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Introduction

Voltage-gatedon channelsareubiquitoussignallingmoleculeghatrespondto changesn the
cellmembranepolarisationcausedy ion concentrationgradientsbetweertheintra- and
extracellulaenvironment[1]. Theyareparticularlyimportantin theinitiation and propaga-
tion of electricakignaldgn excitablecells.Dysfunctionof thesetransmembrangroteinscan
leadto arangeof severehannelopathiescluding epilepsygardiacarrhythmiasandvarious
paindisordersTheir centralrolein thesepathologiesnakeshemattractivepharmaceutical
targetq2].

Oneof the mostattractivedrug targetso emergen recentyearsn theion-channeffield is
the Na,1.7subtypeof voltage-gatedodiumchannelgNays). Mutationsin SCN9A, thegene
encodingNay1.7,which leadto alossof function, resultin congenitainsensitivityto pain
(CIP)with anosmiaasthe only other sensorydeficit, whilst gain-of-functionmutationsare
associatewith extremesensitivityto pain (erythromelalgiaand paroxysmakxtremepain dis-
order)[3, 4]. Thus,inhibitors of Na,1.7arepromisinganalgesiteadsandindeed,localanas-
theticssuchaslidocaineareknown to non-selectivelynhibit Na, channelg2]. Unfortunately,
off-targeteffectsat otherhomologousNa,s(1.1,1.2,1.4,1.5and 1.6)arelikely to leadto severe
side-effectincluding seizuresarrhythmiasandimpairedmotor function [5].

Smalldisulfide-richpeptidedsolatedfrom the venomof animalsarenaturalmodulatorsof
voltage-gatedn channelsThelargerfootprint of thesepeptidescomparedo smallmolecule
drugs,isthoughtto provideanincreasedpportunity for developmenbf more selective
ligandg[6]. Peptidesarethereforeconsidereda goldilockscompromisebetweersmallmole-
culesandantibodieswith the former providing limited selectivityandthe latter beingassoci-
atedwith high production costsThus,therearecurrently significanteffortsin industry and
academido discovemovelpeptidesasleadmoleculegor developmenbf biologicsthat target
ion channelg6+14].

Perhapghe best-studiedrenompeptideinhibitor of Na,1.7isthe 35-residueHwTx-IV,
isolatedfrom the venomof the Chinesebird-eatingspiderHaplopelma schmitdi [15]. Thepep-
tide completelyinhibits Nay,1.7with anICsgin thelow nanomolarrange(~26nM) [16].
Detailedcharacterisatiomf the toxin-channelinteractionrevealedhat the peptidebindsto
oneof the four voltagesensordomains(VSD) of the channel[16,17]. Thisisin contrastto
extantsmallmoleculedrugsthatbind to the centralporeregion,suchaslocalanaesthetics
[18]. Thechannelporeis more highly conserve@mongthe differentNay, subtypesompared
to theVSD,makingthe VSDan attractivetargetfor developmenbf selectivalrugs,andsmall
moleculeghattargetthe VSDarebeingdeveloped7, 11].

Nay,s containfour homologoushut non-identicalVSDsthat control the gatingof the chan-
nel. EachVSD consistof four transmembrandelicalsegment$S1-S4ronnectedriaintra-
andextra-cellulatoops.VSDsof domainsll andIV (VSD, andVSDy) havebeenshownto
beattractivetargetsastheycontrol channelopeningandinactivation,respectivelyElegant
work by Xiaoet al. showedhat HwTx-1V specificallybindsto acidicresiduesn the S1-Sand
S3-S4oopsof VSDy; rat Nay1.2,Na,1.3andhumanNay,1.7,all of which containE818in
S3-S4aresensitiveo thetoxin whilst Na,1.4andNa,1.5,whichlackan acidicresiduen this
position,areinsensitiveo HWTx-IV. Subsequentork by othersdefiningthe pharmacophore
of the peptidethrough extensivenutagenesiglentifiedthatin particularresiduesV30
andK32arerequiredfor Nay activity, whilst mutationsin the N and C terminal partsof the
peptidewerefound to improvebinding to Nay 1.7without improvementin activity against
Na,1.5[12,14]. Thisledto the developmenbf atriple mutantof HwTx-1V (E1G,E4G,Y33W
HwTx-1V, hereaftems-HwTx-1V), whichis oneof the mostpotentblockersof Na,1.7re-
portedto date(ICso~ 0.5nM) [14]. Despitethe extensivevork carriedout on HWTx-1V, its

PLOS ONE | https://doi.org/10.1371/journal.pone.0173551 March 16,2017 2/19


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

Characterisation of a potent Nay1.7 inhibitor

completesubtypeselectivityis not known. Similarly,althoughthe structureof the wild type
(WT) peptideandseverabariantshavebeendetermined19, 20], the effectof the triple muta-
tion on the pharmacophorés not known andahigh quality structurewould providevaluable
information for rationalisingthe observedyainin potency.

