesso de uma
matriz com capacidade de absorver luz ultravioleta, a qual normalmente consiste em um
acido aromatico de baixo peso molecular. Uma vez que seja irradiado um feixe de laser com
comprimento de onda apropriado sobre os cristais da mistura analito/matriz, as moléculas de
matriz em excesso sublimam-se e transferem o analito ndo volatil nelas embebido a fase
gasosa (viz. dessor¢do). Apos numerosas colisdes entre ions de matriz e moléculas da
amostra, as quais ocorrem na pluma que se desenvolve apds a incidéncia do laser, sdo
formados ions da amostra por meio de protonagdo prioritariamente unitdria. Uma vez

formados, os ions sdo acelerados por meio de potenciais elétricos até o analisador de massa

de escolha (Steen e Mann, 2004).

A combinagao dessas fontes de ions com uma variedade de analisadores permitiu que
os instrumentos atingissem niveis de desempenho nos critérios de sensibilidade, de precisao
e de resolugdo que hd pouco mais de uma década eram impensaveis para a analise de
biomoléculas (James, 2001; Escoubas, 2006). Os quatro tipos bdasicos de analisadores
empregados na analise protedmica sao os quadrupolos (Q), os do tipo tempo de voo (time of
flight - TOF), os do tipo armadilha de ions (ion trap - IT) e os de ressonancia em ciclotron de
ions e transformada de Fourier (Fourier transform ion cyclotron ressonance - FT-ICR).
Recentemente, o analisador do tipo Orbitrap, também baseado na transformacao de Fourier,
tornou-se o padrdo em laboratorios de pesquisa bioldgica avangada. Ademais, aplicam-se
instrumentos que combinam analisadores tais como os quadrupolos-tempo de véo
(quadrupole-time of flight - QqTOF) e os tempo de voo-tempo de voo (time of flight-time of
flight - TOF-TOF) (Aebersold e Mann, 2003; Suckau, Resemann et al., 2003; Steen e Mann,
2004; Gross, 2011). As caracteristicas, vantagens e desvantagens de diferentes configuragdes
de instrumentos no contexto de aplicacdes protedmicas foram sintética e compreensivamente
revisadas por Aebersold e Mann, 2003. Uma revisdo detalhada sobre os principios de

diferentes instrumentagdes atualmente disponiveis foi realizada por Gross, 2011.

A chamada espectrometria de massa in tandem engloba varias técnicas nas quais ions
sdo selecionados com base em seu m/z, fragmentados e submetidos a uma segunda analise

espectrométrica. Essas técnicas objetivam a aquisicdo e o estudo do espectro dos ions
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resultantes da fragmenta¢do de um precursor de interesse. Tais fragmentos estdo relacionados
a estrutura do ion precursor, o que permite a determinagcdo de sua estrutura a partir da
interpretagdo de seu espectro de fragmentagdo. Também referida como ‘espectrometria de
massa/espectrometria de massa’, a espectrometria de massa in tandem ¢, por esse motivo,

designada como MS/MS ou MS? (Liebler, 2002; Gross, 2011).

Um instrumento desenhado para realizar experimentos MS/MS precisa ter incorporado
ao menos dois estagios de analise espectrométrica, configurados segundo o conceito MS/MS
no espago ou MS/MS no tempo. Na primeira configuragcdo, dois analisadores sdo fisicamente
concatenados para a realizagdo de duas etapas consecutivas de andlise. Isso ¢, 0 MS/MS no
espaco refere-se a instrumentagdo na qual o espectro dos ions dos fragmentos é obtido por
meio de analisadores espacialmente separados. A selecao dos ions do precursor baseada em
seu m/z ¢ realizada em uma sessdo do instrumento, a dissociagdo ocorre em uma Sessao
intermediaria e finalmente os produtos da fragmentacdo sdo transmitidos ao segundo
analisador, por meio do qual ¢ aferido m/z dos fragmentos. Todos os dispositivos que
envolvem a transmissdo de feixe de ions [e.g., TOF-TOF, triplo quadrupolo (triple
quadrupole - QqQ) e QqTOF] utilizam essa via para andlise MS/MS. A segunda
configura¢ao, MS/MS no tempo, emprega um unico analisador [e.g., quadrupolo armadilha de
ions (quadrupole ion trap - QIT), armadilha de ions linear (/inear ion trap - LIT) e FT-ICR]
que pode ser operado em etapas discretas de selecdo de ions, ativagdo, e andlise de produtos
de fragmentacdo. Essas etapas acontecem em um Unico analisador, mas ocorrem
seqliencialmente no tempo. Em principio, ambos os conceitos podem ser expandidos de modo
a permitir sucessivas etapas de selecdo de ion precursor, seguidas de deteccdo de produtos de
fragmentagdo. Tais experimentos sdo designados como MS", sendo n o numero de estagios do

experimento de espectrometria de massa in tandem (Gross, 2011).

A espectrometria de massa in tandem tornou possivel a obtengdo de informagdes
estruturais de peptideos presentes em misturas complexas sem a necessidade da purificagao de
seus componentes individuais a um alto grau de homogeneidade (Hunt, Yates et al., 1986).
Isso se deve a habilidade de selecionar apenas uma janela de massas estreita o suficiente para
excluir todos os componentes de uma mistura, exceto o componente de interesse

(Papayannopoulos, 1995).

Além da possibilidade de lidar diretamente com amostras ndo purificadas, as
vantagens da espectrometria de massa in tandem sobre o método Edman residem em sua

sensibilidade (fmol versus pmol, respectivamente), na possibilidade de seqiienciamento de
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peptideos N-terminalmente modificados (além da elucidagdo da natureza dessas
modificacdes) e de determinacdo de outras modificagdes pos-traducionais (Papayannopoulos,
1995; Liebler, 2002; Sewald e Jakubke, 2002). Para ilustrar essas caracteristicas, pode ser
mencionado o historico da investigacdo da composi¢cao da PhM, uma fracao do veneno da

aranha armadeira (Phoneutria nigriventer), realizada por nosso grupo.

A separagdo da PhM foi resultado dos primeiros estudos dedicados a descricdo da
composi¢ao do veneno de P. nigriventer. Essa fracdo ¢ constituida por peptideos capazes de
provocar contragdes em musculo liso de ileo de cobaia. As tentativas iniciais de
seqiienciamento desses peptideos por meio de degradacdo de Edman foram impedidas pelos
baixos rendimentos de purificagdo e pela presenga de bloqueio N-terminal (Rezende Junior,
Cordeiro et al., 1991). Posteriormente, determinou-se a estrutura primaria de 15 componentes
daquela fracdo por meio de espectrometria de massas in tandem do tipo ESI-Q-TOF e
MALDI-TOF-TOF. Revelou-se que se tratam de peptideos relacionados as taquicininas, e
cujas massas moleculares variam entre 800 a 1.800 Da. De maneira consistente com os relatos
prévios de bloqueio N-terminal, todas as moléculas seqiienciadas apresentam um residuo de
acido piroglutamico. Ademais, as chamadas Phonetaquicininas apresentam modificacdes

como proteolise e/ou amidagdo C-terminal (Pimenta, Rates et al., 2005).

Usualmente, a interpretacdo de resultados ¢ a etapa lenta na determinacdo da estrutura
primaria de peptideos a partir de espectrometria de massa in tandem. Ao passo que a
aquisicdo de um espectro MS/MS dura alguns minutos (ou mesmo segundos) em um
instrumento ajustado e calibrado, a analise dos dados gerados estd longe de ser trivial em
muitos casos. O desafio representado pela interpretacao de espectros MS/MS de peptideos ¢
grandemente aumentado quando ndo se possuem quaisquer informagdes prévias sobre sua
seqliéncia de aminodcidos, i.e., seqiienciamento de novo (Papayannopoulos, 1995). A
interpretagdo de novo ainda nao pode ser realizada de maneira confidvel por recursos de
software, sendo ainda uma tarefa que requer o esfor¢co ‘manual’ de especialistas (Steen e
Mann, 2004; Mujezinovic, Raidl et al, 2006). Em todos os casos, o sucesso do
seqlienciamento de novo criticamente depende da qualidade dos dados adquiridos, tanto em
termos de acurécia e resolucdo, quanto em relagdo a riqueza de informacao (i.e., ions de

fragmentos) contida em um espectro MS/MS (Steen e Mann, 2004).

O seqiienciamento de peptideos por MS/MS torna-se um problema de mais simples
solucdo quando a interpretagcdo de dados ¢ convertida a uma tarefa de busca por

emparelhamento em banco de dados. Isso se deve ao fato de que apenas uma fragdo
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infinitesimal das seqiiéncias peptidicas possiveis ocorre na natureza. Ademais, ainda que um
espectro de fragmentagdo possua informagdes insuficientes para que a partir dele seja
determinada a seqliéncia de aminoacidos completa, pode haver informagdes que permitam seu

emparelhamento com uma molécula em um banco de dados (Steen e Mann, 2004).

Existem diferentes métodos para buscar emparelhamento de um espectro MS/MS com
moléculas em uma base de dados, incluindo a ‘assinatura de seqiiéncia peptidica’, ‘relagdo
cruzada’ e o ‘emparelhamento baseado em probabilidade’. O método da ‘assinatura de
seqliéncia peptidica’ extrai uma seqiliéncia curta € ndo ambigua do padrao de fragmentagao
que, quando combinada com a informacdo da massa do precursor, ¢ especifica o suficiente
para servir como sonda para a determinacdo da origem do peptideo (Mann e Wilm, 1994). Por
meio do método de ‘correlagdo cruzada’, seqiiéncias peptidicas em uma base de dados sao
utilizadas para construir espectros MS/MS teoricos. A sobreposicdo desses espectros previstos
com os espectros experimentais determina o melhor emparelhamento (Eng, Mccormack et al.,
1994). Por meio do ‘emparelhamento baseado em probabilidade’, os fragmentos calculados
das seqiiéncias peptidicas em um banco de dados sdo comparados com os picos observados. A
partir dessa comparagdo ¢ calculada uma pontuacdo (score) que reflete a significancia
estatistica do emparelhamento entre o espectro e as seqiiéncias contidas no banco de dados
(Perkins, Pappin et al., 1999). Esses diferentes métodos estdo implementadas em softwares
tais como PeptideSearch, Sequest, Mascot, Sonar ms/ms e ProteinProspector (Steen e Mann,

2004).

Uma limitacao dessa abordagem em relagdo ao seqiienciamento de novo reside no fato
de que a primeira ¢ passivel de ser realizada principalmente para identificar peptideos
oriundos de organismos que tiveram seu genoma seqiienciado, de modo que todos os
peptideos possiveis sejam conhecidos. Em menor grau, também sdo acessiveis os proteomas
de organismos ja submetidos a estudos transcriptdmicos, bem como os proteomas de
organismos cujos genes possuam grande similaridade aos de organismos com informagdes

genéticas disponiveis (Steen e Mann, 2004).

A interpretacao de espectros MS/MS consiste principalmente em assinalar diferencas
de massa entre ions de fragmentos abundantes resultantes clivagens ao longo da cadeia
peptidica (Papayannopoulos, 1995). A nomenclatura para os ions resultantes das quebras ao
longo da cadeia peptidica foi inicialmente proposta por Roepstorff e Fohlman (Roepstorff e
Fohlman, 1984), modificada por Biemann (Biemann, 1988) (Figura 5) e complementada por

Johnson et. al. de modo a incluir ions resultantes de quebras adicionais nas cadeias
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laterais (Johnson, Martin et al., 1987; Johnson, Martin et al., 1988). Em suma, a nomenclatura
Roepstorff-Fohlman-Biemann ¢ baseada no fato de que somente sdo detectados fragmentos
que possuam carga. Se essa carga for retida por um fragmento N-terminal, o ion ¢
denominado a, b ou c¢. De maneira andloga, se a carga for retida por um fragmento C-
terminal, o ion ¢ denominado x, y ou z. Um algarismo arabico subscrito indica o nimero de

grupamentos R contidos no fragmento.
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Figura 5. Representaciio esquematica do sistema de nomenclatura Roepstorff-Fohlman-Biemann para os
ions resultantes da quebra da cadeia de peptideos. A partir do N-terminal do precursor, os ions sdo
consecutivamente denominados a,,, b, € ¢, onde m representa o nimero de grupos R contidos no fragmento. De
maneira similar, a partir do C-terminal do precursor, os ions sdo consecutivamente denominados X,,_.., Vm € Zpms
onde n representa o numero total de grupos R (ou de residuos) do precursor e m representa o nimero de grupos R

contidos no fragmento a, b ou ¢ correspondente (Roepstorff e Fohlman, 1984; Biemann, 1988).
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A massa dos ions dos fragmentos gerados a partir de um precursor com carga positiva

unitaria pode ser calculada conforme as expressdes abaixo, adaptadas de Papayannopoulos,

1995:

Koy = E aa, + 45 u

m+1

Vorem) = Ea@+l9y

m+1

Zorm) = Eddp +3u

m+l

imediata ¢ N-terminalmente em relagao a ela.

&)

2

3)

“4)

)

(6)

onde,

n = Numero total de residuos no ion precursor;

p = Posi¢ao de um dado residuo no ion precursor. p ¢ numerado seqiiencialmente a partir
do N-terminal até o C-terminal, sendo que 1 <p <n;

aa, = Massa do residuo de aminoacido presente na posi¢do p. Modificagdes nas cadeias
laterais devem ser levadas em consideracao.

m = Posi¢do da quebra, numerada de acordo com a posi¢ao p do residuo localizado

As expressdoes acima devem ser alteradas, conforme necessdrio, para levar em

consideragdo quaisquer modificagdes no amino- ou no carboxi-terminal.
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Vale notar que o espectro de fragmentacdo de peptideos multiplamente protonados,

em geral, encontra paralelo naquele de peptideos com carga positiva unitaria
(Papayannopoulos, 1995). Claramente, um precursor multiplamente protonado pode gerar
fragmentos com cargas menores ou iguais a sua (Gaskell, 1997). A presenga de ions com
diferentes cargas e a existéncia de réplicas de um mesmo fragmento em diferentes m/z
resultam na necessidade da aplicacdo de algoritmos de deconvolu¢do, de modo a possibilitar a
interpretagdo do espectro de fragmentacdo de peptideos multiplamente protonados

(Mujezinovic, Raidl et al., 2006).

Considerando que a massa do precursor com carga positiva unitria ¢ calculada como
, . . . +
a massa do peptideo (M) adicionada da massa de um proéton (H), representada como [M + H|',

¢ também possivel representar a expressao de calculo da massa do ion y(,.,,y como:

»)/(ll—lﬂ) = [M+ H]+ - 2 ddp (7)
1

n

Assim, isolando o componente Ea@ na Equacdo 2 e substituindo-o na Equacdo 7, e
1

vice-versa, obtemos:

Vremy = [M+ H]+ -0,+1u (8)

"
b, =M+ H] - Fipomy 14 9)
De maneira similar, ¢ também possivel deduzir as seguintes formulas:

Zopmy =M+ H] =, +2u (10)

¢, =[M+H] -2, +2u (11
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Essas simples relagdes sdo especialmente uteis na interpretacao de novo de espectros
gerados a partir de métodos de ativacdo que resultem principalmente em ions b e y [e.g.,
dissociagao induzida (ou ativada) por colisdo (collision-induced dissociation - CID; collision-
activated dissociation - CAD) e decaimento de ions metatinstaveis; Eq. 8 e Eq. 9] ouce z
[e.g., dissociacdo por transferéncia de elétrons (electron transfer dissociation - ETD) e
dissociacdo por captura de elétrons (electron capture dissociation - ECD); Eq. 10 e Eq. 11]
(vide adiante discussdo sobre métodos de ativacdo de ions precursores). Na pratica, elas
podem ser utilizada para identificar pares complementares b:y ou c:z, a partir dos quais
estende-se o processo de assinalar o restante das séries de ions, mesmo que a identidade das
séries ndo seja conhecida. Isso ¢, uma vez identificado um par de ions complementares,
busca-se a partir de cada um deles diferencas de massa entre ions adjacentes que
correspondam a massa de um residuo de aminoacido. As diferencas encontradas sao validadas
a partir da sua verificagdo na série complementar. O processo de busca e validagdo de
diferengas ¢ iterado em ambas as direcdes do espectro de modo a ganhar a maior cobertura de
seqliéncia possivel. Feito isso, resta determinar a identidade das séries (i.e., a orientagdo
correta da seqiiéncia), o que pode ser feito por meio da verificagdio da massa dos ions

terminais e/ou de pares de ions a,,:b,, OU Y(u-m):Z(z-m), POT €xemplo.

Além dos ions de fragmentos produzidos por apenas uma quebra na cadeia carbdnica
do peptideo, observa-se freqiientemente os chamados ‘fragmentos internos’, os quais nao
contétm os extremos amino-terminal e tampouco o carboxi-terminal do ion precursor.
Considerando que os fragmentos internos podem ser gerados por uma quebra do tipo y em sua
extremidade N-terminal e por uma quebra do tipo b em seu C-terminal, a notagdo utilizada
para designar tais fragmentos ¢ y,b,, de modo a manter consisténcia com a nomenclatura
Roepstorff-Fohlman-Biemann. Por exemplo, no pentapeptideo hipotético Ala-Val-Lys-Ile-
Gln, o fragmento interno consistido pelos residuos Lys-Ile, oriundo de quebra na ligagao
peptidica em ambas as suas extremidades, seria designado ysbs. Os fragmentos internos
podem ser tuteis para determinar a ordem de residuos em uma seqiiéncia nos casos em que
certos ions de fragmentos estejam ausentes em um espectro. Ademais, podem auxiliar na
confirmacao da seqiiéncia deduzida a partir de outros fragmentos (Papayannopoulos, 1995).
No entanto, uma grande abundéincia de fragmentos internos pode dificultar ou mesmo

inviabilizar a interpretacao de novo (Rates, Ferraz et al., 2008).

E necessario também mencionar que ions ‘satélite’, originados a partir da perda

adicional de NH; ou H,O, também podem ser produzidos. Esses ions sdo designados, por
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exemplo, am - NH; ou yu.m) - HoO. Ademais, a fragmentagdo amino-terminal e carboxi-
terminal do mesmo aminoacido produz os ions ‘iménios’ (HN=CH-R), cuja massa ¢ 27 u
menor que a massa de seus respectivos residuos protonados. Localizados na regido de baixa
massa de um espectro, os imonios sdo indicadores da presenca de um aminoacido no
precursor, especialmente se outros ions de baixa massa correlatos também sdo encontrados.
Dentre esses ions diagndsticos sdo de especial relevancia aqueles da His (110), Phe (120, 91),
Tyr (136, 91) e Trp (159, 130). Vale notar que caso ndo seja possivel visualizar o iménio de
um residuo em particular, isso ndo necessariamente significa que o mesmo esteja ausente

(Papayannopoulos, 1995; Steen e Mann, 2004).

Como mencionado anteriormente, a interpretacdo de espectros MS/MS consiste
principalmente em assinalar diferengas de massa entre ions adjacentes de uma mesma série
que correspondam a massa de aminoacidos. Assim, ha uma limitacao para a diferenciagao de
residuos quasi isobéricos (Lys e Gln: 128,09496 u e 128,05858 u, respectivamente) e
isobaricos (Ile e Leu: ambos 113,08406 u) (Papayannopoulos, 1995). No caso dos residuos
Lys e Gln, a diferenga de massa (0,03638 u) pode ser resolvida em equipamentos com alta
resolucdo e acuracia (Rates, Silva et al., 2011). Alternativamente, por possuirem cadeia
laterais com naturezas quimicas distintas, esses residuos podem ser diferenciados por meio de
derivatizacdo (e.g., acetilagdo) ou pela especificidade de proteases como a tripsina
(Papayannopoulos, 1995). No entanto, os residuos Ile e Leu ndo podem ser diferenciados com
base na analise das séries iOnicas resultantes das clivagens ao longo da cadeia peptidica e
tampouco pela natureza quimica de sua cadeia lateral. Como solucdo, pode ser empregado
CID de alta energia (discutido adiante), que pode ocasionar a fragmentagdo adicional nas
ligagdes entre carbonos [ e y. Esse processo resulta na perda de parte da cadeia lateral dos
aminoacidos dos ions dos fragmentos resultantes das clivagens ao longo da cadeia peptidica,
gerando os ions d,, (se N-terminais) ou w,, (se C-terminais). Dado que a Leu ndo possui
ramificacdo no carbono f3, a fragmentacdo da cadeia lateral desse residuo gera apenas um ion
d e w, cuja massa € 42 u menor que a massa dos ions a ou z correspondentes. Diferentemente,
a Ile possui uma ramificagdo em seu carbono 3, de modo que ¢ passivel de gerar dois ions d e
w, cujas massas sdo 14 u e 28 u menores que a massa dos ions @ ou z correspondentes
(Johnson, Martin et al., 1987). O CID de alta energia gera outro tipo de fragmento C-terminal
resultante da perda completa da cadeia lateral, o qual ¢ designado pela letra v. Esses ions nao
possuem uma contraparte N-terminal e sdo abundantes para aminoacidos que ndo produzem

fragmentos da série w (Johnson, Martin et al., 1988).
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A etapa de ativagdo ¢ crucial para experimentos MS/MS e define os produtos
resultantes (Sleno e Volmer, 2004). Existem diferentes métodos de fragmentacdo que sdo
empregados conforme a configuracdo do instrumento utilizado (Standing, 2003; Sleno e
Volmer, 2004). Os paragrafos seguintes discutem brevemente os principios desses trés
métodos, bem como as caracteristicas dos espectros resultantes de sua aplicacdo em ions de

moléculas peptidicas.

O CID figura como o método mais comumente utilizado para a ativacao de ions. No
método CID, a ativagdo ocorre por meio de colisdes com moléculas de gas neutro (e.g., No,
He, Ar ou Xe) em uma camara (ou célula) de colisio. Quando um ion com energia
translacional colide-se de maneira ineldstica com uma molécula de géas neutro, parte da
energia translacional € convertida em energia interna, o que subseqiientemente resulta em

decomposigao.

Os experimentos de CID podem ser realizados sob condigdes de baixa ou alta energia
de colisdo (Sleno e Volmer, 2004). O CID de baixa energia (1 — 100 eV) ¢ empregado em
analisadores do tipo QqQ, QqTOF, IT e FT-ICR, por exemplo. Em instrumentos QqQ e
QqTOF, o segundo quadrupolo (g2) consiste na camara de colisdo, sendo que a ativagado ¢
obtida principalmente por multiplas colisdes. Em adi¢do a natureza do gés de colisdo, a
pressdo da célula ¢ um parametro relevante. Maiores pressdes aumentam tanto o niimero de
ions que sofrem colisdes quanto o niimero de colisdes sofridas por ions individuais. Ademais,
os produtos de fragmentacdo podem ser ativados por novas colisdes e realizar dissociagdes

subseqiientes (Sleno e Volmer, 2004).

O CID de alta energia ¢ empregado em analisadores do tipo setor magnético (magnetic
sector - B) ou do tipo TOF. Nesses instrumentos, o feixe de ions precursores possui energia
cinética de alguns keV. Assim, a ativagao do precursor ¢ ocasionada por colisdes Unicas antes
da andlise da massa de seus produtos. Os produtos de decaimento pos-fonte (post-source
decay — PSD) (discutido adiante) em instrumentos TOF podem ser aumentados pela
realizacdo de experimentos em condi¢des de baixo vacuo, o que ocasiona colisdes com gas
residual no tubo de voo ou por meio do emprego de uma cadmara de colisdo antes do

analisador TOF (Sleno e Volmer, 2004).

Os fatores mencionados acima influenciam a distribui¢do de energia interna nos ions
e, portanto, determinam o perfil dos produtos obtidos pelo método CID (Sleno e Volmer,

2004). Ainda que o processo de fragmentagdo parcialmente dependa da seqiiéncia peptidica
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do precursor, as condi¢cdes do CID favorecem principalmente a fragmentagdo ao longo da
cadeia peptidica, sendo que os fragmentos mais comumente observados sdo os das séries a, b
e y. Vale notar que os ions a ocorrem em menor freqiiéncia e abundancia que os ions b.
Ainda, o ion b; ¢ raramente observado, o que pode dificultar a determinagdo da ordem dos
dois primeiros residuos em uma seqiiéncia (Papayannopoulos, 1995; Steen e Mann, 2004).
Em contraste ao CID de alta energia, o CID de baixa energia ndo produz fragmentos
resultantes de quebras nas cadeias laterais. No entanto, o CID de baixa energia resulta em
abundantes fragmentos gerados a partir da perda de 4gua ou amonia. Também abundam os
fragmentos internos, resultado das multiplas colisdes que aumentam a probabilidade de

clivagem em duas ligacdes peptidicas (Papayannopoulos, 1995).

fons moleculares formados na fonte, possuindo energia interna suficiente para
promover sua fragmentacdo espontinea no trajeto entre a fonte e o analisador, sdo
classificados como ions metainstaveis. Em um instrumento TOF, se um ion fragmenta-se na
fonte (i.e., antes da aceleragdo ao tubo de vo0o), precursor e produtos de fragmentacao
adquirem a mesma energia cinética sendo, portanto, passiveis de diferenciacdo pela sua
velocidade e tempo de vbo, os quais estdo relacionados a seu m/z. Quando um precursor
adentra o tubo de voo de um analisador TOF linear e 14 ocorre dissociacdo de ions
metainstaveis (viz. PSD), os produtos da fragmentacdo atingem o detector a0 mesmo tempo
que ion precursor por possuirem a mesma velocidade. Assim, os ions que se decompdem ao
longo do tubo de voo sdo detectados com o mesmo m/z do precursor. No entanto, esses
produtos podem ser diferenciados pela aplicacdo de um analisador do tipo TOF refletor
(reflecton-TOF - RETOF) ou por meio da re-aceleragdo dos produtos a um segundo
analisador TOF (Suckau, Resemann et al., 2003; Sleno ¢ Volmer, 2004). Assim, o método
PSD ¢ extensivamente utilizado em instrumentos equipados com fonte MALDI e analisador
RETOF ou TOF-TOF, podendo ser conjugado com o método CID (Standing, 2003; Suckau,
Resemann et al., 2003; Sleno e Volmer, 2004), como mencionado anteriormente. O método
de dissociacdo de ions metainstaveis, em termos de padrdes de fragmentagdo de peptideos, ¢
comparavel ao CID. As principais diferengas incluem a auséncia de clivagens de cadeias

laterais e a maior ocorréncia de produtos com perda de amonia (Sleno e Volmer, 2004).

O método ECD envolve a captura de elétrons por ions multiplamente carregados, o
que ocasiona a reducdo de sua carga e sua subseqiiente fragmentagdo. O espectro MS/MS
obtido a partir do ECD de peptideos ¢ bastante similar aquele de outros métodos de ativagao.

No entanto, os eventos nesse método ocorrem em um escala de tempo menor, o que permite
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apenas a quebra direta de ligagcdes. Como resultado, a ligagdo N-C, ¢ rompida originando ions
¢ e z Ademais, pontes dissulfeto, estaveis em outros métodos de ativagdo, sao
preferencialmente clivadas no ECD (Sleno e Volmer, 2004). Esse método ¢ empregado em
nas condi¢des de vacuo ultra-alto de instrumentos do tipo FT-ICR (Standing, 2003; Sleno e

Volmer, 2004; Gross, 2011).

Aparelhos do tipo LIT podem ser operados de modo a armazenarem ions com cargas
opostas. Esses analisadores podem, entdo, utilizar reacdes cation-anion para promover a
dissociagdo de ions. Essa técnica denominada dissociacdo por transferéncia de elétrons
(electron-transfer dissociation — ETD) ¢ conduzida segundo as seguintes etapas: (i) injecdo de
ions multiplamente protonados no LIT, tal qual produzidos na fonte; (ii) modulagdo nas
condi¢gdes do LIT de modo a armazenar os ions protonados na sessao frontal do analisador;
(i11) injecao de anions reagentes no centro do LIT; (iv) ejecdo de todos os ions exceto o ion
precursor e o reagente doador de elétrons; (v) modula¢do nas condi¢des do LIT de modo a
promover a mistura e reagdo dos ions positivos e negativos no centro do analisador; e (vi)
ejecao dos ions resultantes da fragmentagdo. De maneira similar ao método ECD, o ETD
resulta principalmente em ions ¢ e z. No entanto, a aplicagdo do ETD ¢ limitada para

peptideos com protona¢ao unitaria ou dupla (Gross, 2011).

A colegdo de técnicas acima descritas ¢ principalmente empregada na identificacdo e
caracterizacdo de peptideos nativos ou gerados por protedlise de até alguns poucos (2 — 4)
kDa. A velocidade de aquisicao de dados, especificidade e sensibilidade da espectrometria de
massa a torna especialmente atraentes para esse fim. Vale notar que desenvolvimentos
recentes t€ém permitido que a espectrometria de massa seja também utilizada para identificar,
ou at¢ mesmo determinar a estrutura primaria completa de proteinas intactas (Reid e
Mcluckey, 2002). Vale destacar que a espectrometria de massa, utilizada em conjunto com
outras técnicas acessorias, encontra diversas outras aplicacdes em estudos protedmicos
(Liebler, 2002; Aebersold e Mann, 2003), algumas das quais serdo discutidas adiante no

contexto do estudo de toxinas peptidicas de origem animal.
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1.3 Venenos de origem animal

Venenos animais sdo reconhecidamente um grande repositério de moléculas bioativas.
Essas moléculas incluem inter alia alcaldides, poliaminas, aminas biogénicas, proteinas e
peptideos (Bailey e Wilce, 2001; Pimenta ¢ De Lima, 2005). O desenvolvimento de um
sistema venenoso como estratégia utilizada na defesa contra predadores, disputa contra
competidores e/ou na caca (i.e., captura e digestdo de presas) € um motivo recorrente em
diversos grupos animais. Essa ¢ uma inovacdo chave que permite a radiagdo adaptativa de
grupos animais e seu sucesso ecoldgico (Fry, Vidal et al., 2006; Fry, Scheib et al., 2008; Fry,
Roelants ef al., 2009). Além da poténcia do coquetel de toxinas produzidas, a eficacia desses
sistemas em muitos casos esta relacionada ao desenvolvimento de estruturas especializadas
para a aplicacdo do veneno. Como indicadores da distribuigdo dos sistema venenosos em
diferentes grupos animais e de seus modos de evolucdo, os paragrafos a seguir descrevem

brevemente alguns exemplos dessas estruturas.

Os representantes do filo Cnidaria possuem células especializadas denominadas
cniddcitos, os quais apresentam organelas capazes de reversdo, viz. cnidos. Essas células
localizam-se na epiderme, sendo especialmente abundantes nos tentaculos. Desencadeada
por estimulos mecanicos, quimicos ou neurogénicos, a reversdao dos cnidos evolve alteracao
repentina na pressdao osmotica no interior da organela. Os nematocistos, um tipo de cnido
urticante, quando descarregados consistem em uma capsula ¢ em um tubo em forma de
corddo. O corddo ¢ freqlientemente provido com uma abertura terminal e espinhos. Na
descarga, auxiliado por estiletes no processo de puncdo, o corddo penetra no tecido do

organismo infligido e promove a inje¢ao de toxinas (Ruppert e Barnes, 1994).

Os moluscos da familia Conidae (Mollusca, Gastropoda), os conos, possuem radulas
modificadas em arpdes. Essas estruturas sdo longas, sulcadas e possuem extremidade
farpada. A partir da projecdo de sua probdscide longa e altamente manobravel, um tnico
dente desliza para fora do saco radular na cavidade bucal, sendo posteriormente empurrado
contra a presa. Através da cavidade oca do arpdo, os conos injetam um veneno peptidico
neurotdxico, que ¢ produzido por uma glandula bulbar (Ruppert e Barnes, 1994; Olivera,

Bulaj et al., 2009).

