


Introduction

Voltage-gatedion channelsareubiquitoussignallingmoleculesthat respondto changesin the
cellmembranepolarisationcausedby ion concentrationgradientsbetweentheintra- and
extracellularenvironment[1]. Theyareparticularlyimportant in theinitiation andpropaga-
tion of electricalsignalsin excitablecells.Dysfunctionof thesetransmembraneproteinscan
leadto arangeof severechannelopathiesincludingepilepsy,cardiacarrhythmiasandvarious
paindisorders.Their centralrole in thesepathologiesmakesthemattractivepharmaceutical
targets[2].

Oneof themostattractivedrugtargetsto emergein recentyearsin theion-channelfield is
theNaV1.7subtypeof voltage-gatedsodiumchannels(NaVs).Mutationsin SCN9A, thegene
encodingNaV1.7,which leadto alossof function,resultin congenitalinsensitivityto pain
(CIP) with anosmiaastheonly othersensorydeficit,whilstgain-of-functionmutationsare
associatedwith extremesensitivityto pain(erythromelalgiaandparoxysmalextremepaindis-
order) [3, 4]. Thus,inhibitors of NaV1.7arepromisinganalgesicleads,andindeed,localanas-
theticssuchaslidocaineareknownto non-selectivelyinhibit NaV channels[2]. Unfortunately,
off-targeteffectsatotherhomologousNaVs(1.1,1.2,1.4,1.5and1.6)arelikely to leadto severe
side-effectsincludingseizures,arrhythmiasandimpairedmotor function [5].

Smalldisulfide-richpeptidesisolatedfrom thevenomof animalsarenaturalmodulatorsof
voltage-gatedion channels.Thelargerfootprint of thesepeptides,comparedto smallmolecule
drugs,is thoughtto provideanincreasedopportunity for developmentof moreselective
ligands[6]. Peptidesarethereforeconsideredagoldilockscompromisebetweensmallmole-
culesandantibodies,with theformerproviding limited selectivityandthelatterbeingassoci-
atedwith highproductioncosts.Thus,therearecurrentlysignificanteffortsin industryand
academiato discovernovelpeptidesasleadmoleculesfor developmentof biologicsthat target
ion channels[6±14].

Perhapsthebest-studiedvenompeptideinhibitor of NaV1.7is the35-residueHwTx-IV,
isolatedfrom thevenomof theChinesebird-eatingspiderHaplopelma schmitdi [15]. Thepep-
tidecompletelyinhibits NaV1.7with anIC50in thelow nanomolarrange(~26nM) [16].
Detailedcharacterisationof thetoxin-channelinteractionrevealedthat thepeptidebindsto
oneof thefour voltagesensordomains(VSD)of thechannel[16,17].This is in contrastto
extantsmallmoleculedrugsthatbind to thecentralporeregion,suchaslocalanaesthetics
[18]. ThechannelporeismorehighlyconservedamongthedifferentNaV subtypescompared
to theVSD,makingtheVSDanattractivetargetfor developmentof selectivedrugs,andsmall
moleculesthat targettheVSDarebeingdeveloped[7, 11].

NaVscontainfour homologousbut non-identicalVSDsthatcontrol thegatingof thechan-
nel.EachVSDconsistsof four transmembranehelicalsegments(S1-S4)connectedvia intra-
andextra-cellularloops.VSDsof domainsII andIV (VSDII andVSDIV) havebeenshownto
beattractivetargetsastheycontrol channelopeningandinactivation,respectively.Elegant
work byXiaoet al. showedthatHwTx-IV specificallybindsto acidicresiduesin theS1-S2and
S3-S4loopsof VSDII ; rat NaV1.2,NaV1.3andhumanNaV1.7,all of whichcontainE818in
S3-S4,aresensitiveto thetoxin whilstNaV1.4andNaV1.5,whichlackanacidicresiduein this
position,areinsensitiveto HwTx-IV. Subsequentwork byothersdefiningthepharmacophore
of thepeptidethroughextensivemutagenesisidentifiedthat in particularresiduesW30
andK32arerequiredfor NaV activity,whilstmutationsin theN andC terminalpartsof the
peptidewerefound to improvebinding to NaV1.7without improvementin activityagainst
NaV1.5[12,14].This ledto thedevelopmentof atriple mutantof HwTx-IV (E1G,E4G,Y33W
HwTx-IV, hereafterm3-HwTx-IV), whichisoneof themostpotentblockersof NaV1.7re-
portedto date(IC50~ 0.5nM) [14]. Despitetheextensivework carriedout on HwTx-IV, its
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completesubtypeselectivityisnot known.Similarly,althoughthestructureof thewild type
(WT) peptideandseveralvariantshavebeendetermined[19,20],theeffectof thetriple muta-
tion on thepharmacophoreisnot knownandahighqualitystructurewouldprovidevaluable
information for rationalisingtheobservedgainin potency.

To thisend,weproducedarecombinant,isotopicallylabelledversionof m3-HwTx-IV,
whichallowedusto determine(1) ahigh-resolution3D structureof thepeptideusinghetero-
nuclearNMR and(2) thedynamicsof thepeptideusing15N relaxationexperiments.Although
theoverallfold of m3-HwTx-IV remainedthesameastheparenttoxin [14], our dynamics
datashowlargeamplitudemotion in thepharmacophoreregionindicatingthatkeyresidues
undergoconformationalexchangein theμs-mstime scale.In vitro andin vivo functionaldata
indicatethatm3-HwTx-IV hasthesameNaV selectivityprofile astheWT toxin, andweshow
for thefirst time that thepeptideisapotentinhibitor of NaV1.6andNaV1.1channels.Thefull
selectivityprofile of thechannelrevealsthatNaV isoforms1.1,1.2,1.3,1.6and1.7aresensitive
to thetoxin whilst isoforms1.4,1.5and1.8arenot. Finally,weshowthat thepeptidehas
NaV1.7on-targetactivity in vivo usingarecentlydevelopedNaV1.7target-engagementmouse
model[21]. Our findingsprovidefurther insightinto thestructure,function andactivityof
this fascinatingclassof peptidesin thepursuitof turning venomsinto analgesicdrugs.