To thisend,weproducedarecombinant,jsotopicallylabelledversionof ms-HWTx-1V,
whichallowedusto determine(1) ahigh-resolution3D structureof the peptideusinghetero-
nuclearNMR and (2) the dynamicsof the peptideusing®N relaxationexperimentsAlthough
theoverallfold of mz-HWTx-IV remainedthe sameasthe parenttoxin [14], our dynamics
datashowlargeamplitudemotion in the pharmacophoreegionindicatingthat keyresidues
undergoconformationalexchangén the us-mstime scaleln vitro andin vivo functionaldata
indicatethat my-HwWTx-IV hasthe sameNa, selectivityprofile asthe WT toxin, andweshow
for thefirst time thatthe peptideis a potentinhibitor of Na,,1.6andNa,1.1channelsThefull
selectivityprofile of thechannelrevealghat Nay, isoforms1.1,1.2,1.3,1.6and 1.7aresensitive
to thetoxin whilstisoforms1.4,1.5and 1.8arenot. Finally,we showthatthe peptidehas
Nay,1.70on-targetactivity in vivo usingarecentlydevelopedNa, 1.7target-engagememouse
model[21]. Our findings providefurther insightinto the structure function andactivity of
this fascinatingclasof peptidedn the pursuit of turning venomsinto analgesiclrugs.

Materials and methods
Recombinant peptide production

A codon-optimisedsyntheticgeneencodingms-HwTx-IV wassynthesisethy GeneArt
(ThermoFisherScientific)and subclonednto anin-house modified versionof pLIC expres-
sionvector,betweerthe Kpnl andSacl restrictionsitesjn framewith aMalE signalsequence
to directsecretiorof the fusion-proteinto the periplasmicspaceof E. coli, wheredisulfide-
bondformation andfolding of the moleculetakesplace[22]. CompetentE. coli BL21(DE3)
cellsweretransformedwith the plasmidencodingHiss-MBP-ms-HWTx-IV fusionprotein.
Cellsweregrownon a LB agarplatesupplementedvith 100ug/mL ampicillin (Amp). LB/
Amp (100pg/mL) mediumwasinoculatedfrom asinglecolonyor glycerolstockandthe cells
weregrown for ~18h (overnight)at 30EGvhilst shakingat 120rpm until reachingan ODggg
of ~2. FreshLB/Amp solutionwasinoculatedwith the pre-cultureto an ODggo0f ~0.05under
agitationat 120rpm in 5 litre baffledflasksat 37EQuntil reachingan ODgg0f ~0.4,atwhich
time the growthtemperaturevasreducedto 16ECProteinproductionwasinducedat ODgg
of ~0.8by addition of isopropylB-D-1-thiogalactopyranside(IPTG) to afinal concentration
of 0.2mM andgrowthwascontinuedovernightat 16ECThe cellswereharvestedy centrifu-
gation(6,000g for 15min at4EC)ndthe cellpelletsstoredat +80EGor subsequenpurifica-
tion. In orderto produceuniformly *3C/**N-labelledms-HWTx-IV peptide LB broth was
replacedvith M9 minimal mediumsupplementeavith **NH ,Cl and**Ce-glucoseasthe sole
nitrogenandcarbonsourcestespectively23].

Peptide purification

Cellsoverexpressingliss-MBP-ms-HWTx-1V fusionprotein wereresuspendedy stirring in
lysisbuffer (40mM Tris-HCI, pH 8.0,and400mM NacCl)at4ECfor 1 h, or until reaching
completehomogeneityCellswerelysedby continuousflow celldisruption (ConstantSystems
Ltd., TSSerieBenchtoptriple passagat constantpressuref 32kpsi). Thecelllysatewascen-
trifuged (40,00Q;, 30min, 4ECYo removecelldebris. The supernatantvasloadedonto a Ni-
NTA columnequilibratedwith lysisbuffer. The columnwaswashedvith 3£5columnvolumes
(CV) of lysisbuffer,then non-specificalljpound proteinswereelutedwith the samebuffer
containingd0mM imidazole . Thefusionprotein wasthenelutedfrom the columnwith lysis
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buffersupplementedvith 250mM imidazole.The peakfractionswerepooledandthendesalted
andconcentratedisingan Amicon Ultra-15 centrifugalfilter unit (Merck Millipore) with a30
kDa cut-off membraneThe protein wasthendigestedo yield His-MBP and mz-HWTx-1VV
peptideusing50ug/ml tobaccoetchvirus (TEV) proteasén afreshlypreparedredoxbuffer
containing3 mM reducedglutathione(GSH)and0.3mM oxidisedglutathione(GSSG)gently
shakingovernight,atroom temperatureFusionprotein cleavagevasconfirmedby SDS-PAGE,
thenthe cleavageeactionmixture wasacidifiedby adding1%trifluoroaceticacid (TFA). Pre-
cipitatedprotein wasremovedby centrifugationfollowedby membranédfiltration (0.45um).
Reverse-phag&P)HPLC purification of ms-HWTx-1V wasperformedusinga C, semi-prepar-
ativecolumn (Phenomenex)Thebound peptidewaselutedat 3 ml/min with alineargradient
of 5£80%solventB (90%Acetonitrile (ACN), 0.043%I'FA) in solventA (0.05%T FA in water).
UV absorbancgasmonitoredat 214and 280nm andfractionscorrespondingo the peptide

of interestwerepooled lyophilisedandresuspendedh purewater.UV absorbanceasmea-
sured(Thermo Scientific™NanoDrop2000)at 280nm, andthe concentrationwascalculated
usingthe predictedextinction coefficientof the peptide.ldentity and purity of the peptidewas
further characterisetyy liquid chromatographynassspectrometryLC-MS), matrix-assisted
laserdesorption/ionisatiortime-of-flight (MALDI-TOF) massspectrometrnandanalytical
RP-HPLCwith aC,ganalyticalcolumn (Phenomenexyisingagradientof 1%solventB/min at
aflow rateof 1 ml/min.