Nos Chilopoda (Arthropoda, Mandibulata, Myriapoda), as patas do primeiro

segmento toracico sdo modificadas para formar o -caracteristico aparato venenoso,
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denominado forcipula ou toxognato (Lewis, 1981). A glandula de veneno ¢ situada na parte
distal do trocanter-prefemur e se estende pela forcipula, estrutura na qual o duto se abre sub-
terminalmente. Secgdes transversais da glandula de veneno mostram um duto cercado em
trés quartos de sua circunferéncia por células glandulares. Essas, por sua vez, sdo cercadas
por uma rede de fibras musculares, algumas das quais se estendem entre as células
glandulares e se aderem ao duto central. Tais fibras, ao contrairem-se provocam a expulsao
do veneno. A secre¢do ¢ do tipo holocrina, de modo que, apos liberar o seu conteudo, a
célula morre e € substituida por outra que esta em processo de maturacao (Duboscq, 1898;

Lewis, 1981).

Escorpides (Scorpiones), pseudo-escorpides (Pseudoscorpiones) e aranhas (Araneae)
sdo representantes venenosos do sub-filo Chelicerata. De maneira similar aos quilopodes, os
quelicerados venenosos possuem fibras musculares que cercam a glandula de veneno. O
veneno ¢ expelido mediante contragdo dessas fibras. Entretanto, a localizagdo do aparato
venenoso difere entre as ordens. Nos escorpides, o aparelho do ferrdo encontra-se no ultimo
segmento abdominal. O aparelho consiste em uma base bulbosa que encerra a glandula de
veneno ¢ em aguilhdo afiado e curvo. Ja as glandulas de veneno das aranhas estao localizadas
nos segmentos basais das queliceras e se abrem proximo a extremidade das presas. Os
pseudo-escorpides possuem palpos com garras que se assemelham aqueles dos escorpides.
No entanto, esses palpos sdo peculiares por apresentarem glandulas de veneno em um ou
ambos os dedos, ou na mao. A glandula desemboca em um dente na ponta do dedo (Ruppert

e Barnes, 1994).

Recentemente, descreveu-se o incomum aparato de veneno do besouro cerambicideo
Onychocerus albitarsis (Arthropoda, Insecta, Coleoptera). Tal aparato assemelha-se aquele
dos escorpides, consistindo em um aguilhdo provido de abertura sub-terminal que se estende
a partir de um segmento em forma de bulbo que alberga a glandula de veneno. No entanto, o
aparato localiza-se no segmento terminal nas antenas do inseto (Berkov, Rodriguez et al.,

2008).

Nos Hymenoptera aculeados (Arthropoda, Insecta), o aparato de injecdo de veneno ¢
uma modificagdo do orgdo ovipositor, sendo que as glandulas de veneno possivelmente
possuiam a fun¢do ancestral de secretar muco para cobertura e protecdo dos ovos (Gillott,
2005). O aparato inclui duas lancetas que se movem independentemente, as quais se inserem
com profundidade progressiva no local da puncao na pele da vitima, permitindo a entrega do

veneno através de uma abertura unica no ferrdo. Em muitos himendpteros sociais, as lancetas



36
sdo providas de farpas desenvolvidas que ancoram o ferrdo no local da picada, impedindo
sua remocao e ocasionando sua autotomia. Nesses casos, a picada, letal para o himendptero,
promove o abandono aparato inteiro, ainda bombeando veneno. Esse recurso ¢ utilizado

principalmente na defesa da colonia (Hermann, 1971).

Muitas serpentes avangadas (Squamata, Caenophidia) utilizam veneno, com ou sem
constri¢do, para subjugar presas. Seu aparato venenoso inclui uma glandula de veneno pos-
orbital associada a dentes inoculadores especializados. Os dentes inoculadores podem ocupar
varias posicoes na maxila; Viperideos e elapideos possuem dentes inoculadores frontais
tubulares. Nas demais linhagens, quando presentes, os dentes inoculadores localizam-se em
posicdo anterior na maxila, sendo so6lidos ou providos de sulcos superficiais ou profundos
(Vonk, Admiraal et al., 2008). Em contraste, nos lagartos helodermatideos (Squamata,
Helodermatidae) o veneno ¢ produzido por uma glandula mandibular, a partir da qual o

veneno ¢ levado a dentes sulcados dispostos ao longo da mandibula (Fry, Vidal et al., 2006).

Postulou-se que nos Squamata a presen¢a de uma glandula de veneno secretora de
material protéico seja uma caracteristica derivada compartilhada por todo o clado que
compreende a linhagem das serpentes, dos lagartos iguanideos e dos lagartos anguimorfos. A
condicdo basal seria uma glandula serial, lobular e ndo-composta, secretora de material
protéico, presente tanto na regido mandibular quanto na maxilar, tal como retido nos lagartos
iguanideos. A reten¢do da funcdo secretora nas glandulas maxilares (serpentes avancadas) ou
mandibulares (anguimorfos) representa uma condi¢do altamente derivada. Nas suas
respectivas regioes, as serpentes (regido maxilar) e os anguimorfos (regido mandibular)
independentemente evoluiram glandulas de veneno compostas, encasuladas e com lumen

para armazenamento do veneno liqiiido pronto para aplicagao (Fry, Vidal et al., 2006).

Espécies de peixes venenosos sdao encontradas nos grupos Chondrichthyes,
Actinopterygii, Siluriformes e Acanthomorpha (Smith e Wheeler, 2006; Figueiredo, Andrick
et al., 2009). Estima-se que o nimero de espécies venenosas distribuidas somente nos
Siluriformes e Acantomorpha seja superior a 1.200. Nos Acanthomorpha, postulou-se que o
aparato venenoso surgiu independentemente em 11 clados distintos, sendo que a estrutura
consistida de glandulas de veneno associado a espinhos de nadadeiras (anais, dorsais e/ou
pélvicas) evoluiu convergentemente em 9 desses 11 clados. As demais estruturas (i.e., dente
inoculador, espinho opercular dorsal, espinho opercular central e espinho cleitral) sdo ndo-

revertidas e unicamente derivadas (Smith e Wheeler, 2006).
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O monotrema australiano, Ornithorhynchus anatinus, para além de uma pletora de
caracteristicas incomuns, ¢ um dos raros mamiferos venenosos. Seu sistema venenoso,
conhecido como sistema crural, consiste de um par de glandulas de veneno localizadas na
porcao dorsolateral do abdomen, as quais sdo conectadas por meio de um duto a um esporao
em cada pata traseira. Esse sistema ¢ desenvolvido apenas nos machos, sendo que a produgao
de veneno atinge seu pico durante a estagdo reprodutiva. Embora possa ser utilizado como
defesa contra predadores em potencial, esse fato sugere que o sistema crural possa ter
evoluido para uma fun¢do reprodutiva, i.e., ferramenta para a dominancia sobre outros

machos durante disputas por acasalamento (Whittington, Koh et al., 2009).

Os exemplos acima referem-se a estruturas especializadas na administragdo do
veneno por meio de sua injecdo diretamente no corpo da vitima. No entanto, ¢ preciso
complementar o universo de estratégias de defesa quimica contra predadores com aquelas
que envolvem cerdas urticantes (e.g., aranhas terafosideas e larvas de lepidopteros) (Ruppert
e Barnes, 1994; Gillott, 2005) e secrecdes dérmicas (e.g., secrecdo da pele de anuros)
(Clarke, 1997). Vale notar que a pele dos anfibios, além de participar na defesa contra
predadores, desempenha as funcdes de, por exemplo, troca gasosa, regulacao hidrica, defesa

contra parasitas e controle de excre¢do (Clarke, 1997).

Embora muitas das estruturas descritas acima tenham evoluido independentemente e
haja grande variagdo estrutural entre elas, varios exemplos de evolu¢do convergente sio

observados. A evolucao do repertorio de toxinas pode ser entendida de maneira similar.

As proteinas encontradas em venenos sao o resultado de eventos de ‘recrutamento de
toxinas’ nos quais um gene que codifica uma proteina ordindria, tipicamente uma que esteja
envolvida em um processo regulatério chave, ¢ duplicado e o novo gene ¢ seletivamente
expresso na glandula de veneno. Em muitos casos, esses genes de toxinas sdo amplificados
para obter familias multigénicas com extensivo ganho de novas fungdes, seguido de delecao
de copias ou da degradagdo de outras, o que forma copias ndo funcionais ou pseudogenes. A
recém-criada familia multigénica de toxinas geralmente preserva o arcabougo molecular da
proteina ancestral, mas os principais residuos funcionais fora no nucleo do arcabougo sao
modificados (i.e., geragdao de isoformas), de modo que uma miriade de novas atividades sao
dai derivadas (Fry, Roelants et al., 2009) (vide o exemplo das toxinas de trés dedos,
mencionado anteriormente). E interessante notar como eventos de recrutamento estdo
associados a subseqiiente radiacao adaptativa e diversificacdo ecoldgica de linhagens de

organismos venenosos (Fry, Vidal et al., 2006).
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Viarios grupos de proteinas foram convergentemente recrutados para uso como
toxinas em multiplas linhagens. Dentre elas destacam-se os arcabougos
AVIT/colipase/procineticina, CAP [Cysteine-Rich Secretory Proteins (CRISP), Antigen 5
(Ag5) and Pathogenesis-Related (PR1) Proteins], quitinase, cistatina, defensinas,
hialuronidase, Kunitz, lectina, lipocalina, peptideo natriurético, peptidase S1, fosfolipase A2,
esfingomielinase D e SPRY. Esses arcabougos compartilham caracteristicas como condi¢ao
secretoria ancestral, atividade basal conservada e reticulagdo extensiva. Além dos tipos de
proteinas recrutadas, hd convergéncia de atividades bioldgicas e alvos moleculares. Nesse
sentido, pode ser citada a convergéncia de toxinas com atividade neurotoxica que atuam
como bloqueadores, ativadores ou prolongadores da ativacdao de canais i0nicos, ou agonistas

de receptores muscarinicos ou nicotinicos (Fry, Roelants et al., 2009).

Observacdes como essas foram possibilitadas pelo conhecimento acumulado sobre a
estrutura fun¢do e distribuicdo das toxinas animais. No entanto, os primeiros trabalhos
cientificos dedicados aos venenos animais eram motivados pelo desejo de entender a
natureza de suas toxicidades e de desenvolver maneiras de inibir seus efeitos nocivos. Tais
trabalhos levaram ao isolamento de varias toxinas de natureza peptidica ou protéica,
possibilitando assim a caracterizagdo bioquimica e farmacoldgica de tais componentes
(Pimenta e De Lima, 2005; Escoubas, 2006). Como resultado, nas ultimas duas décadas ficou
evidente o potencial dos componentes dos venenos animais como guias para o
desenvolvimento de novas drogas terapéuticas, pesticidas ou sondas para alvos moleculares
(Bailey e Wilce, 2001; Pimenta e De Lima, 2005; Escoubas, 2006; De Lima, Figueiredo et
al., 2007; Bosmans, Escoubas et al., 2009; Da Veiga, Berger et al., 2009; Nunes, Cardoso et
al., 2009; Souza e Palma, 2009). No APENDICE A do presente estudo encontra-se uma
revisdo desenvolvida por este autor e colaboradores (Rates, Verano-Braga, et al., 2011), na
qual sdo discutidos exemplos de moléculas oriundas dos venenos de espécies de aracnideos

brasileiros de importancia médica que possuem possivel aplicagdo terapéutica.

O potencial biotecnoldgico das toxinas animais ¢ parcialmente derivado do fato de
que diferentes isoformas, variantes naturais acumuladas pela natureza ao longo da escala de
tempo evolutiva, foram finamente desenhadas para interagirem com seus alvos e deferirem
suas acdes toxicas. Assim, as isoformas podem apresentar modulagdes sutis em sua
especificidade, estabilidade e atividade bioldgica que podem ser utilizadas para entender
tanto seu funcionamento molecular quanto o de seu alvos. Ademais, no contexto do

desenvolvimento de novos agentes terapéuticos, essas modulacdes podem ser utilizadas na
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selecdo de carateres vantajosos e, assim, assistir no processo de desenvolvimento de andlogos

sintéticos (Escoubas, 2006).

Vale ponderar que ha limites para a aplicagdo terapéutica de moléculas peptidicas.
Por exemplo, muitos peptideos quando administrados oralmente, ou mesmo por via
parenteral, ndo sdo eficazes devido a degradagdo proteolitica. Esse fato demanda que sejam
empregadas modifica¢cdes quimicas para aumentar sua estabilidade e prolongar seu tempo de
acdo. Uma vez que os aminoacidos essenciais a atividade de um peptideo sejam revelados, a
sintese de analogos contendo aminodcidos ndo usuais, moléculas de ligagao ou espagadores,
ciclizagdo, ligagdes peptidicas alteradas ou mesmo a sintese de analogos nao peptidicos (viz.

peptidomiméticos) encontram-se dentre as estratégias possiveis (Sewald e Jakubke, 2002).

Considerando-se a diversidade de peptideos e proteinas presentes em venenos,
juntamente com o nimero de espécies venenosas conhecidas, conclui-se que apenas uma
inconspicua fracdo (menos de 1%) das moléculas desse repositorio foi identificada e
caracterizada (Menez, Stocklin et al., 2006). Ademais, até recentemente, foi priorizada a
investigacdo das moléculas mais abundantes e/ou com toxicidade evidente. Dessa maneira,
certas classes de moléculas, tais como os peptideos ndo reticulados e com massa molecular
inferior a 3 kDa, que geralmente estdo representados em baixas concentragdes ou que
apresentam efeitos ndo-letais, foram negligenciados mesmo nos grupos de animais

venenosos ja submetidos a intensa investiga¢do (Pimenta e De Lima, 2005).

A toxinologia, por estudar complexos sistemas moleculares (i.e., venenos)
beneficiou-se das técnicas protedmicas, para a caracterizagcdo e identificacdo de moléculas.
Desenvolvimentos nas técnicas de espectrometria de massa, assim como 0S avangos no
seqiienciamento automatico (Edman), purificagdo/fracionamento (HPLC multidimensional,
uLC, 2D-PAGE), determinagao de estrutura tridimensional de proteinas (NMR, cristalografia
de alta resolucdo) e bioinformatica foram criticos para possibilitar a analise protedmica de
venenos (Escoubas, 2006). Vérias estratégias ‘vendmicas’, muitas vezes complementares,
vém sendo empregadas na investigagdo de diversos aspectos da toxinologia, as quais se

encontram exemplificadas nos paragrafos das sessdes seguintes.
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1.3.1 Investigacdo protedmica de venenos animais

A procura por novas moléculas bioativas visando, por exemplo, o desenvolvimento
de novas drogas terapé€uticas, ¢ comumente impelida pela identificacido de uma molécula
candidata por meio de ensaio bioldgico. A identificagdio sucedem-se a purificagdo e a
caracterizagdo do componente ativo. Entretanto, tal abordagem ¢ apropriada quando grandes
quantidades iniciais de material sdo disponiveis para realizar ensaios biologicos durante

todas as etapas de purificagdo do composto de interesse (Favreau, Menin ef al., 2006).

Entretanto, se for possivel adquirir dados estruturais e/ou fisico-quimicos (i.e.,
seqiiéncia primdria, massa molecular, hidrofobicidade, etc.) de componentes de um veneno,
explorando o potencial da bioinformética, ¢ possivel inferir o alvo molecular de tais
compostos. Feito isso, a suposta atividade biologica de um composto de interesse pode ser
validada através da sintese quimica ou expressdo heterologa, seguida do ensaio bioldgico

(Pimenta e De Lima, 2005; Favreau, Menin et al., 2006).

A possibilidade de selecionar e fragmentar compostos no espectrometro de massa,
diretamente de venenos brutos ou de fracdes semi-purificadas evita a necessidade de
purificacdo extensiva. Tal abordagem, discutida nas sessdes anteriores, pode ser aplicada a
espécies raras ou cujo veneno ¢ de dificil obtencdo. O seqiienciamento de novo de pequenos
peptideos através de espectrometria de massa vem abrindo novas vistas para a toxinologia,
uma vez que moléculas até recentemente negligenciadas puderam ser caracterizadas
(Pimenta e De Lima, 2005; Rates, Ferraz et al., 2008; Verano-Braga, Rocha-Resende et al.,
2008).

Adicionalmente, para caracterizar peptideos de uma mesma familia, ¢ possivel
utilizar o recurso dos espectrometros de massa de seletivamente detectarem uma
caracteristica especifica de um peptideo. Quando acoplados a cromatografia liquida on line,
métodos de varredura de ion precursor (precursor ion scanning) sao uteis na deteccdo de
padrdes especificos (James, 2001). De maneira similar, a varredura de perda neutra (neutral
loss scan) permite, por exemplo, a deteccdo de acido glutamico y-carboxilado que

comumente ocorre em toxinas de Conus (Jakubowski, Keays et al., 2004).

A listagem de massas moleculares dos compostos presentes nos venenos pode ser
utilizada para identificar grupos de toxinas baseado na amplitude de massas e tempos de

retencdo cromatografica (Pimenta, Stocklin et al., 2001b; Favreau, Menin et al., 2006;
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Nascimento, Rates et al., 2006; Rates, Bemquerer et al., 2007). Esse recurso ¢ bastante
utilizado como ferramenta de controle de preparagdes comerciais de venenos brutos
(Favreau, Menin et al., 2006) e em aplicagdes taxonomicas (Escoubas, Celerier ¢ Nakajima,
1997; Escoubas, Chamot-Rooke et al, 1999; Stocklin, Mebs et al, 2000; Fry,
Wickramaratna et al., 2002; Fry, Wuster et al., 2003; Nascimento, Rates et al., 20006).

Ainda, variacdes individuais intra-especificas no perfil protéico de venenos,
atribuidas a dieta (Creer, Malhotra et al., 2003), sexo (Escoubas, Corzo et al., 2002;
Menezes, Furtado et al., 2006), idade (Escoubas, Corzo et al., 2002; Guercio, Shevchenko et
al., 2006) e numero de extragdes de veneno (Boeve, Kuhn-Nentwig et al., 1995; Pimenta, De
Marco Almeida et al., 2003) ja foram avaliadas por meio de técnicas protedmicas. As
diferencas observadas podem refletir modulagdes observadas na sintomatologia de picada
e/ou toxicidade do veneno (Boeve, Kuhn-Nentwig et al., 1995; Guercio, Shevchenko et al.,
20006) e, portanto, auxiliar o desenvolvimento de antidotos e mais eficientes (Ciscotto, Rates

et al.; Guercio, Shevchenko et al., 2006).

Recentemente foi desenvolvida a andlise direta de tecidos frescos através de MALDI-
MS (Caprioli, Farmer et al., 1997; Redeker, Toullec et al., 1998; Fournier, Day et al., 2003;
Rubakhin, Greenough et al., 2003; Chaurand, Schwartz et al., 2004). Essa técnica, batizada
como MALDI-imaging, tem sido utilizada para medir o arranjo espacial e a concentragdo
relativa de compostos em amostras bioldgicas. No contexto de estudos toxinoldgicos, essa
técnica foi empregada, por exemplo, na determinagao da localizagdao espacial de peptideos
relacionados a bradicinina e dermaseptinas na pele de Phyllomedusa hypochondrialis (Brand,
Krause et al., 2006; Brand, Leite et al., 2006) e de raniceptinas na pele de Hypsiboas
raniceps (Magalhaes, Melo et al., 2008).
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2 Objetivos e justificativa

Os objetivos do presente estudo consistem na caracterizacdo peptiddmica do veneno
de Tityus serrulatus e da secrecdo dérmica de Phasmahyla jandaia. Ademais, objetivou-se a
determinagdo da estrutura primaria completa e da atividade biologica da toxina pu-TRTX-

Anla oriunda do veneno de Acanthoscurria natalensis.

Os APENDICES B e C e a sess@o seguinte trazem uma introdugdo sobre a biologia
dos animais investigados, uma revisao do estado da arte do conhecimento sobre a
composi¢do e atividade de seus respectivos venenos, a descrigdo das andlises realizadas, a

apresentacdo dos resultados obtidos e conclusdes.

Dentre as moléculas de diferentes naturezas quimicas presentes nos sistemas
investigados, os peptideos, em especial os nao-reticulados, foram o principal objeto deste
estudo. Os fatores motivadores dessa escolha foram discutidos nas sessdes anteriores e
incluem: (a) caracteristica modular (i.e., residuos de aminoéacidos concatenados por meio de
ligacdes peptidicas); (b) diversidade oriunda das combinagdes de ‘modulos’ e de
modificagdes pods-traducionais; (c) possibilidade de determinagdo da estrutura primaria,
incluindo modificagdes pos-traducionais, por meio de espectrometria de massa; (d)
possibilidade de sintese quimica em fase solida para posterior ensaio bioldgico; (e) grande

numero de representantes nos organismos estudados.

Ainda que todos sejam representantes da biodiversidade brasileira, a selecdo dos
organismos estudados pode, a primeira vista, parecer incomum ou desarmoénica: um
escorpido de ocorréncia em ambientes antropicos, cujos acidentes sdo problema de saude
publica (7. serrulatus), uma aranha caranguejeira de ocorréncia nos biomas caatinga e
cerrado (4. natalensis) e uma perereca endémica da por¢do sul da Serra do Espinhago (P.
Jjandaia). E fato que esse conjunto foi constituido de maneira fortuita; o estudo desenvolvido
com o veneno de 7. serrulatus insere-se no ambito de linhas de pesquisa ja consolidadas no
LVTA, enquanto os estudos desenvolvidos com o veneno de 4. natalensis e com a secre¢ao
dérmica de P. jandaia foram iniciados a partir de colaboragdes com a Dra. Ilka Biondi, da
Universidade Estadual de Feira de Santana, e com o Sr. Felipe Leite, da Pontificia
Universidade Catolica de Minas Gerais, respectivamente. No entanto, hé fatores que resultam

na coesao entre os trés estudos.
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Como serd fundamentado adiante, estudos dedicados a descricdo da composicdo do
veneno de representantes do género Acanthoscurria € Phasmahyla ainda ndo haviam sido
realizados. Ademais, o género Phasmahyla era o tUnico dentre o cinco géneros de
Phyllomedusinae, uma sub-familia de anuros hilideos cuja secre¢do dérmica tem sido
extensivamente investigada, que permanecia sem estudos similares. Ja 7. serrulatus figura
dentre os organismos venenosos mais intensamente estudados. No entanto, estudos anteriores
apontavam a diversidade de peptideos com massa molecular inferior a 3 kDa no veneno
desse organismo, sem que houvesse outras iniciativas de sistematicamente identificar essas
moléculas. Para preencher essas lacunas de conhecimento, a composicdo peptidica dos
veneno de 7. serrulatus e da secrecdo dérmica de P. jandaia foi investigada por um fluxo de
trabalho similar que resumidamente consistia em fracionamento por meio de cromatografia
liquida, espectrometria de massa (MS e MS/MS), seqlienciamento de novo, seqiienciamento
N-terminal por degradacdo de Edman automatizada e busca de similaridades. No caso de 4.
natalensis, foi empregado seqiienciamento N-terminal (Edman) e de novo (MS/MS) para a
determinagdo da estrutura primaria completa da toxina p-TRTX-Anla. Ademais, o estudo
envolveu a investigagao da atividade da p-TRTX-Anla sobre neurénio de inseto utilizando-

se técnicas eletrofisioldgicas.

De maneira comum, os estudos visaram a prospec¢ao de moléculas biologicamente
ativas com usos biotecnoldgicos potenciais € a construgdo de conhecimento sobre a

composi¢ao dos sistemas venenosos investigados bem como sobre seus modos de acao.
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3 Seqiienciamento e estudo da atividade farmacologica da toxina

n-TRTX-Anla, oriunda do veneno da aranha Acanthoscurria

natalensis (Mygalomorphae, Theraphosidae)

3.1 Introducao

As aranhas da infra-ordem Mygalomorphae (Arthropoda, Chelicerata, Arachnida,
Araneae) compreendem as caranguejeiras € as aranhas-algapao (trap-door spiders) e estao
distribuidas em 15 familias com 300 géneros e aproximadamente 2.500 espécies (Hedin e
Bond, 2006). As caracteristicas distintivas das aranhas migalomorfas sdo o fato de nao
apresentarem segmentacao abdominal externa aparente, a presenga de dois pares de pulmodes
laminares e as garras de suas queliceras que se articulam no mesmo plano do eixo longitudinal

do corpo (Barnes, 1993).

As aranhas denominadas caranguejeiras’ sdo aquelas incluidas na familia
Theraphosidae, representada por cerca de 900 espécies divididas em 112 géneros (Platnick,
2011). Caracteristicas morfologicas distintivas das aranhas da familia Theraphosidae incluem:
a presenca de pélos urticantes do tipo I e/ou III e/ou IV; bulbo palpal com grande subgutelo
estendido e com quilhas presentes; auséncia de o6rgao estridulatorio entre a superficie externa
das queliceras e a superficie interna da coxa dos palpos, as quais sdo parcialmente ou

totalmente desprovidas de pélos (Pérez-Miles, Lucas et al., 1996).

As caranguejeiras, assim como as demais aranhas, sdo predadores e se alimentam de
uma variedade de presas vertebradas e invertebradas. A habilidade de capturar presas grandes
sem auxilio de teias implica na necessidade de utilizagdo de forca fisica e de venenos
eficientes capazes de agir rapidamente sobre o sistema nervoso central e periférico. Estao
distribuidas por todo o mundo e, ainda que tendam a estar mais representadas em areas
tropicas e semi-tropicais, sua diversidade ecologica ¢ extensa e inclui areas imidas ou secas,
savanas, desertos, florestas tropicais ou habitats semi-temperados. A diversidade de seus

nichos ecologicos e seus comportamentos predatorios correlaciona-se com a grande

% Na lingua inglesa, os representantes da familia Theraphosidae sdo denominadas ‘tarantulas’ o que deve, entio,
ser traduzido para o portugués como ‘aranha-caranguejeira’ ou, simplesmente ‘caranguejeira’. Na lingua
portuguesa, ‘tarantula’ é a denominagdo popular das aranhas pertencentes a familia dos licosideos
(Araneomorphae, Lycosidae), que deve ser traduzida para o inglé€s como ‘wolf spider’.
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diversidade de moléculas observada nos venenos de seus representantes (Escoubas e Rash,

2004).

O veneno dos terafosideos ¢ uma complexa mistura de sais, nucleotideos, aminoacidos
livres, neurotransmissores, poliaminas, peptideos, proteinas e enzimas (Savel-Niemann, 1989;
Escoubas, Diochot et al., 2000; Rash e Hodgson, 2002; Escoubas e Rash, 2004). Conforme
relatos de acidentes com humanos, os sintomas da picada de aranhas-caranguejeiras estdao
limitados a dor local moderada a severa, parestesia, hiperalgesia persistente, edema, eritema,
enrijecimento de articulagdes, inchago de membros e caimbras. Em casos mais severos de
envenenamento, podem ser observados caimbras e espasmos musculares que podem persistir
por varias horas (Schmidt, 1989; Lucas, Da Silva Junior et al., 1994; Isbister, Seymour et al.,
2003; Isbister e Gray, 2004). Em vista disso, o veneno dessas aranhas pode ser essencialmente
considerado inofensivo para humanos, entretanto pode afetar vertebrados e invertebrados com
diferentes poténcias (Escoubas e Rash, 2004). Vale notar que ja& foram relatadas atividades
inseticidas nesses venenos, com dose efetiva (DEsp) na ordem de 0,017 a 0,726 nL de

veneno/mg de inseto sobre Gryllus bimaculatus (Escoubas e Rash, 2004).

Baixa toxicidade do veneno total nao implica necessariamente na inexisténcia de
toxinas com alta-afinidade por seus alvos moleculares (Escoubas e Rash, 2004). Isso permite
que venenos com baixa toxicidade total, tal qual o caso de algumas espécies de
caranguejeiras, ainda sejam fontes potenciais de, por exemplo, moléculas que constituem
ferramentas de disseccao de processos fisioldgicos. Portanto, o veneno das caranguejeiras
vem sendo alvo de investigacdes toxinoldgicas, brevemente revisadas nos paragrafos

seguintes.

O mapeamento de massas de peptideos geradas por MALDI-TOF MS de 55 venenos
de caranguejeiras mostra uma distribuicdo molecular ‘bimodal’, com 57,8% dos peptideos
incluidos em uma classe cujos representantes possuem massas entre 3500 e 4500 Da (~ 31 a
40 aminoacidos) e com 6,9% dos peptideos incluidos em uma segunda classe cujos
representantes possuem massas entre 6.500 e 7.000 Da (~ 58 a 63 aminoacidos) (Escoubas e
Rash, 2004). De fato, a maioria das toxinas peptidicas de terafosideos ja descritas se enquadra
na classe de 3.500 a 4.500 Da. Duas toxinas descritas (Ul-TRTX-Lpla e UI-TRTX-Lplb)
possuem massa molecular de aproximadamente 5.300 Da. Nenhuma toxina com massa
superior a 6000 Da foi caracterizada indicando o potencial para descoberta de novas
moléculas biologicamente ativas nos venenos das caranguejeiras. Como mencionado

anteriormente, ainda que a diversidade molecular e farmacoldgica das toxinas terafosideas



46
pareca ser extensa, essas estdo restritas a peptideos relativamente pequenos que se enquadram

em um nimero limitado de padrdes moleculares: i.e., ICK e DDH (Escoubas e Rash, 2004).

As toxinas terafosideas ja descritas foram isoladas por meio de quatro abordagens
principais revisadas por Escoubas e Rash, 2004. A primeira refere-se ao isolamento de toxinas
ativas, por meio da injecdo do veneno ou de suas fragdes em camundongos ou insetos. Apesar
de ser favorecida pela simplicidade, essa abordagem possui a limitacdo de negligenciar
peptideos nao toéxicos que, ainda assim, podem apresentar alta afinidade pelos seus alvos
moleculares. Muitos dos peptideos isolados por meio dessa analise ndo possuem mecanismos
de acdo elucidados. A segunda abordagem consiste na purificagdo e seqiienciamento dos
componentes mais abundantes do veneno. As toxinas TxP1 e TxP5 isoladas a partir dessa

abordagem ainda ndo possuem alvos moleculares definidos.

Outra abordagem consiste na analise global dos componentes de um veneno ou dos
venenos de espécies de aranhas relacionadas, sistematicamente isolando-se componentes e
determinando-se seus modos de agdo em varios ensaios com foco na avaliagdo de seus efeitos
sobre alvos especificos. Essa abordagem, que representa uma elaboracdo da primeira
estratégia descrita, pode restringir o investigador a analise daquelas moléculas mais ativas

sobre determinados alvos, e resultar na ndo-caracterizagdo de muitas outras toxinas.

Recentemente, novos subtipos de canais idnicos tém sido descobertos a um rapido
passo. O estudo de suas funcdes fisioldgicas requer ferramentas farmacoldgicas, o que
estimulou varios grupos a realizar prospeccao por ligantes para esses alvos especificos. Essa
abordagem levou a identificacdo da maioria das toxinas de caranguejeiras ja descritas. Assim,
foram descritos ligantes para canais neuronais de calcio dependentes de voltagem, para canais
de célcio da classe E, para alguns subtipos de canais de potassio e canais de sodio, para canais
10nicos sensiveis a acidez (Acid Sensitive lon Channels - ASICs) e, finalmente, para canais
10nicos mecanossensiveis (Mechanosensitive lon Channels - MSCs). Essa abordagem vem e,
certamente, continuara eficientemente revelando novos ligantes, mas estd restrita a alvos

conhecidos.

Inicialmente utilizadas como meio de identificacdo e avaliacdo de variabilidade em
venenos de caranguejeiras (Escoubas, Celerier e Nakajima, 1997; Escoubas, Whiteley et al.,
1998; Escoubas, Chamot-Rooke et al., 1999; Escoubas, Corzo et al., 2002), abordagens
protedmicas também vém sendo empregadas para a analise da composi¢do e descoberta de

novas toxinas nesses venenos (Legros, Celerier et al., 2004; Liao, Cao et al., 2007). Por meio
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do seqiienciamento de novas toxinas espera-se que sua similaridade com outras moléculas ja

conhecidas possa direcionar os esfor¢os posteriores de caracterizacdo de atividade biologica.