Materials and methods

Recombinant peptide production

A codon-optimisedsyntheticgeneencodingm3-HwTx-IV wassynthesisedbyGeneArt
(ThermoFisherScientific)andsubclonedinto anin-house,modifiedversionof pLIC expres-
sionvector,betweentheKpnI andSacI restrictionsites,in framewith aMalEsignalsequence
to directsecretionof thefusion-proteinto theperiplasmicspaceof E. coli, wheredisulfide-
bondformationandfolding of themoleculetakesplace[22]. CompetentE. coli BL21(DE3)
cellsweretransformedwith theplasmidencodingHis6-MBP-m3-HwTx-IV fusionprotein.
Cellsweregrownon aLBagarplatesupplementedwith 100μg/mL ampicillin (Amp). LB/
Amp (100μg/mL) mediumwasinoculatedfrom asinglecolonyor glycerolstockandthecells
weregrownfor ~18h (overnight)at30ÊCwhilstshakingat120rpm until reachinganOD600

of ~2.FreshLB/Amp solutionwasinoculatedwith thepre-cultureto anOD600of ~0.05under
agitationat120rpm in 5 litre baffledflasksat37ÊCuntil reachinganOD600of ~0.4,atwhich
time thegrowthtemperaturewasreducedto 16ÊC.ProteinproductionwasinducedatOD600

of ~0.8byadditionof isopropylβ-D-1-thiogalactopyranoside(IPTG) to afinal concentration
of 0.2mM andgrowthwascontinuedovernightat16ÊC.Thecellswereharvestedbycentrifu-
gation(6,000g for 15min at4ÊC)andthecellpelletsstoredat±80ÊCfor subsequentpurifica-
tion. In orderto produceuniformly 13C/15N-labelledm3-HwTx-IV peptide,LBbroth was
replacedwith M9 minimal mediumsupplementedwith 15NH4Cl and13C6-glucoseasthesole
nitrogenandcarbonsources,respectively[23].

Peptide purification

CellsoverexpressingHis6-MBP-m3-HwTx-IV fusionproteinwereresuspendedbystirring in
lysisbuffer(40mM Tris-HCl, pH 8.0,and400mM NaCl)at4ÊCfor 1h, or until reaching
completehomogeneity.Cellswerelysedbycontinuousflow celldisruption(ConstantSystems
Ltd.,TSSeriesBenchtop;triple passageatconstantpressureof 32kpsi).Thecelllysatewascen-
trifuged(40,000g, 30min, 4ÊC)to removecelldebris.Thesupernatantwasloadedonto aNi-
NTA columnequilibratedwith lysisbuffer.Thecolumnwaswashedwith 3±5columnvolumes
(CV) of lysisbuffer,thennon-specificallyboundproteinswereelutedwith thesamebuffer
containing40mM imidazole.Thefusionproteinwasthenelutedfrom thecolumnwith lysis
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buffersupplementedwith 250mM imidazole.Thepeakfractionswerepooledandthendesalted
andconcentratedusinganAmicon Ultra-15centrifugalfilter unit (MerckMillipore) with a30
kDacut-off membrane.Theproteinwasthendigestedto yieldHis6-MBPandm3-HwTx-IV
peptideusing50μg/ml tobaccoetchvirus(TEV) proteasein afreshlypreparedredoxbuffer
containing3mM reducedglutathione(GSH)and0.3mM oxidisedglutathione(GSSG),gently
shakingovernight,at room temperature.FusionproteincleavagewasconfirmedbySDS-PAGE,
thenthecleavagereactionmixturewasacidifiedbyadding1%trifluoroaceticacid(TFA).Pre-
cipitatedproteinwasremovedbycentrifugationfollowedbymembranefiltration (0.45μm).
Reverse-phase(RP)HPLCpurification of m3-HwTx-IV wasperformedusingaC4 semi-prepar-
ativecolumn(Phenomenex).Theboundpeptidewaselutedat3ml/min with alineargradient
of 5±80%solventB(90%Acetonitrile(ACN), 0.043%TFA) in solventA (0.05%TFA in water).
UV absorbancewasmonitoredat214and280nm andfractionscorrespondingto thepeptide
of interestwerepooled,lyophilisedandresuspendedin purewater.UV absorbancewasmea-
sured(ThermoScientific™NanoDrop2000)at280nm, andtheconcentrationwascalculated
usingthepredictedextinctioncoefficientof thepeptide.Identity andpurity of thepeptidewas
further characterisedby liquid chromatographymassspectrometry(LC-MS),matrix-assisted
laserdesorption/ionisationtime-of-flight (MALDI-TOF) massspectrometryandanalytical
RP-HPLCwith aC18analyticalcolumn(Phenomenex)usingagradientof 1%solventB/min at
aflow rateof 1ml/min.

Mass spectrometry

MALDI-TOF MSperformedon aBrukerautoflexspeedHigh-PerformanceMALDI-TOF Sys-
tem(Bruker,MA, USA)wasemployedto determinepeptidemass.RP-HPLCfractionswere
mixed(2:1v/v) with α-cyano-4-hydroxycinnamicacid(CHCA) matrix (5 mg/ml in 50/50
ACN/H2O) on aMALDI platespotanddriedat room temperature.TheMALDI-TOF mass
spectrumwasacquiredin positivereflectormode.AppliedBiosystemsDataExplorer™was
usedfor analysisof monoisotopic[M + H]+ ionsMSdata.

NMR structure determination

All NMR datawererecordedusinga300μl samples,addedinto asusceptibility-matched5mm
micro tube(ShigemiInc. Japan),preparedbydissolving15N or 15N/13C-labeledm3-HwTx-
IV to afinal concentrationof 400μM in 20mM sodiumacetatesolution,pH 5with 5%(v/v)
D2O.All spectrawereacquiredat25oC usinga900MHz BrukerAvanceNMR spectrometer
equippedwith acryogenicallycooledprobe(cryoprobe).Resonanceassignmentswereobtained
usingtwo-dimentional(2D) 1H-15N heteronuclearsinglequantumcoherence(HSQC),2D
1H-13C-HSQC,3D CBCA(CO)NH,3D HNCACB,3D HNCO, 3D HBHA(CO)NH andfour-
dimensional(4D) HCC(CO)NH-TOCSYspectra.3D and4D spectrawereacquiredusingnon-
uniform sampling[24,25]andprocessedusingtheRowlandNMR Toolkit (http://rnmrtk.uchc.
edu/rnmrtk/RNMRTK.html).Maximumentropyparameterswereselectedautomaticallyas
describedpreviously[26]. 3D 15N and13C (separatespectrafor aliphaticandaromaticregions)
filteredNOESY-HSQCspectra(200msmixing time) wereacquiredusinglinearsamplingand
processedusingtheRowlandNMR Toolkit. Datawereanalysedin CcpNmrAnalysisv2.4(Uni-
versityof Cambridge,UK) [27]. NOESYcrosspeaksweremanuallypickedandsupplemented
with dihedralanglesderivedfrom chemicalshiftsusingtheTALOSsoftware[28], andused
for structurecalculationusingCYANA v3.0.[29] TheNOEswereautomaticallyassignedby
CYANA.200structureswerecalculatedandanensembleof 20structureswith thelowest
CYANA targetfunction wereselected.
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Dynamics of the peptide