Mass spectrometry

MALDI-TOF MS performedon aBrukerautoflexspeedHigh-PerformanceMALDI-TOF Sys-
tem (Bruker,MA, USA)wasemployedo determinepeptidemassRP-HPLCfractionswere
mixed (2:1v/v) with a-cyano-4-hydroxycinamicacid(CHCA) matrix (5 mg/ml in 50/50
ACN/H,0) onaMALDI platespotanddried atroom temperatureThe MALDI-TOF mass
spectrumwasacquiredin positivereflectormode.Applied Biosystem®ataExplorer~was
usedfor analysisf monoisotopic[M + H] " ionsMSdata.

NMR structure determination

All NMR datawererecordedusinga 300pl samplesaddedinto asusceptibility-matched mm
micro tube(Shigemilnc. Japan)preparedby dissolving*>N or **N/**C-labeledns-HWTx-

IV to afinal concentrationof 400uM in 20mM sodiumacetatesolution,pH 5 with 5%(v/v)
D,0. All spectravereacquiredat 25°C usinga900MHz Bruker AvanceNMR spectrometer
equippedwith acryogenicallycooledprobe(cryoprobe) Resonancassignments/ereobtained
usingtwo-dimentional(2D) *H-**N heteronucleasinglequantumcoherencéHSQC),2D
H-13C-HSQC,3D CBCA(CO)NH,3D HNCACB, 3D HNCO, 3D HBHA(CO)NH andfour-
dimensional4D) HCC(CO)NH-TOCSYspectra3D and4D spectravereacquiredusingnon-
uniform sampling[24, 25] and processedsingthe RowlandNMR Toolkit (http:/rnmrtk.uchc.
edu/rnmrtk/RNMRTK.html). Maximum entropyparametersvereselectedutomaticallyas
describecpreviously[26]. 3D **N and**C (separatspectraor aliphaticandaromaticregions)
filtered NOESY-HSQGpectrg200ms mixing time) wereacquiredusinglinear samplingand
processedsingthe RowlandNMR Toolkit. Datawereanalysedn CcpNmrAnalysisv2.4(Uni-
versityof CambridgeUK) [27]. NOESYcrosspeaksveremanuallypickedand supplemented
with dihedralanglesderivedfrom chemicakhiftsusingthe TALOSsoftwarg28], andused

for structurecalculationusingCYANA v3.0.[29] The NOEswereautomaticallyassignedby
CYANA. 200structuresverecalculatecandan ensembl®f 20 structureswith the lowest
CYANA targetfunction wereselected.
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Dynamics of the peptide

NMR spin relaxation. NMR experimentgor measurindongitudinal (R1)andtransverse
relaxationrates(R2)and *H- N steady-statBlOEswereacquiredusingasingle-scatinter-
leavedpulsesequencen a700MHz Brukerspectrometeequippedwith az-gradientcryo-
probe.Datawereacquiredat 25EQusinga200uM sampleof 1N labeledms-HwTx-1V. R1
spectravererecordedwith 7 delaytimes(10¢, 50,3007, 500,700,900°, 1100ms) aswereR2
spectra16°, 32,64,96, 128,160,192ms),wheredelaysmarkedwith anasteriskwvere
recordedwiceto confirm datareproducibility. Steady-stattH- >N heteronucleaNOEswere
acquiredwith arelaxationdelayof 9 s. Spectravereprocessedsingthe RowlandNMR toolkit
andanalysedisingCcpNMR[27].

hNay1 activity using patch-clamp electrophysiology

Patch-clampexperimentaisedHEK293cellsexpressingitherof hNa,1.1+hNa,1.5andthe
B1 auxiliarysubunit(SBDrug Discovery GlasgowlJK) or ChineseHamsterOvary(CHO)
cellsexpressingiNa,1.6,nNa,1.7andhNa,1.8/p3(ChanTestCorp).Na" currentsweremea-
suredby automatedvhole-cellpatchclamp(QPatchl6X;Biolin ScientificA/S, Ballerup,Den-
mark). Theextracellulasolutioncomprised(in mM) 1 CaC}, 1 MgCl,, 5HEPES3KCI, 140
NaCl,0.1CdCL and20TEA-ClatpH 7.3and320mOsm,andtheintracellularsolutioncom-
prised(in mM) 140CsF,1/5EGTA/CsOH,10HEPESand10NaClatpH 7.3and 320mOsm.
Theelicitedcurrentsweresampledat 25kHz andfilteredat4 kHz. Cellsweremaintainedat a
holding potential+80mV andNa" currentselicitedby 20msvoltagestepso 0mV (+10mV
for Na,,1.8)from a+£120mV conditioning pulseappliedfor 200ms.To obtainconcentration+
responseurvescellswereincubatedfor 5 min with increasingconcentrationof toxin. All
experimentatlatawasanalysedisingQPatchAssaySoftware/5.0(Biolin ScientificA/S,Bal-
lerup,Denmark).