O género terafosideo Acanthoscurria possui 34 espécies descritas, amplamente
distribuidas na regido Neotropical, principalmente na América do Sul (Lucas, Gonzalez-Filho
et al., 2011). No entanto, com relagdo a caracterizacdo de moléculas biologicamente ativas,
estudos envolvendo caranguejeiras representantes desse género, até o0 momento, restringiram-
se a investigagdo de peptideos e acilpoliaminas com atividade antimicrobiana presentes na
hemolinfa da 4. gomesiana (Silva, Daffre et al., 2000; Lorenzini, Da Silva et al., 2003;
Lorenzini, Fukuzawa et al., 2003; Fazio, Oliveira et al., 2006; Barbosa, Daffre et al., 2007;
Fazio, Jouvensal et al., 2007; Moreira, Rodrigues et al., 2007; Pereira, Silva et al., 2007;
Remuzgo, Andrade et al., 2008; Miranda, Miranda et al., 2009) sendo inexistentes trabalhos
de identificagdo e caracterizagdo estrutural e bioldgica de peptideos e outros componentes
moleculares do veneno dessas aranhas. Recentemente, um estudo desenvolvido por nosso
grupo reportou a purificacio e seqiienciamento parcial de uma insetotoxina (massa molecular
média: 5.375 u), proveniente do veneno da espécie 4. natalensis (Borges, 2008), que ocorre
nos biomas caatinga e cerrado (Lucas, Gonzalez-Filho ef al., 2011). O presente estudo reporta
o0 seqiienciamento completo e a caracterizacdo, por métodos eletrofisiologicos, da atividade da
toxina, entdo denominada u-theraphotoxin-Anla (u-TRTX-Anla)’, sobre a fun¢io de

neurdnios dorsais ndo pareados medianos (dorsal unpaired median - DUM) de barata

’ Adotou-se o sistema de nomenclatura de toxinas proposto por (King, Gentz et al., 2008): ‘w’ remete ao
antagonismo observado sobre corrente de sddio dependente de voltagem; ‘Theraphotoxin’ remete ao nome da
familia Theraphosidae; ‘Anla’ remete a Acanthoscurria natalensis, peptideo 1, isoforma a.
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3.2 Material e métodos”

3.2.1 Animais e obtencao de veneno

Aranhas caranguejeiras fémeas adultas da espécie A. natalensis, provenientes da
cidade de Feira de Santana/BA e arredores, foram conservadas em cativeiro e submetidas a

multiplas extracdes de veneno.

O veneno foi obtido através de estimulacdo elétrica na base das queliceras, coletado
com o auxilio de micro-pipeta e imediatamente transferido para agua acidificada resfriada
(0,1% TFA, aproximadamente 4°C). Esta solucao foi, entdo, centrifugada (14.000 g, durante 5
minutos) e as fracdes sobrenadantes agrupadas e liofilizadas. Os venenos liofilizados foram

armazenados em freezer (-20°C) até o uso.

3.2.2 Purificacdo da n-TRTX-Anla

A purificacdo da u-TRTX-Anla foi realizada por cromatografia bidimensional ou
unidimensional, conforme descrito a seguir. A homogeneidade da w-TRTX-Anla era
avaliada por MALDI-TOF-TOF MS. A toxina purificada e liofilizada era armazenada em

freezer (-20°C) até o uso.

3.2.2.1 Cromatografia bidimensional

A cromatografia bidimensional consistiu no fracionamento do veneno de A.
natalensis por cromatografia de troca catidnica (CIEX) seguido de cromatografia de fase

reversa (RPC) das fracdes de interesse obtidas no passo anterior. Para esta estratégia de

* A conservagio de exemplares de A. natalensis em cativeiro e as extragdes de veneno foram realizadas no
Laboratorio de Animais Pegonhentos e Herpetologia, da Universidade Estadual de Feira de Santana; o
seqiienciamento N-terminal foi realizado no Laboratério de Espectrometria de Massa, da unidade de Recursos
Genéticos e Biotecnologia, da Empresa Brasileira de Pesquisa Agropecudria; os ensaios eletrofisiologicos foram
realizados no Laboratoire de Neurophysiologie Récepteurs et Canaux loniques Membranaires, da Université
d'Angers; e os experimentos de LC-MS e LC-MS/MS foram realizados no Department of Biochemistry and
Molecular Biology, da University of Southern Denmark.
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purificacdo foi empregado sistema de cromatografia liquida de alto desempenho (HPLC)
AKTA Explorer 100 (Amersham Biosciences), controlado pelo software UNICORN 4.11,
equipado com modulo de coleta automatica de fragcdes (Frac920, Amersham Biosciences). A

eluicdo foi acompanhada por meio do monitoramento da absorbancia a 214 ¢ 280 nm.

Para a etapa de CIEX, utilizou-se uma coluna TSK-Gel CM-SW, 15 cm x 4,6 mm
(Tosoh Biosep), com fluxo de 0,75 mL.min"". A coluna foi equilibrada com acetato de sédio
50 mM (pH 5) (eluente A). A amostra de veneno (2 mg) foi dissolvida no eluente A e
aplicada a coluna. A elui¢ao foi obtida através de um gradiente linear de NaCl (em acetato de

sodio 50 mM, pH 5 — eluente B), de 0 a 1 M, com inclinagdo de 10 mM.min".

Para a etapa de RPC foi utilizada uma coluna Chromolith Performance RP-18 (100 x
4,6 mm) (Merk), com fluxo de 5,0 mL.min"". A coluna foi equilibrada com solu¢io aquosa
de TFA 0,1% (eluente A), sendo a fragdo de interesse proveniente da etapa de CIEX aplicada
a coluna. A elui¢do foi obtida por meio de gradiente linear de 0 - 100% de solugdo de TFA
0,1% em acetonitrila (ACN) (eluente B), em 11,5 minutos. Amostras obtidas por essa

estratégia foram submetidas aos ensaios eletrofisiologicos.

3.2.2.2 Cromatografia unidimensional

A cromatografia unidimensional consistiu na purificagdo da p-TRTX-Anla por meio
do fracionamento do veneno de A. natalensis por RPC e re-cromatografia (RPC) das fragdes
de interesse obtidas no passo anterior. Para esta estratégia de purificagdo foi empregado
sistema HPLC (Shimadzu Co.) equipado com modulo de deteccio UV-VIS SPD-10A, dois
moddulos cromatograficos LC-10AD e modulo registrador C-R6A.

O veneno bruto de A. natalensis foi pesado e diluido em solu¢do aquosa de TFA 0,1%
(v/v) em concentra¢io aproximada de 1 g.L"". As RPCs foram realizadas utilizando-se uma
coluna Source™ 5 4.6/150 (Pharmacia Biotech), com fluxo de 1,0 mL.min". A coluna foi
equilibrada com solucdo aquosa de TFA 0,1% (eluente A) e, entdo 1 mL de amostra era
aplicada a coluna. A eluicdo foi obtida por meio de gradiente linear de 0 - 40% de solucdo de
TFA 0,1% em acetonitrila (ACN) (eluente B), com inclinagdo de 1 %.min"'. Amostras

obtidas por essa estratégia foram submetidas as analises da estrutura primaria.
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3.2.3 Reducio e alquilagdo da p-TRTX-Anla

A reducdo de pontes dissulfeto e a alquilagdo de residuos de cisteina da u-TRTX-

Anla foram realizadas segundo os protocolos descritos a seguir.

(A) Cerca de 100 pg de p-TRTX-Anla foram dissolvidos em NH,HCO3; 100 mM (pH
8), incubados com DTT (concentragdo final de 25 mM) e cloridrato de guanidina 6 M a 70°C
durante 1 hora e posteriormente incubados com iodoacetamida (concentragdo final de 50 mM)
a 37°C, durante 1 hora, na auséncia de luz (Aitken e Learmonth, 2002). As amostras
derivatizadas por meio deste protocolo foram re-cromatografadas por RP-HPLC (LC10 AD
VP, Shimadzu Co.) em coluna C;g (218TP54, Vydac-Dionex), analisadas por MALDI-TOF-

TOF e submetidas ao seqiienciamento N-terminal por degradagao de Edman automatizada.

(B) Neste protocolo foi empregada uma versao modificada do método de ‘preparagao
de amostra assistida por filtro’ (filter-aided sample preparation — FASP) (Wisniewski,
Zougman et al., 2009). Cerca de 10 ug de u-TRTX-Anla foram desnaturados e reduzidos por
DTT 100 mM em Tris-HC1 100 mM (pH 7,6) e SDS 4%, mediante incubagdo a 110°C durante
5 minutos. O meio de reagdo contendo a u-TRTX-Anla desnaturada e reduzida foi misturado
a 200 uL de uréia 8 M em um dispositivo filtrante Microcon YM-3 (Millipore) e o dispositivo
centrifugado a 14,000 g a 20°C durante 40 minutos. O concentrado foi diluido em 200 uL de
uré¢ia 8 M em Tris-HCI 100 mM (pH 8,5) e o dispositivo foi novamente centrifugado nas
mesmas condigdes. Subseqiientemente, 100 uL. de iodoacetamida 50 mM e uréia 8 M em
Tris-HCl 100 mM (pH 8,5) foram adicionados ao concentrado. O meio de reagdo, protegido
da luz, foi incubado por 5 min a temperatura ambiente e o dispositivo foi novamente
centrifugado nas mesmas condi¢des. O concentrado contendo a p-TRTX-Anla reduzida e
alquilada foi ressuspendido em H,O contendo acido férmico 0,1% (v/v) e submetido a LC-

MS/MS.

3.2.4 Seqiienciamento N-terminal

A estrutura primaria da p-TRTX-Anla foi investigada por meio de seqiienciamento
N-terminal por degradagdo de Edman automatizada do polipeptideo em sua forma reduzida e

alquilada (u-TRTX-Anlasyg). Para tanto, utilizou-se um seqiienciador modelo PPSQ-23
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(Shimadzu Co.). As fragdes cromatograficas contendo o material de interesse (i.e. p-TRTX-
Anla,yg) foram concentradas por evapo-centrifugacdo, ressuspendidas em 20 uL de 4gua

deionizada, contendo 0,1% (v/v) de TFA e analisadas segundo instru¢des do fabricante.

3.2.5 Espectrometria de massa

3.2.5.1 MALDI-TOF-TOF

Andlises por espectrometria de massa do tipo MALDI-TOF-TOF foram realizadas em
instrumentos AutoFlex III ou Ultraflex III (Bruker Daltonics), operados em modo positivo e
controlados pelo software FlexControl 3.0 (Bruker Daltonics). Amostras eram misturadas a
uma solucdo supersaturada de acido a-ciano-4-hidroxicinamico (1:1, v/v) diretamente em
placas MTP AnchorChip 400/384 ou 800/384 (Bruker Daltonics) e secadas em temperatura
ambiente. Para a determinagdo da massa monoisotdpica de moléculas com massa entre 800 —
5,000 Da, foi empregado o modo refletido com calibragao externa utilizando-se o padrao de
calibracao de peptideos indicado pela fabricante (Peptide Calibration Standard, Bruker
Daltonics). Para a determinacdo da massa média de moléculas com massa entre 5,000 —
20,000 Da, foi empregado o modo linear com calibragdo externa utilizando-se o padrdo de
calibragdo de proteinas indicado pela fabricante (Protein Calibration Standard, Bruker
Daltonics). Para a visualizagdo de resultados foi utilizado o software FlexAnalysis 3.0 (Bruker

Daltonics).

3.2.5.2 LTQ-Orbitrap

Para complementar os resultados obtidos pela degradacdo de Edman, a estrutura
primaria da u-TRTX-Anlauq foi investigada por meio de espectrometria de massa in tandem.
Para tanto, foi utilizado um instrumento LTQ Orbitrap Velos ETD (ThermoFisher Scientific)
interfaceado com um cromatdgrafo EasyLC (Proxeon), ambos controlados pelo software

Thermo Xcalibur 2.1 (ThermoFisher Scientific).
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Na etapa cromatografica do experimento, foi utilizada uma coluna analitica (didmetro
interno e externo: 100 um e 375 um, respectivamente; comprimento: 15 cm) empacotada com
resina ReproSil-Pur C;g (diametro de particula: 3 um) (Dr. Maisch GmbH). A coluna foi
equilibrada em solucdo aquosa de &cido formico 0,1% (v/v) (eluente A). A amostra foi
aplicada na coluna e, em seguida, realizou-se um gradiente linear de 0 — 34% do eluente B
[acido formico 0,1%, H,O 10% e ACN 90% (v/v)] em 63 minutos. Foi utilizado um fluxo de

solvente de 250 nl.min™".

Foi empregada uma fonte de nanoeletronebulizacdo (Proxeon) operada com voltagem
de 2,3 kV e temperatura de 270 °C. O espectrometro de massa foi operado de maneira dado-
dependente para que automaticamente alternasse entre aquisicdo MS e MS/MS. A acuricia do
analisador de massas Orbitrap foi calculada no dia do experimento em 1,8 ppm. Os ions
parentais foram analisados em alta resolug¢ao (60.000 FWHM) e os 2 ions mais intensos em
cada ciclo foram ativados pelo método ETD e os fragmentos resultantes foram resolvidos
também no analisador Orbitrap (30.000 FWHM). Cada ciclo (MS e MSMYS) tinha a duracao

aproximada de 7,2 segundos.

Para a determinacdo da massa monoisotopica da u-TRTX-Anla em sua forma nativa
foi realizado experimento LC-MS, conduzido tal como descrito para o experimento LC-MS-

MS sem as etapas de espectrometria de massa in tandem.

Os espectros MS e MS/MS foram visualizados e deconvoluidos para carga unitaria por
meio do software Thermo Xcalibur 2.1. Os espectros originais ¢ deconvoluidos foram

utilizados para a interpretacao de novo manual.

3.2.6 Anailise de seqiiéncia

Uma vez obtidas informagdes sobre a estrutura primaria da p-TRTX-An1a, buscas por
moléculas similares eram realizadas por meio do programa BLASTP 2.2.23+ (Altschul,
Madden et al., 1997) contra o banco de dados nr sem filtro de taxonomia. Alinhamento
multiplo de seqiiéncias foi realizado por meio do software ClustalW 2.0.12 (Thompson,

Higgins et al., 1994; Larkin, Blackshields et al., 2007).
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3.2.7 Quantificacdo da p-TRTX-Anla

Para a quantificacdo da toxina p-TRTX-Anla, foi empregado o método de
determinagdo de absorbancia em luz ultravioleta (Waddell, 1956), conforme a seguinte

formula:

Concentraco (ug.mL™") = 144 - (Az15— Ays) (12)

Ajs € Azs sdo as absorbancias a 215 nm e 225 nm, respectivamente, da pu-TRTX-
Anla diluida em agua. Para o aferimento da absorbancia em luz ultravioleta foi utilizado um
espectrofotometro UV-160A (Shimadzu Co.) e cubetas de quartzo com capacidade

volumétrica de 1,0 mL.

3.2.8 Ensaios eletrofisiologicos

Para a avaliagdo dos efeitos da toxina u-TRTX-Anla sobre o funcionamento de canais
106nicos em sistema nervoso de insetos, foi utilizada a técnica de patch-clamp, na configuragao
whole-cell (Hamill, Marty et al., 1981) em neurénios DUM de baratas Periplaneta americana

macho adultas.

Os animais foram criados em cativeiro a 29°C sob ciclo claro/escuro de 12 h. Os
experimentos foram realizados em neurénios DUM isolados da linha média do ganglio
abdominal terminal da corda nervosa de P. americana. Os neuronios foram obtidos por meio
de tratamento enzimatico e dissociacdo mecanica conforme previamente descrito (Lapied,
Malecot et al., 1989). As células foram incubadas por 12 h a 29°C antes dos experimentos

eletrofisiologicos.

Foi utilizado o modo voltage-clamp para registrar as correntes de membrana e o modo
current-clamp para registrar potenciais de agdo. Os sinais foram aferidos por meio de um
amplificador Axopatch 200A (Axon Instruments Inc.). As pipetas de patch foram
confeccionadas a partir do estiramento de tubos capilares de vidro de boro silicato (Clark

Electromedical Instruments) e possuiam resisténcias na ordem de 0,7 a 0,9 MQ quando
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preenchidas com solu¢do interna de pipeta (vide composi¢ao abaixo). O potencial da jung¢do
liquida entre o banho e a solugdo interna era sempre compensado antes da formagdo do

gigaselo (>2 GQ).

Para os estudos de voltage-clamp do influxo de sodio, pulsos de voltagem eram
gerados por um estimulador programavel (SMP 310, Biologic, Claix, France).
Alternativamente, pulsos de voltagem eram gerados por um computador IBM Pentium 100,
munido do software pClamp (pClamp version 6.03, Axon Instruments) conectado a um
sistema Labmaster DMA - 125 kHz (TL-1-125 interface, Axon Instruments). A ndo ser
quando indicado de outra maneira, as células eram mantidas a um potencial de -90 mV, e
pulsos de teste de 30 ms de duragdo eram aplicados com uma freqiiéncia de 0,3 Hz. Ainda que
a maior parte das correntes capacitiva e de vazamento tenha sido compensada eletronicamente
no inicio de cada experimento, a subtragdo da capacitancia e da corrente de vazamento
residual era realizada por meio do protocolo P/4 do software pClamp. Assim, o computador
gerava quatro sub-pulsos antes da aplicagdo do pulso do teste principal. As correntes evocadas
pelos sub-pulsos eram somadas para que fossem computadas as correntes de capacitancia e de
vazamento, as quais eram subtraidas das correntes evocadas pelo pulso de teste principal. Os
dados eram exibidos em um osciloscopio digital (310, Nicolet Instrument) e armazenados no
disco rigido do computador (freqiiéncia de aquisicdo de dados: 33,3 kHz) para analise

posterior.

Para os experimentos no modo current-clamp, pulsos de corrente despolarizante eram
eliciados com freqiiéncia de 0,5 Hz por meio de estimulador programavel (SMP 310,

Biologic).
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A composicao das solugdes utilizadas encontra-se detalhada na tabela abaixo:

Tabela 1. Soluc¢des utilizadas para experimentos eletrofisiologicos com neurdonios DUM de Periplaneta
americana.

Solucio interna para modo Current-

~ clamp
floal’:;ao externa para modo Current- Parimetro Valor Unidade
Parimetro Valor Unidade [K-aspartame] 160,00 mM
[KF] 10,00 mM
[NaCl] 200,00 mM
[NaCl] 10,00 mM
[KCI] 3,10 mM
[MeCls] 1,00 mM
[MeCly] 4,00 mM
[ATP-Mg] 1,00 mM
[CaCl,] 5,00 mM
[HEPES] 10,00 mM [CaCl2] 0,50 mM
i 740 ' [EGTA] 10,00  mM
p ’ [HEPES] 10,00 mM
pH 7,40 -

Solugdo externa para modo Voltage- Solucio interna para modo Voltage-

clamp o
Parimetro Valor Unidade P .
[NaCl] 80.00 M Parametro Valor Unidade
[TEA-CI] 120,00 mM [CsCl] 90,00 mM
[KCI] 3.10 mM [CsF] 70,00 mM
[CaCl,] 2.00 M [NaCl] 1500 mM
[MeCl) 700 mM [MgCl] 100 mM
[CdCI2] 1,00 M [ATP-Mg] 3,00 mM
[4-AP] 5,00 mM [EGTA] 1000 mM
[HEPES] 1000 mM [HEPES] 10,00 mM

pH 7,40 - pH 7,40 -

Quando quantificados, os dados estdo expressos em médias + erro padrao de medida
(EPM).
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3.3 Resultados e discussao

3.3.1 Purificacdo da p-TRTX-Anla

Foram empregadas duas estratégias para a purificagdo de u-TRTX-Anla, ie,
cromatografia bidimensional (Figura 6) e unidimensional (Figura 7). Ambas resultaram na
purificagdo da p-TRTX-Anla a homogeneidade, determinada por MALDI-TOF-TOF (ndo
mostrado). Na primeira estratégia, a fracdo contendo a toxina de interesse eluia com
concentragoes de eluente B entre 28,8 — 32,8% e entre 31,3 - 32,8% nas etapas de CIEX e
RPC, respectivamente. Na segunda, a fragdo contendo a toxina de interesse eluia com

concentragdes entre 30 — 31% em ambas as etapas de RPC.

As aliquotas de p-TRTX-Anla purificadas por meio de cromatografia bidimensional
foram utilizadas em ensaios -eletrofisioldgicos, enquanto as aliquotas purificadas por

cromatografia unidimensional foram empregadas na determinagao da estrutura primaria.
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Figura 6. Purificacdo da p-TRTX-Anla por meio de cromatografia bidimensional. (A) Cromatografia de
troca catidnica (CIEX). Veneno bruto de Acanthoscurria natalensis (2 mg) foi aplicado a coluna de CIEX (TSK-
Gel® CM-SW, 15 cm x 4.6 mm) previamente equilibrada com o eluente A (acetato de sédio 50 mM, pH 5). Um

gradiente linear foi realizado (0 — 1 M [NaCl] com inclinagdo de 10 mM.min ") aumentando a concentragdo do
eluente B (acetato de sodio 50 mM e NaCl 1M, pH 5). Fluxo: 0,75 mL.min"". (B) Cromatografia de fase reversa

(RPC). As fragdes de interesse obtidas na etapa de CIEX foram aplicadas a coluna de RPC (Source 5 4.6/150),

previamente equilibrada com H,O contendo TFA 0,1% (v/v) (eluente A). A elui¢do foi obtida através de
gradiente linear (0 - 100% em 11,5 minutos) de ACN contendo TFA 0,1% (v/v) (eluente B). Fluxo: 5 mL.min™".

Sdo mostradas leituras de absorbancia a 214 nm. As setas indicam as fragdes contendo a toxina p-TRTX-Anla.
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Figura 7 . Purificacdo da p-TRTX-Anla por meio de cromatografia undimensional. (A) O veneno bruto de
Acanthoscurria natalensis (1 mg) foi aplicado a coluna de RPC (Source 5 4.6/150), previamente equilibrada com
H,O contendo TFA 0,1% (v/v) (eluente A). A eluicdo foi obtida através de gradiente linear (0 - 40% na
inclinagdo de 1%.min™") de ACN contendo TFA 0,1% (v/v) (eluente B). Fluxo: 1 mL/min. (B) Fragdes de
interesse foram agrupadas e re-submetidas a RPC. Sdo mostradas leituras de absorbancia a 214 nm. As setas
indicam as fragdes contendo a toxina pu-TRTX-Anla (eluicdo: =30% B). Numeros indicados na abscissa referem-

se a duragdo em minutos do programa cromatografico (0 — 7 min, 0% B; 7 — 47 min, 0 — 40% B).
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3.3.2 Determinacio e analise da estrutura primaria da p-TRTX-Anla

Como mencionado acima, em um estudo anterior, foram elucidados 26 residuos da
estrutura primaria da u-TRTX-Anla por meio de seqiienciamento N-terminal por degradagao
de Edman do polipeptideo em sua forma nativa (Borges, 2008). No presente estudo, a toxina
u-TRTX-Anla,, foi submetida ao seqiienciamento N-terminal por degradacdo de Edman.
Confirmaram-se os 26 residuos determinados anteriormente e elucidou-se a identidade de 11

residuos adicionais (Tabela 2).

Tabela 2. Seqiienciamento N-terminal de p-TRTX-Anla e de sua forma reduzida e alquilada (n-TRTX-
Anla,,) por degradaciio de Edman automatizada.

Forma Seqiiéncia

10 20 30
;;(-)ggTX-Anla (Borges, 11mcF FSCEI EKDGK SKEGK PCKPK G
u-TRTX-Anla, IIECF FSCEI EKDGK SKEGK PCKPK GDKDK DKKCG GW

Para a determinacdo do segmento restante da seqiiéncia, a pu-TRTX-Anla,, foi
submetida a um experimento LC-MS-MS. No modo MS, pu-TRTX-Anla,q foi visualizada por
meio de seus ions [M + 7H]”, [M + 8H]™, [M + 9H]™ e [M + 10H]"’. Sua massa
monoisotdpica foi determinada em 5.718,87 u. Tal fato sugere a presenga de 6 residuos de
cisteina, em virtude da diferenca de 348 u [i.e., 6 x 58 u, referente a diferenca de massa
molecular entre cisteinas oxidadas (-S-S-) e carbdxi-amidometil cisteinas] entre a massa
monoisotopica da p-TRTX-Anla,q € de sua forma nativa (5.370,67 u). Os resultados acima

estdo sumarizados na Tabela 3.
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Tabela 3. Determinacio da massa monoisotopica (M) de p-TRTX-Anla e de sua forma reduzida e
alquilada (n-TRTX-Anlay,).

Forma z [M+ zH]*" (Th) Mops (u) M, (u)
4 1.343,676 5.370,67
5 1.075,143 5.370,68
pu-TRTX-Anla 5 896.120 5.370.67 5.370,67
7 768,246 5.370,67
7 817,987 5.718,85
8 715,866 5.718,87
p-TRTX-Anlay, 9 636.438 5.718.87 5.718.,87
10 572,895 5.718,87
Massa molecular de H: 1,007825 u. ‘M, = massa molecular observada. ‘z’ indica a carga dos ions

verificados.

Os ions multiplamente carregados de p-TRTX-Anla, foram analisados por MS/MS
com ativagdo por ETD. Os espectros MS/MS, original e deconvoluido, do fon [M + 7H]"
foram utilizados para dedugdo da seqiiéncia da u-TRTX-Anla,q. Por meio dessa analise foi
possivel determinar a seqiiéncia dos 10 residuos restantes. No entanto, ndo foi possivel
diferenciar os residuos Ile/Leu nas posicoes 41, 45 e 47. Ainda que os ions c47 € z; ndo tenham
sido visualizados, foi possivel identificar o residuo C-terminal como Ile/Leu devido a

diferenga entre a massa observada do ion c46 € @ massa teorica do ion cpax, i.€., Cmax = [M +

H] - 16 u.

A Tabela 4 representa a interpretagdo do espectro MS/MS da pu-TRTX-Anla,q € a
Tabela 5 mostra de maneira consolidada o resultado da determinagdo de sua estrutura
primaria. A seqliéncia da p-TRTX-Anla foi depositada no UniProtKB sob o numero de
acesso B3AOPO.



Tabela 4. Interpretacio do espectro MS/MS do ion [M + 7H]" de p-TRTX-Anla,,.
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Série ¢ Série z
z=5 z=4 z=3 z=2 z=1 # Seq. # z=1 z=2 z=3 z=4 z=5
1 1 47
2 1 46
3 E 45 -0.028
4 CAM 44
5 F 43
6 F 42
7 S 41
8 CAM 40
9 E 39
10 1 38
11 E 37
12 K 36
13 D 35
14 G 34
-0.002 15 K 33
-0.003 16 S 32 -0.011  -0.007
0.005 17 K 31
0.005 18 E 30 0.001  0.002
0.007 19 G 29 0.001  0.001
20 K 28 -0.007 -0.001 -0.002
0.009 21 P 27
0.003  0.008 22 CAM 26
23 K 25 0.007 -0.002
24 P 24
25 K 23
-0.001 26 G 22 -0.003
-0.003 27 D 21 0.003 -0.004
0.004 -0.004 28 K 20 -0.002
-0.006  0.008 29 D 19 -0.001  0.000
0.005  0.004 30 K 18 -0.005  0.000
-0.006  -0.000 31 D 17 -0.011  -0.000
-0.005  0.001 32 K 16 -0.002
0.008  0.003 33 K 15 -0.003  0.002
-0.002  -0.005 34 CAM 14
0.004 -0.007 35 G 13 0.003
36 G 12 -0.002
37 \% 11 -0.004
38 R 10 0.002
0.021 39 CAM 9
0.018 40 K 8 -0.006 -0.001
41 L/ 7 0.000
42 K 6 -0.005
-0.010 43 M 5  -0.003
-0.011 4 CAM 4
-0.023 45 L/ 3 0.002
0.002 46 K 2 -0.001
47 L/1 1

Os numeros decimais indicam, em u, a diferenca entre o valor tedrico e o observado dos ions de fragmentos, i.e.,

[M + ZH]Z)}‘—[M + ZH];;. ‘z’ indica a carga dos ions dos fragmentos verificados. O ion C;g (sublinhado) foi

verificado no espectro deconvoluido a z = 1. A seqiiéncia peptidica esta representada no sentido N — C-terminal
de cima para baixo. ‘CAM’ indica carbdxi-amidometil cisteina.
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Tabela S. Determinacio da estrutura primaria completa da p-TRTX-Anla.

SeqﬁéHCia Mbs (ll)* Meaic (u)i Mbs - Mealc (ll)
10 20 30

ITECF FSCEI EKDGK SKEGK PCKPK GDKDK
10 5.370,67 5.370,67 0,00

DKKCG GWRCK 1KMC1l K1

O segmento hachurado foi elucidado por degradacdo de Edman da p-TRTX-Anla,, O segmento restante foi
elucidado por espectrometria de massa in tandem (ESI-LTQ-Orbitrap) da p-TRTX-Anla,, “I” indica residuos
Ile/Leu ndo diferenciados. *M,s refere-se a massa molecular monoisotépica do u-TRTX-Anla em sua forma nativa
determinada por ESI-LTQ-Orbitrap. {M,,. refere-se & massa calculada a partir da seqiiéncia determinada,
considerando cisteinas oxidadas (-S-S-).

O resultado da busca por seqiiéncias similares a p-TRTX-Anla estd sumarizado na
Tabela 6. O alinhamento multiplo de pu-TRTX-Anla e das similares estd mostrado na Figura
8. Apesar da seqiiéncia da toxina U1-TRTX-Hhla nao ter produzido alinhamento significante
na busca por similaridades, sua estrutura primaria foi incluida na Figura 8 com o objetivo de

orientar as discussoes abaixo.



Tabela 6. Seqiiéncias produzindo alinhamentos significantes com pn-TRTX-Anla.
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No. de Nome Referéncia Espécie* Score Cobertura e
acesso
Ul-theraphotoxin- (Corzo, Bernard et al., Brachypelma o 3
P85497.1 Bala 2009) albiceps 49.3 100% 7x 10
P61509.1 Ul-theraphotoxin- (Savel-Niemann, Aphonopelma 489 100% 1x 107
— Aspla 1989) sp.
Ul-theraphotoxin- (Corzo, Bernard et al., Brachypelma o 7
P85504.1 Balb 2009) albiceps 48.5 100% 1x 10
Ul-theraphotoxin- (Kaiser, Griffin et al., Brachypelma o 7
P49265.1 Bsla 1994) smithi 48.5 100% 1x 10
. (Escoubas, Celerier, .
Pe1506.1 U ltheraphotoxin- g it ebrunerar, LOSOd0T@ 458 91% 2x 10°
Lplb parahybana
1997)
putative mature (Diego-Garcia Citharischius
ADF28496.1 sequence toxin-like 18 ’ . 45.8 100% 4x10°
Peigneur et al., 2010) crawshayi
LFEC
Ul-theraphotoxin- (Vieira, Moura et al., . o 5
5Q114.1 Lsplb 2004) Lasiodora sp. 43.9 100% 3 x 10
Ul-theraphotoxin- (Vieira, Moura et al., . o 5
Q50113.1 Lsplc 2004) Lasiodora sp. 43.9 95% 4x10
Ul-theraphotoxin- (Vieira, Moura et al., . o 5
POCC109.1 Lspla 2004) Lasiodora sp. 43.1 95% 7x10
putative mature . . . o
ADF28498.1 sequence toxin-like ~ (Dic80-Garcia, Citharischius 42.4 97% 1x 10"
Peigneur et al., 2010) crawshayi
RFEC
. (Liao, Cao et al., .
BIPIAZI g?l'l;hempho“’x‘n' 2007: Chen, Deng et f:’l"h’;ro""hy s 416 100% 2 x 10
J al., 2008) Jingz
. (Escoubas, Celerier, .
poccig.)  Ultheraphotoxin- g i T ebrunerar, LASOd0T@ 40.8 91% 2x 10°
Lpla parahybana
1997)
(Liao, Cao et al., Chilobrachvs
BI1P1A6.1  U3-theraphotoxin-Cjla 2007; Chen, Deng et .. Y 40.4 100% 5x 10
jingzhao
al., 2008)
BIPIA9.I  U3-theraphotoxin-Gjlc (Chem Deng etal.,  Chilobrachys 40.4 100% 6x 10
2008) jingzhao
ABY77731.1 HWTX-VIIc precursor ©.20& Peng et al.,  Haplopelma 377 100%  0.008
2008) huwenum
D2Y202.1  Hainantoxin-II-19  (Lang Zhangetal,  Haplopelma 35.0 100%  0.080
2010) hainanum
D2Y227.]  Hainantoxin-lI-16 (L ang Zhangetal,  Haplopelma 35.0 100%  0.082
2010) hainanum
D2Y214.]1 Hainantoxindl.3 ~ (Lang Zhangetal,  Haplopelma 32.0 100% 13
2010) hainanum

A busca por seqiiéncias similares foi realizada por meio do sofiware BLASTP 2.2.23+ contra o banco de dados
nr sem filtro de taxonomia. *Os nomes de espécies aqui indicados estdo de acordo com Platnick, 2011; apenas
nomes atualmente validos estdo mostrados, portanto, esses podem diferir daqueles adotados na literatura citada.



