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Abstract: SeaanemongCnidaria,Anthozoa)venomis an importantsourceof bioactive
compoundsisedastools to studythe pharmacologyandstructurefunction of voltagegated
K* channelgKy). Theseneurdoxins canbe dividedinto four differenttypes,accordingto
their structureandmodeof action.In this work, for thefirst time, two toxinswerepurified
from the venom of Bunodosomacaissarumpopulationfrom Saint Peterand Saint Paul
Archipelagq Brazil. Sequencealignmentand phylogeretic analysisrevealsthat BcsTx1
andBcsTx2arethe newestmembes of the seaanemonéype 1 potassiunchanneltoxins.
Ther functional characterizatiorwas performedby meansof a wide electrophysiological
screeningon 12 different subtypesof Ky channels(Ky1.1i Ky1.6; Ky2.1; Ky3.1; Ky4.2;
Kv4.3; hERG and ShakerIR). BcsTx1 showsa high affinity for rKvl.2 over rKvl.6,
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hKv1.3, ShakerIR and rKvl.1, while Bcstx2 potently blocked rKv1.6 over hKv1.3,
rkv1.1, ShakerIR andrKv1.2. Furthermore we also report for the first time a venom
composition and biological activity comparison between two geographically distant
populationsof seaanemones

Keywords: seaanemong Bunodosomaaissarum neurotoxins;voltagegatedpotassium
channels;two-electrode voltageclamp; Xenopuslaevis intraspecific venom variation
SaintPeterandSaintPaulArchipelago

1. Introduction

As the most ancient venomousanimals on Earth, cnidarians (classe Anthozoa, Scyphozoa,
Cubozoaand Hydrozoa) have evolved a large amountof poreforming toxins, phospholipase#\,,
proteasenhibitors, neurotoxinsandtoxic secondarynetabolited1i 6]. The biological and ecological
roles of thesetoxins presentin cnidariansvenom are (1) immobilization and death of the prey,
(2) defenseagainstpredatorsand (3) intra- and inter-specific competition [71 11]. Seaanemones
(Anthozoa,Actiniaria) are a well-known pharmacologicakourceof a large numberof neurotoxins
acting upon a diversepanelof ion channels such asvoltagegatedsodiumand potassiumchannels.
Toxinsthattargetsodiumchannelsarethe beststudiedgroup with morethan100describedoxins[12];
however no morethan20 potassiunthannekoxinshavebeencharacterizedl13].

Despitethe smallnumberof neurotoxinghathavebeencharacterizedip to date potassiunchannel
toxins are valuabletools for the investigationof the physiology, pharmacology biochemistryand
structurefunction of K* channelsthe largestand mostdiversefamily of ion channelsAmongthe K*
channelfamily, 15 subfamiliescan be subdivided accordingto their structureand function [14]. Of
thesedifferent subfamilies,the voltagegated potassiumchannel(Ky) subfamily representone of
them and has an essentialrole in repolarizing the membraneafter the initiation of an action
potential [15]. They are also involved in physiologicalprocesss such asegulationof heartrate,
neuronalexcitability, musclecontraction,neurotransmitterelease,nsulin secretion,C&* signaling,
cellularproliferationandmigrationandcell volumeregulation[16,17].

SeaanemoneKy channeltoxins canbe divided into four structuralclassesaccordingto structural
differencesand activity profile. Type 1 toxins inhibit Shakefrelated Ky channelcurrentsby a
fifunctional dyad directly interactingwith the channelpore. Thesetoxins were purified from the
venom of sea anemonesbelonging to the Actiniidag Hormathiidae Thalassianthidaeand
Stichodactylidadamilies [13] andwere exclusivelycharacterizesbn mammalianK,, channes, using
T-lymphocytenative currents competitivebinding experimentsgainst:?1-dendrotoxinanddifferent
transfectioncell expressiorsystemq18,19]. Therefore the biological meaningfor the expressiorof
theseneurotoxingresenin seaanemonezenomstill remainsunknown.

The seaanemoneBunodosomaaissarum(Correa 1964)[20] is an endemicBrazilian speciesand
can be found along the entire coastlineand someoceanicislands[20,21]. SaintPeterand SaintPaul
Archipelago(Saint Peter and Saint Paul Archipelago (SPSRAY55NW29°20)js denselypopulated
by this specieswhich is mostly found attachedo the lower mid-littoral, as well agnfra-littoral [22].
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In this study, we report for the first time the characterizatiorof the fineurotoxicfractiond from the
venomof B. caissarunSPSPApopulation andunderthe sameexperimentatonditions,we comparat
to the populationfoundin the stateof S@& Paulolittoral (southeastoastof Brazil;, S2356NW45°201)j
(Figure 1). Furthermore we presentthe purification, biochemicalanalyss and electrophysiological
characterizatiof two new type 1 seaanemoneoxins, as well agheir relationshipwith otherknown
toxinsbasedn sequencestructuralandevolutionaryanaly®s.