NMR spin relaxation. NMR experimentsfor measuringlongitudinal(R1)andtransverse
relaxationrates(R2)and1H-15N steady-stateNOEswereacquiredusingasingle-scaninter-
leavedpulsesequenceon a700MHz Brukerspectrometerequippedwith az-gradientcryo-
probe.Datawereacquiredat25ÊCusinga200μM sampleof 15N labeledm3-HwTx-IV. R1
spectrawererecordedwith 7delaytimes(10�, 50,300�, 500,700,900�, 1100ms)aswereR2
spectra(16�, 32,64,96�, 128,160,192ms),wheredelaysmarkedwith anasteriskwere
recordedtwiceto confirm datareproducibility.Steady-state1H-15N heteronuclearNOEswere
acquiredwith arelaxationdelayof 9s.SpectrawereprocessedusingtheRowlandNMR toolkit
andanalysedusingCcpNMR[27].

hNaV1 activity using patch-clamp electrophysiology

Patch-clampexperimentsusedHEK293cellsexpressingeitherof hNaV1.1±hNaV1.5andthe
β1auxiliarysubunit(SBDrug Discovery,Glasgow,UK) or ChineseHamsterOvary(CHO)
cellsexpressinghNaV1.6,hNaV1.7andhNaV1.8/β3(ChanTestCorp).Na+ currentsweremea-
suredbyautomatedwhole-cellpatchclamp(QPatch16X;Biolin ScientificA/S,Ballerup,Den-
mark).Theextracellularsolutioncomprised(in mM) 1CaCl2, 1MgCl2, 5HEPES,3KCl, 140
NaCl,0.1CdCl2 and20TEA-Cl atpH 7.3and320mOsm,andtheintracellularsolutioncom-
prised(in mM) 140CsF,1/5EGTA/CsOH,10HEPESand10NaClatpH 7.3and320mOsm.
Theelicitedcurrentsweresampledat25kHz andfilteredat4 kHz.Cellsweremaintainedata
holdingpotential±80mV andNa+ currentselicitedby20msvoltagestepsto 0mV (+10mV
for NaV1.8)from a±120mV conditioningpulseappliedfor 200ms.To obtainconcentration±
responsecurves,cellswereincubatedfor 5 min with increasingconcentrationsof toxin. All
experimentaldatawasanalysedusingQPatchAssaySoftwarev5.0(Biolin ScientificA/S,Bal-
lerup,Denmark).

hNaV1 activity using FLIPR membrane potential assay

Humanembryonickidney(HEK) 293cellsheterologouslyexpressinghumanNaV1.1±1.8(SB
Drug Discovery)wereculturedin minimal essentialmedium(MEM) containing10%v/v fetal
bovineserum(FBS)andselectionantibioticsasrecommendedby themanufacturer.Cells
weregrownin ahumidified 5%CO2 incubatorat37ÊC,grownto 70±80%confluence,and
passagedevery3±4daysusingTrypLEExpress(Invitrogen).Cellswereplatedin 384-well
clear-bottomblackimagingplates(Corning,NY, USA)atadensityof 10,000to 15,000cells
perwell.After 48h, cellswereloadedwith (20μl perwell) redmembranepotentialdye(Mole-
cularDevices,SunnyvaleCA,USA)diluted in physiologicalsaltsolution[PSS;composition
(in mM) 140NaCl,11.5glucose,5.9KCl, 1.4MgCl2, 1.2NaH2PO4, 5 NaHCO3, 1.8CaCl2 and
10HEPESpH 7.4]andincubatedfor 30min at37ÊCin ahumidified 5%CO2 incubator.m3-
HwTx-IV (10nM± 30μM) wasdiluted in PSS/0.1%bovineserumalbumin(BSA)andpre-
incubatedfor 5 min beforestimulatingNaV1.1±1.7usingveratridine(60μM) or NaV1.8using
deltamethrin(150μM). Changesin membranepotentialwereassessedusingafluorescence
imagingplatereader(FLIPRTETRA, MolecularDevices)(excitation515to 545nm, emission
565to 625nm) everysecondfor 300safteraddingagonists.

In vivo activity assay

Animals. Adult maleC57BL/6Jmiceaged6±8weekswereusedfor behaviouralassess-
ments.Micewerehousedin groupsof 2±4percage,under12h light-darkcycleswith standard
rodentchowandwaterad libitum. Ethicalapprovalfor in vivo animalexperimentswas
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obtainedfrom theUniversityof Queenslandanimalethicscommittee.Experimentsinvolving
animalswereconductedin accordancewith theAnimal CareandProtectionRegulationQld
(2012),theAustralian Code of Practice for the Care and Use of Animals for Scientific Purposes,
8thedition (2013)andtheInternational Association for the Study of Pain Guidelines for the Use
of Animals in Research.

OD1 model. TheNaV1.7activatorOD1(300nM) wasco-administeredalone(control;
n = 5) or with m3-HwTx-IV ataconcentrationof 100nM (n = 4) or 300nM (n = 3) diluted in
saline/0.1%BSAby intraplantar(i.pl.) injection in avolumeof 40μL underlight isoflurane
(3%)anesthesiain miceaspreviouslydescribed[21]. Micewerethenindividually placedin
polyvinylboxes(10x 10x 10cm) andallowedto recoverfrom anesthesia.Immediatelyupon
recovery,spontaneouspainbehaviours(numberof pawlifts, licks,shakes,andflinches)were
recordedon video,andlatercountedbyaninvestigator,unawareof thetreatmenteachindi-
vidualanimalreceived,for 40min post-injectionat5-min intervals.Datawereplottedand
analysedusingGraphPadPrism.Statisticalsignificancewasdefined�P< 0.05andwasdeter-
minedusingone-wayANOVA with Dunnett'spost-testcomparedto control.