Ul-TRTX-Lspla
Ul-TRTX-Lpla
Ul-TRTX-Lplb
Ul-TRTX-Lsplc
Ul-TRTX-Lsplb
Ul-TRTX-Bala
Ul-TRTX-Balb
Ul-TRTX-Aspla
Ul-TRTX-Bsla
u-TRTX-Anla
U3-TRTX-Cjlb
U3-TRTX-Cjlc
U3-TRTX-Cjla
toxin-like
toxin-like-RFEC
Hainantoxin-II-19
Hainantoxin-II-16
Hainantoxin-II-3
Ul-TRTX-Hhla
HWTX-VIIc-precursor
Consenso

FFECTFECDIKK-—-—--— EG-KPCKPKGCKCKDKDNKDHKKCS--GGWRCKLKLCLKF
FFECTFECDIKK-—-—--- EG-KPCKPKGCKCKDKDNKDHKKCS--GGWRCKLKLCLKF
FFECTLECDIKK-—--- EG-KPCKPKGCKCNDKDNKDHKKCS--GGWRCKLKLCLKF
FFECTFECDIKK-—-—--- EG-KPCKPKGCKCDDKDNKDHKKCS--GGWRCKLKLCLKF
LFECTFECDIKK-——--- EG-KPCKPKGCKCDDKDNKDHKKCS--GGWRCKLKLCLKI
ILECVFSCDIKK-—-——- EG-KPCKPKG-=====———— EKKCT--GGWRCKIKLCLKI
IFECVFSCDIKK-———- EG-KPCKPKG-=====———— EKKCT--GGWRCKIKLCLKI
IFECVFSCDIEK-—-——— EG-KPCKPKG-=====———— EKKCT--GGWKCKIKLCLKI
IFECVFSCDIEK-—-——- EG-KPCKPKG-=====———— EKKCS--GGWKCKIKLCLKI
IIECFFSCEIEKDGKSKEG-KPCKPKG----DKDK--DKKC---GGWRCK1KMC1K1
IFECSFSCDIKK-———- NG-KPCKGAG-=-====———— EKKCS--GGWRCKMNFCVKF
--—-CSFSCDIRK-—-——--- G-KPCTGAG-=-=====——— EKKCS--GGWRCKMNFCVKF
LFECSFSCDIKK-——--- NG-KPCKGSG-=====———— EKKCS--GGWRCKMNFCVKV
LFECVISCDIEK----- EG-KPCKPKG-=====———— EKECKPKGGWKCKFNFCLKV
RFECAISCDIQK-——--- EG-KPCKPNG-=-====———— EKECKAKGGWKCKFNFCVKI
LFECSVSCEIEK-—---- EGNKDCKK-======—————— KKCR--GGWKCKFNMCVKV
LFECSVSCEIEK-—---- EGNKDCKK-======—————— KKCI--GGWKCKFNMCVKV
LFECSVSCEIEK-—--- EGNKDCKK-===————————— KKCK--GGWECKFNMCVKV
LFECSFSCEIEK-—---- EGDKPCKK-=====——————— KKCK--GGWKCKFNMCVKV
LFECSISCEIEK-——--- KG-ESCKP-——==—==—————— KECK--GGWKCKFNMCVKV

* L kykak * *, * ok khkk kkgsaskak,

49
49
49
49
49

39
39
39
47

35
39
41
41
37
37
37
37
36
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Figura 8. Alinhamento de p-TRTX-Anla com toxinas similares. Sdo mostradas apenas as seqiiéncias dos

peptideos maduros. Alinhamento multiplo de seqiiéncias foi gerado por meio do software ClustalW 2.0.12.

Espacos (-) foram introduzidos para maximizar o alinhamento (Multiple alignment gap penalty: 5). As notagdes

do consenso, i.e., ‘*’,

(3% 3]

e‘’,

significam que os residuos em uma dada coluna sdo idénticos em todas as
seqiiéncias, que substituicdes conservadas foram observadas e que substituicdes semi-conservadas foram

observadas, respectivamente. O numero de residuos em cada seqiiéncia esta indicado na coluna a direita.
indica residuos Ile/Leu ndo diferenciados.

A seqiiéncia da p-TRTX-Anla apresentou similaridade com aquelas de toxinas

oriundas de outras espécies terafosideas e que pertencem a familia da Ul-TRTX-Hhla

(anteriormente denominada como huwentoxin-II).

A UI-TRTX-Hhla (P82959) consiste em um peptideo de 37 residuos de aminoacido,

oriundo do veneno da aranha caranguejeira chinesa Haplopelma huwenum. Essa toxina ¢

capaz de paralisar baratas por varias horas de maneira reversivel, com EDs equivalente a 29

+ 12 nmol.g’. A UI-TRTX-Hhla também bloqueia a transmissdo neuromuscular em

preparagdo de nervo frénico murino isolado, sendo assim uma molécula toxica para

mamiferos e insetos (Shu e Liang, 1999). Dentre seus residuos incluem-se 6 cisteinas que

formam trés pontes dissulfeto dispostas conforme o seguinte arranjo: Cyss-Cys;s, Cysg-Cysag

e Cysy3-Cyssg. Assim, resulta a incomum conectividade I-II1, [I-V e IV-VI que contrasta com

0 padrao predominante nas toxinas terafosideas (i.e.,I-1V, II-V e III-VI) (Shu, Huang et al.,

2001). A estrutura tridimensional da Ul-TRTX-Hhla revela duas voltas-p3 (Cyss-Ser; € Lysos-

Trp,7) e folha-f antiparalela dupla (Trp,7-Cysye € Cysss-Lysse), sendo que, devido ao seu

padrao de pontes dissulfeto, essa toxina nao possui o motivo de no6 de cisteina (motivo ICK).

Diferentemente, essa toxina apresenta o motivo DDH (Shu, Lu et al., 2001; 2002).
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Com base na similaridade das estruturas primarias, assumiu-se que outros
representantes da familia da Ul-TRTX-Hhla também apresentariam o motivo DDH
(Escoubas e Rash, 2004; Liao, Cao et al., 2007; Yuan, Jin et al., 2007; Chen, Deng et al.,
2008; Corzo, Bernard et al., 2009; Diego-Garcia, Peigneur et al., 2010; Tang, Zhang et al.,
2010). De fato, a elucidagdo da estrutura tridimensional da U1-TRTX-Balb por meio de 2D-
NMR revelou que essa toxina apresenta conectividade de residuos de cisteinas consistente
com o padrao DDH. No entanto, diferentemente da Ul-TRTX-Hhla, a Ul-TRTX-Balb
apresenta uma folha-f antiparalela de trés segmentos formados pelos residuos Lys;s—Cys;7,
Trpao—Lyss, € Leuss—Lyssg. O primeiro segmento esta conectado ao segundo por meio de uma
grande volta formada pelos residuos Pro;o-Glyag, ao passo que o segundo segmento conecta-se
ao terceiro por meio de uma volta-p. Assim como a UI-TRTX-Hhla e outros moduladores de
canais i6nicos, a superficie molecular da Ul-TRTX-Balb possui intensa anisotropia
eletrostatica devido a um cluster de residuos bésicos formado pelos residuos K, Kz, Kjs,
R30, K3, e Kis4 (Corzo, Bernard et al, 2009). Tais residuos apresentam alto grau de

conservagao nas posi¢oes correspondentes das toxinas mostradas na Figura 8.

Em relacdo ao padrdo de pontes dissulfeto da toxina UI-TRTX-Bsla, h4 informagdes
divergentes na literatura. Apesar da grande similaridade entre a estrutura primaria das toxinas
U1-TRTX-Bsla, UI-TRTX-Hhla e Ul-TRTX-Balb (Figura 8), foi reportado que a
conectividade das pontes dissulfeto da primeira obedece ao padrao I-IV, II-V e III-VI, o qual
iguala-se aquele das toxinas com motivo ICK (Kaiser, Griffin et al., 1994; Escoubas e Rash,
2004). Essa informacao esta registrada também no banco de dados UniprotKB (P49265.1).
Vale notar que a seqiiéncia dessa toxina ¢ idéntica a isoforma da toxina Ul-TRTX-Aspla
(P61509.1), a Ul-TRTX-Asplb, fato que se encontra apontado na entrada referente a Ul-
TRTX-Bsla (AS398) no banco de dados de toxina de aranhas, o AracnoServer (Herzig, Wood
et al., 2010). De maneira contrastante, o AracnoServer indica a conectividade I-III, II-V e
IV-VI para Ul-TRTX-Bsla com base em sua identidade com U1-TRTX-Asplb. Esse fato
também ¢ re-afirmado em outras referéncias (Shu, Lu et al., 2002; Diego-Garcia, Peigneur et

al., 2010).

Para as moléculas similares a p-TRTX-Anla reportou-se atividade bioldgica sobre
mamiferos ou insetos. Nesse sentido, verificou-se que as toxinas Ul-TXTX-Bala e Ul-
TRTX-Balb nao apresentam toxicidade para camundongos quando injetadas por via intra-
cranial ou intra-peritonial com doses de até 3 pg.20 g’ e 20 pg.20 g, respectivamente.

Ademais, ambas ndo apresentaram antagonismo sobre a condutancia de sddio em canais de
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inseto (Para/tipE) ou de mamiferos (Navl.2 and Navl.5) expressos em ovocitos de Xenopus
laevis. No entanto, UI-TXTX-Bala e Ul-TRTX-Balb apresentam toxicidade e letalidade
sobre grilos Acheta domestica, com DLs equivalente a 10.8 £ 1.4 pg.g' €92+ 0.9 pgg’,
respectivamente (Corzo, Bernard et al., 2009). De maneira similar, a UI-TRTX-Aspla e sua
isoforma UI-TRTX-Asplb injetadas por via intra-abdominal possuem atividade tdxica sobre

baratas P. americana (Savel-Niemann, 1989).

Sugeriu-se que as toxinas oriundas do género Lasiodora (i.e., Ul-TRTX-Lspla, Ul-
TRTX-Lsplb, Ul-TRTX-Lsplc, Ul-TRTX-Lpla e Ul-TRTX-Lplb) adotam a conformagao
DDH, modificada por segmento extra -CKCXDKDNKD- contendo uma ponte dissulfeto
adicional (Escoubas, Célérier et al., 1997; Vieira, Moura et al., 2004) (Figura 8). UI-TRTX-
Lpla e Ul-TRTX-Lplb ndo compartilham a atividade insetotoxica das outras moléculas da
familia, mas sdo toxicas para camundongos (Escoubas, Celerier, Romi-Lebrun et al., 1997).
Ademais, foi demonstrado que Ul-TRTX-Lsplb, obtida através de expressdo heterdloga,
bloqueia canais de Ca*" do tipo L em células BC3H1 (Dutra, Sousa et al., 2008). Assim,
postulou-se que o segmento -CKCXDKDNKD- atua na seletividade dessas toxinas (Diego-
Garcia, Peigneur et al., 2010).

Para as demais toxinas mostradas na Tabela 6, ainda ndo ha estudos descrevendo suas
atividades bioldgicas ou seus alvos moleculares. Entretanto, vale notar que U3-TRTX-Cjlb
ndo possui efeitos sobre correntes idnicas ativadas por voltagem em neurdnios de ganglio
dorsal de rato (canais de sddio sensiveis e resistentes a tetrodotoxina, de potassio e de célcio)

(Chen, Deng et al., 2008).

Além da presenca de regides conservadas, a andlise da Figura 8 revela peculiaridades
da estrutura primaria da p-TRTX-Anla em relacdo a seqiiéncia de toxinas similares. Em
particular, ¢ evidente a presenca de dois segmentos extras formados pelos residuos Aspis-
Lysi7 € Aspa7-Lysso. De maneira relevante, nota-se a presengca do motivo Lys;>-Aspi3-Gly4
localizado em um longo segmento entre Cysy; e Cysy. Tal fato suscita a hipotese que esse
peptideo poderia apresentar atividade similar as desintegrinas, as quais consistem em uma
familia de peptideos presente no veneno de varias viboras, que seletivamente bloqueiam a

funcdo de receptores de integrina (Calvete, Marcinkiewicz et al., 2005).
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3.3.3 Ensaios eletrofisiologicos

Tendo em vista a atividade insetotoxica previamente reportada (Borges, 2008) e sua
similaridade com outras toxinas com atividade neurotoxica em insetos, foram avaliados os

efeitos da u-TRTX-Anla em neur6nios DUM de barata, por técnicas de eletrofisiologia.

Verificou-se que essa toxina (100 nM) € capaz de aumentar a freqiiéncia de descargas

espontaneas nessas células (Figura 9) e de diminuir a amplitude dos potenciais de agdo

(Figura 10).
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Figura 9. Efeitos da toxina n-TRTX-Anla (100 nM) isolada do veneno de Acanthoscurria natalensis sobre
a atividade elétrica espontinea em neurdnios dorsais mediais nao pareados (DUM) de barata (Periplaneta

americana) registrados em modo current-clamp. Barras: EPM.
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Figura 10. Efeitos da toxina p-TRTX-Anla (100 nM) isolada do veneno de Acanthoscurria natalensis
sobre a amplitude do potencial de acdo em neurdnios dorsais mediais ndo pareados (DUM) de barata

(Periplaneta americana) registrados em modo current-clamp. Barras: EPM.

A Figura 11 mostra que p-TRTX-Anla (100 nM) ¢é capaz de parcialmente bloquear a
corrente Na' nas células de neurdnios DUM, diminuindo o valor maximo do perfil I-V, mas
sem alterar a dependéncia de voltagem. A capacidade de bloquear correntes de sodio pode
indicar o mecanismo pelo qual ¢ observada a reducdo da amplitude do potencial de agdo
quando essa toxina ¢ aplicada a essa mesma preparacao (Figura 10). Nesse sentido, trabalhos
anteriores mostram que, mediante a aplicagdo de 100 MM de saxitoxina (STX) nessa
preparacdo, leva a diminui¢ao gradual da amplitude maxima do potencial de acdo espontaneo

até que seja completamente abolido (Lapied, Malecot ef al., 1989).
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Figura 11. Painel superior: Efeitos da toxina p-TRTX-Anla (100 M) isolada do veneno de Acanthoscurria
natalensis sobre correntes de influxo de Na' registradas em modo voltage-clamp em neurdnios dorsais
mediais nio pareados (DUM) de barata (Periplaneta americana). Influxo de Na" foi eliciado por pulso
despolarizante de -10 mV com duragdo de 30 ms a partir do potencial de holding de -90 mV. Painel inferior:
Comparacio da relacido corrente-voltagem (I-V) das correntes de Na' em neurdénios DUM de barata.
Correntes obtidas por meio de pulsos despolarizantes de 30 ms de durag@o, a partir do potencial de Aolding de -

90 mV.

A propriedade de simultaneamente provocar um aumento na freqiiéncia de descargas
espontaneas e diminuir a amplitude dos potencias de a¢do indica que a u-TRTX-Anla possui
atividade sobre mais de um alvo molecular, sendo assim uma toxina promiscua. Nesse
sentido, vale notar que a freqiiéncia de descargas nessa preparagdo ¢ controlada
principalmente por corrente de K" do tipo A (Ika), corrente de CI sensivel a Ca*" (Lc1ca),
corrente de influxo de K' ativadas por despolarizagio (I;;) e corrente transiente de Ca®’
ativada em baixa voltagem (/c,tLVA). Assim, ¢ possivel especular que a p-TRTX-Anla
interfira diretamente em uma das correntes supracitadas ou que essa toxina aja de maneira
indireta, considerando-se que canais dependentes de Ca®’ intracelular sdo funcionais ou
regulados apenas em uma estreita faixa de concentragdo desse ion (Raymond e Lapied, 1999;

Grolleau e Lapied, 2000).
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No presente estudo ndo possivel realizar a investiga¢do da atividade da p-TRTX-Anla

sobre outras correntes idnicas e, tampouco, a determinacdo de uma curva dose-resposta para
sua atividade sobre corrente de Na' dependente de voltagem. Tal fato deveu-se & limitada
quantidade de toxina disponivel. Assim, esses pontos provocam interesse como perspectivas

para a continuagdo desta pesquisa.
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3.4 Conclusao

No presente estudo, a determinagdo da estrutura primaria completa da p-TRTX-Anla
foi possibilitada pela utilizacdo de seqiienciamento N-terminal por degradacdo de Edman
automatizada e espectrometria de massa in tandem (LTQ-Orbitrap), demonstrando a

complementaridade dessas técnicas.

A busca em banco de dados revelou a similaridade da p-TRTX-Anla com toxinas
terafosideas que possuem o incomum motivo DDH. Ademais, destacou-se que essa toxina
possui 0 motivo de desintegrina KGD. Assim, como proximos passos nas elaboracdes futuras
deste estudo, sugere-se a confirmacao da conectividade de suas pontes dissulfeto e a avaliagao

da sua potencial atividade de desintegrina.

Os ensaios eletrofisioldgicos em neurénios DUM de P. americana revelaram que a p-
TRTX-Anla provoca aumento na freqiiéncia de descargas espontianeas e diminui¢do da
amplitude do potencial de acdo. O ultimo efeito pode ser atribuido ao antagonismo da p-
TRTX-Anla observado sobre de correntes de Na’ dependentes de voltagem. Ainda que p-
TRTX-Anla possa ser uma toxina promiscua com alvos ainda ndo identificados, reporta-se
pela primeira vez um alvo molecular de uma toxina de uma familia da UI-TRTX-Hhla em

insetos.

Dessa forma, além de ser o primeiro passo na descri¢ao da biodiversidade molecular
do veneno de aranhas do género Acanthoscurria, o presente estudo constitui-se como uma

relevante contribuicdo para a caracterizacdo da estrutura e fungdo de um representante da

familia da U1-TRTX-Hhla.
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4 Conclusao global

Como discutido anteriormente, os venenos sdo inovacdes chave em vdrias linhagens
animais e encerram um arsenal de moléculas peptidicas (Fry, Roelants et al, 2009). A
identificacao sistematica de seus componentes, seja pelo seqiienciamento direto (e.g., Edman
ou MS/MS) ou indireto (e.g., determinacdo de transcriptomas das glandulas de veneno)
objetivam a catalogacdo completa da diversidade molecular dessas secregdes biologicas. Por
meio da consecucdo desse objetivo espera-se obter informagdes sobre a evolugdo desses
sistemas e sobre os mecanismos pelos quais os venenos efetuam sua funcao antagonica sobre
outros organismos. Ademais, espera-se a descoberta de novas moléculas que possam ser
exploradas para estudar outros fenomenos biologicos em nivel fisiolégico ou que sirvam para
o desenvolvimento de novos agentes terapéuticos ou biotecnolégicos (Rodriguez De La Vega,

Schwartz et al., 2010).

Ainda que a diversidade peptidica dos venenos represente um grande horizonte para a
busca das informagdes supracitadas, a compreensdo desse universo molecular ainda ¢
desafiadora. Por exemplo, a presenca de centenas de entidades peptidicas foi reportada no
veneno de 7. serrulatus (Pimenta, Stocklin et al., 2001a; Nascimento, Rates et al., 2006). No
presente estudo (APENDICE B), a avaliagdo sistematica de peptideos do veneno dessa
espécie de escorpido mostrou que muitas das moléculas identificadas sdo fragmentos ou
formas truncadas de toxinas maiores. Embora o seu significado bioldgico ainda seja elusivo,
os resultados dos estudos de minimizacao das hipotensinas (Verano-Braga, Rocha-Resende et
al., 2008; Verano-Braga, De Lima ef al., 2009; Verano-Braga, Figueiredo-Rezende et al.,
2010), discutidos no APENDICE A e APENDICE B, sio uma indicacdo da relevancia desses
fragmentos para a diversificagdo de alvos moleculares das toxinas do veneno. De maneira
similar, a presenga de formas truncadas da bradicinina e de peptideos relacionados em P.
Jjandaia (APENDICE C) pode estar relacionada a modula¢des de sua afinidade por diferentes
subtipos de receptores (Regoli, Jukic et al., 1993). Assim, mesmo que certos fragmentos ou
formas truncadas sejam apenas o resultado da degradagdo natural (Magalhaes, Melo et al.,
2008) ou arte fatual de peptideos maduros, os exemplos acima caracterizam esses variantes
como uma fronteira da diversidade molecular de venenos pouco explorada no campo da

toxinologia.
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Este estudo, além revelar novas familias peptidicas, identificou numerosos variantes
(isoformas) de familias moleculares ja conhecidas. Assim, a extensdo do conhecimento desse
repertdrio peptidico pode assistir futuras investigacdes sobre relagdes entre estrutura e funcao
e que visem o desenvolvimento de aplicagdes terapéuticas ou biotecnologica dessas moléculas
naturais. Nao obstante, nota-se que nos venenos dos trés organismos estudados ainda resta um

expressivo numero de moléculas ainda ndo caracterizadas.

A natureza das moléculas investigadas neste estudo ¢ favoravel a sintese quimica em
fase solida. Isso possibilita a obtencdo de material para futuros estudos sobre sua atividade

bioldgica, sem a necessidade de purificagcdo de grandes quantidades de peptideos nativos.

Finalmente, ¢ mister destacar o fundamental papel desempenhado pelas técnicas de
espectrometria de massa para a elucidagdo da estrutura primaria dos peptideos identificados
neste estudo. Gragas a sensibilidade, precisdo, resolucdo e a habilidade da espectrometria de
massa de lidar com amostras complexas foram reveladas informag¢des que ndo seriam
acessiveis por outras estratégias. No entanto, devem ser reconhecidas as limitagdes dessa
técnica, relacionadas principalmente a dificuldades na interpretacdo de novo e a diferenciacao
de residuos isobdricos, ¢ a sua complementaridade com o seqiienciamento N-terminal por

degrada¢do de Edman.
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1. INTRODUCTION

Historically, venomous animals were always associated
with mythological figures that represented the trickiest or the
main untreatable character of human beings. The first steps
toward the scientific knowledge of antivenom production
and the understanding of the “why” these animals possess
strong substances and “how” these substances could be used
to subdue prays and in the defense against predators
appeared scarcely in the second half of the 19™ century and
in the first half of the 20™ century [1, 2]. It was only after the
1950’s that the biochemical composition of these venoms,
along with attempts to isolate the molecules responsible for
the observed clinical effects, has started to be revealed and
populate the researchers’ handbooks and scientific journals.

As soon as venoms have started unveiling their secrets,
toxinologists realized that the molecules obtained from
animal venoms, in fact, had been selected by millions of
years of evolutionary process in order to impair the
physiological functioning of their victims — both preys and
predators. And hence, such molecules could be used to probe
physiological mechanisms, such as homeostasis and
neurotransmission [3-9].

Along this way, from the very beginning of toxinology to
our days, some examples can be selected to illustrate
potential uses of such molecules, not only to -elicit
deleterious effects, but mainly to depict their successful
biotechnological use as drug leads or as active principles by
themselves. Among such examples is the use of bradykynin
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potentiating peptides (BPPs) extracted from the Bothrops
Jjararaca venom in order to develop Captopril®, one of the
most successful examples of blockbuster drug, used as an
Angiotensin Converting Enzyme inhibitor (ACEi).

The following sections review the state of the art
pertaining to molecules from the venom of Brazilian
medically important arachnid species bearing potential
biotechnological applications. Special focus is given to
toxins isolated from the scorpion Tityus serrulatus and the
spiders Lycosa erythrognatha and Phoneutria nigriventer.
Such discussions highlight current efforts for characterizing
the biological properties of such molecules.

2. HYPOTENSIVE PEPTIDES AS ANTIHYPER-
TENSIVE DRUG LEADS

Cardiovascular disorders are the main causes of human
deaths in modern life. Among such disorders, hypertension is
particularly harmful, since it raises the risk of stroke and
heart attack, although usually asymptomatic. By the year
2025, approximately 30% of human population (about 1.56
billion people) is estimated to suffer from hypertension [10].
For this, although several antihypertensive agents are
currently traded, including inter alia angiotensin-converting
enzyme inhibitors (ACEI), angiotensin II receptor
antagonists, oo and B-blockers, diuretic agents and calcium
channel blockers, there is a great interest in developing new
drugs for hypertension [11].

A number of toxins - isolated from different venom
sources - act in the cardiovascular system. Among these,
bradykinin-potentiating peptides (BPPs), which are low
molecular weight peptides able to enhance the hypotensive
activity of bradykinin (BK), an endogenous peptide involved
in the control of blood pressure [12, 13], can be mentioned.
BPPs usually inhibit the angiotensin-converting enzyme
(ACE), which plays an important role in the regulation of

© 2011 Bentham Science Publishers
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blood pressure [14]. For instance, as previously mentioned,
BPPs from the venom of the Brazilian viper Bothrops
Jjararaca lead to the development of Captopril®, the first
commercial ACEI, currently used for treating hypertension
[15-17]. This has prompted the interest in the search of new
BPPs in different organisms such as snakes [18-22], spiders,
scorpions and other arthropods [4, 23-27].

Our group has recently described the so-called
Hypotensins (TsHpt) (Table 1), a novel family of BPPs
present in the venom of the Brazilian scorpion Tityus
serrulatus. These cysteine-devoid peptides display a
random-coiled structure as indicated by circular dichroism
and 2D-RMN experiments. The presence of two proline
residues at their C-terminal portion, in similar fashion to the
‘classical’ BPPs [5, 27] is noteworthy. Regarding
pharmacological activity, besides potentiating BK, the
peptide TsHpt-I induces a transient BK-independent
hypotension in rats, as well as a NO-dependent
vasodilatation in aortic ring preparations [27]. Differently
from all known BPPs, TsHpt-I acts as an agonist of the BK
receptor B,R [28] and does not inhibit ACE [27]. Structure
minimization studies of TsHpt-1 [28], consisting in the solid-
phase synthesis of a series of C-terminal truncated analogues
and the evaluation of their pharmacological -effects
(summarized in Table 1) have demonstrated that the
tripeptide Lys-Pro-Pro is able to reproduce all vascular
effects of the 25 amino acid-long native TsHpt-I. Yet, the
transient BK-independent hypotension was effectively
reproduced by the dipeptide Lys-Pro whereas BK
potentiation of hypotensive effects were reproduced by the
dipeptide Pro-Pro. The basic Lys residue in the Lys-Pro and
Lys-Pro-Pro analogues has been shown to be crucial for the
interaction with B,R, which induces the synthesis and release
of NO ultimately leading to vasodilatation.

Despite the fact that these results indicate the mechanism
of the transient BK-independent hypotension caused by
TsHpt-1, the mechanism by which it promotes potentiation of
the hypotensive effects of BK remains elusive. Until
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recently, it was widely accepted that the mode of action of
the BPPs was solely attributed to ACE inhibition. However,
the molecular mechanisms of BK potentiation appear to be
more complex than previously suspected, since there is a
growing number of BPPs which do not act as ACE inhibitors
as reported [18, 27, 29]. So far, attempts to model this
‘alternative’ BK-potentiating pathway have been unfruitful
and rather speculative. Even ACE-inhibiting BPPs seem to
have complex mechanisms, possibly encompassing a cross-
talk between ACE and B,R [30, 31].

Moreover, the relationship between the pharmacological
features and the mode of action of different bradykinin
potentiating molecules and some of their analogues also
appears to be intricate. Some of the observed correlations
can be classified as follows: i) anti-hypertensive effect
clearly associated to BK potentiation and ACE inhibition,
(BPP9a — Table 2); ii) anti-hypertensive effect without BK-
potentiating activity and ACE inhibition (BPP7a — Table 2);
iii) potentiation of BK without anti-hypertensive effect
(Captopril® in low doses); iv) vasodilation without ACE
inhibitor activity (lisinopril); and v) anti-hypertensive effect
with BK-potentiation and action in B,R without inhibit ACE
(TsHpts — Table 2) [5, 27].

Although further work is required for a complete
elucidation of the TsHpt and TsHpt-analogues modes of
action, this family embodies a significant potential for
leading to the development of new anti-hypertensive drugs.
Moreover, the fact that tri- and dipeptides are able to
reproduce pharmacological effects of the native peptide is
advantageous in a biotechnological perspective, since it may
represent reduced production costs, as well as an easier
absorption by the digestive mucosa.

3. VENOM K" CHANNEL BLOCKERS AND
IMMUNOSUPPRESSIVE THERAPY

Similarly to other scorpions, the molecular gamut of
Tityus serrulatus’ venom includes the 30 - 42 residue-long

Table 1. Biochemical and Biological Features of TsHpt-I and its Synthetic Analogues
Name Primary Structure BK Potentiation BK-Independent Hypotension B;R Agonist Reference

TsHpt-IV AEIDFSGIPEDIIKEIKETNAKPP N/D N/D N/D [27]

TsHpt-11I AEIDFSGIPEDIIKQIKETNAKPP N/D N/D N/D [27]

TsHpt-II AEIDFSGIPEDIIKEIKETNAKPPA N/D N/D N/D [27]
TsHpt-1 AEIDFSGIPEDIIKQIKETNAKPPA Yes Yes Yes [27,28]
TsHpt-1 kernakpea KETNAKPPA Yes Yes N/D [27,28]
TsHpt-1 kppa; KPPA Yes Yes N/D [27,28]
TsHpt-1ppa PPA Yes No N/D [27,28]
TsHpt-1 kpp) KPP Yes Yes Yes [27,28]
TsHpt-1 jackpe) acKPP Yes No No [27,28]
TsHpt-1 ke KP No Yes N/D [27,28]
TsHpt-1 pp) PP Yes No N/D [27,28]
TsHpt-1pa PA No No N/D [27,28]

‘N/D’ stands for Not Determined; ‘acK’ stands for acetylated lysine residue.
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‘short chain’ toxin family. The representatives of this group
are generally cross-linked by three disulfide bridges and are
mostly active on potassium channels [32].

Table2. Non-Exhaustive List of ‘Classical’ BPPs
Name Primary Structures Source References
BPP7a <EDGPIPP | Bothrops jararaca [19]
BPP9a <EWPRPQIPP | Bothrops jararaca [13]
BPP-10b <ENWPRPQIPP | Bothrops jararaca [22]
BPP-10c <ENWPHPQIPP | Bothrops jararaca [13]

‘<E’ stands for a pyroglutamic acid residue.

Amongst the K+ channel-blocking toxins in the T.
serrulatus’ venom, one may mention Ts7, also known as
TstX-Koa, TstX-K Alpha, Tityustoxin K-alpha, Potassium
channel toxin alpha-KTx 4.1, TslI-9, TsTx-K-alpha, TSK4
and Toxin II-9 [32], which inter alia has been shown to
block homomeric mouse Kvl1.3 channels of the Shaker
subfamily of voltage-gated K+ channels with high affinity
[33]. The toxin occludes the pore of the channel expressed in
Xenopus oocytes and in mammalian cell line 1929, without
changing its kinetic properties [33]. Additionally, the affinity
of Ts6 (also known as TsTX-IV, a-KTxj,;, Potassium
channel toxin alpha-KTx;,;, Butantoxin and BuTX) for
Kv1.3 channels has been suggested due to its ability to
compete with the '*’I-kaliotoxin for the binding on rat brain
synaptosomes [34].