Figure 1. Map showingthe geographidocalizationof the collectionsitesof B. caissarum
populationsused in this study The red circle indicates Saint Peter and Saint Paul
Archipelago(SPSPA)location at the North Atlantic Ocean(NO°55NW29°20)j The Red
Crossindicates the southeastoastof Brazil (S Sebasti®beacld S2356NW45°20);
morethan4000km distantfrom the SPSPA.
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2. Resultsand Discussion
2.1.VenomPurification and BiochemicalCharacterizationof BcsTx1land BcsTx2

Seaanemonerenomextractionby electricstimulusprovidesa massivereleaseof proteins,peptides
and low molecularweight compoundsfrom the nematocystd23i 25]. When this toxic mixture is
appliedto a SephadexG-50 gekiltration column,the peptidecontentof the venomis separatedrom
enzymes such asphospholipasesnd cytolysin [26i 28]. Gel filtration of B. caissarumvenom on
SephadexG-50 yielded five fractionsnamedFraction| to V (Frli FrV) (Figure 2A), as previously
describd for the venomof B. cangicum[26] andB. caissarunmpopulationfrom the southeastersoast
of Brazil [29]. Geliltration Fractionlll (Frlll) from B. caissarumSPSPApopulationhadthe highest
neurotoxicitywhentestedon swimmingcrabs(Callinectesdanag (datanot shown) andit wasfurther
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purified by reversephasehigh performancediquid chromatographyrp-HPLC) (Figure 2B). Elution

peaks|abeledas1 and2 (Figure2B), wereableto fully block theinsectchannelShakerlR and thus

were subjectedto a second purification step leading to the pure toxins BcsTx1 and BcsTx2
(Figure 2CD). Matrix-Assisted Laser Desorption/lonizatidime Of Flight (MALDI-TOF)

measurement®f BcsTx1 and 2 generatedan m/z data of 4151.91 and 3914521, respectively
(Figure 2E,F). Theseexperimentaimassesorrespondwvell with the theoreticalmolecularmassesf

4151.93Daof BcsTx1and391480 Dafor BcsTx2.

Figure 2. Isolation,purificationandcharacterizationf B. caissarumvenom.(A) Gekiltration

chromatographwf B. caissarumvenom.Approximately3.0 g of venomwasinjectedinto a

SephadexG-50 column and the fractions were eluted with 0.1 M ammoniumacetate
buffer (pH 7.0). Fractions| to V were collected during UV (280 nm) monitoring

(B) Reversephase high performance liquid chromatographyHRLC) chromatogranof

Fractionlll resultingfrom gekHfiltration. The peptides fronfraction €r) Il wereelutedas
describedunderthe ExperimentalSection Peakslabeled(1 and 2) were subjected to a

secondC18rp-HPLC chromatography(C) Peakl (BcsTx1)waspurified on an analytical
C18 column using an isocratic condition of 13% of acetonitrile containing 0.1%
trifluoroacetic aciq TFA). (D) Purificationof peak2 (BcsTx2)usinganisocraticcondition
of 16% of acetonitrilecontaining0.1% TFA. (E) Massmeasuremenof purified BcsTx1
determined by Matrix-Assisted Laser Desorption/lonizatidime Of Flight
(MALDI -TOF), indicating a m/z of 2075955 (z = 2) and 4151.91 (z = 1). (F) Mass
spectrometryrofile of purified BcsTx2(m/z3914.521).
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Interestingly,the venomof B. caissarumpopulationfrom the Southeastercoastof Brazil shows
hemolytic activity and one actinoporin named Bcs I, had been purified and biochemically
characterized[30,31]. However neither the whole venom, nor the fraction Il (Frll) of SPSPA
population(Figure2A), showed cytolytic activity whentestedon erythrocytegdatanot shown).Up to
date,cytolysin hasbeenfoundin all classesf cnidariansandmore than 32 speciesof seaanemones
have beenreportedto producelethal cytolytic peptides[28,32]. Also, it has beenshown that one
speciesof seaanemong(e.g, Actinia equing can producemore than one isoform, while othersare
devoid of any cytolytic activity (e.g, Anemoniaviridis) [28,33]. Also, the incidenceof cytolytic
activity in corals(AnthozoaandHydrozog is high, resemblinghe seaanemoneswherecytolysinsare
widespread[32]. Gunthorpe and colleaguescomparedthe bioactivity of agueousextracts of
scleractiniarcorals(Cnidaria,Anthozoa,Hexacorallia)from differentfamilies and concludedhat the
occurrenceof cytolytic activity do not differ significantly among the generaand the species
considered except for the extracts of colonies of Goniastrea australensis where intraspecific
differencesverefound[34].