Results

Production of recombinant m3-HwTx-IV

An efficientmethodwasrequiredto providesufficientamountsof m3-HwTx-IV to perform
thestructuralandfunctionalstudies.Therefore,wecreatedaconstructthatenablesexpression
of aHis6-MBP-m3-HwTx-IV fusionprotein in theperiplasmof E. coli, wherethedisulfide-
bondmachineryof thecellis located[22]. Thefusionproteinwaspurified from thesoluble
cellfractionusingNi-NTA affinity chromatography(Fig1C).m3-HwTx-IV wascleavedfrom
theHis6-MBPfusiontagusingTEV protease,thensemi-preparativeRP-HPLC(Fig1D) was
employedto yieldasingledominantdisulfide-bondisoformwith apurity of>98%asassessed
byanalyticalRP-HPLCandMALDI-TOF MS(Fig1E).Theactivityof thepeptideagainst
hNaV1.7wasinitially confirmedusingaFLIPRassay,thenbyautomatedpatch-clampelectro-
physiologyasdescribedbelow.Thefinal yieldof recombinantm3-HwTx-IV was~0.6mgper
litre of bacterialculture.

Structure of m3-HwTx-IV

Thestructureof m3-HwTx-IV wasdeterminedusingmultidimensionalheteronuclearNMR
spectroscopy.NMR hasbeenthedominantapproachfor determiningthestructureof peptides
smallerthan5 kDa,includingdisulfide-richvenompeptides[22,30].Employingbacterial
expressionenabledusto produceuniformly 15N/13C labelledm3-HwTx-IV. Two-dimensional
(2D) 1H-15N HSQC(Fig2A) and3D HNCACB,CBCA(CO)NH,andHNCO experiments
wereusedto assignthebackboneresonancesof m3-HwTx-IV. A 4D HCC(CO)NH-TOCSY
experiment,whichhastheadvantageof providingsidechain1H-13C correlations[25], was
usedto provideside-chainassignments.Ultimately,structurecalculationswerebasedon inter-
proton distancesderivedfrom analysisof 3D 15N-editedand13C-editedHSQCNOESYspec-
tra andbackbonedihedral-anglerestraintsderivedfrom analysisof 1H, 13C,and15N chemical
shifts.

All non-exchangingandslowexchanginghydrogenatomswereassigned,aswellasall pro-
tonatedcarbonandnitrogenatoms(BMRB-ID:30160).Theseassignmentsweresupple-
mentedwith assignmentsof all C' atomsfrom theHNCO experiment,whichexcludes
assignmentsfrom residuesprecedingtheprolinesandtheC-terminalresidue(N10,I35).The
backbonechemicalshiftswereusedto derive46dihedralanglepredictions(23ϕ, 23ψ) by
TALOS-N[31]. A totalof 1575NOEsweremanuallypickedfrom thethreeNOESYspectra
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Fig 1. Recombinant production of m3-HwTx-IV. (A) Primary structure of m3-HwTx-IV. Mutated residues relative to the native toxin are highlighted in red.

Disulfide bridge connectivity is shown below the sequence. (B) Schematic representation of the pLIC vector used for periplasmic expression of m3-HwTx-IV.

The coding region includes a MalE signal sequence (MalESS) for periplasmic export, a His6 affinity tag for a facile nickel affinity purification, a maltose binding

protein (MBP) fusion tag for peptide solubility/stability enhancement, and a codon-optimised gene encoding m3-HwTx-IV, with a TEV protease recognition site

inserted between the MBP and peptide-coding regions. The locations of ribosome-binding site (RBS) and other key elements of the vector are shown. (C)

SDS-PAGE gel illustrating different steps in the purification of m3-HwTx-IV. Lanes are as follows: M, molecular weight markers (Bio-Rad); lane 1, E. coli cell
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(15N, 13C aromatic,13C aliphatic)and1537(98%)automaticallyassignedbyCYANA [29].
Theseweretranslatedto 790uniquedistancelimits. Thedisulfidebondconnectivitieswere
derivedfrom unambiguousNOEassignmentsacrossthedisulfidebond[32] andintroduced
into thestructurecalculationsasthreeupperandlowerdistancelimits acrossthedisulfide
bond(Sγ-Cβ', Cβ-Sγ', Sγ-Sγ').

Thestructurecalculationsgeneratedanensembleof 20structures(seeTable1 for statistics,
PDB-ID:5T3M).Theensemblewaswelldefinedwith low backboneandsidechainRMSDs
(0.02Å and0.48Å respectivelyfor residues2±34).Thiscomparesfavourablywith theprevi-
ouslydeterminedstructureof theWT peptide(PDBID 1MB6;RMSDsof 0.34Å and1.01Å
for thebackboneandsidechainatomsof residues2±34[19]). Them3-HwTx-IV structure
showsthat thearomaticring of W30isdirectlyabovetheHβ atomof T28,explainingthe
unusualupfieldchemicalshift of thisatomat2.48ppm(comparedwith therandomcoil value
of 4.16ppm).

extract prior to IPTG induction; lane 2, E. coli cell extract after IPTG induction; lane 3, lysate resulting from cell disruption; lane 4, soluble cell extract; lane 5,

flow through after loading cell lysate on Ni-NTA resin; lane 6, eluate from washing Ni-NTA resin with 40 mM imidazole pre-elution buffer; lane 7, eluate from

washing Ni-NTA resin with 250 mM imidazole elution buffer (the His6-MBP-m3-HwTx-IV fusion protein is evident at ~43 kDa); lane 8, fusion protein prior to

addition of TEV protease; lane 9, sample after TEV protease addition showing cleavage of fusion protein. (D) RP-HPLC chromatogram showing initial

purification of m3-HwTx-IV using a semi-preparative C4 column; the peptide eluted with a retention time of ~28 min. (E) RP-HPLC chromatogram of m3-HwTx-