hNay 1 activity using FLIPR membrane potential assay

Human embryonickidney (HEK) 293cellsheterologouslgxpressindgpumanNa,1.1+1.§SB
Drug Discovery)wereculturedin minimal essentiamedium(MEM) containing10%v/v fetal
bovineserum(FBS)andselectiorantibioticsasrecommendedy the manufacturerCells
weregrownin ahumidified 5%CO, incubatorat 37 EC grownto 70+80%onfluenceand
passagedvery3+4daysusing TrypLE ExpresgInvitrogen). Cellswereplatedin 384-well
clear-bottomblackimagingplates(Corning, NY, USA)atadensityof 10,0000 15,00Ccells
perwell. After 48h, cellswereloadedwith (20l perwell) red membranepotentialdye(Mole-
cularDevicessunnyvaleCA, USA)dilutedin physiologicakaltsolution[PSSgomposition
(in mM) 140NaCl,11.5glucose5.9KCl, 1.4MgCl,, 1.2NaH,PO,, 5 NaHCO;, 1.8CaClb and
10HEPESH 7.4]andincubatedfor 30min at37EQn ahumidified 5%CO, incubator.mas-
HwTx-IV (10nM= 30uM) wasdilutedin PSS/0.1%ovineserumalbumin (BSA)andpre-
incubatedfor 5 min beforestimulatingNa,1.1+1.usingveratridine(60uM) or Na,1.8using
deltamethrin(150pM). Changesn membranepotentialwereassessaasingafluorescence
imagingplatereader(FLIPR'E™** MolecularDevices)excitation515to 545nm, emission
565to 625nm) everysecondor 300s afteraddingagonists.

In vivo activity assay

Animals. Adult maleC57BL/6Jniceaged6+8weeksvereusedfor behaviourahssess-
ments.Mice werehousedn groupsof 2+4percageunder12h light-dark cycleswith standard
rodentchowandwaterad libitum. Ethicalapprovaffor in vivo animalexperimentawas
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obtainedfrom the Universityof Queenslandnimalethicscommittee Experimentsnvolving
animalswereconductedn accordancevith the Animal Careand ProtectionRegulatiorQId
(2012) the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes,
8th edition (2013)andthe International Association for the Study of Pain Guidelines for the Use
of Animals in Research.

OD1 model. TheNay1.7activatorOD1 (300nM) wasco-administeredalone(control;
n = 5) or with ms-HWTx-1V ataconcentrationof 200nM (n = 4) or 300nM (n = 3) dilutedin
saline/0.19BSAby intraplantar(i.pl.) injectionin avolumeof 40puL underlight isoflurane
(3%)anesthesian miceaspreviouslydescribed21]. Mice werethenindividually placedin
polyvinylboxeq10x 10x 10cm) andallowedto recoverfrom anesthesidmmediatelyupon
recoveryspontaneougain behaviourgnumberof pawlifts, licks,shakesandflinches)were
recordedon video,andlatercountedby aninvestigatorunawareof the treatmenteachindi-
vidualanimalreceivedfor 40min post-injectionat 5-min intervals.Datawereplottedand
analysedisingGraphPadPrism. Statisticakignificancevasdefined*P < 0.05andwasdeter-
mined usingone-wayANOVA with Dunnett'spost-testomparedo control.

Results

Production of recombinant mz-HwWTx-IV

An efficientmethodwasrequiredto providesufficientamountsof ms-HWTx-IV to perform
the structuralandfunctionalstudiesThereforewe createda constructthat enablegxpression
of aHise-MBP-ms-HWTX-1V fusionproteinin the periplasmof E. coli, wherethe disulfide-
bondmachineryof the cellis located22]. Thefusionprotein waspurified from the soluble
cellfractionusingNi-NTA affinity chromatography{Fig 1C).ms-HWTx-IV wascleavedrom
the Hise-MBP fusiontagusingTEV proteasethensemi-preparativkP-HPLC(Fig 1D) was
employedo yield asingledominantdisulfide-bondisoformwith apurity of >98%asassessed
by analyticaRP-HPLCandMALDI-TOF MS (Fig 1E).Theactivity of the peptideagainst
hNa, 1.7wasinitially confirmedusingaFLIPRassaythen by automatedatch-clampelectro-
physiologyasdescribedelow.Thefinal yield of recombinantmz-HwTx-1V was~0.6mg per
litre of bacterialculture.

Structure of mz-HWTx-1V

Thestructureof ms-HWTx-IV wasdeterminedusingmultidimensionalheteronucleaNMR
spectroscopyNMR hasbeenthe dominantapproachor determiningthe structureof peptides
smallerthan 5 kDa, including disulfide-richvenompeptideq22, 30]. Employingbacterial
expressiorenabledusto produceuniformly ®N/*C labelledmg-HwTx-1V. Two-dimensional
(2D) *H-'"N HSQC(Fig 2A) and 3D HNCACB, CBCA(CO)NH,and HNCO experiments
wereusedto assigrthe backboneesonancesf ms-HwWTx-IV. A 4D HCC(CO)NH-TOCSY
experimentwhich hasthe advantagef providing sidechain'H-1C correlationg25], was
usedto provideside-chainassignmentdJltimately, structurecalculationsverebasedn inter-
proton distanceslerivedfrom analysiof 3D **N-editedand **C-editedHSQCNOESYspec-
tra andbackbonalihedral-angleestraintsderivedfrom analysisf *H, *3C,and*N chemical
shifts.