The rp-HPLC profile of fraction lll (Frlll) of the SPSPAB. caissarumpopulationyielded a very
similar profile to that from the Southeastermcoastof Brazil [35], suggestingthat both populations
releasesa similar pattern of neurotoxic peptides (Figure 3). Until now, only two toxins from
B. caissarumvenom have beeninvestigated:(i) Bclll that belongsto type 1 neurotoxinsand bind
at site 3 of the voltagegated sodium channel(Nay), delayingthe inactivation process[29], and
(i) BclV, which doesnot haveits exacttargetdeterminedyet. However,experimentaisingcrableg
sensorynervesuggesta Nay-activity [35]. A superimpositiorof bothrpi HPLC profiles of fineurotoxic
fraction® from B. caissarunpopulationsallows usto point out the following: (1) SPSPAseaanemone
populationhas a Bclll-like toxin and (2), at the sameretentiontime of BclV, no elution peakis
observedon the chromatographigrofile of the SPSPApopulation To our knowledge,sucha degree
of intraspecificvariationin the peptidecompositionof seaanemona/enomis novel

Moran and colleagueq36,37] analyzedthe evolution of a voltagegatedNa" channelneurotoxin
gene family from three genetically and geographicallydistinct populationsof the seaanemone
Nematostellavectensigd 38,39 and from single specimenf Actinia equinaand Anemoniaviridis.
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Genomicdataindicatedmuch higher similarity amongtoxin geneswithin eachspecieshanto toxin

genesof otherspeciessuggestingthat relatedneurotoxingenesfamily in seaanemonesre subjected
to a concertedevolution [40]. The authorsalso demonstratedhat evolution driven by positive
Darwinian selectionwould haveoccured asobservedoy the numeroussubstitutionsn the putative
neurotoxingenedrom A. equinaandA. viridis.

Figure 3. Comparisorof thefi n e ur & t a g (Frtllp from two populationsof the sea
anemoneB. caissarum southeasterrcoast of Brazil and Saint Peter and Saint Paul

Archipelago The black continuousline representshe rp-HPLC profile of Frlll from the

Southeasterncoast population. Labeled peaks were the previously characterized
neurotoxinsBclll [29] andBclV [35]. Reddottedline is the Frill chromatographiprofile

of the SPSPA population. fiNeurotoxic fraction® were submitted to rp-HPLC

chromatographysing a semipreparativeCAPCELL PAK C-18 column (1 x 25 cm,

ShiseidoCorp.) andtheir componentsvereelutedwith alineargradientfrom 10% to 60%

of acetonitrilecontaining0.1%TFA, asdescribedn the ExperimentalSection.
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Intraspecific diversity in the venom composition of various animal species,such ascone
snails[41,42], beeq43], ants[44,45], spiderd46,47], scorpiond4849 andsnakeg50,51], havebeen
repored using biochemical, pharmacological, proteomic andbr transcriptomic approaches.
AbdelRahmanand colleagues[52] used a combinationof proteomic and biochemical assaysto
examinevariationsin the venom compositionof the vermivorousConusvexillum taken from two
distinct geographicallocations and concluded that the venom is highly diversified. Moreover,
intraspecific variation in the peptides present in the venom from two species -bufishg cone
snails C. striatusand C. catu$ hasbeenreported However the venomcompositionsof individual
snails of both speciesremainedquite constantover time in captivity [42]. In contrast,proteomic
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analyze of the venomof severalkpecimen®f a piscivorousconesnail (C. consor$ revealeddramatic
variations over time, which could be relatedto dynamicsof peptide productionby the secretory
epitheliumin thevenomgland[53].

Similarly to conesnails,venom variability in specimens dfityus serrulatusscorpion, collected
within the same geographical arbasbeenshown. Specimenshowedvenomconstituentvariations,
which were related to extraction events and to dynamics in gland production and peptide
maturation [54,55]. Furthermore,investigation of intraspecific venom variation of four different
populations of Scorpio maurus palmatus from geographicallydistant locations revealed highly
significant differencesamongall populationsandwithin eachpopulationstudied This may be dueto
geographicdifferential distribution of prey species as well astheir relative abundancein the
environment[49,56]. Also, it has been demonstratedhat ontogeneticvariation of viperid snake
(ChordataReptilia, Viperidae)venomscould be relatedto differencesbetweenthe feedinghabitsof
juvenileandadultsnales suggestinghatvariationin venomcompositionmayreflectnaturalselection
for greaterefficiency in killing and digestingdifferent prey types within the samelocation or in
differentlocatiors [57i 59].