Kv1.3 channels have been intensively investigated as
pharmacological targets for immunosuppressive therapy.
Such interest arises from the fact that an ideal
immunosuppressive agent should distinctively inhibit the
proliferation of T cell subsets involved in autoimmune
injury, leaving protective immune reactions unaltered. In that
sense, in several autoimmune diseases, including multiple
sclerosis, rheumatoid arthritis and type-1 diabetes mellitus,
chronically activated Tgy cells are responsible for tissue
damage. Hence, autoimmune disease therapy should
specifically target activated Tgy cells. It has been observed
that both naive Tcy and Tgy cells (either CD4+ or CD8+)
express low levels of Kvl.3 and of the intermediate
conductance Ca’'-activated K+ channel Kc,3.1. Specific
stimulation of naive and Tcy is followed by a conspicuous
upregulation of Kc,3.1, whereas the number of Kvl.3
channels increases moderately. Contrastingly, the activation
of Tgy accompanies an increase in the number of Kvl1.3
channels without changing Kc,3.1 levels and the
proliferation of Tgy cells becomes Kv1.3-dependent. Hence,
selective Kv1.3 inhibitors can completely and persistently
inhibit the proliferation of the former -cells, without
interfering with the proliferation of Tcy cells [35-38].

Known peptidic Kvl.3-blockers encompass 30-40
residues-long (ca. 4 kDa) toxins from scorpions, sea
anemones or other animals. These toxins typically bear a
large positive net charge, thus, being impermeant through
cell membranes. Similarly to Ts7, they exert their activity by
occluding the external end of the channel pore, thereby
preventing the outward flow of K™ ions. This interaction
depends upon a fairly large surface, where several residues

Inflammation & Allergy - Drug Targets, 2011, Vol. 10, No. 5 413

contribute to the high affinity and selectivity of the binding.
Contrastingly, small hydrophobic molecule blockers (800
Da) permeate through cell membranes and bind the water-
filled cavity of the channel. The binding of small molecules
involves fewer contact points with the channel, resulting in
lower affinity and selectivity in comparison to peptidic
toxins. In the other hand, Kv1.3-blocking small molecules
entail easier and less costly production and more easily
achievable oral bioavailability. Moreover, peptides are more
likely to trigger an immune reaction in the recipient and may
be less stable [35-38]. In spite of pros and cons of both
peptide and small molecule blockers, specific Kvl.3
blockage represents an important alternative to the general
immunosuppression approach currently used for the
treatment of autoimmune diseases. In that sense, Ts6 and
Ts7 and other venom Kv1.3 could be of valuable assistance
to the further design of immunosuppressive therapeutics.

4. ANTIMICROBIAL PEPTIDES

The worldwide increased bacterial resistance to
antibiotics has prompted the search for novel antimicrobial
agents, being antimicrobial peptides (AMPs) one of the
categories of molecules that have been subjected to a great
deal of research effort. These peptides have been described
in wide array of sources such as bacteria, fungi, protozoa,
plants and animals [39]. The range of organisms targeted by
AMPs is equally diverse: Gram-positive and Gram-negative
bacteria, fungi, and viruses [40-43].

These highly variable peptides show an array of lengths
spanning from 7 to 55 residues although usually possessing
conservative net positive charge and displaying amphipathic
a-helix or B-sheet, provided that within a lipid membrane
milieu [44, 45]. Nonetheless, AMPs can be generically
classified into three main classes according to their amino
acid composition and 3D structure [46, 47]: i) cysteine-
devoid peptides with amphipathic o-helical structure, ii)
peptides with three disulphide bonds giving peptides with a
flat dimeric B-sheet structure and iii) peptides with
compositional bias toward proline, arginine, tryptophan or
histidine residues.

In addition to acting through the selective disruption of
cell membranes [48-51], the activity of some AMPs has been
reported to be independent from cellular lyses. Such
mechanisms include direct action upon the transcription or
replication of the DNA machinery, enzymatic activation or
inhibition, among others [46, 52].

AMPs have been found in arthropod venoms, mainly in
spiders and scorpions [53]. Cytolytic peptides in spider
venoms have been described in labidognath spiders,
essentially in members of the superfamily Lycosidoidea,
mainly constituted by non-web-building, omnivorous
hunting spiders. The AMPs from spiders are mainly a-helical
peptides with high positive charge (>6+) [53].

The first description of antimicrobial activity in arachnids
was published in 1989 in the Chinese spider Lycosa
singoriensis [54], which was later followed by the isolation
of AMPs with molecular masses in a range from 2,000 to
3,000 Da [55]. These molecules were found to inhibit the
growth of Gram-positive (Staphylococcus aureus, Bacillus
subtilis) and Gram-negative (Escherichia coli) bacteria and
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fungi (Candida albicans, Pseudomonas aeruginosa) at
micromolar concentrations. The first spider venom AMPs to
be sequenced were Lycotoxin I and I, isolated from the wolf
spider Lycosa carolinensis venom [56]. Lycotoxin I and II
display an amphipathic a-helix, with lysine repeats occurring
at every four or five residues, and typical of many very
active antimicrobial peptides, showing activity against
Gram-negative Dbacteria (Escherichia coli) and yeast
(Candida glabrata), as well as hemolytic activity in higher
concentrations. Later, LyeTx-I, a cationic antimicrobial
peptide from the Brazilian spider Lycosa erythrognatha
venom was reported to inhibiting the growth of bacteria
(Escherichia coli and Staphylococcus aureus) and fungi
(Candida kruseie and Cryptococcus neoformans) at
micromolar concentrations [57]. Moreover, the lytic effect of
LyeTx-I upon lipid membranes was investigated by means of
phosphatidylcholine, cholesterol and ergosterol liposomes
[57]. Lytic activity could be detected down to picomolar
range. The dose-dependent effect of LyeTx I on membrane
permeability was found to be sigmoidal [57], suggesting that
the peptide may suffer from oligomerization so as to cause
membrane permeabilization [58]. Nuclear magnetic
resonance revealed that the structure of LyeTx 1 in
dodecylphosphocholine media comprises a small random-
coil region at the N-terminus followed by an amphipathic a-
helix, which extends to the amidated C-terminus [57]. Such
structural arrangement might favor the peptide-membrane
interaction [57].

Regarding scorpion venom AMPs, scorpine was one of
the first AMPs characterized in these arachnids. Originally,
isolated from Pandinus imperator, scorpine possesses 75
amino acids (8,350 Da), and three disulfide bridges [59].
Other peptides with scorpine features have been isolated
from scorpion venoms and show antimicrobial and K'-
channel blocking activities [60, 61]. The scorpine-like
peptides show two domains. Firstly, the C-terminal domain,
which is stabilized by three or four disulfide bridges and
exhibits the CSaf-motif (cystine stabilized o-helical and B-
sheet motif). The C-terminal domain is supposed to be
responsible for the K'-channel blocking activity. The N-
terminal domain shows an o-helical structure and is
supposed to be responsible for an antimicrobial activity [60,
62].

In the light of the facts described above, spider and
scorpion AMPs are a still sparsely investigated biodiversity
repository, despite being a promising source of models for
study and development of new antimicrobial agents [56, 63-
65].

5. ARACHNID TOXINS AS POSSIBLE MODELS OF
DRUGS TO INCREASE ERECTILE FUNCTION

Priapism, defined as a painful and persistent penile
erection not associated with sexual interest or stimulation
[66], has been reported as one the symptoms in human
envenomation by spiders and scorpions [67, 68].

The mechanisms involved in venom-induced priapism
are still unclear and poorly studied. Since penile erection
involves a balance between contractile and relaxing agents
[69], it seems that the release of neurotransmitters such as
acetylcholine, norepinephrine and others, caused by spider
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and scorpion venoms [70-74] interfere with the tonus of
penile smooth muscle. Yet, the initiation of erectile process,
after sexual stimulation, involves the opening of channels
resulting in ion fluxes (Na’ and Ca®', inter alia) [75, 76].
Therefore, one can suppose that ion-channel targeting toxins
from arthropod venoms could alter penile physiological
functions, resulting in priapism or influencing the erectile
dynamics. Furthermore, likewise in erectile function, the
clinical symptomatology observed in severe spider and
scorpion envenomation involves mainly sympathetic and
parasympathetic stimulation [77].

A penis is innervated by both autonomic and somatic
nerve fibers, with sympathetic and parasympathetic nerves
emerging from the pelvis to form the cavernous nerves.
Penile erection is a neurovascular phenomenon that depends
upon neural integrity, a functional vascular system, and
healthy cavernosal tissue [69, 78, 79]. In physiological
conditions, penile erection occurs due to the release of
neurotransmitters from nerve terminals found in penile
arteries and cavernous tissue, together with vasoactive
relaxing factors from endothelial cells, resulting in relaxation
of smooth muscle and arteries. Such relaxation allows
significantly increased blood flow and engorgement of the
penis, resulting in erection [80, 81].

The nitric oxide pathway is critically important for
physiological induction and maintenance of erection [82-84].
NO is synthesized from L-arginine by the action of NO
synthase (NOS). It is noteworthy that three NOS isoforms
are known: neuronal NOS (nNOS), endothelial NOS (eNOS)
and inducible NOS (iNOS) [84, 85]. Upon sexual
stimulation, NO is released from nonadrenergic
noncholinergic nerves (NANC), nitrergic nerves and
endothelial cells, inducing the formation of cyclic GMP
(cGMP) by activation of soluble guanylyl cyclase (sGC)
leading to cavernosum smooth muscle relaxation and penile
erection [82, 86]. On the other hand, the termination of
erection is elicited by hydrolysis of c¢GMP by
phosphodiesterase type 5 (PDE 5), which leads to
contraction of corpus cavernosum [78, 83, 87-90].

Erectile dysfunction (ED) is defined as the persistent
inability to achieve or maintain sufficient erection for a
satisfactory sexual performance [91]. Many factors can
contribute to the development of ED, including vascular
diseases, such as atherosclerosis, hypertension, diabetes
mellitus and smoking, besides anxiety or depression [69, 92-
97]. The use of specific pharmacological medications, e.g.
antihypertensive drugs, diuretics, cardiac medications,
hormones and antidepressants can induce ED. Significant
strategic changes for the pharmacological treatment of ED
have occurred, mainly with regard to the advent of effective
oral erectogenic drugs [78]. Nowadays, using
phosphodiesterase type-5 (PDES) inhibitors, e.g. sildenafil
(Viagra®), taladafil (Cialis®) and vardenafil (Levitra®) [69,
89, 95, 98], is the main pharmacotherapy for treating ED.
The mechanism of action of these inhibitors requires intact
NO-relaxing nerve fibers and healthy corpus cavernosum
endothelium. These drugs inhibit the PDES, preventing
hydrolysis of cGMP and consequently maintaining the
erection. However, PDES inhibitors, specially sildenafil, are
not efficient in the treatment of patients with vascular
disease, such as diabetes or radical prostatectomy, where NO
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production is impaired [89]. Therefore, there is an open
opportunity for the development of new therapeutic
strategies targeting the induction NO synthesis.

Grippingly, most studies reporting arthropods venoms or
toxins as agents influencing erectile function describe an
increase in NO release and, hence relaxation of corpus
cavernosum [98-101]. Neurogenic relaxation mediated by
NO from NANC nerve terminals was observed in isolated
rabbit and human corpus cavernosum incubated with the
Tityus serrulatus scorpion venom [99, 102]. Also, a purified
toxin from this venom (TsVII) induced relaxation in rabbit
corpus cavernosum, which was attributed to its selective
action on Na'-channel in penile nerves suggesting
enhancement in NO release [103]. Venoms from the
scorpions Androctonus australis and Buthotus judaicus have
also been shown to relax the cavernosum tissue by activating
NANC nerve fibers [104].

Some spider toxins have also been studied as for their
activity in erectile function. As an example, the toxin L-
oTX, from the black widow spider, Latrodectus mactans has
been suggested to induce priapism, which is one of the
symptoms resulting from envenomation by this spider [105].
The crude venom of the spider Phoneutria nigriventer was
able to induce relaxation of corpus cavernosum that was
abolished by L-NAME, a nonspecific inhibitor of NOS
[106]. Two purified toxins, PnTx2-5 and PnTx2-6 from P.
nigriventer venom, have been demonstrated to cause penile
erection [98, 100, 107] and PnTx2-6 was able to reverse a
severe erectile dysfunction in hypertensive rats [107]. In
addition, these toxins have been shown to prolong activation
and deactivation processes of Na'-channels [108, 109]. Both
PnTx2-5 and PnTx2-6 seem to cause penile erection by a
mechanism involving NO release in mice and rats [101,
107]. In that sense, PnTx2-6 was recently shown to increase
NO production due to its action in slowing Na" channels
inactivation in penile nitrergic neurons, allowing Ca'? influx
to facilitate NO/cGMP signaling. In addition, the relaxation
effect evoked by this toxin in the penile tissue is independent
of PDES [110]. Biodistribution studies of radioactively
labeled PnTx2-6 has demonstrated that this toxin is found in
mice testicles [111] as well as in rat penis [107] after
intraperitoneal injection. Recently, it was shown that PnTx2-
6 can modify the expression profile of some genes, including
those involved in the NO pathway in mice penile tissue
[112].

Since the toxins mentioned herein are highly active on
ion channels, for example, those acting on
inactivation/activation phases of Na'-channels that may
change the neuronal Ca’ influx (which alters the
neurotransmitter balance as well as the NO/cGMP pathway),
it is reasonably to argue that these molecules might be useful
as pharmacological tools to understand related erectile
function pathways, as well as ED pathology. However,
studies are still necessary to elucidate the precise action of
such venoms/toxins in the erectile mechanism. Besides, it
must be also considered that many of these toxins are highly
toxic to mammals and their use as a drug is not yet a viable
strategy. Rather, we believe that these toxins could constitute
good models to propose possible synthetic drugs, as
exemplified by other natural molecules. Future studies must
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consider the use of synthetic products that minimize possible
collateral effects and mainly the toxicity of these molecules.

6. PERSPECTIVES FROM PhTx3

The so-called PhTx3 is one of the neurotoxic polypeptide
fractions from the venom of the spider P. nigriventer.
Further purification of PhTx3 yields six homogeneous
toxins, which have been serially named as PnTx3-1 to
PnTx3-6 [113]'. This fraction was shown to induce a
progressive flaccid  paralysis in  mice  upon
intracerebroventricular injection [113]. Moreover, PhTx3
abolishes the Ca’’-dependent glutamate release as well as
increase in the concentration of cytosolic free calcium in
response to membrane depolarization induced by KCI in
synaptosomes [114]. The six PnTx3 isotoxins were also
individually evaluated in that experimental model and it had
been demonstrated that PnTx3-3 and PnTx3-4 were also
effective against the KCl-evoked glutamate release [114].
Later on, it had been shown that PnTx3 blocks with different
affinities all high voltage activated (HVA) Ca®'-channels
(P/Q, R, N and L) [115], and that PnTx3-3 and PnTx3-4
exert antagonist effects mainly upon P/Q Ca®'-channels,
which are involved in exocytosis control of nerve terminals
[116-118]. Interestingly, besides impairing Ca’'-dependent
glutamate release, it has been reported that PnTx3-4 is able
to inhibit the uptake of glutamate by synaptosomes in a time-
dependent manner and that this inhibition in turn leads to a
decrease in the Ca®-independent release of glutamate [119].

In the light of these facts, the protective effect of PhTx3
and the individual toxins PnTx3-3 and PnTx3-4 over
hippocampal damage, resulting from ischemia-induced
glutamate release, have been evaluated [120, 121]. Such a
hypothesis is driven from the fact that the action termination
of the excitatory neurotransmitter glutamate in the synaptic
cleft depends upon its uptake by neurons and glia [122].
Moreover, prolonged exposure of neurons to glutamate, such
as that resulting from brain ischemia and anoxia [123-125],
ultimately leads to neurotoxicity and cell death [126],
mediated by increase of intracellular Ca®* concentration
[127]. Therefore, a reduced entry of Ca’* in neurons,
achieved by means of agents impairing neurotransmitter
receptor-regulated  ionotropic channels and voltage-
dependent Ca®'-channels, such as animal toxins, represents a
promising therapeutic strategy for brain ischemia [128, 129].
Grippingly, PhTx3 (1 pg/mL) indeed conferred virtually
complete neuroprotection to hippocampal slices subjected to
ischemia induced by oxygen deprivation and low glucose
(ODLG) insult [121]. Moreover, PnTx3-3 and PnTx3-4
inhibited an in vitro increase of glutamate release, neuronal
death and loss of neurotransmission in hippocampus
resulting from ischemia. A protective effect upon cell death
could also be observed when these toxins were applied after
ischemic injury. Yet, preliminary examination of in vivo
efficacy of the neuroprotection elicited by PnTx3-4, showed

'"The radicals “PnTx” (or Tx) are interchangeably used in the literature for
the designation of purified toxins from Phoneutria nigriventer. In this
review, the radical “PnTx” is adopted, despite its designation may differ in
literature. Nonetheless, the Arabic numerals used for the specific
designation of toxin families and isotoxins have been preserved. The radical
“PhTx” is used for the designation of semi-purified fractions from the
Phoneutria nigriventer venom.
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that rats treated with this toxin had partial recovery of
locomotor activity [120], suggesting the usefulness of
PnTx3-3 and PnTx3-4 as leads for the development of agents
to be used in the treatment of pathologies, such as stroke.

PnTx3-6 (alternatively named as ®-PnTx3-6) also
inhibits K'-evoked increase in intracellular Ca’"
concentration and the Ca’'-dependent glutamate release
[130]. Moreover, PnTx3-6 shows significant inhibitory
effects on N-type calcium current (channel Ca,2.2) [131].
This fact highlights the therapeutic potential and importance
of this toxin as a tool in pain investigation, since the voltage-
gated calcium channels (VGCCs) are involved in the control
of neurotransmitter release and neuronal excitability, being
the N-type channels associated with the etiology of
medically important pain states, including chronic/neuro-
pathic pain [132]. Despite the progress in the study of
analgesia, effective agents targeting chronic abnormal pain
are still scarce. In addition, side effects and tolerance
development are common shortcomings as for some drugs
currently used for treating pain. Therefore, the elucidation of
mechanisms generating pain with the aim to select new
targets and design of novel analgesic drugs is of great
interest [133]. Animal venoms and toxins have been
investigated as lead compounds for the development of such
agents [134].

Despite the compelling nature of facts described in the
previous paragraphs, the adverse effects associated with the
use of ion-channel modulators have, in most cases, precluded
their clinical uses [133]. Moreover, using peptides as
therapeutic agents is challenged by their usually poor
bioavailability and pharmacokinetics as well as their low
stability in plasma [135].

CONCLUDING REMARKS

A growing number of toxins from arachnid venoms, and
from the venom of other animal groups as well, have been
shown to be potential models for the development of new
drugs. Although posing promising vistas, the diversity of
molecules in venoms is still puzzling. For instance, the
presence of hundreds of molecular entities has been reported
in the venom of the scorpion Tityus serrulatus [136, 137].
However, the systematic assessment of the peptide (800 —
3000 Da) diversity in that venom has shown that many of the
identified molecules were, in fact, fragments and/or
truncated forms of larger venom toxins and peptides [138].
Although their biological significance is still unclear, the
structure minimization studies of Tityus serrulatus
hypotensins [139] discussed above are an exciting indication
of its pharmacological relevance, as well as the
biotechnological potential embodied by the observed peptide
diversity.

Considering these remarks, pharmacological studies must
be developed in order to explore and validate broad
possibilities of producing derived pharmaceuticals. A
selection of molecules from Brazilian medically important
arachnids that have been subjected to structure-activity
investigation and present possible uses in medicine or that
may be potential models to design new drugs were discussed
in this review. Despite that this review focuses on the
molecules from a rather small group of venomous species, a
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significant number of applications were depicted thus
illustrating open opportunities in the field of toxinology.
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Posteriormente a publicagdao do estudo, as seqiiéncias nele obtidas foram depositadas

no banco de dados UniProt Knowledgebase. A tabela abaixo lista 0os nomes e nimeros de

acesso tal qual constam no UniProt Knowledgebase.

Tabela B.1. Nomes e niimeros de acesso no banco de dados UniProt Knowledgebase dos peptideos
seqiienciados em Rates, Ferraz et al., 2008.

N° de

Nome Sequéncia(s)
acesso
KQLLKEALAPEPAPEPAPEPAPEAAPEAAPEPAAAAPE
KQLLKEALAPEPAPEP
. EPAPEPAPEPAPEAAPEAAPEPAAAA
P86821  Pape peptlde APEPAPEAAPEAAPEPA
APEPAEPAAPEA
APEAAPEPAAAAPE
PR63D2 Potassium channel toxin KDKMKAGWER
— beta-Ktx 2
P86823  Beta-Ktx-like propeptide GKGREILGKIKE
KIKEKLIEA
P86824  Hypotensin-like peptide ADVDFTGIADSIIK
PR632S Venom peptide 1 KHFGKDSNFPFGT
—  Venom peptide 2 KHFGKDSNFPF
Venom peptide 3 YDRYEVVYR
P86826 Venom peptide 4 YDRYEVVY
Venom peptides 5 YDRYEVV
P86827 Venom peptide 6 FGVLNFF
P86828  Venom peptide 7 RLRSKGKK
GLREKHVQ
GLREKH
: . LIPNDQLR
Potassium channel toxin LIPNDOLRS
TsTXK-beta; Potassium LIPNDOLRSILK
P69940 channel toxin beta-KTx 1; LIPNDQLRSILKA
—— TSK2; Tityustoxin K-beta; VALIPNDQLRSIL
TsTX K beta; TsTX-K beta; ~KLVALIPNDOLRSIL
TsTXKbeta KLVALIPNDQLRSILK
KLVALIPNDQLRSILKAVVH
IPNDQLRSILKAVVH
SILKAVVH
P84189 Hypotensin-1 AEIDFSGIPEDIIKQI

Foram omitidas as ambigiiidades de seqiiéncia e modificagdes pds-traducionais indicadas em Rates, Ferraz et al.,

2008.
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As idéias expostas primeiro e sexto paragrafos da pagina 616 do artigo podem ser

complementadas com as Tabelas B.2 e B.3, respectivamente.

Tabela B.2. Alinhamento Hypotensin-like peptide, seqiienciado por Rates, Ferraz et al, 2008, com
hipotensinas seqiienciadas previamente.

Nome N° de acesso Sequéncia

TsHpt-II P84190 AEIDFSGIPEDIIKEIKETNAKPPA
TsHpt-IV - AEIDFSGIPEDIIKEIKETNAKPP-
TsHpt-I PR4189 AEIDFSGIPEDIIKQIKETNAKPPA
TsHpt-111 — AEIDFSGIPEDIIKQIKETNAKPP-
Hypotensin-like peptide P86824 ADVDFTGIADSIIK--————————-
Consenso N.A. Kpgkkgkk g Kk

A diferenciacdo dos residuos Ile/Leu e Lys/Gln no Hypotensin-like peptide foi baseada em sua similaridade com
as hipotensinas previamente seqiienciadas. Alinhamento multiplo de seqiiéncias foi gerado por meio do software
ClustalW 2.0.12 [vide (Rates, Silva et al, 2011)], onde espagos (-) foram introduzidos para maximizar o
alinhamento. N.A.: ndo-aplicavel. As notagdes do consenso, nomeadamente, ‘*’, “:” e °.’, significam que os
residuos em uma dada coluna sdo idénticos em todas as seqiiéncias, que substituicdes conservadas foram
observadas e que substitui¢des semi-conservadas foram observadas, respectivamente.

Tabela B.3. Alinhamento do fragmento do Beta-Kitx-like propeptide, seqiienciado por Rates, Ferraz et al.,
2008, com Ponericin-L1 e L2.

Nome N° de acesso Sequéncia

Ponericin L1 P82421 LLKELWTKMKGAGKAVLGKIKGLL
Ponericin L1 P82422 LLKELWTKIKGAGKAVLGKIKGLL
Beta-Ktx-like propeptide P86823 mmmmeee—— GKGKEILGKIKE--
Consenso N.A. *k okk gkkkkk

A diferenciagdo dos residuos Ile/Leu e Lys/Gln no Beta-Ktx-like propeptide foi baseada em sua similaridade com
as toxinas TtrKIK (Zityus trivitatus) e TdiKIK (Tityus discrepans) previamente seqiienciadas. Alinhamento
multiplo de seqiiéncias foi gerado por meio do software ClustalW 2.0.12 [vide (Rates, Silva ef al., 2011)], onde
espagos (-) foram introduzidos para maximizar o alinhamento. N.A.: ndo-aplicavel. As notagdes do consenso,
nomeadamente, ‘*’, ‘> e °.’, significam que os residuos em uma dada coluna sdo idénticos em todas as
seqiiéncias, que substitui¢des conservadas foram observadas e que substitui¢des semi-conservadas foram
observadas, respectivamente.
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MALDI-TOF-TOF and de novo sequencing were employed to assess the Tityus serrulatus
venom peptide diversity. Previous works has shown the cornucopia of molecular masses,
ranging from 800 to 3000 Da, present in the venom from this and other scorpions species.
This work reports the identification/sequencing of several of these peptides. The majority
of the peptides found were fragments of larger venom toxins. For instance, 28 peptides
could be identified as fragments from Pape proteins, 10 peptides corresponded to

Ke : . . . . .
Tft};:tvsogcelirulatus N-terminal fragments of the TsKB (scorpine-like) toxin and fragments of potassium
Venom channel toxins (other than the k-beta) were sequenced as well. N-terminal fragments from

the T. serrulatus hypotensins-I and Il and a novel hypotensin-like peptide could also be
found. This work also reports the sequencing of novel peptides without sequence
similarities to other known molecules.

MALDI-TOF-TOF
De novo sequencing

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The classical approaches for the identification and
characterization of bioactive components in scorpion
venoms were based on function-to-structure studies which
were directed by the ability of the toxins in inducing
conspicuous pharmacological effects (Pimenta et al., 2001).
Such approaches have successfully built a solid knowledge
on the physiological effects and on the structure of several
scorpion toxins (Possani et al., 2000; Pimenta et al., 2001;
Rodriguez de la Vega and Possani, 2004, 2005; De Lima
et al., 2007b). Most scorpion toxins contain three or four
disulfide-bridges and can recognize and specifically
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E-mail address: apimenta@icb.ufmg.br (A.M.C. Pimenta).

0041-0101/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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interact with ion channels including Na*, K*, CI~ and Ca®*
channels (DeBin et al., 1993; Tytgat et al., 1999; Possani
et al.,, 2000; Zeng et al., 2001; Goudet et al., 2002; Rodri-
guez de la Vega and Possani, 2004, 2005; De Lima et al.,
2007b). Several hundred ion channel-targeting peptides
have been isolated and characterized from nearly 20
species of scorpion (Zeng et al., 2005).

Recently, proteomic approaches have been employed in
the assessment of scorpion (Pimenta et al., 2001; Goudet
et al,, 2002; Pimenta et al., 2003; Chen et al., 2005; Barona
et al.,, 2006; Batista et al., 2006; Batista et al., 2007; Borges
and Rojas-Runjaic, 2007; Schwartz et al., 2007; Bringans
et al., 2008), other invertebrates (Escoubas et al., 2002;
Machado et al., 2005; Pimenta et al., 2005; Favreau et al.,
2006; Richardson et al., 2006; Liao et al., 2007; Rates et al.,
2007) and vertebrates (Steinborner et al., 1997; Wabnitz
et al., 1999; Fry et al., 2002; Fry et al., 2003; Li et al., 2004;
Brinkworth et al., 2005; Calvete et al., 2007; Yanes et al.,
2007; Olamendi-Portugal et al., 2008) toxin diversity. These
modern structure-to-function approaches are conceptually
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distinct from the above mentioned ‘classical’ approaches,
once sequence similarities are used to direct the pharma-
cological characterization efforts.

Scorpion venoms also contain enzymes, nucleotides,
lipids, biogenic amines, and other unidentified compo-
nents (Almeida et al., 2002; Batista et al., 2006). Small and
non-reticulated (without disulfide-bridges) peptides are
also present in these venoms although only a limited
number of sequences have been determined thus far
(Pimenta and De Lima, 2005; Zeng et al., 2005). Such
molecules may present a wide range of biological activities,
such as bradykynin potentiating, antimicrobial, hemolytic,
immune-modulating (Pimenta and De Lima, 2005; Zeng
et al,, 2005) and hormone-like activities (Pimenta and De
Lima, 2005; Pimenta et al., 2005; Verano-Braga et al.,
2008).

Due to the development of microscale analytical tech-
niques, such as mass spectrometry, studies focused on
peptides in the 800-3000 Da molecular mass range are
becoming increasingly abundant. However, when
compared to well-established state-of-the-art ion
channel-targeting toxins, the structural and biological
activity characterizations of small peptides from arthropod
venoms are in their early stages (Pimenta and De Lima,
2005).

The scorpion Tityus serrulatus is the organism from its
group (Scorpionidae) whose venom has been most
extensively studied (De Lima and Martin-Eauclaire, 1995;
Pimenta et al, 2001). Despite that, no studies have
focused on the systematic sequence determination of
small (800-3000 Da) un-reticulated peptides. This report,
therefore, focuses on the de novo sequencing of such
molecules through MALDI-TOF-TOF tandem mass
spectrometry.

2. Materials and methods

All reagents and chemicals were analytical or spectro-
scopic grade.

2.1. Animals and venom extraction

Venom was extracted from several individuals by elec-
trical stimulation directly on the hindmost abdominal
segment. The venom was transferred to chilled acidified
water (0.1% aqueous trifluoroacetic acid) and centrifuged
(15,000 rpm for 5min) to remove cellular debris and
a mucous pellet. The supernatant fractions were lyophi-
lized and stored at —20 °C until required.

2.2. Liquid chromatography

Venom fractionation was performed using two different
experimental setups. In the first setup, T. serrulatus pooled
venom (5 mg) was applied to a Superdex Peptide 10/300 GL
gel filtration column and eluted with 100 mM ammonium
acetate buffer using a 0.5 mL/min flow rate. Elution was
monitored by absorbance readings at 280 nm. The obtained
fractions were further separated using reverse phase
chromatographies (RPC), which were performed by using
a Chromolith Performance RP-18 100/4.6 mm column

(Merck), with a 4.0 mL/min flow rate. Elution was moni-
tored by absorbance readings at 214 nm.

In the second setup, T. serrulatus venom (250 mg) was
applied to a Sephadex G-50 (Superfine) column and
eluted with 0.15M ammonium formiate buffer, pH 6.5
using a 0.7 mL/min flow rate. Obtained fractions were
pooled according to the chromatographic profile and
then lyophilized. These fractions were further separated
by high performance liquid chromatography (HPLC) in
a preparative C4 reverse phase column (Vydac, USA)
(flow rate 1.0 mL/min). These sub-fractions obtained
were eluted in a second HPLC separation, using the
analytical C4 reverse phase column (Vydac) (flow rate
1.0 mL/min) or were separated in a C18 reverse phase
column (Vydac) (flow rate 1.0 mL/min). In this fraction-
ation setup, elution was monitored by absorbance read-
ings at 214 nm.

For all RPC analysis (in both setups) columns were
previously equilibrated with 0.1% aqueous trifluoroacetic
acid, and the compounds were eluted by a linear
gradient 0.1% TFA in acetonitrile. The fractions eluted
from the RPC column were subjected to MALDI-TOF-TOF
analyses.

2.3. Mass spectrometry and data analyses

MS and tandem MS analysis were performed using
a MALDI-TOF-TOF AutoFlex III™ (Bruker Daltonics) instru-
ment in positive/reflector mode controlled by the Flex-
Control™ software. Instrument calibration was achieved by
using Peptide Calibration Standard II (Bruker Daltonics) as
reference and ¢-cyano-4-hydroxycinnamic acid was used
as matrix. Samples were spotted to MTP AnchorChip™ 400/
384 (Bruker Daltonics) targets using standard protocols for
the dried droplet method.