IV obtained using an analytical C18 column. The asterisk denotes the peak corresponding to correctly folded recombinant m3-HwTx-IV. (F) Molecular mass of

the purified recombinant peptide was confirmed by MALDI-TOF MS (obs. = 3990.6 Da; calc. = 3992.7 Da–fully oxidised), indicating formation of the expected

three disulfide bonds.

https://doi.org/10.1371/journal.pone.0173551.g001
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and the folded arginine sidechains are marked with a dotted box. NH2 groups are connected using a dashed line. (B) High-resolution structure of m3-

HwTx-IV. Ensemble of 20 structures are shown in cyan (PDBID: 5T3M). The sidechains are shown in line representation and the critical W30/K32 residues
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The higher resolution of the new structure is evident, particularly in the definition of sidechain orientations. The arrow highlights the variation in conformation

of the dynamic loop 4 between the two structures.

https://doi.org/10.1371/journal.pone.0173551.g002
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Dynamics of m3-HwTx-IV

Heteronuclearspinrelaxationisapowerfultechniqueto probetheoverallandinternal
dynamicsof macromolecules[33]. In orderto studythedynamicsof m3-HwTx-IV, wedeter-
minedthe15N longitudinal(R1)andtransverse(R2)relaxationratesand1H-15N heteronuc-
learNOEs.TheR1and1H-15N heteronuclearNOEvaluesprovideinformation aboutfast
time-scalemotionsin therangeof nsto pswhile theR2valuesprobeslowtime-scalemotions
in therangeof msto μs(Fig3).TheexperimentallydeterminedR1valueswerefound to be
largelyconstantalongthepolypeptidechainwith anaveragevalueof 2.25± 0.01s±1. Residues
at theN- andC-termini (C2andI35)hadshorterR1valuesindicativeof fastermotions.In
contrastto R1,theR2valuesvariedconsiderablyalongthepolypeptidechain,rangingfrom
1.79± 0.01to 7.65± 0.02s±1with anaveragevalueof 3.83± 0.02s±1. Residuesin theS25±T28
stretch,displayedhigheror lowervaluesthantheaverageR2,suggestiveof conformational
exchange.The1H-15N heteronuclearNOEwasalmostconstantalongthepolypeptidechain
(0.59± 0.03)with theexceptionof theflexibleC-terminalresidue(I35),whichhasanegative
NOE,indicatingahigh levelof disorder.

NaV1 subtype selectivity of m3-HwTx-IV

Thefull selectivityprofile of m3-HwTx-IV atall humanNaV channelsubtypes(hNaV1.1±
hNaV1.8)stablyexpressedin HEK293(hNaV1.1±hNaV1.5)andCHO (hNaV1.6±hNaV1.8)
cellswasmeasuredusingwhole-cellpatch-clampelectrophysiology;fitting of theconcentra-
tion-responsedatayieldedIC50valuesof: hNaV1.1,8.4± 1.8nM; hNaV1.2,11.9± 2.2nM;
hNaV1.3,7.2± 1.6nM; hNaV1.4,369± 196nM; hNaV1.5,>1μM; hNaV1.6,6.8± 1.5nM;
hNaV1.7,3.3± 1.1nM; hNaV1.8,>1μM (Fig4andTable2), indicatingthat theneuronalNaV

isoforms1.1,1.2,1.3,1.6and1.7aresensitiveto thepeptidewhilst isoforms1.4,1.5and1.8are

Table 1. NMR structure statisticsa.

Experimental restraints

Inter-proton distance restraints

Intra-residue 199

Sequential 221

Medium-range (i–j < 5) 124

Long-range (i–j > 5) 246

Dihedral-angle restraints 46 (ϕ = 23, ψ = 23)

Disulfide-bond restraints 9

Total number of restraints per residue 24.4

RMSD from mean coordinate structure (Å)b

Backbone atoms (residues 2–34) 0.02 ± 0.01

All heavy atoms (residues 2–34) 0.48 ± 0.07

Stereochemical qualityc

Residues in most favoured Ramachandran region (%) 90.91

Ramachandran outliers (%) 0 ± 0

Unfavourable sidechain rotamers (%) 7.97 ± 0.03

Clashscore, all atomsb 7.27 ± 0.00

Overall MolProbity score 2.58 ± 0.14 (~50th percentile)

aAll statistics are given as mean ± SD.
bMean r.m.s. deviation calculated over the entire ensemble of 20 structures.
cAs reported by Molprobity %.

https://doi.org/10.1371/journal.pone.0173551.t001
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not. Theselectivityprofile matchedthatof theparent(HwTx-IV) peptide,with theexception
thatactivityagainsttheNaV1.1,NaV1.6andNaV1.8hadpreviouslynot beenmeasured.The
effectsof m3-HwTx-IV on NaV channelfastinactivationat0 mV areshownin S1Figfor the
toxin sensitivechannels(testedat~ IC50concentrations,expectfor NaV1.4whichwasassessed
at1μM). m3-HwTx-IV hadno substantialeffecton thetime constantof fastinactivation(τ) of
anyof thechannelstested(S1Fig).
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Fig 3. 1H-15N steady state NOE and longitudinal (R1) and transverse (R2) 15N relaxation rates obtained

for m3-HwTx-IV at a field-strength of 700 MHz. Data were acquired at 25˚C using a 200 μM sample of 15N

labeled m3-HwTx-IV. The error bars in R1 and R2 are time constant errors and are generally very small (smaller

than the markers). The errors in the 1H-15N steady state NOE are a function of the S/N in the acquired spectra.

https://doi.org/10.1371/journal.pone.0173551.g003
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Fig 4. Potency and subtype selectivity of m3-HwTx-IV. Inhibition of hNaV1.1 –hNaV1.7 heterologously expressed in

HEK293 cells (for hNaV1.1 –hNaV1.4) or CHO cells (for hNaV1.6 -hNaV1.8). Data points are mean ± SEM of three

independent cells (n = 3) for hNaV1.3, four independent cells (n = 4) for hNaV1.1, hNaV1.4 and hNaV1.7, six independent cells

(n = 6) for hNaV1.2 and of seven independent cells (n = 7) for hNaV1.6. Currents were recorded using automated patch-clamp

electrophysiology (QPatch 16X). Fitting of the Hill equation to the data yielded IC50 values of (in nM) 3.3 ± 1.1, 6.8 ± 1.5,

7.2 ± 1.6, 8.4 ± 1.8, 11.9 ± 2.2 and 369 ± 196 for hNaV1.7, hNaV1.6 and hNaV1.3, hNaV1.1, hNaV1.2 and hNaV1.4,

respectively. hNaV1.5 and hNaV1.8 were insensitive to the toxins up to 1 μM.

https://doi.org/10.1371/journal.pone.0173551.g004

Table 2. Potency of m3-HwTx-IV on hNaV1.1–1.8 stably expressed in HEK239 or CHO cells using

whole-cell patch-clamp electrophysiology in QPatch and heterologously expressed in HEK293 cells

assessed using FLIPR membrane potential assay. Data are presented as IC50 mean ± SD.