Thus the relationshipbetweengeographiaistanceand patternsof venomcompositionimplicates
spatialscaleandlocalizedecdogical and geneticfactors such agyender.elapsedime after capture,
dynamicexpressiorof the gland and peptidematuration,geneticvariation, environmentaktonditions
seasonalityandgeographicalocations.In the currentwork, thesefactorswerenot standardizedexcept
for venomcollectionandseaanemonesize,presuminga similar ageof specimen®f eachpopulatior),
and additional studieswill be necessaryn orderto assessnore preciselythesevariationsin venom
compositionandto enhanceur understandingf theforcesdriving seaanemonezenomevolution.

2.2.AminoAcid SequenceandPhylogeneticAnalysis

The native and nonreducedtoxins were directly sequencedy automatedEdman degadation
which gave unequivocalamino acid sequencesCysteineswere assumeds blank cycles.Sequences
similarity indicatedthat BcsTx1 and-2 arenew memberof the type 1 seaanemoneoxins, actingon
voltagegated potassium channels (Ky), which also include the peptides BgK (Bunodosoma
granuliferg) [60], ShK (Stichodactylahelianthu3 [61], HmK (Heteractis magnificg [62], ASKS
(Anemoniaviridis) [63], AeK (Actinia equing [64], AETXK (A. erythraeg [65], @ 1-SKBTX-Shala
(S. haddon), a 1-TLI¥X-Cala (Cryptodendrumadhaesivuryy a 1-TLIX-Hhla (Heterodactyla
hemprich), a 1-SBBTX-Sgla (S. giganteg, o 1-SKBTX-Smla (S. mertensi), 8 1-TL3IX-Tala
(Thalassianthusastep [13], FC850067 (Metridium senilg, FK724096, FK755121 and FK747792
(Anemoniaviridis) [66] (Figure4A). The sequencerportedasFC850067FK724096,FK755121and
FK747792are the ExpressedSequencelags (ESTs)accessiomumbersof deducedmaturepeptide
sequencefom translatechucleotidef theabovementionedspecies.
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Figure 4. Phylogeneticanalysisand sequence alignmenfA) Amino acid sequenceof

BcsTxlamd BesTx2andmultiple sequencalignmentwith the othermembersof type 1 sea
anemoneoxins. Alignment was basedon the cysteineresidues Disulfide bridge pattern
areindicated.Amino acid identities(black boxes)andsimilarities (grey boxes)areshown.
(B) The phylogenetictree of type 1 seaanemoneKy-toxins was constructedwith the
Neighborjoining algorithm of MEGA 4.0. The consensustree shown supportsthe
suggestedlivision of seaanemoneype 1 into two differentsultypes.The scalebar shows
amino acid substitution rates. Only the mature region of the sequencegeported as
FC850067FK724096,FK755121andFK747792wereusedin theanalysis.
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Membersof the type 1 have 35/ 38 amino acid residuesand threedisulfide bridgesare pairedas
C1i C6,C2 C4 andC3i C5, by similarity. Toxins aremoderatelyconservedall sharing3 9 . 5 %1 1 0 0 %
sequencesimilarity and thus can be further divided into subtypela, which hasfour amino acids
betweenthe secondand third Cys residuesfrom the N-terminus and subtypelb, with eight amino
acids[13,65]. BcsTx1 and-2, togethemwith toxins BgK (from B. granulifera), AsKs (Anemoniaviridis),
AeK (Actina equing and the four sequence®f the mature portions of the putative toxins (from
A. viridis andMetridium senilg, aremembersof subtypelb toxins (Figure4B). Subtypelais composed
by nine toxins (HmK, AETX-K, ShK, s 1-SBTX-Shala,s 1-TL3IX-Cala, a 1-TLIX-Hhla,
9 1-SKBTX-Sglae 1-SKBTX-Smlaanda 1-TLIX-Tala)thatsharemorethan80% sequencédentity
with oneanother(Figure4B). Type 1 toxins block potassiuncurrentsof Shakerand Shawsubfamilies
of Ky channelsand also block the intermediateconductancealciumactivatedk™ channelsandthey
candiffer markedlyin potencyor selectivity[1]. Moreover,all peptidegpossess conservedunctional
corecomposedf akey basicresidue(lysine) associateavith a6.6+ 1 A distantkey aromaticresidue
(tyrosing [67]. The side chainof the lysineresidueentersthe ion channelporeandis surroundedby
four asparagineesiduesof the selectivefilter of the channel.The key aromaticresiduewill interact
through both electrostaticforces and hydrogenbonding with a cluster of aromaticresiduesin the
P-loopregion[68,69].