MS data analysis was performed by using the Flex-
Analysis™ software (Bruker Daltonics). Peptide de novo
sequencing was performed using a combination of manual
and automatic data interpretation using the softwares
FlexAnalysis™ and BioTools™ (Bruker Daltonics). Alterna-
tively, MS/MS data were exported as *.txt files and than
converted to the *.dta extension. Then such files were
imported into *.psq files which are recognizable by the
PepSeq™ (Micromass, UK) software which was also used
for manual de novo sequencing.

Similarity searches were performed with the obtained
sequences using the Fasta3 tool against the Swiss-Prot data
Bank, as previously described (Pearson, 1990).

3. Results and discussion
3.1. Venom fractionation

The gel filtration step of the first venom fractionation
setup yielded 16 fractions (Fig. 1A), which were further
purified by RPC (Fig. 2). The gel filtration step of the second
fractionation setup yielded 7 fractions (Fig. 1B) which were,
also, further purified by RPC (data not shown). RPC frac-
tions from both setups were submitted to MALDI-TOF-TOF
analysis. lons with sufficient signal intensities were
submitted to MS/MS analyses.
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Fig. 1. Tityus serrulatus venom fractionation through gel filtration. (A)
Venom (5 mg) was applied to a gel filtration column (Superdex Peptide 10/
300 GL) and eluted with 100 mM ammonium acetate buffer (0.5 mL/min
flow rate). Fraction numbers are indicated. Elution was monitored by
absorbance readings at 280 nm. (B) Venom (250 mg) was applied to
a Sephadex G-50 (Superfine) column and eluted with 0.15M ammonium
formiate buffer, pH 6.5 (0.7 mL/min flow rate). Elution was monitored by
absorbance readings at 214 nm.
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Fig. 2. Reverse phase chromatography (RPC) of Tityus serrulatus venom
fractions obtained through in the gel filtration step (Superdex Peptide
10/300 GL). Column (Chromolith Performance RP-18 100/4.6 mm column)
was equilibrated with 0.1% aqueous trifluoroacetic acid, and the compounds
were eluted by a linear gradient 0.1% trifluoroacetic acid in acetonitrile
(4.0 mL/min flow rate). Elution was monitored at 214 nm. Fractionsfrom gel
filtration are numbered.

3.2. Peptide de novo sequencing and similarity searches

Through the above mentioned approach 29 peptides
could be successfully sequenced. Table 1 depicts the
obtained sequences. Some peptides display overlapping
sequences.

The residues Leu/lle and GIn/Lys could not be distin-
guished through the MS/MS data. However, such assignments
could be suggested through similarity searches. Table 1
depicts the residues which received no differentiation.

The peptide K/QHFGK/QDSNFPF displayed a C-terminal
amidation. This was evidenced by a difference of 146 Da
between ion b-10 and b-11 (b-max) and by the presence of
the iony-1 (165 Th) which corresponds to an amidated Phe.
This fact could be further confirmed by the presence of
a related peptide (K/QHFGK/QDSNFPFGT) containing two
additional C-terminal aminoacids, Gly-Thr. However, in this
case, the difference between ions b-10 and b-11 and the
difference between ions y-2 and y-3 corresponded to
147 Da. Fig. 3 illustrates the MS/MS spectra interpretation
and the detailed ion interpretation relative to these
peptides.

C-terminal amidation in scorpion venom peptides have
been reported by several authors (Kuhn-Nentwig, 2003;
Batista et al., 2004; Diego-Garcia et al., 2005; Zeng et al.,
2005; Barona et al, 2006). The only enzyme known to
catalyze this important modification is peptidylglycine a-
amidating monooxygenase (PAM): a (bifunctional)
zymogen, giving rise to a monooxygenase (PHM) and
a lyase (PAL) (Fan et al., 2000). Usually, PAM requires a Gly
residue followed by a basic residue in order to catalyze the
a-amidation. However, its been suggested that the pres-
ence of basic residues at the C-terminal of scorpion toxins
may not be needed for the amidation process (Martin-
Eauclaire et al., 1992). In light of these facts, two hypotheses
arise: (i) either the peptide K/QHFGK/QDSNFPF-NH, is
maturated though an unusual a-amidation reaction carried
out in the peptide K/QHFGK/QDSNFPFGT or (ii) the pro-
peptide of the peptide embodies a mutation (K13T or R13T)
which enables it to ‘escape’ the amidating process.

The peptides K/QHFGK/QDSNFPF-NH, and K/QHFGK/Q
DSNFPFGT showed no similarity to other known sequences.
Table 1 also depicts other novel peptides. The peptide
YDRYEVVYR displayed two smaller variants lacking the C-
terminal residues Arg and Arg-Tyr, respectively. The
observed peptides FGVL/INFF and RL/IRSK/QGK/QK/Q, did
not display sequence similarities to any other known
proteins/peptides, hence the residues Leu/lle and Lys/GIn
could not be differentiated as for the other peptides
sequenced in this study.

Table 1 depicts peptides which are clearly fragments
from the Pape venom protein, despite the fact that database
search renders no sequence similarities to other known
peptides. The Pape protein was firstly reported in the
venom from Tityus stigmurus (Batista et al., 2007). In this
protein, the PAPE sequence, i.e. a tetrapeptide sequence
(Pro-Ala-Pro-Glu), iteratively appears in the sequence from
the position 16-31. Additionally, there are three proline-
containing motifs (PEPAP, AAPE and PEPAAAAPE), thus,
rendering 15 proline residues in a 42-residue molecule
(Table 2). The partial sequencing of a Pape peptide has also
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Table 1
Peptide sequences obtained from Tityus serrulatus venom

Peptide sequences obtained from Tityus serrulatus venom

Sequence [M+H]* |MW obs. |[MW calc. |A  [identification ;&Jp_ ::fl_';"‘”“""“ m’:}““‘“’“
KDKMKAGWER 1.248,99 | 1.247,99 | 1.247,64 | -0,35(B-KTx-like fragment 2 155 24
GKGKEILGKIKE 1.300,02 | 1.299,02 | 1.298,79 | -0,23|p-KTx-like propeptide fragment 2| 155, 24
KIKEKLIEA 1.072,03 | 1.071,03 | 1.070,67 | -0,36|p-KTx-like propeptide fragment 1 13| 22
GLREKHVQ 966,83 965,83 965,54 | -0,29|TsTX-Kp propetide 1 15 16
GLREKH 739,37 738,37 738,41 | 0,05|TsTXKp propetide fragment 1 15 16
LIPNDQLR 968,75 967,75 967,57 | -0,18TsTXKp fragment 1 9 22
LIPNDQLRS 1.055,81 | 1.054,81 | 1.054,51 | -0,30|TsTXKp fragment 1 9 22
LIPNDQLRSILK 1.410,22 | 1.409,22 | 1.408,84 | -0,38|TsTX-Kp fragment 2 120 29
LIPNDQLRSILKA 1.481,32 | 1.480,32 | 1.479,88 | -0,44|TsTXKp fragment 2 120| 30
VALIPNDQLRSIL 1.452,14 | 1.451,14 | 1.450,85 | -0,29|TsTXKp fragment 1 9 32
KLVALIPNDQLRSIL 1.693,34 | 1.692,34 | 1.692,03 | -0,31|TsTXKp fragment 1 9 32
KLVALIPNDQLRSILK 1.821,43 | 1.820,43 | 1.820,12 | -0,31|TsTXKp fragment 1 9 32
KLVALIPNDQLRSILKAVVH 2.227,65 | 2.226,65 | 2.226,35 | -0,30|TsTX-Kp fragment 2| 65 60
IPNDQLRSILKAVVH 1.703,48 | 1.702,48 | 1.701,99 | -0,49(TsTX-Kp fragment 2 120 34
SILKAVVH 866,50 865,50 865,54 | 0,04|TsTXKp fragment 2 65 45
ADVDFTGIADSIIK 1.465,02 | 1.464,02 | 1.463,75 | -0,27|Hypotensin-like (novel) 2| 155! 33
AEIDFSGIPEDIIKQI 1.788,41 | 1.787,41 1.786,93 | -0,48|Hypotensin-1 1 13 57
KQLLKEALAPEPAPEP 1.731,54 | 1.730,54 | 1.729,96 | -0,58|Pape fragment 2| 9 26
EPAPEPAPEPAPEAAPEAAPEPAARA 2.054,27 | 2.053,27 | 2.052,96 | -0,31|Pape fragment 1 9 21
APEPAPEAAPEAAPEPA 1.615,25 | 1.614,25 | 1.613,76 | -0,50|Pape fragment 1 10 19
APEPAEPAAPEA 1.149,72 | 1.148,72 | 1.148,53 | -0,19|Pape fragment 1 9 19
APEAAPEPAAAAPE 1.291,82 | 1.290,82 | 1.290,61 | -0,21|Pape fragment 1 9 19
KHFGK DSNFPF -NHz 1.322,80 | 1.321,80 | 1.321,62 | -0,18[Novel (no hits) 2| 6 33
KHFGE DSNFPFGT 1.481,97 | 1.480,97 | 1.480,67 | -0,30|Novel (no hits) 2| 155 32
YDRYEVV 943,42 942,42 942,44 | 0,02|Novel (no hits) 1 18 22
YDRYEVVY 1.106,57 | 1.105,57 | 1.105,47 | -0,10|Novel (no hits) 1 18| 23
YDRYEVVYR 1.262,60 | 1.261,60 [ 1.261,55 | -0,05|Nowel (no hits) 1 18 9
FGVLNFF 843,46 842,46 842,43 | -0,02|Nowel (no hits) 1 20 39
RLRSKGEK 972,46 971,46 971,51 | 0,05(Novel (no hits) 2 186J_ 26

Bold letters stand for undifferentiated Lys/Gln ou Leu/lle residues. *LC Setup 1: Gel filtration with Superdex Peptide 10/300 GL column followed by RPC with Chromolith

Performance RP-18 column. LC Setup 2: Gel filtration with Sephadex G-5 column followed by RPC with RPC C4 or C18 column.

been determined by Edman degradation, although con-
taining a K15E mutation (See Table 2).

The C-terminal (residues 33-49) region of the peptide
Tco 36.14-2 from the venom of the scorpion Tityus costatus
is also related to the Pape peptides, presenting the
repeating PEPAA motif in the region stretching from resi-
dues 20-49. Tco 36.14-2 was reported as a ‘non-toxic’
component, and its first 24 N-terminal amino acid residues
display similarities with BmKbpp, a bradykinin-potenti-
ating peptide (BPP) from the scorpion Buthus martensii and
with an antimicrobial peptide named parabutoporin, from
the scorpion Parabuthus schlechteri (Diego-Garcia et al.,
2005). Interestingly, BmKbpp has a C-terminal segment
containing the motif PEEEAAAPAE (Zeng et al., 2005) and it
displays sequence similarities with the BPP K12 from
Buthus occitanus (Meki et al., 1995) (see Table 2).

Another group of BPPs from scorpion venoms includes
the T serrulatus hypotensins (TsHpt). These peptides
promote strong and long-lasting hypotension when
administered to rats, via bradykynin potentiation (De Lima
et al,, 2003; De Lima et al.,, 2007a; Verano-Braga et al.,
2008). A possible mechanism is the direct activation of
bradykynin receptors, leading to a NO release is also being
investigated. As previously noted by other authors
(Pimenta and De Lima, 2005), the TsHpts and peptide K12
from B. occitanus share a common structural feature, the
presence of a C-terminal PPA motif (Table 3). Additionally,
structure minimization studies from the TsHpts, conducted
by our group (Verano-Braga, unpublished results) have
shown that the C-terminal portion of TsHpts, which

contains the PPA motif, is important to reproduce some of
the pharmacological effects observed for the native TsHpts.

Through our MS/MS data it was possible to identify 23
Pape-related peptides, besides those depicted in Table 1. The
presence of the ions 169 [Pro + Ala+ H]", 227 [Pro + Glu +
H]*, 298 [Pro + Glu + Ala + H] ", 369 [Pro + Glu+(2 x Ala)+
HJ*t, 382 [Pro+ (4 x Ala)+ H]" and 395 [(2 x Pro) + (Glu +
Ala) +H]" could be noticed as MS/MS signatures of these
peptides (Table 3). These peptides displayed a great number of
internal fragments, generating several sequence possibilities,
thus, rendering the de novo sequence interpretation
a cumbersome task. The mass difference between adjacent
ions usually corresponded to Pro, Ala and/or Gluresidues, thus
providing an additional evidence of the relationship of these
peptides to Pape.

The biological relevance of the presence of these Pape-
fragments remains an open question. It has been suggested
that proline residues may promote the appearance artifact
ions due to fragmentations during MS analysis (Batista
et al.,, 2004). However, for the MS analyses performed in
this study, laser was set to the minimal intensity required to
promote sample ionization. Additionally, Pape-fragments
could be observed in different fractions and in different
fractionations setups (see Table 3).

Complementarily to these findings, we have sequenced
an N-terminal fragment (AEIDFSGIPEDIIKQI) from TsHpt-II
and TsHpt-III (TsHpt-III is identical to TsHpt-II without the
C-terminal Ala residue). The complementary C-terminal
fragment could not be observed although it is reasonable to
think that this peptide may be present in the venom. The
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Fig. 3. MS/MS spectra interpretation for peptides K/QHFGK/QDSNFPF-NH, (A) and K/QHFGK/QDSNFPFGT (B). Calculated values for a, b, y and z ions are shown.
Observed ions and their mass differences are depicted in bold. Observed MW: 1321.79 Da (A) and 1480.96 (B). Precursor charge state: 1. m/z Tolerance 0.3.
Intensity threshold: 0.15%. Lys/GIn residues were not differentiated.
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Table 2

PAPE, bradykynin potentiating and hypotensive peptides from Buthid venoms

Species Name Sequence Reference

Tityus stigmurus Pape KQLLKEALAPEPAPKPAPEPAPEAAPEAAPEPAAAAPEAAPE Batista et al., 2007
Tityus serrulatus Ts4-11-5 KQLLKEALAPEPAPEPAPEPAPEAAPEAAPEPAAAAP. .. Original result

Tityus costatus Tco36.14-2 KRFWRSKLVRRLRAKGKQLLNEALAPEPKPEPAAPEPAAPEPAAPEPAA Diego-Garcia et al., 2005
Buthus martensii BmKbpp RFGSFLKKVWKSKLAKKLRSKGKQLLKDYANKVLNGPEEEAAAPAE Zeng et al.,, 2000

Tityus serrulatus TsHpt-I

Tityus serrulatus TsHpt-II AEIDFSGIPEDIIKEIKETNAKPPA
Tityus serrulatus TsHpt-III AEIDFSGIPEDIIKQIKETNAKPP
Tityus serrulatus TsHpt-IV AEIDFSGIPEDIIKEIKETNAKPP
Buthus occitanus K12 LRDYANRVINGGPVEAAGPPA

AEIDFSGIPEDIIKQIKETNAKPPA

Verano-Braga et al., 2008
Verano-Braga et al., 2008
Verano-Braga et al., 2008
Verano-Braga et al., 2008
Meki et al., 1995

peptide ADVDFTGIADSIIK is highly similar to the N-
terminal region of the TsHpt family (see Table 1). It may be
suggested that it is a fragment from a novel TsHpt isoform.

Another group of peptides that preponderantly
contribute to the peptide diversity in the T. serrulatus venom
is the one composed by the N-terminal fragments of the
scorpine-like potassium channel toxin TsTX-Kp. Ten isoforms
of such peptides could be sequenced (Table 1). The scorpine-
like and their close relatives B-KTx peptides are widely
distributed within the Buthidae family and their presence has
also been reported in the venoms of scorpions from the
family Iuridae (Diego-Garcia et al., 2007). These toxins are
characterized by an extended non-reticulated N-terminal
segment followed by a Cys-rich domain which resembles the
invertebrate defensin peptides. The biological actions of
these chimerical peptides consist of simultaneous cytolytic/
antimicrobial and K™ channel blocking activity. It has been

Table 3
Non-sequenced Pape-fragments from Tityus serrulatus venom

[M+H]* LC setup® GF retention (mL) RPC retention (%ACN)
929.58 2 72 23
942.68 1 10 19
968.55 2 72 23
994.54 2 65 43
1042.97 1 13 22
1055.58 2 72 23
1149.72 1 9 19
1207.73 2 72 13
1242.03 1 10 19
1248.97 1 10 19
1291.82 1 9 19
1474.76 2 65 13
1570.27 1 10 19
1615.25 1 10 19
1660.29 1 10 19
1704.83 2 72 13
1731.54 2 120 26
1801.85 2 72 1
1868.74 2 187 26
1921.92 2 65 43
1963.89 2 72 1
2011.49 1 10 19
2054.27 1 9 21
223711 2 65 45
246718 2 72 1
2493.21 2 65 13
2493.21 2 65 45
297817 1 10 23

2 LC setup 1: gel filtration with Superdex Peptide 10/300 GL column
followed by RPC with Chromolith Performance RP-18 column. LC setup 2:
gel filtration with Sephadex G-5 column followed by RPC with RPC C4 or
C18 column.

proposed that the N-terminal domain is responsible for the
cytolytic/antimicrobial activity whilst the C-terminal is
responsible for the K* channel blocking effect (Diego-Garcia
et al., 2008). Therefore one can hypothesize that some of the
observed N-terminal fragments of TsTX-KB may retain the
cytolytic/antimicrobial activities of the native toxin.

It is noteworthy the fact that peptide GLREKHVQ
corresponds to the pro-peptide of TsTX-KB. A smaller
fragment of this TsTX-Kp pro-peptide could also be found
(GLREKH). It is worth investigating whether these peptides
are only the product of TsTX-Kp posttranslational matura-
tion process or they embody some other biological activity
of their own.

Similarly, we found the overlapping peptides
GKGKEILGKIKE and KIKEKLIEA which are likely to be frag-
ments from the pro-peptide region of a f-KTx-like peptide,
similar to toxins TtrKIK (from Tityus trivitatus) and TdiKIK
(from Tityus discrepans). Additionally, the peptide
KDKMKAGWER is similar to the very N-terminal region
from TtrKIK. Fig. 4 illustrates the facts described above.

GKGKEILGKIKE also displays similarities with the
peptides Ponericin-L1 and Ponericin-L2, from the venom of
the ponerine ant Pachycondyla goeldii. These peptides have
both insecticidal and antimicrobial activities (Orivel et al.,
2001), which reinforces the assumption that these toxin
pro-peptide fragments may have some other interesting
biological activities.

4. Conclusions

This work represents a further step towards the
comprehension of T. serrulatus venom peptide diversity and
venom biology. Fortunately, the nature of the molecules
targeted in this study is favorable to their chemical
synthesis which eliminates the need for time consuming
purification of native molecules for their pharmacological
characterization. Some of the peptides shown in this article
are being addressed by means of solid-phase synthesis to

Ts frag .- KIKEKLIEA
Ts frag GKGKEILGKIKE---------------
Ts frag = = = oo KDKMKAGWER

TtrKIK VHSLTEAGKGKEILGKIKDKLIEAKDKIKSGWER

Consensus GKGKEILGKIK.KLIEAKDK.K.GWER

Fig. 4. Alignment of Tityus serrulatus peptide fragments (Ts frag) with the
potassium channel toxin TtrKIK precursor from Tityus trivitatus. Bold letters
indicates the signal peptide, underlining indicates the propetide.
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assess their biological functions and the results will be
published elsewhere.

Molecules from the T. serrulatus venom have already
being used as leads in the development of new drugs
(De Lima et al., 2003; De Lima et al., 2007a). Nonetheless,
the molecules here characterized open new possibilities for
the biotechnological application of animal toxins.
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APENDICE C - Peptidomic dissection of the skin secretion of
Phasmahyla jandaia (Bokermann and Sazima, 1978) (Anura, Hylidae,
Phyllomedusinae)

RATES, B. et al. Peptidomic dissection of the skin secretion of Phasmahyla jandaia
(Bokermann and Sazima, 1978) (Anura, Hylidae, Phyllomedusinae). Toxicon [S.I.], v. 57, n.
1, p. 35-52, 2011.
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C1. Errata

Na legenda das Tabelas 6 e 7 de Rates, Silva et al., 2011 1é-se “Underlining indicates
sequence confirmation by Edman degradation”. No entanto, no corpo dessas tabelas, a
formatacao sublinhada foi erroneamente perdida na versdo final do artigo. Abaixo encontram-

se as tabelas em sua formatagao originalmente pretendida.

Tabela C.1. Table 6 de Rates, Silva et al., 2011 com formatacio original

Table 6 - Amino acid sequence alignment and molecular mass of the Phasmahyla jandaia Phylloseptins
(PLS-J) and their identified truncated forms

. experimental  theoretical accession
peptide name sequence mass (Da)  mass (Da) number
Full length peptides

PLS-J1 FLSLIPHAINAISAIANHFa 2047.2 2047.1 P86614
PLS-J2 FLSLIPHAINAISAIADHFa 2048.1 2048.1 P86615
PLS-J3 FLSLIPHAINAISAIANHLa 2013.2 2013.2 P86616
PLS-J4 FLSLIPHAINAISAIAHHLa 2036.1 2036.2 P86617
PLS-J5 FLSLIPHAISAISAIAHHLa 2009.3 2009.2 P86618
PLS-J6 FLSLIPHAISAISAIANHLa 1986.3 1986.1 P86619
PLS-J7 FLSLIPHAISAISAIADHLa 1987.1 1987.1 P86620
Consensus KkKkkkkhhkkh KRkxrxkKk Ko N.A. N.A. N.A.
Truncated forms
PLS-J1[1-12] FLSLIPHAINAI--—----- 1307.8 1307.8 N.A.
PLS-J5[1-12] FLSLIPHAISAI--—----- 1280.7 1280.7 N.A.
PLS-J5[1-14] FLSLIPHAISAISA----- 1438.7 1438.8 N.A.
PLS-J3[3-19] --SLIPHAINAISAIANHLa 1752.8 1753.0 N.A.
PLS-J4[3-19] --SLIPHAINAISAIAHHLa 1776.1 1776.0 N.A.
PLS-J5[3-19] --SLIPHAISAISAIAHHLa 1748.9 1749.0 N.A.
PLS-J6[3-19] --SLIPHAISAISAIANHLa 1726.0 1726.0 N.A.
PLS-J1[4-19] --—-LIPHAINAISAIANHFa 1699.8 1700.0 N.A.
PLS-J1[5-19] ----IPHAINAISAIANHFa 1586.9 1586.9 N.A.
PLS-J5[5-19] ---—-IPHAISAISAIAHHLa 1548.9 1548.9 N.A.

Underlining indicates sequence confirmation by Edman degradation. The identity of the C-terminal Leu residue
in PLS-J4[3-19] and PLS-J6[3-19] was determined by the verification of its corresponding w,; ion in high-
resolution MSMS spectrum. The identity of the C-terminal Leu residue in PLS-J3 to PLS-J7, and in their
truncated forms, was suggested based on its correspondence to PLS-J4[3-19] and PLS-J6[3-19]. Differentiation
of the remaining Ile/Leu residues in PLS-J1 to PLS-J4, PLS-J6 and PLS-J7 was based upon similarity to PLS-J5.
Lower case ‘a’ indicates C-terminal amidation. Multiple sequence alignment of full-length peptides generated
using ClustalW 2.0.12. ‘N.A.” stands for non-applicable. Consensus symbols, namely ‘*’, *:* and °.”, means that
the residues in that column are identical in all sequences in the alignment, that conserved substitutions have been
observed, and that semi-conserved substitutions are observed, respectively.
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Table 7 - Amino acid sequence alignment and molecular mass of the Phasmahyla jandaia Dermaseptins
(DRS-J) and Dermatoxins (DRT-J) and their identified truncated forms

exp. theor.

peptide name sequence mass  mass Accession
(Da) (Da) number
Dermaseptins
DRS-J1 GLWKNMLSGIGKLAGQAALGAVKTLVa 25943 2594.5 P86635
DRS-J2 GLWKNMLSGIGKLAGEAALGAVKTLVa 25954 2595.5 P86636
DRS-J3 ALWKNMLSGIGKLAGQAALGAVKTLVa 2608.4 2608.5 P86637
DRS-J4 ALWKDMLSGIGKLAGQAALGAVKTLVa 2609.3 2609.5 P86638
DRS-J5 GLWSKIKEAGKAAVKAAGKAALGAVANSVa 2764.4 2764.6 P86683
DRS-J6 GLWSKIKEAGKAAVKAAGKAALGAVADSVa 27654 2765.6 P86684
DRS-J7 GLWSKIKAAGKEAAKAAAKAAGKAALNAVSEAVa 31499 31498 P86639
DRS-J8 GLWKSLLKNVGKAAGKAALNAVTDMVNQA 2967.5 2967.6 P86640
DRS-J9 GLWKSLLKNVGKAAGKAALNAVTDMVNQS 20983.5 2983.6 P86641
DRS-J10 ALWKSLLKGAGQLVGGVVQHFMGSQGQPES 3108.6 3108.6 P86642
Truncated forms
DRS-J7[3-33] --WSKIKAAGKEAAKAAAKAAGKAALNAVSEAVaA 2980.0 2979.7 N.A.
Dermatoxins
DRT-J1 SLGGFLKGVGKALAGVGKVVADQFGNLLQAGQa 3098.0 3097.7 P86621
DRT-J2 SLGGFLKGVGKALAGVGKMVADQFGNLLOAGQa 3129.6 3129.7 P86622
DRT-J3 SLGGFLKGVGKVLAGVGKVVADQFGNLLEAGQa 3126.9 3126.8 P86623
Consensus ***********.******:*********:*** N.A N'A NA.

Underlining indicates sequence confirmation by Edman degradation. Differentiation of Ile/Leu and Lys/Gln
residues in DRS-J1, DRS-J2, DRS-J3 and DRS-J4 was based upon similarity to P84926; in DRS-J5 and DRS-J6,
based upon similarity to Q90ZKS and AAB24271.1; in DRS-J7, based upon similarity to P83638; in DRS-J8 and
DRS-J9, based upon similarity to CAI99866; in DRT-J1, DRT-J2 and DRT-J3, based upon similarity to Q9PT75
and 093221. Lower case ‘a’ indicates C-terminal amidation. Multiple sequence alignment of dermatoxin
peptides generated using ClustalW 2.0.12. ‘N.A.” stands for non-applicable. Consensus symbols, namely “*’, “:’
and ‘.’, means that the residues in that column are identical in all sequences in the alignment, that conserved
substitutions have been observed, and that semi-conserved substitutions are observed, respectively.
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The systematic investigation of the peptidic composition of the skin secretion of Phas-
mahyla jandaia, a phyllomedusine anuran endemic to the southern region of the Espinhago
range in Brazil, is herein reported. By means of de novo interpretation of tandem mass
spectrometric data, Edman N-terminal sequencing and similarity searches, 57 peptides -
including phylloseptins, dermaseptins stricto sensu, dermatoxins, hyposins, tryptophyllins,
caerulein-related, bradykinin-related, bradykinin potentiating, tyrosine-rich, and opioid
peptides - were sequenced. Moreover, five peptide families without significant similarity
to other known molecules were verified. Differently from most Phyllomedusinae genera,
the molecular diversity in the skin of representatives of Phasmahyla remained unpros-
pected until now. Therefore, besides disclosing novel natural variants of number of
bioactive peptides, the present study contributes to the understanding of the evolution of
biochemical characters of the phyllomedusines.
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1. Introduction

The anuran skin secretion is widely recognized by its
diversity of biologically active peptides. These molecules
have been subjected to intense investigation due to their
potential applications in biophysical research, biochemical
taxonomy, and as a guide for the development of new
therapeutic agents (Chen et al., 2004; Conlon et al., 2004,
20093, 2009b; Amiche et al., 2008; Nicolas and El Amri,
2009; Faivovich et al., 2010).
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Tel.: +55 31 3499 2638.
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Evidencing such diversity, within the dermaseptin
superfamily of antimicrobial peptides, which is present in
the skin of Hylidae frogs, the inter- and intra- specific variety
is such that only rare examples of peptides from one species
being found with an identical primary structure in other
organisms have been reported. Moreover, these differences
in amino acid sequences often imply in differential biological
activity (Nicolas and El Amri, 2009; Faivovich et al., 2010).

Notwithstanding, it is worth mentioning that despite
extensive investigation of their properties in vitro, the precise
biological roles of the skin peptides remain unclear (Conlon
et al,, 2009a). Moreover, the growing knowledge pertaining
to amphibian species and to their molecular repertoire
diversity is coincident with a massive and global decline in
amphibian populations due to factors including, inter alia:
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habitat loss and fragmentation; global environmental
changes; and emerging infectious diseases (Donnelly and
Crump, 1998; Alford and Richards, 1999; Houlahan et al.,
2000; Young et al., 2001; Blaustein and Kiesecker, 2002;
Collins and Storfer, 2003; Licht, 2003; Stuart et al., 2004;
Green, 2005; Halliday, 2005; Frost et al., 2006). Therefore,
additional studies on the evolution and diversity of frog skin
peptides may help reveal biochemical features which may
lead to the elucidation of their in vitro activity and their
physiological and ecological roles, besides securing the
potential loss of invaluable biological information.

Amongst anuran groups, the Phyllomedusinae’ sub-
family (Hylidae) has been previously highlighted as dis-
playing the greatest variety and abundance of active peptides
described to date (Erspamer et al., 1986). Phyllomedusines
occur in Latin America, from México to Argentina. Its 59
species (Frost, 2010) are distributed into 5 genera (Faivovich
et al., 2010), including Phasmahyla Cruz, 1991.

Phasmahyla is endemic to the Brazilian Atlantic Forest
Domain (Ab’Saber, 1977; Cruz, 1991; Carvalho-e-Silva et al.,
2009). It currently includes the 7 following species (Frost,
2010): P. cruzi Carvalho-e-Silva, Silva, and Carvalho-e-
Silva, 2009; P. spectabilis Cruz, Feio, and Nascimento,
2008; P. timbo Cruz, Napoli, and Fonseca, 2008; P. cochranae
(Bokermann, 1966); P. exilis (Cruz, 1980); P. guttata (Lutz,
1924); and Phasmahyla jandaia (Bokermann and Sazima,
1978). P. jandaia is endemic to the Espinhaco range in the
state of Minas Gerais, southeastern Brazil, where it is
known from few localities (Leite et al., 2008a). It is worthy
mentioning that the Espinhaco range has been deemed as of
‘special biological importance’ for amphibian conservation
in the state of Minas Gerais (Drummond et al., 2005)
(Fig. 1). Moreover, differently from other Phyllomedusinae
genera, Phasmahyla has not been subjected to investiga-
tions dedicated to the prospection and characterization of
bioactive peptides in its skin secretion up until the date of
conclusion of the present study, as evidenced by a search
using the term “Phasmahyla” in the PubMed and ISI Web of
Knowledge databases (last accessed in 7/06/2010) and
further supported by Faivovich et al. (2010).

Inlight of the facts presented, the aim of the present study
was the systematic sequencing/identification of peptides
present in skin secretion of P. jandaia, by means of one- and
two-dimensional high performance chromatography
(HPLC), MALDI-TOF/TOF and ESI-Q-TOF mass spectrometry
and de novo interpretation of peptide fragmentation spectra.

1

2. Materials and methods
2.1. Animals and extraction of skin secretion

Two P. jandaia specimens, one adult male and one
juvenile whose sex was not determined, were collected in

! Species names depicted in the present study are in accordance with
Frost, 2010. Only currently valid names are used. Therefore, names may
differ from synonyms adopted in the cited literature.

2 “Areas of special biological importance: areas bearing species with
distribution restricted to the region in question or bearing environments
unique to the state of Minas Gerais” (Drummond et al., 2005). 47.

the municipality of Itabirito (WGS84, 20°09'59.87"S,
43°35'25.43"W, Elevation ca.1190 m), state of Minas Gerais,
Brazil, within a region known as Quadrildtero Ferrifero in
the southernmost portion of the Espinhaco range (Fig. 1).
The specimens used in this study were deposited in the
Herpetological Collection of the Biological Sciences Insti-
tute of the Federal University of Minas Gerais (Colegdo de
Herpetologia do Instituto de Ciéncias Biolégicas da Uni-
versidade Federal de Minas Gerais) (Belo Horizonte, Minas
Gerais, Brazil) under the following registration numbers:
UFMG 1573 and UFMG 1574.