All non-exchanging@ndslowexchangindiydrogenatomswereassignedaswell asall pro-
tonatedcarbonandnitrogenatoms(BMRB-ID: 30160) Theseassignmentsveresupple-
mentedwith assignmentsf all C' atomsfrom the HNCO experimentwhichexcludes
assignmentfrom residuegrecedinghe prolinesandthe C-terminalresidue(N10,135). The
backbonechemicakhiftswereusedto derive46dihedralanglepredictions(23 ¢, 23vy) by
TALOS-N[31]. A total of 1575NOEsweremanuallypickedfrom thethreeNOESYspectra
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Fig 1. Recombinant production of m3-HwTx-IV. (A) Primary structure of maz-HwTx-1V. 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 mg-HWTx-IV.
The coding region includes a MalE signal sequence (MalEgsg) for periplasmic export, a Hisg 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 ms-HwWTx-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 ms-HWTx-IV. Lanes are as follows: M, molecular weight markers (Bio-Rad); lane 1, E. colicell
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extract prior to IPTG induction; lane 2, E. colicell 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 Hisg-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-HwWTx-IV using a semi-preparative C, column; the peptide eluted with a retention time of ~28 min. (E) RP-HPLC chromatogram of ma-HwTx-
IV obtained using an analytical Cg column. The asterisk denotes the peak corresponding to correctly folded recombinant ms-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://da.org/10.1371durnal.pon®173551.g0D

(**N, %€ aromatic,*C aliphatic)and 1537(98%)automaticallyassignedy CYANA [29].
Theseweretranslatedo 790uniquedistancdimits. Thedisulfidebond connectivitiesvere
derivedfrom unambiguousNOE assignmentacrosghedisulfidebond [32] andintroduced
into the structurecalculationsasthreeupperandlowerdistancdimits acrosghedisulfide
bond(S,-Cg', Cs-S/, S-S,).

Thesstructurecalculationggenerateédn ensemblef 20structuregseeTablel for statistics,
PDB-ID:5T3M). Theensemblavaswell definedwith low backboneand sidechairRMSDs
(0.02A and0.48A respectivelyor residue2+34) This comparesavourablywith the previ-
ouslydeterminedstructureof the WT peptide(PDBID 1MB6;RMSDsof 0.34A and1.01A
for the backboneandsidechairatomsof residue2+34{19]). Thems-HWTx-IV structure
showshatthe aromaticring of W30is directly abovethe Hg atomof T28, explainingthe
unusualupfield chemicakhift of this atomat 2.48ppm (comparedwith therandomcoil value

of 4.16ppm).
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Fig 2. (A) 'H-'>N HSQC spectrum of m3-HwTx-IV. Peaks represent backbone amide NH correlations. Sidechain correlations are annotated with italic font
and the folded arginine sidechains are marked with a dotted box. NH, groups are connected using a dashed line. (B) High-resolution structure of ms-
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
are shown in sticks. The structure of the WT peptide (1mb6) is shown in magenta but using the same line/stick representation as for the mutant structure.
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://da.org/10.137 1§urnal.pon®173551.g0D
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Table 1. NMR structure statistics®.

Experimental restraints
Inter-proton distance restraints

Intra-residue 199
Sequential 221
Medium-range (i— < 5) 124
Long-range (i—j > 5) 246
Dihedral-angle restraints 46 (=23, P =23)
Disulfide-bond restraints 9
Total number of restraints per residue 24.4
RMSD from mean coordinate structure (A)°
Backbone atoms (residues 2—34) 0.02+0.01
All heavy atoms (residues 2—34) 0.48+0.07
Stereochemical quality®
Residues in most favoured Ramachandran region (%) 90.91
Ramachandran outliers (%) 0+0
Unfavourable sidechain rotamers (%) 7.97 +£0.03
Clashscore, all atoms® 7.27£0.00
Overall MolProbity score 2.58 +0.14 (~50™ percentile)

2All statistics are given as mean + SD.
PMean r.m.s. deviation calculated over the entire ensemble of 20 structures.
°As reported by Molprobity %.

https://abi.org/10.1371durnal.por.0173551.t00

Dynamics of mz-HwWTx-IV

Heteronucleaspinrelaxationis a powerfultechniqueto probethe overallandinternal
dynamicsof macromolecule§33]. In orderto studythe dynamicsof mz-HWTx-1V, wedeter-
minedthe N longitudinal (R1)andtransvers¢R2)relaxationratesand *H- >N heteronuc-
learNOEs.TheR1and*H-'N heteronucleaNOE valuesprovideinformation aboutfast
time-scalemotionsin therangeof nsto pswhile the R2valuegprobeslowtime-scalenotions
in therangeof msto ps(Fig 3). TheexperimentallydeterminedR1valuesverefoundto be
largelyconstantalongthe polypeptidechainwith an averagevalueof 2.25+ 0.01s™. Residues
attheN- and C-termini (C2and|35) hadshorterR1valuesndicativeof fastermotions.In
contrastto R1,the R2valuesvariedconsiderablyalongthe polypeptidechain,rangingfrom
1.79+ 0.01to 7.65+ 0.02s*  with anaveragealueof 3.83+ 0.02s". Residuein the S25+T28
stretch displayecdhigheror lowervalueghanthe averagdR2,suggestivef conformational
exchangeThe*H-N heteronucleaNOE wasalmostconstantalongthe polypeptidechain
(0.59+ 0.03)with the exceptionof the flexibleC-terminalresidue(135), which hasanegative
NOE,indicatingahigh levelof disorder.