Interestingly type 1 seaanemondoxins could be classifiedasbelongingto the six-cysteing(SXC)
proteindomain,whosefirst memberswvereidentified in surfacecoatcomponent®f the dog ascaridid
Toxocaracanis (Nematoda,Secernenteaand, later, also have beenidentified in many additional
nematodeq70,71]. This domainis composedof short (36 to 42 amino acids) peptides,with six
conservedysteinesthatcanbe foundin manyparasiticnematodessuch asAscarissuumandNecator
americanug72]. The physiologicalrole of thesepeptideshasnot beenestablishedyet, however it is
believedthatthey might interferewith the local andsystemicimmunesystemandwith gut musclesof
thehost[73]. As alreadymentionedseaanemoneype 1 toxins possess conservediunctionaldyad
motif, which is not universallypresenin nematodegFigure5). However,if we observethe basicand
aromaticresidues(lysine and phenylalaning of the putative protein from Ascaris suum we might
suggest possibleKy channelblockeractivity. Thus,consideringhat throughoutevolution, proteins
found in venomsare the result of toxin recruitmenteventsin which a protein geneinvolved in a
regulatoryprocesss duplicatedandthe newgeneis selectivelyexpresseah thevenomapparatu$74],
we maysupposehatthe existenceof the SXC domainin differentphylareflecttheircommonancestry.
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Figure 5. Alignment. Amino acid sequenceof BcsTxlandBcsTx2werealignedwith part
of the matureportion of the putativeproteinsfrom Ascarissuum(NematodaSecernentea)
(GenBank # BM281249, Necator americanus (Nematoda, Rhabditea) (GenBank
# BG734468and GE626467)and Nippostrongylusbrasiliensis(Nematoda,Secernentea)
(GenBank# BQ529521)after conductinga BLAST homology searchof the Expressed
Sequencé ags(ESTs)on databases

%ID Specie

BcsTx1l KHVISKGES®KNS————Q YRI———-—- 100 B. caissarum
BcsTx2 QHAML VEN®KNS————Q" YRA————— 71.1 B. caissarum
BQ529521 LRHNSVER®TGDNGDWT S MEMN——~ - 349 N brasiliensis
BM281246 SVEIMY SEN@®NKG-—--NL  FH-———-———— C 421 Ascaris suum
BG734468 ENIINRKHD@MKGP——-MEM (AQ-———-M (@ 37.5 Necator americanus
GE626467 EQMINKNEN®DDPR—-MST I AE-——-1 [@PILENSEK 39.0 N. americanus
HE784306 OFWSTMeO®DEN-—--—-PGFMRV———- 41.0  Prymmesium parvun

2.3 BcsTxlandBcesTx PharmacologicalProfiles

Sequencealignmentandphylogenetianalysis(Figure4A ,B) indicatedthatBcsTx1 and-2 arenew
membes of thetype 1 (subtypelb) toxins from seaanemoneshatareknownto be potentinhibitors of
Ky channels.The pharmacologicaprofile of BcsTx1 and -2 were determinedon a wide range of
twelve Ky channelqrKy1.1,rKy1.2,hKy1.3,rKy1.4,rKy1.5,rKy1.6,rKy2.1,rKy3.1,rKy4.2,rKy4.3,
hERG andthe insectchannelShakerIR; r: rat and h: human).Channelswere expressedn X. laevis
oocytes and their currentswere recordedby using two-electrodevoltageclamp technique.BcsTx1
(0.5 M) inhibited rKkv1.1, rKv1.2, rKv1.3, rKv1.6 and ShakerIR channelswith 44% + 2%, 100%,
100%, 88% + 3% and 64% * 4%, respectively(Figure 6). BcsTx2 (3 pM) showedan effect on
potassiumcurrentsinhibiting 96% + 2.1%, 100%, 100%, 98% + 1.75% and 94% * 2% of rKy1.1,
rkyvl.2,hKy1.3,rKy1.6 and ShakerlR, respectively(Figure 7). Type 1 toxins, such aB8gK andShkK,
have beenextensivelycharacterizedBgK was found to block Ky1.1-3 and Ky1.6 channelswith
potenciesn the nanomolarange[60]. ShK wasoriginally foundto block Ky 1.3 channeld69,75], but
alsoblocksKy1.1-4 andK,1.6 [61,76]; and morerecently it hasbeenfound that ShK showsactivity
againstkKy3.2 channeld 77]. Both BgK and ShK block intermediateconductanc& (Ca) channeld7§].
Someof the othertype 1 toxins were indirectly assayedoy competitiveinhibition of the binding of
129_dendrotoxinsallowing the conclusionthat they will showactivity on Ky1.1, Ky1.2 and/orKy1.6,
sincedendrotoxinonly block the currentof theseKy channelsThe AsKs toxin hasbeencharacterized
as a blocker of Ky1.2 currentexpressedn Xenopusoocytes and no biological activity has been
reportedto FC850067FK724096,FK755121andFK747792[13,62 65]. Thus it is worth mentioning
that our work representghe first electrophysiologicatharacterizatiorof type 1 seaanemoneoxin
activity on clonedShakerR insectchannel.
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Figure 6. Electrophysiologicakcreeningof BcsTx1 (0.5 pM) on severalcloned voltagé gated potassiumchannelisoforms belongingto
different subfamilies Representativéracesundercontrol and after applicationof 0.5 M of BcsTxlareshown.The* indicatessteadystate