The skin secretion was obtained by means of mild
electric stimulation applied on multiple sites on the frogs’
dorsal region, as previously described (Tyler et al., 1992).
The secretion was washed out from the animals’ skin with
chilled deionized water. The material was pooled and
promptly frozen and lyophilized. The dried secretion was
stored in freezer (—20 °C) until its use.

2.2. Fractionation of skin secretion

Fractionation of the skin secretion of P. jandaia was
performed employing an AKTA Explorer 100 HPLC platform
(GE Healthcare, Uppsala, Sweden), controlled by the
UNICORN 4.11 software. Fractions were collected by an
automated fraction collector Frac920 (GE Healthcare,
Uppsala, Sweden). Elution was monitored by absorbance
readings at 214 and 280 nm. Solutions used in the chro-
matographic separations were degassed (reversed-phase
and cation-exchange chromatographies) and filtered
(cation-exchange) using 0.45 pum nylon membranes
(Sigma-Aldrich, Saint Louis, USA).

2.2.1. One-dimensional chromatography

One-dimensional chromatography consisted in the
fractionation of the skin secretion by means of reversed-
phase chromatography (RPC). A sample of the skin secre-
tion of P. jandaia (dried weight, ca. 1.5 mg) was dissolved in
0.1% TFA in deionized water (2.0 mL), centrifuged (9500
RCF, during 10 min at 5 °C). The supernatant fraction was
filtered in 0.22 pm nylon membranes (Sigma-Aldrich, Saint
Louis, USA) and was loaded onto a monolithic RPC column
(Chromolith Performance RP-18 100 mm x 4.6 mm - Merck
- Darmstadt, Germany), which was previously equilibrated
with 0.1% TFA in deionized water. Elution was achieved by
means of a linear gradient (0-70%) of 0.1% TFA in acetoni-
trile, in 5 min. RPC analysis were carried out using a 4.0 mL/
min flow.

2.2.2. Two-dimensional chromatography

Two-dimensional chromatography consisted in the
fractionation of the skin secretion by means of cation-
exchange chromatography (CIEX) followed by further
separations of fractions obtained in the previous step by
RPC.

A sample of the skin secretion of P. jandaia (dried
weight, ca. 1.5 mg) was dissolved in 50 mM sodium-acetate
buffer (pH = 5.0) (2.0 mL) and centrifuged (9500 RCF,
during 10 min at 5 °C). The supernatant fraction was
filtered in 0.22 pm nylon membranes (Millipore, Bedford,
USA) and the CIEX step was carried out as previously
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Fig. 1. Geographic range of Phasmahyla jandaia. (A) Geographic distribution of P. jandaia, which is endemic to the Espinhaco range in the state of Minas Gerais,
southeastern Brazil. The distribution of P. jandaia is depicted as the seat of the municipalities where it is know to occur, namely: Santana do Riacho, Leme do
Prado, Catas Altas, Congonhas, Nova Lima, Ouro Branco, and Ouro Preto (Leite et al., 2008a). Its distribution range is coincident with a number of regions deemed
as having priority for amphibian conservation. Data sources: Brazilian states ‘shapefile’ downloaded from the Centro de Sensoriamento Remoto (Remote Sensing
Center - CSR) of the Instituto Brasileiro de Meio Ambiente (Brazilian Environment Institute - IBAMA) (available at http://siscom.ibama.gov.br/shapes/, last accessed
in 20/05/2010); Areas with priority with amphibian conservation in the state of Minas Gerais ‘shapefile’ downloaded from Fundagdo Biodiversitas (available at
http://www.biodiversitas.org.br/atlas/repteis.asp, last accessed in 20/05/2010) and; Seat of municipalities of Minas Gerais ‘shapefile’ downloaded from the
Programa Integrado de Uso da Tecnologia de Geoprocessamento pelos Orgdos do Estado de Minas Gerais (Integrated Program for the Use of Geoprocessing Technology
by the Bodies of the State of Minas Gerais - GEOMINAS) (available at, http://www.geominas.mg.gov.br/, last accessed in 20/05/2010). Map datum: WGS84. Map
generated in the software ArcMap 9.2. (B) Unvoucher adult specimen of P. jandaia (photo: Leite, F. S. F.).

described (Rates et al., 2007). The fractions obtained in the
CIEX step were further separated by means RPC as
described above (Item 2.2.1).

2.3. Mass spectrometry

RPC fractions obtained after one- and two-dimensional
chromatography were submitted to mass spectrometric
analyses, which were carried using an AutoFlex Il or
Ultraflex Il MALDI-TOF/TOF mass spectrometers (Bruker
Daltonics, Billerica, USA), both controlled by the FlexCon-
trol 3.0 software (Bruker Daltonics, Billerica, USA).

RPC fractions were mixed with a-cyano-4-hydroxycin-
namic acid matrix solution (1:1, v/v) directly into a MTP
AnchorChip 400/384 or 800/384 MALDI target plates
(Bruker Daltonics, Billerica, USA) and dried at room
temperature. For increasing signal, some fractions were
submitted to concentration by means of vacuum centrifu-
gation prior to mass spectrometric analysis. Protein average
masses were obtained in linear mode with external cali-
bration, using the Protein Calibration Standard (Bruker
Daltonics, Billerica, USA). The peptide monoisotopic masses
were obtained in reflector mode with external calibration,
using the Peptide Calibration Standard (Bruker Daltonics,
Billerica, USA). Peptide MS/MS spectra were obtained by
means of LIFT fragmentation. The software FlexAnalysis 3.0
(Bruker Daltonics, Billerica, USA) and PepSeq (Waters,
Manchester, UK) were used for mass spectrometric data
analysis. Peptide primary structures were inferred by

means of the manual de novo interpretation of fragmenta-
tion spectra.

Alternatively, high-resolution tandem mass spectro-
metric spectra of a selection of peptides were obtained by
mean of ESI-Q-TOF, in a SYNAPT HDMS™ (Waters, Man-
chester, UK) instrument equipped with a nano Z-spray
electrospray ionization (ESI) source. The electrospray
capillary was operated at a voltage of 1.6 kV. MSMS data
were acquired in the continuum and V-modes.

2.4. Peptide N-terminal sequencing

N-terminal sequencing of selected native peptides was
performed by means of Edman degradation using an
automated PPSQ-21A protein sequencer (Shimadzu, Tokyo,
Japan) coupled to reversed-phase separation of PTH-amino
acids on a WAKOSIL-PTH (4.6 x 250 mm) column (Wako,
Osaka, Japan).

2.5. Sequence analysis

The search for similar sequences was performed with the
FASTA3 program (Pearson, 1990), tool using the Swiss-Prot
database (Bairoch and Apweiler, 2000). Alternatively, the
BLASTP 2.2.23+ (Altschul et al., 1997) was employed, using
the Swiss-Prot database with or without taxonomy filter for
the Hylidae family (Taxon identity: 8418). Multiple sequence
alignments were performed by means of the Clustalw 2.0.12
software (Thompson et al., 1994; Larkin et al., 2007).
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Secondary structure prediction was performed by means of
the SOPMA program (Geourjon and Deléage, 1995). Schiffer-
Edmunson wheel projections (Schiffer and Edmunson,
1967) were plotted using the Pepwheel program.

3. Results and discussion
3.1. Fractionation and mass profiling of skin secretion

Direct fractionation of the skin secretion of P. jandaia by
means of RPC (one-dimensional chromatography) yielded
18 fractions (Fig. 2). In order to increase the resolution, the
skin secretion of P. jandaia was also fractionated by two-
dimensional chromatography. In the former strategy, the
CIEX step yielded 23 fractions, which were individually
submitted to RPC (Fig. 3(A). After the RPC of the fractions
obtained in the CIEX step, the skin secretion of P. jandaia
was resolved in 88 fractions (B). Fractions obtained after
RPC in both one- and two-dimensional chromatographies
were submitted to mass spectrometric analyses.

A total of 203 molecular components were found: 71
signals (35%) exclusively detected after one-dimensional
chromatography; 103 signals (51%) exclusively detected
after two-dimensional chromatography; and 29 signals
(14%) detected after both chromatographic strategies. This
rather small intersection of the sets of molecules detected
after the chromatographic strategies herein employed may
be possibly attributable to MALDI signal suppression due to
lower resolution in one-dimensional chromatography
(more abundant components suppressing the signal of co-
eluting lower abundant molecules) or to sample concen-
tration effects (Kratzer et al., 1998; Pimenta et al., 2001;
Annesley, 2003). It is noteworthy that the differences in
the sets of molecules detected in the distinct chromato-
graphic strategies are not attributable differences in the
employed mass spectrometric instrumentation, since the
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results depicted in this section were obtained in an Autoflex
Il instrument whereas the employment of Ultraflex IIl and
Synapt instrumentation in this study was restricted to the
attainment of higher resolution MS/MS spectra of a selected
number of peptides. Moreover, these differences are also not
attributable to natural (seasonal or intra-specific) variations
in the composition of the skin secretion, since the samples
used in the different chromatographic strategies proceeded
from the same pool, nonetheless in vitro sample degradation
effects at some extent may not be discarded.

The masses of the detected molecular components
ranged from 802.23 to 13,631.3 Da. Fig. 4 shows the histo-
gram of the molecular masses of the components detected
in the skin of P. jandaia. By analyzing this figure, one notices
the preponderance of molecules within the 800-3500 Da
range (87% of the total of molecular components detected).
Ions within that scope and having sufficient signal inten-
sities were systematically submitted to MS/MS analyses.
Additionally, those peptides found to be in homogeneous
state were also submitted to N-terminal sequencing by
automated Edman’s degradation.

3.2. Peptide sequencing and sequence analyses

In total, 57 peptides, or approximately 28% of the total
number of detected ions, could be successfully sequenced/
identified. The residues Leu/Ile and GIn/Lys that could not
be distinguished by means of the MALDI-TOF-TOF tandem
mass spectrometric data, whenever possible, were sug-
gested based upon similarity with homologous Hylidae
sequences or based upon similarity with related P. jandaia
molecules whose N-terminal sequences could be
undoubtedly determined by Edman degradation. Alterna-
tively, Leu/lle residues were assigned by means of high-
resolution tandem mass spectrometric data acquired by
means of Synapt ESI-Q-TOF instrumentation. The peptide
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Fig. 2. One-dimensional chromatography of the skin secretion of Phasmahyla jandaia. Sample was loaded onto the RPC column (Chromolith Performance RP-18
100 mm x 4.6 mm) previously equilibrated with 0.1% TFA in deionized water (Eluent A) and elution was achieved by means of a linear gradient (0-70%) of 0.1%
TFA in acetonitrile in 5 min (Eluent B). Flow rate: 4.0 mL/min. Readings at 214 nm (left vertical axis) and Eluent B gradient (right vertical axis) are shown.
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Fig. 3. Two-dimensional chromatography of the skin secretion of Phasmahyla jandaia. A) Cation-exchange chromatography (CIEX). Sample was loaded onto the
CIEX column (TSK-Gels CM-SW, 15 cm x 4.6 mm) previously equilibrated with 50 mM sodium acetate buffer (pH = 5) (Eluent A). A linear salt gradient (0-1 M
[NaCl] at a 10 mM/min rate) was completed by increasing the concentration of 50 mM sodium acetate buffer (pH = 5) with 1 M NaCl (Eluent B). Flow rate:
0.75 mL/min. Readings at 214 nm (left vertical axis) and Eluent B gradient (right vertical axis) are shown. B) Reversed-phase chromatography (RPC). CIEX fractions
were loaded onto the RPC column (Chromolith Performance RP-18 100 mm x 4.6 mm) previously equilibrated with 0.1% TFA in deionized water (Eluent A) and
elution was achieved by means of a linear gradient (0-70%) of 0.1% TFA in acetonitrile (Eluent B) in 5 min. Flow rate: 4.0 mL/min. The number of the CIEX fractions
and their respective [NaCl] (mM) elution are depicted. Readings at 214 nm are shown.

sequence data reported in this paper will appear in the
UniProt Knowledgebase under the accession numbers
depicted in Tables 1-7.

Phylloseptins, dermaseptins stricto sensu, dermatoxins,
hyposins, tryptophyllin, caerulein-related, bradykinin-
related, bradykinin potentiating, tyrosine-rich, and opioid
peptides could be identified in the skin secretion of P. jan-
daia. Moreover, five peptide families without significant
similarity to other known molecules could be verified.
Novel phylloseptin, dermatoxin, dermaseptin, and hyposin
peptides were named as per the most recent proposed

nomenclature (Amiche et al, 2008). The novel trypto-
phyllin-related peptides and the tyrosine-rich peptide were
named according to their structural class and species of
origin, as previously suggested (Chen et al, 2004;
Thompson et al., 2007a, 2007b). Peptides not displaying
similarity with other known molecules were generically
named as P. jandaia Peptide x-y (PjPx-y, for short), where
‘x’ denotes the Arabic numeral arbitrarily attributed to
a given peptide family and ‘y’ denotes the Arabic numeral
attributed to a given peptide within a family ‘X’ according to
the increasing order of its molecular mass (Table 1).
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Fig. 4. Histogram of the molecular masses of components detected in the
skin secretion of Phasmahyla jandaia. Components detected after one- and
two-dimensional chromatographies are depicted without double-counting.
Horizontal axis is broken between 10,000 and 13,000 Da for better visual-
ization. Bin size: 150 Da.

3.2.1. Bradykinin (BK), bradykinin-related (BRP) and
bradykinin potentiating (BPP) peptides

BK and seven analogs (BRPs) could be identified in the skin
secretion of P. jandaia (Table 2). The presence of such peptides
in the amphibian skin is widely reported. For instance, over 60
results are displayed after a search with the terms “bradyki-
nin”, “amphibian” and “skin” in the PubMed database
(Accession date: 20/05/2010). It has been suggested that BRPs
play a defensive role rather than possessing endogenous
hormonal activity such as their counterparts in other verte-
brate groups (Conlon, 1999). This hypothesis is supported by
the apparent lack of a kallikrein-kinin system in amphibians
(Conlon, 1999). In that sense, BK and its analogs might stim-
ulate gastric and esophageal motility in predators, possibly
stimulating emetic reflex resulting in the ejection of the prey
(Conlon, 2006). Therefore, the current understanding is that
the diversity of BRPs in the skin secretion of this and other
anurans reflects the range of coexistent predators (Conlon,
1999). In line with that statement, the biological significance
of the presence of BK variants (i.e. primary structure changes
modulating specificity) may be illustrated by the fact that BK
preferentially binds B, receptors, whereas the C-terminally
truncated peptide des[Arg]®-bradykinin has a high affinity to
B, receptors (Regoli et al., 1993).

Amongst the BRPs herein reported figure phyllokinin
and [Thr]®-phyllokinin (Table 2). These molecules have been
previously identified in the skin of other Phyllomedusinae
members and display a [Tyr]"! sulfonation (Erspamer et al.,
1985; Mignogna et al., 1997; Chen and Shaw, 2003; Brand
et al,, 2006a; Chen et al., 2006). The loss of 80 Da in MS/
MS spectra of the 1415.7 and 1429.8 Da molecules is
consistent with the previous reports of sulfonation in these
peptides, which were also detected in de-sulfonated form.

The bradykinin potentiating peptide (BPP) Phypo Xa,
featuring an N-terminal pyrogutamate modification, was
identified amongst the molecules secreted in the sin of P.
jandaia (Table 2). Phypo Xa, originally identified in the skin
of Phyllomedusa hypochondrialis, potentiates bradykinin
activities in vivo and in vitro, and is a competitive inhibitor
of the Angiotensin Converting Enzyme (ACE) (Conceicdo
et al, 2007). In light of these observations, synergic
effects between BK/BRPs and Phypo Xa have been sug-
gested (Conceicdo et al., 2007).

3.2.2. Caerulein-like peptide

One may also mention the presence of the novel phyl-
locaerulein variant, [Arg]*-phyllocaerulein (Table 2). Phyl-
locaerulein, originally detected in the skin of P. sauvagii,
displays an N-terminal pyroglutamic acid, [Tyr]® sulfona-
tion and C-terminal amidation (Anastasi et al., 1969),
whereas [Arg]*-phyllocaerulein was only detected in de-
sulfonated form (the mass corresponding to its sulfonated
form —1293.5 Da - was not observed).

Tyr sulfation is catalyzed by tyrosylprotein sulfo-
transferase enzymes (TPSTs), which are located in the trans-
Golgi network (Lee and Huttner, 1983; Baeuerle and
Huttner, 1987). Such location enables the access of the
TPSTs to secreted and membrane-bound proteins (Kehoe
and Bertozzi, 2000). To date, there is not a defined
sequence motif for Tyr sulfation, although the occurrence of
acidicresidues in the vicinity of the sulfation site is evidently
preponderant (Kehoe and Bertozzi, 2000; Moore, 2003).
Hence, this observation may be related to the fact that the
sulfated form of [Arg]*-phyllocaerulein was not detected.

Previous study has shown that the pharmacological
effects elicited by phyllocaerulein and caerulein were
identical in the models evaluated. Amongst the observed
effects of phyllocaerulein one could mention prolonged
blood pressure fall in vivo (Anastasi et al., 1969), making
possible to speculate that [Arg]*-phyllocaerulein, which
may also possess such pharmacological activity, could act

Table 1

Amino acid sequence and molecular mass of peptides detected in the secretion of P. jandaia without detectable similarity to other known molecules.
Peptide Sequence Experimental Theoretical Accession
name mass (Da) mass (Da) number
PjP1-1 kPEEDWGHk 1124.5 11245 P86602
PjP1-2 kPEEDWGHR 1152.6 11525 P86603
PjP1-3 kPEEDWGRES 1231.6 1.2315 P86604
PjP1-4 kPEEDWDRTD 1289.6 1289.6 P86605
PjP2-1 GPPJJPPJP 899.4 899.5 P86606
PjP3-1 JFFkGEkkJ 1108.7 1108.7 P86607
PjP4-1 kPENENEEAJHE 1437.6 1437.6 P86608
PjP5-1 JLGMIPVAISAINJIMkJIa 1795.2 1795.1 P86609

Lower case ‘a’ indicates C-terminal amidation. Lower case ‘k’ indicates undifferentiated Lys/Gln residues. ‘J indicates undifferentiated Ile/Leu. Theoretical

masses calculated assuming Lys in the dubious Lys/GIn residues.
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Table 2

Amino acid sequence and molecular mass of known peptides identified in the skin secretion of Phasmahyla jandaia and of [Arg]*-Phyllocaerulein.

Peptide name Sequence Experimental mass (Da) Theoretical mass (Da) Accession number
Bradykinin and related peptides
Bradykinin RPPGFSPFR 1059.5 1059.6 P86627
des[Arg]°-bradykinin RPPGFSPF 903.4 903.5 P86628
[Thr]®-bradykinin RPPGFTPFR 1073.6 1073.6 P86629
des[Arg]®-[Thr]®-bradykinin RPPGFTPF 917.4 917.5 P86630
Phyllokinin de-sulfonated RPPGFSPFRIY 1335.7 1335.7 P86631
Phyllokinin RPPGFSPFRIYg03 1415.7 1415.7
[Thr]®-phyllokinin de-sulfonated RPPGFTPFRIY 1349.8 1349.7 P86632
[Thr]®-phyllokinin RPPGFTPFRIYg03 1429.8 1429.7
Bradykinin potentiating peptide
Phypo Xa QgFRPSYQIPP 1214.9 1214.6 P86643
Caerulein-like peptide
[Arg]*-phyllocaerulein QEYRGWMDFa 12124 1212.5 P86625
Opioid peptides
Dermorphin YAFGYPSa 802.2 802.4 P86633
Deltorphin (D-Met?-delt) YMFHLMDa 954.4 954.4 P86634
[Met(0x)]°-Deltorphin YMFHLM,,Da 970.4 970.4

Yso3 indicates sulfonated tyrosine residue. M,y indicates an oxidated methionine residue. Lower case ‘q’ stands for pyroglutamic acid. Lower case ‘a’ indicates

C-terminal amidation.

synergistically with BK, BRPs and Phypo Xa. Moreover,
considering that caerulein is a potent analgesic (100-700
times more potent than morphine) (Bowie and Tyler, 2006),
a synergic action of [Arg]*-phyllocaerulein with the opioid
peptides dermorphins and deltorphins (discussed below)
may also be speculated. Nonetheless, it is noteworthy that
the bioactivity of caerulein is significantly diminished if the
sulfate group is hydrolyzed (Bowie and Tyler, 2006) as
observed for phyllokinin (Anastasi et al., 1966).

3.2.3. Tryptophyllins

Another peptide family, the tryptophyllins, are herein
represented the by the so-called P. jandaia T3 trypto-
phyllins (Pj-T3-1 to Pj-T3-3) (Table 3). Tryptophyllins
constitute a numerous and structurally diverse group of
molecules, which are divided into the sub-groups trypto-
phyllin-1 (T-1), tryptophyllin-2 (T-2) and tryptophyllin-3
(T-3) based upon their sequence similarities (Chen et al.,
2004). The sub-group T-1 includes hepta- or octapeptides
possessing an N-terminal basic amino acid residue and an
internal PW or PPW motif. Most members of the sub-group
T-2, which is constituted of peptides with variable lengths

Table 3

containing an internal PW-doublet, are C-terminally ami-
dated. The sub-group T-3, the most highly conserved
amongst the tryptophyllin sub-groups, consists of peptides
with an internal PPPIY motif (Chen et al., 2004; Thompson
et al., 2007a).

Despite the tridecapeptides Pj-T3-1, Pj-T3-2 and Pj-T3-3
being similar to the tryptophyllins belonging to the T-3 sub-
group, as shown in Table 3, the sequenced P. jandaia tryp-
tophyllins display the internal motif SPPIY or DPPIY, instead
of the ‘classical’ PPPIY motif. P. jandaia tryptophyllins feature
a N-terminal pyroglutamate as determined for their coun-
terparts in Phyllomedusa rohdei (Montecucchi et al., 1985),
P. bicolor (Erspamer et al., 1985), P. sauvagii (Erspamer et al.,
1985), and Phyllomedusa azurea (Thompson et al., 2007a). By
analyzing the sequence of Pj-T3 peptides along with the
previously described peptides, one can notice the consensus
KP-doublet prior to the doublet of aromatic residues in the
T-3 tryptophyllins (Table 3).

The biological activity of T-3 tryptophyllins remains
elusive (Erspamer et al., 1985, 1986; Montecucchi, 1985; Chen
et al., 2004) although effects on liver protein synthesis and
body weight have been reported for Tryptophyllin-13 from

Amino acid sequence and molecular mass of the Phasmahyla jandaia T-3 tryptophyllin-1 (Pj-T3-1) and its alignment with previously sequenced T-3

tryptophyllins.

Peptide name Species Sequence Exp. mass (Da) Theor. mass (Da) Accession number
Pj-T3-1 P. jandaia gDKPFWSPPIYPV— 1555.9 1555.8 P86610
Pj-T3-2 P. jandaia QDKPFWSPPIYPH- 1593.6 1593.8 P86611
Pj-T3-3 P. jandaia QDKPFWDPPIYPV— 1583.7 1583.8 P86612
Un-named P. sauvagii gDKPFWPPPIYPV- N.A. 1565.8 -
Pha-T3-1 P. azurea gDKPFWPPPIYIM- N.A. 1613.8 P84949
Pha-T3-2 P. azurea gDKPFWPPPIYPM— N.A. 1597.8 P84950
Tryptophyllin-13 P. rohdei QEKPYWPPPIYPM— N.A. 1627.8 P04096
Un-named P. bicolor QEKPFYPPPIYPV— N.A. 1556.8 -
GM-14 B. variegata -GKPFYPPPIYPEDM N.A. 1649.8 P84215
Consensus N/A Kk Kk kR N.A. N.A. N.A.

Differentiation of Leu/lle and Lys/GIn residues in Pj-T3-1 was based upon similarity to previously sequenced tryptophyllins. Multiple sequence alignment
generated using ClustalW 2.0.12, where gaps (—) were introduced to maximize alignment. Lower case ‘q’ stands for pyroglutamic acid. ‘N.A." stands for non-
applicable. Consensus symbols, namely *, *:" and *.’, means that the residues in that column are identical in all sequences in the alignment, that conserved
substitutions have been observed, and that semi-conserved substitutions are observed, respectively.
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Table 4

Amino acid sequence and molecular masses of Hyposin-J1 and its alignment with previously sequenced hyposins and related peptides.

Peptide name Species Sequence Exp. mass (Da) Theor. mass (Da) Accession number
HPS-J1 P. jandaia FRPAJIVRTKGK-a 1383.8 13839 P86613

HPS-H4 P. azurea FRPAJIVRTKGTRJa N.A. 1626.0 P84957

HPS-H3 P. azurea LRPAVIVRTKGK-a N.A. 1335.9 P84956

Sauvatide P. sauvagii LRPAILVRTK—a N.A. 1164.8 CAX48601

AMP-1 P. hypochondrialis LRPAVIVRTKAJ— N.A. 13359 P84524

HPS-H1 P. azurea LRPAVI-RPKGK-a N.A. 1232.8 P84954

HPS-H2 P. azurea LRPAFI-RPKGK-a N.A. 1280.8 P84955
Consensus N/A pREK ok % N.A. N.A. N.A.

Differentiation of Leu/Ile or Lys/GIn residues in Hyposin-J1 was based upon similarity to Hyposin-H3 and Hyposin-H4. Lower case ‘a’ indicates C-terminal
amidation. J' indicates undifferentiated Ile/Leu. Multiple sequence alignment generated using ClustalW 2.0.12, where gaps (—) were introduced to maximize
alignment. Hyposin-H5 (P84958) was not included in this table due to an inconsistency between its experimental mass (1514.0 Da) and the mass calculated
for its reported sequence (1588.0 Da). ‘N.A. stands for non-applicable. Consensus symbols, namely ““, .’ and *’, means that the residues in that column are
identical in all sequences in the alignment, that conserved substitutions have been observed, and that semi-conserved substitutions are observed,

respectively.

P.rohdei (Montecucchi, 1985), which is consistent with a more
recent report of insulin-releasing activity for GM-14 from
Bombina variegata (Marenah et al., 2004).

Moreover, the presence of the PP, PPP, and KP motifs in
T-3 tryptophyllins allows the speculation that these
peptides could act upon the vascular system as hypotensive
agents. This assumption is based on the studies recently
developed by our group on the so-called Hypotensins
(TsHpt), a family of BPPs present in the venom of the Bra-
zilian scorpion Tityus serrulatus (Verano-Braga et al., 2008,
2009; Verano-Braga, 2009). Structure minimization
assessment of TsHpt-I, have demonstrated that the tri-
peptide KPP consistently reproduces all vascular effects of
the 25 amino acid-long native TsHpt-I (i.e. BK-potentiation,
transient BK-independent hypotension in rats, and NO-
dependent vasodilatation in aortic rings preparations)
(Verano-Braga, 2009). Moreover, the dipeptide KP repro-
duces the transient BK-independent hypotension, whereas
BK-dependent hypotension elicited by TsHpt-I was repro-
duced by the dipeptide PP (Verano-Braga, 2009).

3.2.4. Opioid peptides

The opioid-peptides dermorphin and deltorphin (D-
Met?-Deltorphin) could also be identified in the skin
secretion of P. jandaia. The pharmacological properties of
these peptides and their analogs have been extensively
reviewed elsewhere (Erspamer et al., 1989; Melchiorri and
Negri, 1996; Amiche et al., 1998; Lazarus et al., 1999; Negri
et al,, 2000; Negri and Melchiorri, 2006). Briefly, dermor-
phin, a selective and potent p-opioid receptor agonist (100
times more potent that morphine in guinea pig ileum
preparation), produces antinociception, catalepsy, respira-
tory depression, constipation, tolerance and depression

Table 5

(Negri and Melchiorri, 2006). Differently, deltorphin has
higher selectivity and affinity for 3-opioid receptor (Negri
and Melchiorri, 2006). It is noteworthy that the intensity
of the analgesia induced by 3-agonists depends on the co-
activation of p-opioid receptor by endogenous or exogenous
molecules (Negri and Melchiorri, 2006). Injection of del-
torphins in rats (0.06-3.8 nmol/animal ic.v) increases
locomotor activity and induces stereotyped behaviour
(Negri and Melchiorri, 2006). Yet, deltorphin improves
memory consolidation in a passive avoidance test in mice
(Negri and Melchiorri, 2006).

Importantly, the post-translational modifications in
these opiate peptides include C-terminal amidation and the
presence of dextrorotatory residues (D-Ala or D-Met), both
playing roles in the augmentation of the potency and
stability of the molecules by which they are borne
(Broccardo et al., 1981; Negri et al., 2000). Such modifica-
tions were assigned to the opioid-peptides herein identi-
fied based upon the information available from the
molecules previously characterized in other phyllomedu-
sines. This was due to the fact that an amidated Asp residue
is quasi isobaric to a Asn residue (114.02 versus 114.04,
respectively), and that dextrorotatory and levorotatory
residues are not readily distinguishable by MALDI-TOF/TOF
(Sachon et al., 2009).

Moreover, deltorphin was also identified in a form
bearing an oxidation in [Met]®. The oxidized methionine
residue was distinguished from a quasi isobaric phenylala-
nine residue (147.04 versus 147.07 Da, respectively) by
means of the verification of the loss of CH3SOH (64 Da) from
the parent (y7), y3-¢ and bg ions in the MS/MS spectrum of
the so-called [Met(ox)]s—deltorphin (Fig. 5) (Jagannadham,
2009).

Amino acid sequence and molecular masses of Tyrosine-Rich Peptide-]J1 and its alignment with previously sequenced peptides.

Peptide name Species Sequence Exp. mass (Da) Theor. mass (Da) Accession number
TRP-J1 P. jandaia LMYYTLPRPVa 1250.7 1250.7 P86709
Un-named P. sauvagii LMYYTLPRPVa N.A. 1250.7 -

TRP-HA1 P. azurea VMYYSLPRPVa 1222.7 1222.7 P84960
Consensus N/A pREK kA A K N.A. N.A. N.A.

Differentiation of Leu/Ile residues in TRP-J1 was based upon similarity to its un-named counterpart in P. sauvagii and TRP-HA1. Lower case ‘a’ indicates
C-terminal amidation. Multiple sequence alignment generated using ClustalW 2.0.12. ‘N.A.’ stands for non-applicable. Consensus symbols, namely “*, ‘" and
‘', means that the residues in that column are identical in all sequences in the alignment, that conserved substitutions have been observed, and that semi-

conserved substitutions are observed, respectively.
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Table 6

Amino acid sequence alignment and molecular mass of the Phasmahyla jandaia Phylloseptins (PLS-]) and their identified truncated forms.
Peptide name Sequence Experimental mass (Da) Theoretical mass (Da) Accession number
Full length peptides
PLS-J1 FLSLIPHAINAISAIANHFa 2047.2 2047.1 P86614
PLS-J2 FLSLIPHAINAISAIADHFa 2048.1 2048.1 P86615
PLS-J3 FLSLIPHAINAISAIANHLa 2013.2 2013.2 P86616
PLS-J4 FLSLIPHAINAISAIAHHLa 2036.1 2036.2 P86617
PLS-J5 FLSLIPHAISAISAIAHHLa 2009.3 2009.2 P86618
PLS-J6 FLSLIPHAISAISAIANHLa 1986.3 1986.1 P86619
PLS-J7 FLSLIPHAISAISAIADHLa 1987.1 1987.1 P86620
Consensus Kokokokok ok ok ok kokokokok ok ok N.A. N.A. N.A.

Truncated forms

PLS-J1[1-12] FLSLIPHAINATL 1307.8 1307.8 N.A.
PLS-J5[1-12] FLSLIPHAISATL 1280.7 1280.7 N.A.
PLS-J5[1-14] FLSLIPHAISAISA— 1438.7 1438.8 N.A.
PLS-J3[3-19] —-SLIPHAINAISAIANHLa 1752.8 1753.0 N.A.
PLS-J4[3-19] -SLIPHAINAISAIAHHLa 1776.1 1776.0 N.A.
PLS-J5[3-19] -SLIPHAISAISAIAHHLa 1748.9 1749.0 N.A.
PLS-J6[3-19] —-SLIPHAISAISAIANHLa 1726.0 1726.0 N.A.
PLS-J1[4-19] —LIPHAINAISAIANHFa 1699.8 1700.0 N.A.
PLS-J1[5-19] —IPHAINAISAIANHFa 1586.9 1586.9 N.A.
PLS-J5[5-19] —IPHAISAISAIAHHLa 1548.9 1548.9 N.A.