Nay1 subtype selectivity of mg-HWTx-IV

Thefull selectivityprofile of me-HWTx-IV atallhumanNa, channelsubtypeghNa,1.1+
hNa, 1.8)stablyexpresseth HEK293(hNa,1.1+hNa,1.5)and CHO (hNa,1.6xhNa,1.8)
cellswasmeasuredisingwhole-cellpatch-clampelectrophysiologyfitting of the concentra-
tion-responsalatayieldedICsgvaluesof: hNa,1.1,8.4+ 1.8nM; hNa,1.2,11.9+ 2.2nM;
hNa,1.3,7.2+ 1.6nM; hNa,1.4,369+ 196nM; hNa,1.5,>1 uM; hNa,1.6,6.8+ 1.5nM;
hNa,1.7,3.3+ 1.1nM; hNa,1.8,>1uM (Fig4 and Table2), indicatingthatthe neuronalNay,
isoforms1.1,1.2,1.3,1.6and 1.7aresensitiveo the peptidewhilstisoforms1.4,1.5and1.8are
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not. Theselectivityprofile matchedthat of the parent(HwTx-1V) peptide with the exception
thatactivityagainsthe Na,1.1,Na,1.6andNa,1.8hadpreviouslynot beenmeasuredThe
effectof mx-HWTX-IV on Na, channelfastinactivationatO mV areshownin S1Figfor the
toxin sensitivechannelgtestedat ~ ICso concentrationsexpector Na,1.4whichwasassessed
at1puM). ms-HWTx-1V hadno substantiakffecton the time constantof fastinactivation(t) of
anyof the channelgestedS1Fig).

1.0r———m—r——r— 7T

0.8 5 ;
[ B8 I I AL
g L s5it §f 15,0 & T

0.4
0.2

{"H}-"5N NOE

0.0
-0.2

3.0

-1

N

o
T
°
L

8.0 0 W30

6.0 o R29

R26e

s)

o © _

0% T28 © °
%o ° °

° ©

mN4.0— ......o.. .°.. °

20

<]
K27

PR T TN T T T TN [N TN T N TN TN (NN TN T N TN T [T T T A
0 13 16 19 22 25 28 31 34
Residue number

1 4 7 1

Fig 3. 'H-"°N steady state NOE and longitudinal (R1) and transverse (R2) '°N relaxation rates obtained
for mg-HWTx-IV at a field-strength of 700 MHz. Data were acquired at 25°C using a 200 uM sample of '°N
labeled mg-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 "H-"°N steady state NOE are a function of the S/N in the acquired spectra.

https://bi.org/10.1371durnal.por.0173551.¢08
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Fig 4. Potency and subtype selectivity of mz-HwTx-IV. Inhibition of hNay1.1 —hNay1.7 heterologously expressed in
HEK293 cells (for hNay1.1 —hNay1.4) or CHO cells (for hNay 1.6 -hNay1.8). Data points are mean + SEM of three
independent cells (n = 3) for hNay1.3, four independent cells (n = 4) for hNay 1.1, hNay1.4 and hNay1.7, six independent cells
(n=6) for hNay 1.2 and of seven independent cells (n= 7) for hNay1.6. Currents were recorded using automated patch-clamp
electrophysiology (QPatch 16X). Fitting of the Hill equation to the data yielded ICgq values of (innM) 3.3+ 1.1,6.8 £1.5,
7.2+1.6,8.4+1.8,11.9+2.2and 369 + 196 for hNay1.7, hNay1.6 and hNay1.3, hNay1.1, hNay1.2 and hNay 1.4,

respectively. hNay 1.5 and hNay 1.8 were insensitive to the toxins up to 1 pM.

https://doiorg/10.1371§urnal.pon®173551.g004

Table 2. Potency of mz-HwTx-IV on hNay1.1-1.8 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 ICso mean + SD.

Subtype
hNay1.1
hNay1.2
hNay1.3
hNay1.4
hNay1.5
hNay1.6
hNay1.7
hNay1.8

IC50 (NM) QPatch
8.4+1.8(n=4)
11.9+2.2 (n=6)
72+1.6(n=3)
369+ 196 (n=16)

>1000 (n=5)
6.8+1.5(n=7)
3.3+1.1(n=4)
>1000 (n=11)

ICso (uM) FLIPR
11+07
0.54+0.4
1.4+06

>30
>30
0.60+0.6
51+4
>30

In parallel, the full selectivity profile of mz-HwWTx-IV at all hNay 1 channel subtypes heterologously expressed
in HEK293 cells was measured using a FLIPR membrane potential assay, which yielded ICsq values of:
hNay1.1, 1.1 £ 0.7 yM; hNay 1.2, 0.54 + 0.4 uM; hNay1.3, 1.4 £ 0.6 uM; hNay/ 1.4, >30 pM; hNay 1.5, >30 pM;
hNay1.6, 0.60 + 0.6 uM; hNay1.7, 5.1 £ 4 yM; hNay 1.8, >30 uM (Table 2), supporting the selectivity data
obtained using whole-cell patch-clamp electrophysiology.

https://abi.org/10.1371djurnal.por.0173551.t0D
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Fig 5. Dose-dependent suppression of OD1-induced spontaneous pain by ms-HwTx-IV. (A) Effect of co-
administration of mz-HwWTx-IV (i.pl.; 100 nM, 300 nM) on the time course of spontaneous pain behaviours elicited by
intraplantar injection of the Nay1.7 activator OD1 in mice. (B) Effect of mz-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.0g/10.1371Hurnal.pon®173551.g005

In vivo activity of ma-HWTx-IV

Theon-targeteffectof my-HWTx-IV atNa,1.7wasexaminedn vivo viabehaviourahssess-
mentin arecentlydescribedNa, 1.7targetengagementnodel[21]. mz-HWTx-IV significantly
attenuategpain behavioursnducedby localinjection of the Na,1.7-selectivactivatorOD1
[34]into the hind pawof the mousemodelof Na,1.7-mediategain (pain behaviourcount:
control (n =5),243+ 22;mz-HWTx-IV (100nM; n = 4),120+ 17;mz-HWTx-1V (300nM;
n=3),25+ 18;P < 0.05;Fig5), confirming on-targetactivityatNa,1.7.