currenttracesafter toxin application.The dottedline indicatesthe zeracurrentlevel. This screeningshowsthat BcsTx1 selectivelyblocks
Kyv1l.x channelsaataconcentratiorof 0.5 V.
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Figure 7. Inhibitory effects of BcsTx2 (3 M) on 12 voltagegated potassiumchannelsisoforms expressedin X. laevis oocytes.
Representativevhole-cell currenttracesin the absenceandin the presenceof 3 M BcsTx2 are shownfor eachchannel.The dottedline
indicatesthe zeracurrentlevel. The * indicatessteadystatecurrenttracesafter applicationof 3 pM BcsTx2.This screeningcarriedout on a
largenumberof Ky, channeisoformsbelongingto differentsubfamiliesshowsthatBcsTx2selectivelyblocksShakerchannelsubfamily
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In order to characterizethe potencyand selectivity profile, concentratiorresponsecurveswere
constructedor BcsTx1.ICsp valuesyielded405+ 20.56 nanomolar(nM) for rKv1.1,0.03 £ 0.006 nM
for rkvl.2, 74.11 + 20.24 nM for hKv1.3, 1.31 + 0.20 nM for rKv1.6 and 247.69 + 9597 nM for
ShakernR (Figure8A andTablel). A concentratiorresponse&urvewasalsoconstructedo determine
the concentrationat which BcsTx2 blocked half of the channels.The ICs, values calculatedare
1442+ 2.61nM for rKy1.1,80.40 = 1.44nM for rKy1.2,13.12 + 3.29nM for hKy1.3,7.76 + 1.90 nM
for rKy1.6 and49.14 + 3.44 nM for ShakerlR (Figure8B andTable1). Similar to BgK, the BcsTx1
and-2 potenciesare within the nanomolarangeand are more potentwhen comparedo type 2 sea
anemonetoxins, such askalicludines (AsKC1-3), which blocks Ky1.2 channelswith 1Csy values
aroundl M [63]. In general,previouswork hasshownthat type 1 seaanemonetoxins are more
potentthantype 2, andit hasbeenproposedn the literaturethat toxins with a fifunctionaldyad are
more potent, becauseit provides a secondaryanchoring point, contribuing to a higher toxin
affinity [68,79]. However APEKTX1, a type 2 toxin from A. elegantssima is a selectiveblocker of
Kyv1.1,with anlCsg valueof 1 nM, andthe existenceof a fifunctionaldyad hasnot beenshown[80].
Moreover, the electrophysiologicalcharacterizationof the scorpion toxins Pil and Tc32 (from
Pandinusimperator and Tityus cambridgej respectively),which are known to potently inhibit Ky1
channels,suggestedhat other amino acids, rather than those of the fifunctional dyad, are also
involved in both potencyand selectivity of the Ky, channelisoforms[81,82]. Although it is worth
notingthatthe fifunctionaldyad of U-KTx family of scorpiontoxinsis very importantfor high affinity
block andselectivity[83]. For instancetoxin Pi2 ( dTx7.1), from the venomof P. imperator, hasa
fifunctional dyad formed by Lys27 and Trp8 andis ableto block Ky1.2 currentwith an ICs, value
(0.032 nM) comparableto BcsTx1 [84]. Also, MgTX ( 4Tx2.2) toxin, from Centruroides
margaritatus binds with very high affinity to Ky1.6 (ICso value of 5 nM), andthe role of the side
chain of the dyad lysine (Lys27) as a critical residue to the binding of the toxin to the ion conduction
pathway of the channelasproposed85].