Subtype IC50 (nM) QPatch IC50 (μM) FLIPR

hNaV1.1 8.4 ± 1.8 (n = 4) 1.1 ± 0.7

hNaV1.2 11.9 ± 2.2 (n = 6) 0.54 ± 0.4

hNaV1.3 7.2 ± 1.6 (n = 3) 1.4 ± 0.6

hNaV1.4 369 ± 196 (n = 6) >30

hNaV1.5 >1000 (n = 5) >30

hNaV1.6 6.8 ± 1.5 (n = 7) 0.60 ± 0.6

hNaV1.7 3.3 ± 1.1 (n = 4) 5.1 ± 4

hNaV1.8 > 1000 (n = 11) >30

In parallel, the full selectivity profile of m3-HwTx-IV at all hNaV1 channel subtypes heterologously expressed

in HEK293 cells was measured using a FLIPR membrane potential assay, which yielded IC50 values of:

hNaV1.1, 1.1 ± 0.7 μM; hNaV1.2, 0.54 ± 0.4 μM; hNaV1.3, 1.4 ± 0.6 μM; hNaV1.4, >30 μM; hNaV1.5, >30 μM;

hNaV1.6, 0.60 ± 0.6 μM; hNaV1.7, 5.1 ± 4 μM; hNaV1.8, >30 μM (Table 2), supporting the selectivity data

obtained using whole-cell patch-clamp electrophysiology.

https://doi.org/10.1371/journal.pone.0173551.t002
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In vivo activity of m3-HwTx-IV

Theon-targeteffectof m3-HwTx-IV atNaV1.7wasexaminedin vivo viabehaviouralassess-
mentin arecentlydescribedNaV1.7targetengagementmodel[21]. m3-HwTx-IV significantly
attenuatedpainbehavioursinducedby localinjectionof theNaV1.7-selectiveactivatorOD1
[34] into thehind pawof themousemodelof NaV1.7-mediatedpain(painbehaviourcount:
control (n = 5),243± 22;m3-HwTx-IV (100nM; n = 4),120± 17;m3-HwTx-IV (300nM;
n = 3),25± 18;P< 0.05;Fig5),confirming on-targetactivityatNaV1.7.

Discussion

Structure of HwTx-IV and mutants

m3-HwTx-IV wasdevelopedbyRevelletal.[14] to improvepotencyof theparentcompound
(HwTx-IV) atNaV1.7.Herewedeterminedwhethertheimprovedactivityaffectedthestruc-
tureor selectivityof HwTx-IV. Thestructureof WT HwTx-IV waspreviouslysolvedby two
independentgroups(PDBIDs 1mb6and2m4xfor theoriginalandmorerecentHwTx-IV
structures,respectively).Notably,whenthesetwo structuresarealignedoverthebackbone
atomsin thestructuredregion(residues5±33),theRMSDwasfound to be1.84Å, whichis
remarkablyhigh (i.e.,indicativeof significantdifferences),consideringthatbothstructures
weresolvedusingprimarily 2D homonuclearNOESYdata.

To structurallycharacterisem3-HwTx-IV weusedarecombinantexpressionmethod[22]
to isotopelabelthepeptidewith 13C and15N, whichallowedapplicationof high-resolution,
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Fig 5. Dose-dependent suppression of OD1-induced spontaneous pain by m3-HwTx-IV. (A) Effect of co-

administration of m3-HwTx-IV (i.pl.; 100 nM, 300 nM) on the time course of spontaneous pain behaviours elicited by

intraplantar injection of the NaV1.7 activator OD1 in mice. (B) Effect of m3-HwTx-IV (i.pl; 100 nM, 300 nM) on total

pain behaviours (0–40 min) induced by OD1 in mice. Data are presented as mean ± SEM, n = 3–5 mice per group.

Statistical significance was determined using one-way ANOVA with Dunnett’s post-test, *P < 0.05 compared to

control.

https://doi.org/10.1371/journal.pone.0173551.g005
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heteronuclear3D/4D NMR methodsaswellas15N relaxationmeasurments.Thestructure
obtainedhereusingheteronuclearNMR alignswellwith theoriginalnativepeptidestructure,
1mb6,with anRMSDof 0.7Å overthebackboneatoms(5±33),but it alignspoorlywith the
morerecent2m4xstructure,with anRMSDof 1.75Å overthesamerangeof backboneatoms.
Thelargedifferencebetweenour structureandthemorerecentof thetwo structuresof the
WT peptideisapparentin 3of the4 loopsof thepeptideaswellasthetermini. It isunclear
whythe2m4xstructuredeviatesto suchanextentfrom theothertwo structures.Wenote,
however,that for the1mb6structuretheauthorsrecordedseparate2D NOESYspectrain H2O
andD2O andit maybethat thisapproachprovidedadditional1H NOEsfrom Hα atomsin the
β-sheetregionswhichareoftenobscuredin 2D NOESYspectraby thestrongH2O signal.In
our 3D filteredNOESYdatatheseNOEsareobscuredalongthedirectdimensionbut can
oftenbeassignedalongtheindirect dimension.Giventhediscrepancy,andtheadditional
experimentaldatausedin the1mb6structure,wehavebelowonly madecomparisonsto
1mb6.