Discussion
Structure of HwTx-1V and mutants

ms-HWTX-IV wasdevelopedy Revelletal.[14] to improve potencyof the parentcompound
(HwTx-1V) atNa,1.7.Herewedeterminedwhethertheimprovedactivity affectedhe struc-
ture or selectivityof HwTx-1V. Thestructureof WT HwWTx-1V waspreviouslysolvedby two
independengroups(PDBIDs 1mb6and2m4xfor the originaland morerecentHwTx-1V
structuresyespectively)Notably,whenthesetwo structuresarealignedoverthe backbone
atomsin the structuredregion (residues+33) the RMSDwasfound to be 1.84A, whichis
remarkablyhigh (i.e.,indicativeof significantdifferences)¢onsideringthat both structures
weresolvedusingprimarily 2D homonucleaNOESYdata.

To structurallycharacterisens-HwTx-IV weusedarecombinantexpressioimethod[22]
to isotopelabelthe peptidewith *C and**N, which allowedapplicationof high-resolution,
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heteronucleaBD/4D NMR methodsaswell as™N relaxationmeasurmentsThe structure
obtainedhereusingheteronucleaNMR alignswellwith the original nativepeptidestructure,
1mb6,with anRMSDof 0.7 A overthe backboneatoms(5+33) but it alignspoorly with the
morerecent2méxstructure with anRMSDof 1.75A overthe samerangeof backboneatoms.
Thelargedifferencebetweerour structureandthe morerecentof the two structuresof the
WT peptideis apparenin 3 of the 4 loopsof the peptideaswell asthetermini. It isunclear
why the 2m4xstructuredeviatego suchan extentfrom the othertwo structuresWe note,
howeverthatfor the Imb6structurethe authorsrecordedseparatD NOESYspectran H,O
andD,0 andit maybethatthis approactprovidedadditional®H NOEsfrom Ho. atomsin the
B-sheetregionswhichareoftenobscuredn 2D NOESYspectraby the strongH O signal.ln
our 3D filtered NOESYdatatheseNOEsareobscuredalongthe direct dimensionbut can
oftenbeassignedlongtheindirect dimension.Giventhe discrepancyandthe additional
experimentatlatausedin the 1mb6structure wehavebelowonly madecomparisongo
1mbé6.

Structural consequences of mutations

In thema-HWTX-IV structurethe positionof W33 with respecto K21is welldefined whereas
in the WT structurethe aromaticring of Y33is poorly definedand predominantlypositioned
facingthe sidechain®f K32andF6.In our structurethereareclearNOEsbetweerthe side-
chainHg protonsof K21andthe Hs1 andH, 1 protonsof W33in the 3D **C aromatic
NOESY 3D **C aliphaticNOESYandthe 3D *®N NOESYspectraThe chemicakshiftsof these
atomsareuniquein the 3D NOESYspectraandthe NOE assignmentarethereforeunambig-
uous,stronglysupportingthe alternativesidechainconformationin our model(Fig 6).

The NMR relaxationstudiesrevealedo evidenceof structuralor conformationalflexibility
in the C-terminaltail, excepfor the lastresidue which appearsessordered.It istherefore
unclearwetherthe W33/K2linteractionsarenot presentn the WT peptideor whetherthese
interactionsweresimply not resolvedn the previoushomonuclealNMR studiesWe note
thatin the 2D NOESYdatathe Hg atomsof K21 arein acrowdedregion,whichmayhave
obscured\NOEsin the 1Imb6data.lt hadpreviouslybeenspeculatedhat cation-rinteractions
mayserveo reducethelossin energyupon binding dueto the desolvatiorof lysineresidues.
Here,the conformationof thesetwo residuesvould not providesuchstabilisationasthe
charged\H3" groupof thelysineis insteadproximalto the carboxyl-terminusof the peptide.

Theotherresidueghatweremutatedin mz-HWTx-IV aretwo glutamicacidresiduesn the
N-terminal sectionof the peptide.Curiouslythe E4residueappearso form asaltbridgewith
K7in theWT toxin, andit might beexpectedhatthis chargepairing stabiliseshefold of the
peptide. However,n our structureK7 assumesanearlyidenticalpositionasin the WT peptide
whilstthereareno major changeso the conformationof loop 1. Thus,theimprovedNa,1.7
activity from mutatingtheseacidicresiduego Gly likely resultsfrom removalof unfavourable
interactionswith eitherVSD,, of Nay1.7or the surroundingmembranelndeed,previous
work hasshownthatloop 1 residuesareimportantin lipid binding andit is possiblehatthe
acidicresiduesitherinteractunfavourablywith anioniccomponentof the membrandeaflet
or reducethe permeabilityof the peptidein thelipid bilayer[35].