In orderto elucidatewhetherBcsTx1 and-2 block the currentthrougha physicalobstructionof the
ShakerlR channelporeor actasgatingmodifiers, currentvoltage(l-V) experimentsvere performed.
The currentswere inhibited at the test potentialsfrom i 9 100 mV, and the inhibition was not
associatedvith a changeof the shapeof the I-V relationship.The control curve andthe curvein the
presenceof BcsTx1l (500 nM) were characterizedby a Vi, values of 20.85 + 0.69 mV and
2262 + 0.73 mV, respectivelyMoreover,the control curve andthe curvein the presenceof BcsTx2
(50 nM) werecharacterizedby a V1, valuesof 1849+ 1.49mV and23.88+ 1.57 mV, respectively.
The V4, of activationwasnot significantly shifted (p < 0.05) andthus channelgatingwasnot altered
by BcsTxl andBcesTxX binding (Figure8C,D). Additionally, BcsTx1 and-2 shows a nondependence
of voltagefor the blockageon awide rangefrom 1 10 mV to 50 mV (Figure8E,F); the blockageeffect
wasreversible anda completerecoverywasobservedafterwashout suggestingan extracellularsite of
action(Figure8G,H). To date,type 1 seaanemondoxins havebeendescribedo actsolelythrougha
Ky channeboreblockingmechanisnjl].
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Figure 8. Functionalfeaturesof BcsTxlandBcsTx2on Ky channes. (A, B) Doseresponse
curves of BcsTxlandBcesTx2onrKy1.1,rKy1.2,hKy1.3,rKy1.6 andShakernR channels.
The curves were obtainedby plotting the percentageblocked current as a function of
increasingoxin concentrationsAll dataarepresentedsthe meant standarcerror (n O3).
(C, D) Currentvoltagerelationshipfor ShakerlR isoformin control conditionandin the
presencef BcsTx1(500nM) andBcsTx2(50 nM). Currenttraceswereevokedby 10 mV
depolarizatiorstepsfrom a holding potentialof 1 90 mV. Opencirclesindicatesthe V1, in
control; closedcircles indicate the addition of toxins (E, F) Percentageof currentsleft
after applicationof BcsTx1 (500 nM) and BecsTx2 (50 nM) on ShakerIR channel In a
rangeof testpotentialsfrom 1 10 mV to +50 mV, no differencewasobservedn the degree
of BcsTxX: and BesTx2inducedblockage.(G, H) Representativexperimentof the time
courseof ShakerlR currentinhibition with BcsTx1 (500 nM) andBcsTx2(3000nM) and
the reversibility hereof.Control (opensquare) washout(opencircles). Blockageoccurred
rapidly, and binding was reversibleuponwashout.Plots shownare a representativef at
leastthreeindividual experiments.

BcsTx1 BcsTx2
A _ B

1004 | o Kv12
m Kv16
A Kv13
804 | o Kvi
® Shaker IR

o Kvla
1004 | o kv12
& K13
m Kv16
® Shaker IR

% Blockage
% Blockage

v T T T T ]
10° 10" 10" 10" 10* 10° 10" 10° 10° 0,1 1 10 100 1000 10000
Concentration BesTx1 (nM) Concentration BesTx2 (nM)

O Control
7| _® BesTx2 (50 nM)

O Control
1| ® BesTx1 (500 nM)

0,84

064

0,44

| normalized
| normalized

0,24

0,04

T T T T T T T T T T 1 T T T T T T T T T T 1
-100 -80 -60 -40 20 0 20 40 60 80 100 120 -100 -80 60 -40 -20 0 20 40 60 80 100 120

E Voltage (mV) F Voltage (mV)
100+ 100 4
80 804
60 n - = - w 60 I———r—4'——'—_—k_—‘7—1

% Blockage
% Blockage

40

204 204

40 0 10 20 30 40 50 0 0 10 20 30 40 50
Voltage (mV) Voltage (mV)



Mar. Drugs2013 11 669

Figure 8. Cont.

500 nM BesTx1 H o 3000 nM BesTx2
,0 <ty
1,0 poag JIEcceess ] éggmm
* 4 2 8
f o
o, : A
DD CpC/D =}
0,6 4 ] ‘30

o
0,54
=
o

o &L
o f
0,0 %%o
" T T T T . 00 T T T T T T T )
0 50 100 150 200 250 0 100 200 300 400 500 600 700 800
Time (s) Time (s)

Normalized current
&
%
Current normalized

Table 1.BcsTx1 and BcsTx2 1§ values in nanomolar (nM).