Structural consequences of mutations

In them3-HwTx-IV structurethepositionof W33with respectto K21iswelldefined,whereas
in theWT structurethearomaticring of Y33ispoorlydefinedandpredominantlypositioned
facingthesidechainsof K32andF6.In our structurethereareclearNOEsbetweentheside-
chainHβ protonsof K21andtheHδ1 andHε1protonsof W33in the3D 13C aromatic
NOESY,3D 13C aliphaticNOESYandthe3D 15N NOESYspectra.Thechemicalshiftsof these
atomsareuniquein the3D NOESYspectraandtheNOEassignmentsarethereforeunambig-
uous,stronglysupportingthealternativesidechainconformationin our model(Fig6).

TheNMR relaxationstudiesrevealedno evidenceof structuralor conformationalflexibility
in theC-terminaltail, exceptfor thelastresidue,whichappearslessordered.It is therefore
unclearwethertheW33/K21interactionsarenot presentin theWT peptideor whetherthese
interactionsweresimplynot resolvedin theprevioushomonuclearNMR studies.Wenote
that in the2D NOESYdatatheHβ atomsof K21arein acrowdedregion,whichmayhave
obscuredNOEsin the1mb6data.It hadpreviouslybeenspeculatedthatcation-πinteractions
mayserveto reducethelossin energyuponbinding dueto thedesolvationof lysineresidues.
Here,theconformationof thesetwo residueswouldnot providesuchstabilisation,asthe
chargedNH3

+ groupof thelysineis insteadproximalto thecarboxyl-terminusof thepeptide.
Theotherresiduesthatweremutatedin m3-HwTx-IV aretwo glutamicacidresiduesin the

N-terminal sectionof thepeptide.CuriouslytheE4residueappearsto form asaltbridgewith
K7 in theWT toxin, andit might beexpectedthat thischargepairingstabilisesthefold of the
peptide.However,in our structureK7 assumesanearlyidenticalpositionasin theWT peptide
whilst thereareno majorchangesto theconformationof loop1.Thus,theimprovedNaV1.7
activityfrom mutatingtheseacidicresiduesto Gly likely resultsfrom removalof unfavourable
interactionswith eitherVSDII of NaV1.7or thesurroundingmembrane.Indeed,previous
work hasshownthat loop1 residuesareimportant in lipid binding andit ispossiblethat the
acidicresidueseitherinteractunfavourablywith anioniccomponentsof themembraneleaflet
or reducethepermeabilityof thepeptidein thelipid bilayer[35].

TheC-terminusof HwTx-IV isamidatedandpreviousstructure/activitystudieshave
shownthat removalof thisamidationcausesa20±50fold reductionin activityatNaV1.7[14,
36].Sincem3-HwTx-IV wasproducedrecombinantly,theC-terminusisnot amidatedandwe
wouldexpecttheactivityof thepeptideto belessthanthatof theamidatedpeptide.Indeedwe
found that therecombinantpeptideinhibited NaV1.7with anIC50of 3.3nM, which is8-fold
higherthanthatpreviouslyreportedfor thesyntheticamidatedversionbut still morepotent
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thanWT HwTx-IV (IC5026nM). Thus,m3-HwTx-IV isoneof themostpotentrecombinantly
producedNaV1.7blockersreported,andin contrastto ProTx-II, it doesnot requirerefolding
[37].

Dynamics of the pharmacophore region

TheNaV pharmacophorein thisclassof peptideshasbeenextensivelycharacterisedandit is
clearthat theW30/K32pair arethemostfunctionallycritical residues[14,20].In our structure

Fig 6. Interaction of K21 and W33 sidechains. (A) Overlay of the relevant plane from the 4D HCC(CO)NH spectrum and the
1H-13C projection of the 13C-HSQC-NOESY spectrum, indicating the unique chemical shifts of the Hβ protons of K21. The inset

shows the proximity of the β atoms of K21 to the Hδ1 and Hε1 atoms of W33 in the NMR structure of m3-HwTx-IV. (B) Strip plot of the
13C-HSQC-NOESY (aliphatic region left, aromatic region middle) and 15N-HSQC-NOESY spectra (right) showing NOEs between

the β atoms of K21 and the Hδ1 and Hε1 atoms of W33 and vice versa.

https://doi.org/10.1371/journal.pone.0173551.g006
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theseresiduesassumeaconformationsimilar to that in WT peptide,andweconcludethat the
threemutationsdo not affecttheoverallconfigurationof thesecritical residues.Instead,our
relaxationdatashowclearevidenceof conformationalmobility in loop4 residuesincluding
W30.Remarkably,wefind that thelargestdiscrepancybetweenour mutantstructureandthe
WT structureis in this loop,andwhenthis loop isomittedin thestructuralalignmentthe
RMSDfallsfrom 0.7Å to 0.4Å. Thissuggeststhat this loop is flexibleandthat thedifference
betweenthestructuresmaysimplyreflectdifferentconformationalstatesof loop4 (seealso
Fig2B).Giventhat thisdynamicregioncoincideswith theactivesiteof thepeptidewespecu-
latethat thismobility providesadditionalconformationalstatesthatmaystabilisebinding of
thepeptideto VSDII . Thesedataalsosuggestthat theabsoluteconfigurationof thepharmaco-
phoreresiduesin thesolutionstructureof HwTx-IV maydiffer from thatof thechannel-
boundpeptide.Shouldthisbethecase,thesolutionstructuresmaynot besuitabledesigntem-
platesfor developmentof peptidemimeticsor smallmoleculesinhibitors,unlesssufficient
flexibility is introducedwith respectto thepositionof thesekeyfunctionalresidues.

Subtype selectivity

Thebinding siteof HwTx-IV wascharacterisedin detailbyXiaoetal.[16]. Theauthorsfound
thatHwTx-IV inhibits rat (r) NaV1.2andrNaV1.3aswellashumanNaV1.7,but is far less
potenton rNaV1.4andrNaV1.5.Basedon theseresultsandcarefulmutagenesiswork,Xiao
etal.wereableto identify residueson NaVsthatconferredselectivity[17]. Theyshowedthat
thepeptidebindsto VSDII andthatoneresidueon theS1-S2loop(E753),togetherwith four
residueson theS3-S4loop(E811,L814,D816,E819),areparticularlyimportant for peptide
binding.Thisrecognitionmotif ªEELDEºisconservedin NaV1.6,whilstonly differing in aD-
to-N change(EELNE)in NaV1.1,NaV1.2,NaV1.3.In contrast,NaV1.4andNaV1.5containtwo
changes(EELNQandEELRSrespectively),andNaV1.8containsthreechanges(EEVKG)with
NaV1.9havingthebiggestdifferencewith four changes(EDVQR).