Underlining indicates sequence confirmation by Edman degradation. The identity of the C-terminal Leu residue in PLS-J4[3-19] and PLS-J6[3-19] was
determined by the verification of its corresponding wg; ion in high-resolution MSMS spectrum. The identity of the C-terminal Leu residue in PLS-]3 to PLS-]7,
and in their truncated forms, was suggested based on its correspondence to PLS-J4[3-19] and PLS-]6[3-19]. Differentiation of the remaining Leu/Ile residues
in PLS-J1 to PLS-J4, PLS-J6 and PLS-]7 was based upon similarity to PLS-]5. Lower case ‘a’ indicates C-terminal amidation. Multiple sequence alignment of full-
length peptides generated using ClustalW 2.0.12. ‘N.A.’ stands for non-applicable. Consensus symbols, namely “, ‘" and ., means that the residues in that
column are identical in all sequences in the alignment, that conserved substitutions have been observed, and that semi-conserved substitutions are
observed, respectively.

3.2.5. Hyposin The sequences of hyposin-H1 to 5 (Table 4) were determined

The sequenced molecules also include the so-called by Q-TOF MS/MS analysis, which did not distinguish Ile/Leu
hyposin-J1 (HPS-1), which bears a C-terminal amidation residues. However, the structure of hyposin-H1 (formerly,
Table 4. The hyposins, identified in the skin secretion of P. hyposin-HA1) was validated by ¢cDNA sequencing, con-
azurea, consist of a family of five peptides with lengths firming the identity of [Ile]® and allowing the assumption
spanning from 11 to 15 residues (Thompson et al., 2007a). that the corresponding position of hyposin-H2 to 5 also
Table 7

Amino acid sequence alignment and molecular mass of the Phasmahyla jandaia Dermaseptins (DRS-]) and Dermatoxins (DRT-]) and their identified truncated
forms.

Peptide name Sequence Exp. mass (Da) Theor. mass (Da) Accession number
Dermaseptins

DRS-J1 GLWKNMLSGIGKLAGQAALGAVKTLVa 2594.3 2594.5 P86635
DRS-J2 GLWKNMLSGIGKLAGEAALGAVKTLVa 2595.4 2595.5 P86636
DRS-J3 ALWKNMLSGIGKLAGQAALGAVKTLVa 2608.4 2608.5 P86637
DRS-J4 ALWKDMLSGIGKLAGQAALGAVKTLVa 2609.3 2609.5 P86638
DRS-J5 GLWSKIKEAGKAAVKAAGKAALGAVANSVa 2764.4 2764.6 P86683
DRS-J6 GLWSKIKEAGKAAVKAAGKAALGAVADSVa 2765.4 2765.6 P86684
DRS-J7 GLWSKIKAAGKEAAKAAAKAAGKAALNAVSEAVa 31499 3149.8 P86639
DRS-J8 GLWKSLLKNVGKAAGKAALNAVTDMVNQA 2967.5 2967.6 P86640
DRS-J9 GLWKSLLKNVGKAAGKAALNAVTDMVNQS 2983.5 2983.6 P86641
DRS-J10 ALWKSLLKGAGQLVGGVVQHFMGSQGQPES 3108.6 3108.6 P86642

Truncated forms
DRS-J7[3-33] ~WSKIKAAGKEAAKAAAKAAGKAALNAVSEAVa 2980.0 2979.7 N.A.

Dermatoxins

DRT-]J1 SLGGFLKGVGKALAGVGKVVADQFGNLLQAGQa 3098.0 3097.7 P86621
DRT-J2 SLGGFLKGVGKALAGVGKMVADQFGNLLQAGQa 3129.6 3129.7 P86622
DRT-J3 SLGGFLKGVGKVLAGVGKVVADQFGNLLEAGQa 3126.9 3126.8 P86623
Consensus B I N.A. N.A. N.A.

Underlining indicates sequence confirmation by Edman degradation. Differentiation of Leu/Ile and Lys/Gln residues in DRS-J1, DRS-J2, DRS-J3 and DRS-J4
was based upon similarity to P84926; in DRS-J5 and DRS-J6, based upon similarity to Q90ZK5 and AAB24271.1; in DRS-]7, based upon similarity to P83638;
in DRS-J8 and DRS-J9, based upon similarity to CAI99866; in DRT-J1, DRT-J2 and DRT-J3, based upon similarity to Q9PT75 and 093221. Lower case ‘@’
indicates C-terminal amidation. Multiple sequence alignment of dermatoxin peptides generated using ClustalW 2.0.12. ‘N.A.’ stands for non-applicable.
Consensus symbols, namely **, “:" and ‘", means that the residues in that column are identical in all sequences in the alignment, that conserved substitutions
have been observed, and that semi-conserved substitutions are observed, respectively.
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contain an Ile residue. The Ile/Leu residues in position 5 of
hyposin-H4 and 5 and in the C-terminal of hyposin-H4
remain undifferentiated (Thompson et al., 2007a).

The biological activities of the hyposins are yet undeter-
mined (Thompson et al, 2007a). However, sauvatide,
a peptide identified in the skin secretion of P. sauvagii similar
to hyposin-H3 (Table 4), was found to be a potent contractile
agent upon the rat urinary bladder (EC59 = 2.2 nM) (Wang
et al, 2009). Although sauvatide failed to demonstrate
activity against Escherichia coli and Staphylococcus aureus at
concentrations up to 250 uM (Wang et al., 2009), a similar
peptide from P. hypochondrialis (AMP-1) (Table 4) was
reported to possess antimicrobial activity against the gram-
positive bacterium Micrococcus luteus, even though further
details on the potency and spectrum of this molecule were
not disclosed (Thompson et al., unpublished results).

The sauvatide precursor displays the characteristic
structural arrangement of the dermaseptin superfamily,
with a signal peptide followed by an acidic spacer (Nicolas
and El Amri, 2009; Wang et al., 2009). Contrastingly,
previous attempts of cloning hyposins by means of the
employment of primers targeting conserved dermaseptin
signal peptide have failed (Thompson et al., 2007a). The
incipient knowledge pertaining to the structural diversity
and biological activity of the hyposins and related peptides
poses these molecules as promising investigation subjects.

3.2.6. Tyrosine-rich peptide

The molecular repertoire of the skin secretion of P.
jandaia includes the tyrosine-rich peptide TRP-J1, which
was found to be identical to its un-named counterpart in
the skin secretion of P. sauvagii (Erspamer et al., 1986)
(Table 5). A similar peptide (TRP-HA1), which possesses
conservative substitutions (V1L and S5T), has also been
detected in P. azurea (Thompson et al., 2007b). The
abovementioned molecules bear C-terminal amidation and
lack information pertaining to their biological actions.

The MSMS spectrum of TRP-]J1 was obtained in Synapt
instrumentation, which rendered high-resolution mass-
spectral data. Nonetheless, a search for w and d ions aiming
the mass-spectral assignment of Ile/Leu residues was
inconclusive. Hence, Ile/Leu assignments were performed as
per the similarity with the previously sequenced molecules.

3.2.7. Phylloseptins, stricto sensu dermaseptins, and
dermatoxins

The most numerous peptides sequenced in the skin
secretion of P. jandaia were those belonging to the der-
maseptin superfamily, which is defined as a group of host-
defense peptides present in the skin of Hylidae and Ranidae
frogs (Nicolas and El Amri, 2009). The peptides in this
superfamily are genetically related and possess conserved
signal sequences and intervening segments in their pre-
proforms although having diverged into structurally and
functionally distinct families (Nicolas and El Amri, 2009).

Grippingly, preprodermaseptins-encoding peptides also
include neuropeptides such as the opioid peptides (P. sau-
vagii and P. bicolor), [Thr]®-phyllokinin (P. sauvagii) and
tryptophyllin-1 (Agalychnis dacnicolor) (Nicolas and El
Amri, 2009). The conserved intervening segments or
‘acidic propieces’ carry negative charges that may interact

with the cationic lytic peptides, thus possibly preventing
the host cell from self-inflicted damage (Michaelson et al.,
1992; Tennessen, 2005). Accordingly, a number of
peptides detected in our analysis (2318.1, 2553.3, 2664.32,
2682.3 and 2767.5 Da) are likely to represent fragments of
dermaseptin acidic propieces. However, due to the repeti-
tive nature of their primary structure, which bear
numerous Asp and, most preponderantly, Glu residues, and
due to the general poor ion abundance of their MS/MS
spectra, their amino acid sequences could not be
undoubtedly resolved.

In the skin of P. jandaia, dermaseptin stricto sensu (DRS),
dermatoxin (DRT) and phylloseptin (PLS) families repre-
sented the dermaseptin superfamily (Table 6 and Table 7).
Table 6 lists the sequenced P. jandaia PLS peptides and their
detected truncated forms. In total, 7 full-length peptides
were sequenced, in addition to 3 C-terminally and
7 N-terminally truncated forms. Truncated forms of PLS
peptides have been reported previously (Thompson et al.,
2007a). The peptide PLS-]J5 was submitted to Edman
N-terminal sequencing, by means of which it was possible
to confirm the identity of its residues [Leu]** and
[le]?’?1215 The identity of the Leu/lle residues in the
remaining PLS-] peptides, and in their truncated forms, was
suggested based upon the identity of the residues assigned
to PLS-J5 in their corresponding positions.

The MSMS spectrum of the truncated peptides PLS-J4
[3-19] and PLS-J6[3-19] was also obtained in Synapt
instrumentation, by which it was possible to notice the
presence of the 72.09 m/z,ps. (Wq1) ion in both spectra (data
not shown). This suggests that a Leu residue occupies the
C-terminal position in both peptides. It should also be
noticed that w (86.03 and 100.08 m/z) and d (1653.94 and
1667.90 m/z) ions corresponding to an Ile residue in the
C-terminal were not detected in both peptides. In light of
this, the identity of the C-terminal Leu residue was
assigned to PLS-J3 to PLS-]J7, and to their truncated forms.
Moreover, in PLS-J4[3-19] the identity of the [Ile]>7:1°
residues, previously suggested based on its correspondence
with PLS-]5, was supported by means of the verification of
the ions dg3 (258.10 m/zops.), dpio (988.54 M/zops.), Waz
(815.44 m/zops.) and wqi7 (1113.64 m/z,ps.) (data not shown).

An N-terminally extended form of PLS-J4 (observed mass:
2220.2 Da) was also verified (not shown). The poor abun-
dance of low-range b ions and high-range y ions in the
obtained MS/MS spectrum of this molecule resulted in the
impossibility of the confident assignment of its N-terminal
extension, which may be constituted by an AL- or VP-doublet.

PLSs were originally characterized in the skin of
P. hypochondrialis and Phyllomedusa oreades (Leite et al.,
2005), although their presence has also been registered in
other members of the Phyllomedusa genus such as P. bur-
meisteri, Phyllomedusa distincta, P. rohdei, P. tarsius and
P. tomopterna (Leite et al., 2005), P. azurea (Thompson et al.,
2007b; Kuckelhaus et al., 2009) and Agalychnis lemur
(Conlon et al., 2007; Abdel-Wahab et al., 2008). These 19—
21 amino acid-long antibacterial and anti-protozoan
peptides, feature a conserved N-terminal region and
a C-terminal amidation (as observed for the P. jandaia PLSs -
Table 6). CD and NMR investigations revealed that the
P. hypochondrialis peptides PLS-H1, PLS-H2 and PLS-H3
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(formerly PS-1, PS-2 and PS-3, respectively) exhibit random
coil conformation in aqueous solution and continuous helix
conformation in membrane-mimetic media (Resende et al.,
2008). Yet, the helical structures of these peptides exhibit
an amphipathic character (Resende et al., 2008), which
allows the efficient partition into the membrane interface,
resulting in their membrane-destabilizing and pore-form-
ing activities (Shai, 1999; Zasloff, 2002; Bechinger, 2005). It
has been also found that the electrostatic interactions
between the cationic side chains of residues in position 16
(PLS-H1 and PLS-H2) and 17 (PLS-H1, PLS-H2 and PLS-H3)
with the negative end of the helix dipole stabilize and
promote the helical conformation at the C-terminal
(Resende et al., 2008).

The prediction of secondary structure of P. jandaia PLSs
indicated that the a-helix content of these peptides ranges
from 74% to 100% (not shown). Moreover, when plotted in
Schiffer-Edmunson wheel projections, the amphipathic
nature of their cylindrical surfaces is evidenced (Fig. 6).
However, it is worthy to notice the presence of the residue
[Asp]'® in PLS-J2 and PLS-J7. An acidic residue in proximity
to the negative end of the helix dipole could destabilize the
helical conformation, with possible implications to the
biological actions of the peptides. For instance, PLS-L2
(FLSLIPHVISALSSL-NH,), present in the skin of A. lemur,
does not feature basic residues next to the negative end of
the helix dipole (Abdel-Wahab et al., 2008). Interestingly,
PLS-L2 was found to possess in vitro and in vivo insulin

Fig. 6. a-helical (Schiffer-Edmunson) wheel plots of Phasmahyla jandaia phylloseptins. Hydrophobic residues marked by squares. Hydrophilic residues marked by
diamonds. Positive residues marked by octagons. The amphiphilic structure prediction of the peptides showed. Plot created by the pepwheel software.
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releasing activity, but was inactive against E. coli and
weakly active towards S. aureus (MIC = 50 pM) (Abdel-
Wahab et al., 2008). Contrastingly, PLS-L1 (LLGMIPLAISAI-
SALSKL-NH,), embodying a [Lys]", is devoid of insulin
releasing activity and is highly active against S. aureus
(MIC = 8 uM) (Conlon et al., 2007). Moreover, it has been
demonstrated that there is an inverse relationship between
cationicity and insulin-releasing activity in peptides
belonging to the temporin family (Abdel-Wahab et al.,
2007) and pseudin-2 (Abdel-Wahab et al., 2005). There-
fore, the investigation of the structure and function of the
variants PLS-J2 and PLS-J7 could lead to insightful infor-
mation. Yet, one may mention the similarity of the peptide
PjP5-1 with the phylloseptins as evidenced in Fig. 7. The
projection of PjP5-1 into a Schiffer-Edmunson wheel (not
shown) fails to evidence an amphipathic structure, which
suggests some distinct function for it.

Eleven stricto sensu dermaseptins (including a truncated
form) and three dermatoxins were sequenced (Table 7).
The peptide DRS-J10 was submitted to Edman N-terminal
sequencing, by means of which it was possible to confirm
the identity of its residues [Leu]*%713, [Lys]*® and
[GIn]'%1%:2%:27 The identity of Leu/Ile and Lys/GIn residues in
the remaining DRS-] and DRT-] peptides was suggested
based upon the similarity with previously characterized
molecules (refer to Table 7 and Fig. 8). In order to further
confirm the C-terminal sequence the listed dermaseptins
and dermatoxins, an attempt of digesting these peptides
with carboxypeptidase-Y was made (not shown). However,
peptides DRS-]1 till DRS-J7 and DRT-J1 till DRT-]3 were
protected from the reaction, thus further evidencing their
amidated C-terminal.

The amino acid sequence of DRS-J7 is identical to DRS-
DI1 (former Dermadistictin K, or DD K) from P. distincta
(Batista, 1999). One should notice that DRS-]J7 is C-termi-
nally amidated whereas DRS-DI1 was originally reported
without an amidation (Batista, 1999). The determination of
the primary structure of DRS-DI1 was performed by Edman
degradation and the sequence data was validated by means
of the verification the molecular mass of the native peptide
(Batista, 1999). Nonetheless, the reported molecular masses
consisted in average masses (Batista, 1999), instead of
monoisotopic masses, which hindered the confident deter-
mination of whether the peptide possessed a carboxyamide
terminal or not. Posterior studies pertaining to the charac-
terization of the biological activity, three-dimensional
structure, peptide-liposome interactions and liposome-
fusion/lysis of DRS-DI1 interchangeably considered it in
non-amidated (Brand et al., 2002) and amidated (Brand
et al,, 2002; Leite et al., 2008b; Silva et al., 2008; Verly
et al.,, 2009) forms (similar situation is observed to DRS-
DI2, former Dermadistictin L or DD L). Moreover, the trun-
cated DRS-]J7[3-33] was verified, although DRS-DI1[5-33]
(2578.5 Da), previously reported in P. distincta (Batista,
1999), could not be detected in P. jandaia. As per its biolog-
ical functions, DRS-DI1 possesses broad-range antibacterial
(Batista, 1999), anti-Trypanosoma cruzi (Brand et al., 2002)
and antifungal activities without toxicity to mammalian
cells (Brand et al., 2002; Leite et al., 2008b). It has been
observed that the liposome lysis caused by DRS-DI4 was
preceded by a liposome-fusion phase (Silva et al., 2008). Yet,

PLS-J5 FLSLIPHAISAISAIAHHJa
PJP5-1 JLGMIPVAISAINIMk--Ja

. K s kk KKKk KK . *

Fig. 7. Amino acid sequence alignment of PLS-J5 and PjP5-1. Underlining
indicates sequence confirmation by Edman degradation. Differentiation of
Leu/lle residues in PjP5-1 was based upon similarity to PLS-J5. Lower case ‘k’
indicates undifferentiated Lys/GIn residues. ‘J’ indicates undifferentiated Ile/
Leu. Lower case ‘a’ indicates C-terminal amidation. Multiple sequence
alignment generated using ClustalW 2.0.12. Sequence consensus displayed
below aligned sequences. Consensus symbols, namely *’, “" and ‘", means
that the residues in that column are identical in all sequences in the
alignment, that conserved substitutions have been observed, and that semi-
conserved substitutions are observed, respectively.

multidimensional solution NMR spectroscopy evidenced its
a-helical conformation spanning from position 7 till the
carboxyamide terminal, when in membrane-mimetic
environment (Verly et al., 2009). This peptide aligns itself in
parallel to phospholipid membranes, and was suggested to
partition into the bilayer, thus disrupting the membrane
arrangement (Verly et al., 2009).

DRS-J1 till DRS-J4 are similar to DRS-TA6 (former Der-
maseptin-6) from P. tarsius (Prates et al., unpublished
results), to DRS-DI4 (former DD Q1) from P. distincta (Batista,
1999) and to DRS-B3 from P. bicolor (Charpentier et al., 1998)
(Fig. 8A). DRS-TA6, DRS-DI4 and DRS-B3 are active against
the Gram-positive (S. aureus) and Gram-negative (E. coli and
Pseudomonas aeruginosa) bacteria (Prates et al., unpublished
results; Batista, 1999; Charpentier et al., 1998). For DRS-DI4
the moderate activity against Enterococcus faecalis
(MIC = 22.0 uM) has also been reported (Batista, 1999).
Hemolytic effects of DRS-DI4 and DRS-TA6 are only
observed at 36 and 612 uM, respectively (Prates et al.,
unpublished results; Batista, 1999).

DRS-J8 and DRS-]9 are identical to DRS-S7 from P. sau-
vagii (Chen et al., 2003) (Fig. 8B), except by the presence of
an extra C-terminal Ala or Ser residue, respectively, and by
the lack of C-terminal amidation. Those two facts are related
since DRS-J8 and DRS-]9 lack the Gly residue necessary for
the action of the a-amidating enzyme (Kim and Seong,
2001). Fig. 8B also reports other peptides similar to DRS-]8
and DRS-]9, including DRS-DI2 (former Dermadistinctin L,
or DD L) from P. distincta (Batista, 1999), DRS-H1 (Chen et al.,
2006) and DRS-H4 (former DShypo02) (Brand et al., 2006b)
from P. hypochondrialis. As per the biological properties of
the phyllomedusine counterparts of DRS-J8 and DRS-J9, it is
worthy pointing that DRS-DI2 had limited activity against
P. aeruginosa (MIC = 38 uM) and E. faecalis (MIC = 10 uM),
but was highly active against E. coli (MIC = 2.5 uM) and S.
aureus (MIC = 1.3 pM) (Batista, 1999). Similarly to DRS-DI1,
DRS-DI2 possesses anti-Trypanosoma cruzi (Brand et al.,
2002) and anti-fungal activities without toxicity to
mammalian cells (Brand et al., 2002; Leite et al., 2008b).
Also, it has been observed that the liposome lysis caused by
DRS-DI2 was preceded by a liposome-fusion phase longer
than that observed for DRS-DI]1, (Silva et al., 2008).

DRS-J5 and DRS-J6 are similar to DRS-B8 (former DRS
DRG2) from P. bicolor (Vouille et al., 1997) (Fig. 8C), whereas
DRS-J10 is similar to DRS-S11 from P. sauvagii (Lequin et al.,
2006) (Fig. 8D). No biological activity has so far been
reported to both DRS-B8 and to DRS-S11. This fact renders
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A DRS-TA6  ALWKNMLKGIGKLAGQAALGAVKTLVGA-- P. tarsius
DRS-DI4  ALWKNMLKGIGKLAGQAALGAVKTLVGAES P. distincta
DRS-B3 ALWKNMLKGIGKLAGQAALGAVKTLVGAE- P. bicolor
DRS-J4 ALWKDMLSGIGKLAGQAALGAVKTLV----a P. jandaia
DRS-J3 ALWKNMLSGIGKLAGQAALGAVKTLV--—-a P. jandaia
DRS-J1 GLWKNMLSGIGKLAGQAALGAVKTLV--—-a P. jandaia
DRS-J2 GLWKNMLSGIGKLAGEAALGAVKTLV--—-a P. jandaia

Kk g kk  hkkkdkkdk s kkkkkkkkhok

B DRS-H4 GLWKSLLKNVGVAAGKAALNAVTDMVNQ- P. hypochondrialis
DRS-H1 GLWKSLLKNVGVAAGKAALNAVTDMVNQa P. hypochondrialis
DRS-J9 GLWKSLLKNVGKAAGKAALNAVTDMVNQS P. jandaia
DRS-J8 GLWKSLLKNVGKAAGKAALNAVTDMVNQA P. jandaia
DRS-S7 GLWKSLLKNVGKAAGKAALNAVTDMVNQa P. sauvagii
DRS-DI2  ALWKTLLKNVGKAAGKAALNAVTDMVNQa P. distincta

JEEhk e kkkkkk khkkkhkkhkkhkkkhkhkkhkhkkk

C DRS-J5 GLWSKIKEAGKAAVKAAGKAALGAVANSVa P. jandaia
DRS-J6 GLWSKIKEAGKAAVKAAGKAALGAVADSVa P. jandaia
DRS-B8 GLWSKIKEAGKAALTAAGKAALGAVSDAVa P. bicolor

Tkkkkhkkhhkhhkkhks hhkkhhhkhkhkdksssk

D DRS-J10  ALWKSLLKGAGQLVGGVVQHFMGSQGQPES P. jandaia
DRS-S11  ALWKTLLKGAGKVFGHVAKQFLGSQGQPES P. sauvagii

dkdkkskkkkhhkge k k_sskghkhkkkkkokk

E DRT-J1 SLGGFLKGVGKALAGVGKVVADQFGNLLQAGQA P. jandaia
DRT-J2 SLGGFLKGVGKALAGVGKMVADQFGNLLQAGQA P. jandaia
DRT-J3 SLGGFLKGVGKVLAGVGKVVADQFGNLLEAGQA P. jandaia
DRT-TA1l  SLRGFLKGVGTALAGVGKVVADQFDKLLQAGQ-a P. tarsius
DRT-B1 SLGSFLKGVGTTLASVGKVVSDQFGKLLOAGQG P. bicolor
DRT-A1 SLGSFMKGVGKGLATVGKIVADQFGKLLEAGQG P. azurea
DRT-S1 SLGSFMKGVGKGLATVGKIVADQFGKLLEAGKG P. sauvagii

ok kakkkk  kk kkkgpkgkkk skkgkkg

Fig. 8. Amino acid sequence alignment of dermaseptins and dermatoxins from P. jandaia with previously sequenced phyllomedusine peptides. (A) Alignment of
DRS-J1 (P86635), DRS-J2 (P86636), DRS-J3 (P86637) and DRS-J4 (P86638) with DRS-TA6 (P84926 - original name: Dermaseptin-6), DRS-DI4 (P83641 - original
name: DD Q1), DRS-B3 (P81485). (B) Alignment of DRS-J8 (P86640) and DRS-]9 (P86641) with DRS-H4 (P84597 - original name: DShypo02), DRS-H1 (CAJ76139),
DRS-S7 (Q7T3K8) and DRS-DI2 (P83639 - original name: Dermadistinctin L). (C) Alignment of DRS-]5 (P86683) and DRS-J6 (P86684) with DRS-B8 (Q90ZK5 -
original name: DRS DRG2). (D) Alignment of DRS-J10 (P86642) with DRS-S11 (CAI99866). (E) Alignment of DRT-J1 (P86621), DRT-J2 (P86622) and DRT-J3
(P86623) with DRT-TA1 (P84928 - original name: Dermaseptin-8), DRT-B1 (Q9PT75 - original name: Dermatoxin), DRT-A1 (093221 - original name: DRP-AA-1-1),
DRT-S1 (CAI26288 - original name: Dermatoxin S). Molecules with which P. jandaia peptides are aligned consist in the ‘best hits’ obtained by means of similarity
search using BLASTP 2.2.23+ and the Swiss-Prot database. Underlining indicates sequence confirmation by Edman degradation. Differentiation of Leu/Ile residues
in DRS-J1, DRS-J2, DRS-J3, DRS-J4, DRS-J5, DRS-J6, DRS-J10, DRT-J1, DRT-J2 and DRT-J3 was based upon similarity with previously known phyllomedusine
sequences as depicted above. Lower case ‘a’ indicates C-terminal amidation. Multiple sequence alignment generated using ClustalW 2.0.12. Sequence consensus
displayed below aligned sequences. Consensus symbols, namely ', ‘" and ‘., means that the residues in that column are identical in all sequences in the
alignment, that conserved substitutions have been observed, and that semi-conserved substitutions are observed, respectively. Peptide nomenclature as per
Amiche et al., 2008.

DRS-J5, DRS-J6 and DRS-S11 and their phyllomedusine
counterparts attractive investigation subjects.

As previously mentioned, three novel dermatoxin vari-
ants were sequenced in P. jandaia (Table 7 and Fig. 8E).
Dermatoxins have been previously found in P. bicolor
(Amiche et al., 2000), P. sauvagii (Chen et al., 2005), P. tar-
sius (Prates et al., unpublished results), Agalychnis danicolor
and Agalychnis annae (Wechselberger, 1998). It has been
reported that DRT-TA1 (originally named as Dermaseptin-
8) from P. tarsius, is active against the Gram-positive, and
Gram-negative bacteria besides displaying hemolytic

activity (Prates et al, unpublished results). DRT-B1
(formerly known as dermatoxin) was found to be particu-
larly active against mollicutes and Gram-positive bacteria,
although having lower activity upon Gram-negative
bacteria (Amiche et al, 2000). The bacterial plasma
membrane is thought to be the primary target of DRT-B1
due to the membrane depolarization observed upon the
application of this peptide, being its cell killing mecha-
nisms likely involved with the alteration of membrane
permeability rather than membrane solubilization (Amiche
et al.,, 2000).
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3.3. Evolution of biochemical characters in Phyllomedusinae

A recent study has proposed a well-supported phylo-
genetic hypothesis for phyllomedusines, based on
sequence data from up to 10 mitochondrial and nuclear loci
and three intervening transfer RNAs for 45 species of that
group. Phrynomedusa was found to be sister to a group
comprising all remaining genera, within which Cruziohyla
is the sister to all remaining genera (Phasmahyla, Phyllo-
medusa and a clade containing the paraphyletic Hylomantis
with Pachymedusa plus Agalychnis). The clade composed of
Hylomantis, Pachymedusa and Agalychnis is sister to the
clade containing Phasmahyla and Phyllomedusa, within
which Phasmahyla is sister to Phyllomedusa. The monophyly
of Phasmahyla and of Phyllomedusinae itself is supported
(Faivovich et al., 2010).

Considering those results and the distribution of skin
bioactive peptides families in Phyllomedusinae, isolated
from 17 species within Agalychnis (5 species), Phyllomedusa
(11 species) and Cruziohyla calcarifer, general predictions
regarding their occurrence in yet unprospected species
could be made (Faivovich et al., 2010). In that sense, the
presence deltorphins, dermorphins, dermaseptins, derma-
toxins, phyllokinins, PLSs, plasticins, tryptophyllins and the
peptide sauvagine (hyposin-related - see Table 4) was
expected across the clade containing Agalychnis, Phyllo-
medusa and Phasmahyla (Faivovich et al., 2010). Corrobo-
rating with that hypothesis, apart from plasticins, all
peptide families cited above were detected in P. jandaia.
Phylloxins, expected to be minimally present in the species
of the clade contaning P. camba, P. boliviana and the P.
burmeisteri and P. tarsius groups (Faivovich et al., 2010),
were not detected in P. jandaia, further suggesting that this
family may constitute a synapomorphy of that clade. The
forecasted presence of caeruleins in Phasmahyla (Faivovich
et al,, 2010) was also confirmed upon the verification of
[Arg]*-phyllocaerulein. The presence of Phyllolitorins,
whose distribution was deemed as ‘ambiguous’ (Faivovich
et al., 2010) was not detected. Moreover, taking into
account that Phypo Xa has been verified in P. hypochon-
drialis (Conceicdo et al., 2007) and P. jandaia, one can make
the prediction that canonical BPPs (i.e. Pyr-Aaa,-Gln-Ile-
Pro-Pro) are to be minimally encountered across the clade
containing Phasmahyla and Phyllomedusa. Corroborating
with that supposition, according to Silva et al. (unpublished
results), the ion 1215 [M + H]", corresponding to Phypo Xa,
has been detected in P. oreades, P. tomopterna, P. rohdei,
P. tarsius, P. centralis, P. distincta, P. bicolor, P. burmeisteri, and
P. ayeaye. Similarly, considering that tyrosine-rich peptides
have been detected in P. azurea (Thompson et al., 2007b),
P. sauvagii (Erspamer et al., 1986), and P. jandaia, the
occurrence of tyrosine-rich peptides is minimally expected
across the clade containing Phasmahyla and Phyllomedusa.

It is currently understood that the genes encoding the
peptides of the dermaseptin superfamily were originated
from a common ancestral locus that has undergone several
rounds of duplication and subsequent loci divergence
events (Nicolas and El Amri, 2009). Moreover, most dupli-
cation events occurred before the radiations of South
American hylids (Nicolas and El Amri, 2009). By analyzing
Fig. 8, it is possible to notice that a number of sub-families

within the stricto sensu dermaseptins occur, and to
hypothesize that duplication events giving rise to such sub-
families took place prior to, at least, the radiation of the clade
including Phasmahyla and Phyllomedusa. Hence, efforts of
systematic sequencing of stricto sensu dermaseptin peptides
may assist the identification of their sub-families, the
determination of the timing of the duplication events, and of
which Phyllomedusinae clade a given sub-family of stricto
sensu dermaseptin is a synapomorphy.

4. Conclusions

This study reports the sequencing/identification of 57
peptides from the skin secretion of P. jandaia, including
phylloseptins, dermaseptins stricto sensu, dermatoxins,
hyposins, tryptophyllins, caerulein-related, bradykinin-
related, bradykinin potentiating, tyrosine-rich, and opioid
peptides, in addition to five peptide families without
significant similarity to other known molecules. The fact
that 57 out of the 203 molecules detected were identified
signalizes that other natural variants or even new molec-
ular families still await discovery. Such natural peptidic
repertoire may assist upcoming investigations pertaining
to the relationships of molecular structure and function
aiming at the development of therapeutical or other
biotechnological application of phyllomedusine peptides.
Besides, the present study contributes to the understanding
of the evolution of biochemical characters of the phyllo-
medusines, since the molecular diversity in the skin of the
genus Phasmahyla was hereby assessed for the first time.
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