Isoforms BcsTx1 BcsTx2
Kyl.1 405 £20.56 14.42 +2.61
Kyl.2 0.03 +0.006 80.40 £1.44
Ky1.3 74.11 £20.24 13.12 £3.29
Kyvl.6 1.31 +0.20 7.76 £1.90

ShakerIR 247.69 +95.97 49.14 £3.44

2.4.BioinformaticsAnalysis
MolecularModelsof BcsTx1 and-2

Venomousanimals producea wide variety of neurotoxinswith different types of amino acid
sequencessecondarystructuresand disulfide bridge frameworks and none of them is definitively
associateavith a particularanimalspeciesor ion channelselectivity[79]. Type 1 seaanemondoxins
areassociateavith the U Wype of family fold. BgK toxin hasa fihelical crossliked motif in which one
Urhelix is disposederpendiculato the othess [67] (Figure9A) andShK hasa fhelical capping motif
(310U U )since one Uhelix (formed by three amino acid residues)caps the other two helical
structure§86]. Themolecularmodelsof BcsTx1 and-2 (Figure 9B,C) wereconstructedisingBgK as
template andthe quality of the modelswereanalyzedusingPROCHECK[87]. BcsTx1 and-2 share
55.3% and 62% of sequenceadentity with BgK, respectively BcsTx1 and BcsTx2 analyses revealed
that87.1%and90.0% of residuesarelocatedin the mostfavoredregions,12.9%and6.7% arelocated
in additionally allowed regionsand 0% and 3.3% are locatedin generouslyallowed regionsof the
Ramachandrauliagram respectively[88]. The secondarystructureof both toxins consistsof three
U-helical segmentsthefirst U-helix compriseshe aminoacids8i 17, the secondcomprisesheresidues
24i29 andt h e t-hielix codsistsl othe aminoacids31i 34. Despitethe overall moderatedentity
betweenthesethreetoxins, the residuesof the secondand third U-helicesare highly identical. BgK
secondU-helix shares83.3% and 100% of identity to BcsTx1 and -2, respectively and the third is
100%identicalwithin thethreetoxins.
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Figure 9. 3-D model representatiorof BcsTx1 and BcsTX2. Models were constructed
usng BgK toxin as template (Protein Data Bank RDB) code 1BGK). (A) Ribbon
representationof nuclear magnetic resonancBlMR) structure of BgK. Amino acid
sequenceand secondarystructure:U-helix (red) and loops (gray). (B) Stereoscopi@-D
modelof BcsTx1.(C) BecsTx2molecularmodel.

3. Experimental Section
3.1.SeaAnemoneCollection Venomisolationand NeurotoxindPurification

Specimen®f the seaanemondBunodosomaaissarum(3.5 4.0 cm of diameter)were collectedat
the Saint Peter and Saint Paul Archipelago (N0O°55NjW29°20)j Brazil. The sea anemoneswere
maintainedin aquariumfor 24 h, andthenthe venomwas obtainedby electrical stimulation of the
animals accordingto the method of Malpezzi et al. [23]. The venom was fractionatedfirst by
geHiltration chromatographysinga Sephade)G-50 column (1.9 x 131 cm, GE HealthcareUppsala
Swedel), and afterwards the fraction containing the neurotoxic peptides was submitted to
reversephaseHPLC chromatographyn an AKTA Purifier system(GE HealthcareUppsala Sweden
using a semipreparativeCAPCELL PAK C-18 column (1 x 25 cm, ShiseidoCorp, Kyoto, Japah
Elution wasdonein alinear gradientfrom 10% to 60% of acetonitrilecontaining0.1% TFA at a flow
rate of 2.5 mL/min during 40 min, andthe peptideswere monitoredat UV 214 nm. Pure BcsTx1 and
BcsTx2 were obtainedusing an analytical CAPCELL PAK C-18 column (0.46 x 15 cm, Shiseido
Corp, Kyoto, Japah and different gradientsof the solvent describedabove at a flow rate of 1
mL/min. Theproteincontentof the purepeptidesvasestimatedy the bicinchoninic acid assaBCA)
method(Pierce,Rockford IL, USA).

3.2.MassSpectrometryAnalysis

Mass spectrometryanalyse were performed on an Ultraflex II TOF/TOF MALDI (Bruker
Daltonics Bremen, Germaryequippedwith Nd-YAG Smartbeamlaser (MLN 202, LTB) under
reflectronmode.The laserfrequencywas adjustedo 50 Hz. The matrix, U-cyane4-hydroxycinnanic
acid (SigmaAldrich Co. St. Louis, MO,USA), was preparedat a concentrationof 20 mg/mL in
1:1 acetonitrile containing 0.1% TFA solution External calibration was performedusing peptide
calibrationstandard! (BrukerDaltonics Bremen, Germar)ySamplesolution(1 ¢ [ droppedontothe