Fromtheaboveanalysisit shouldthereforebeexpectedthatNaV1.6shouldbeequallysensi-
tive to m3-HwTx-IV, andsinceNaV1.2issensitiveto thetoxin, wewouldexpectNaV1.1,
whichhasthesamerecognitionsequence,to alsobem3-HwTx-IV sensitive.Finally,basedon
thesequenceanalysis,NaV1.8andNaV1.9areleastlikely to besensitiveto thetoxin. Usinga
FLIPRmembranepotentialassaywecomparedsubtypeselectivityprofilesacrossNaV isoforms
andaspredictedby thework in theCumminsgroup[17,38] thepreviouslyuncharacterised
hNaV1.6andhNaV1.1areindeedsensitiveto thetoxin whilsthNaV1.8is,againaspredicted,
insensitiveto thetoxin. To further characterisetheselectivityof m3-HwTx-IV wemeasuredits
activityagainstNaV1.1±1.8usingwholecellpatch-clampelectrophysiology.Wefound that the
peptideisverypotenton NaV1.1±1.3,NaV1.6andNaV1.7.Thus,it appearsthat theD-to-N
mutationatposition816iswell tolerated.Comparingtheactivityon NaV1.4/5andNaV1.1we
canconcludethat final E-to-Q/Smutation isnot toleratedandthepresenceof anegative
chargeisessentialin thisposition.Thefull rangeof NaV subtypessensitiveto HwTx-IV only
differsfrom tetrodotoxin(TTX) in its activityon NaV1.4.Thismayproveusefulasdifferential
inhibition of sodiumcurrentsbyHwTx-IV andTTX canbeattributedto NaV1.4.

Our resultsshowthat,despiteclaimsof improvedselectivityandpotency,thesubtypeselec-
tivity of m3-HwTx-IV isnot significantlyalteredcomparedwith nativeHwTx-IV. Fromthe
sequenceanalysisour datawouldsupportamodelwherethepeptidebindsto residueswithin
thecavityformedbetweenthefour helicesof theVSDII [39]. Thismodelwouldsuggestthat
thereisalargeinterfacebetweenthepeptideandthechannel,indicatingthat it shouldin the-
ory bepossibleto developsubtypeselectivepeptides.Currentpeptideengineeringefforts,
however,relyon exhaustivemutagenesisof thepeptideandhaveunfortunatelyshownlimited
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success,with thecommonobservationthat improvementsin affinity againstoneof thesensi-
tivesubtypesoftenleadsto acorrelatedincreasein affinity againstothersubtypes[40]. To
overcomethesechallengesfurther structuraldetailsof theVSDII in its peptideboundform are
requiredto enablerationalpeptidedesign.

In vivo activity

Thein vivo activityof HwTx-IV waspreviouslyreportedin rat modelsof formalin-induced
painandsparednerveinjury, whereit blockedpainbehavioursatdosesbetween25and
200μg/kg[41]. Thisexquisitein vivo potencymayat leastin partbedueto thestrainof ani-
malsused,asmorphinealsowaseffectiveatdosesat least20timeslowerthanthoseusually
requiredto achieveanalgesiain thesamemodels[42±45].Giventhepoorselectivityof HwTx-
IV, in particularoverNaV1.6,weusedarecentlydevelopedNaV1.7targetengagementassayto
assessthebiologicalactivityof recombinantm3-HwTx-IV following localintraplantarinjec-
tion, assystemicadministrationof peptideswith activityatNaV1.6typicallyleadsto adverse
side-effects.Intraplantarinjectionof OD1at theconcentrationusedhereevokesspontaneous
painbehavioursthatarereducedby~70%in NaV1.7knockoutmiceor aftertreatmentwith
theselectiveNaV1.7inhibitor PF-04856264,with residualpainresponseslikely attributableto
NaV1.6[21]. Accordingly,theobservedin vivo effectsof m3-HwTx-IV areentirelyconsistent
with our pharmacologicalcharacterizationof m3-HwTx-IV showingpotenteffectsatNaV1.6
andNaV1.7,andindicatetargetengagementof NaV1.7andto lesserextentNaV1.6on periph-
eralnerveterminalsin vivo. Thein vivo effectsof m3-HwTx-IV wereonly assessedin male
mice,assex-relateddifferencesin NaV1.7-mediatedpainarenot expected[46].

Conclusions

Wereporthereanefficientmethodof recombinantproductionof ahighlypotentNaV1.7
inhibitor, m3-HwTx-IV. Our high-resolutionsolution-stateNMR structurerevealedthat the
mutationsintroducedinto HwTx-IV do not alterthestructureof thepeptide.Thus,with per-
hapstheexceptionof theY33Wmutation,thegainin potencyfor themutantpeptideappears
to bedueto removalof unfavourablecontactsfrom theacidicmoieties(E1G,E4G).Further-
more,weprovidethefirst NMR relaxationstudiesof this familyof sodiumchannelinhibitors,
whichrevealedsignificantconformationalflexibility in thecritical pharmacophoreregion.
Detailedfunctionalstudiesshowedthat thesubtypeselectivityof m3-HwTx-IV differsfrom
TTX only atNaV1.4,whichwasnot sensitiveto m3-HwTx-IV. Finally,wefound thatm3-
HwTx-IV providesanalgesiain amousemodelof NaV1.7-mediatedpain.While recombinant
m3-HwTx-IV is likely to beausefulpharmacologicaltool for structuralandpharmacological
studies,its off-targetactivitymakesit apoorclinicalcandidate.Furtherstructuraldetailsof the
peptide-channelcomplexarelikely requiredto enabledesignof HwTx-IV analogueswith
improvedselectivityprofiles.

Supporting information

S1 Fig. m3-HwTx-IV has no effect on NaV channel fast inactivation when tested near the

IC50 value. Na+ currentswereelicitedbya20msdepolarisingpulseto 0 mV from a200ms
pre-pulseat -120mV. Holding potentialwas-80mV. Thetime constantof fastinactivation(τ)
wascalculatedfrom afit of theinactivationphaseto amonoexponentialequationandispre-
sentedasmean+/- SEM(n = 3 repetitions).
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