The C-terminusof HWTx-IV is amidatedand previousstructure/activitystudieshave
shownthat removalof this amidationcauses 20+50fold reductionin activityatNa,1.7[14,
36]. Sincemz-HWTx-IV wasproducedrecombinantly the C-terminusis not amidatedandwe
would expectthe activity of the peptideto belessthanthat of the amidatedpeptide.Indeedwe
found thattherecombinantpeptideinhibited Na,,1.7with an1Cgq0f 3.3nM, whichis 8-fold
higherthanthat previouslyreportedfor the syntheticamidatedversionbut still more potent
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thanWT HwTx-IV (IC5526nM). Thus,ms-HWTx-1V is oneof themostpotentrecombinantly
producedNay,1.7blockersreported,andin contrastto ProTx-Il, it doesnot requirerefolding

[37].

Dynamics of the pharmacophore region

TheNa, pharmacophorén this clasof peptideshasbeenextensivelgharacterisedndit is
clearthatthe W30/K32pair arethe mostfunctionallycritical residueg14, 20]. In our structure
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theseresiduesassume conformationsimilarto thatin WT peptide andweconcludethatthe
threemutationsdo not affectthe overallconfigurationof thesecritical residueslnstead our
relaxationdatashowclearevidenceof conformationalmobility in loop 4 residuesncluding
W30.Remarkablyywefind thatthe largesdiscrepancyetweerour mutant structureandthe
WT structureisin thisloop,andwhenthisloopis omittedin the structuralalignmentthe
RMSDfallsfrom 0.7A to 0.4A. This suggestthatthis loopis flexibleandthat the difference
betweerthe structuresmaysimplyreflectdifferentconformationalstateof loop 4 (seealso
Fig 2B).Giventhatthis dynamicregioncoincideswith the activesite of the peptidewe specu-
latethat this mobility providesadditionalconformationalstategshat may stabilisebinding of
the peptideto VSD;,. Thesedataalsosuggesthat the absoluteconfigurationof the pharmaco-
phoreresiduesn the solutionstructureof HwTx-IV maydiffer from that of the channel-
bound peptide .Shouldthis bethe casethe solutionstructuresmaynot besuitabledesigntem-
platesfor developmenbf peptidemimeticsor smallmoleculesnhibitors, unlesssufficient
flexibility isintroducedwith respecto the position of thesekeyfunctionalresidues.

Subtype selectivity

Thebinding siteof HWTx-1V wascharacteriseth detailby Xiaoetal.[16]. Theauthorsfound
thatHWTx-1V inhibits rat (r) Nay1.2andrNay1.3aswellashumanNa, 1.7 butis farless
potentonrNay1.4andrNay1.5.Basedn theseresultsand carefulmutagenesisork, Xiao
etal.wereableto identify residueson Na,sthat conferredselectivity{17]. Theyshowedhat
the peptidebindsto VSD,, andthatoneresidueon the S1-S2o0p (E753) togetherwith four
residueon the S3-S4oo0p (E811,.814,D816,E819) areparticularlyimportant for peptide
binding. This recognitionmotif 2EELDE°is conservedn Na,1.6,whilstonly differingin aD-
to-N changg EELNE)in Na,1.1,Nay1.2,Na,1.3.In contrastNa,1.4andNay,1.5containtwo
change¢EELNQandEELRSespectively)andNay1.8containsthreechange$EEVKG)with
Nay1.9havingthe biggestifferencewith four change4EDVQR).

Fromtheaboveanalysist shouldthereforebeexpectedhat Na,1.6shouldbeequallysensi-
tiveto my-HwWTx-IV, andsinceNa, 1.2is sensitiveo thetoxin, wewould expectNa,1.1,
which hasthe samerecognitionsequencdp alsobems-HWTx-IV sensitiveFinally,basedn
thesequencanalysisNa,1.8andNay,1.9areleastikely to besensitivao thetoxin. Usinga
FLIPRmembranepotentialassayecomparedsubtypeselectivityprofilesacrosfNa, isoforms
andaspredictedby thework in the Cumminsgroup[17,38]the previouslyuncharacterised
hNa,1.6andhNa,1.1areindeedsensitiveo thetoxin whilsthNa,1.8is,againaspredicted,
insensitiveto the toxin. To further characteris¢he selectivityof mz-HWTx-1V wemeasuredts
activityagainsiNa,1.1+1.81singwholecell patch-clampelectrophysiologywVe found that the
peptideis verypotenton Nay1.1+1.3Na,1.6andNa,1.7.Thus,it appearghat the D-to-N
mutation at position816is well tolerated Comparingthe activity on Na,1.4/5andNa,1.1we
canconcludethatfinal E-to-Q/Smutation is not toleratedandthe presencef anegative
charges essentiain this position. Thefull rangeof Na, subtypesensitiveo HWTx-IV only
differsfrom tetrodotoxin(TTX) in its activityon Na,1.4.This mayproveusefulasdifferential
inhibition of sodiumcurrentsby HwTx-1V and TTX canbeattributedto Nay,1.4.

Our resultsshowthat, despiteclaimsof improvedselectivityand potency the subtypeselec-
tivity of mz-HwWTx-1V is not significantlyalteredcomparedwith nativeHwTx-1V. Fromthe
sequencanalysisur datawould supportamodelwherethe peptidebindsto residueswithin
the cavityformedbetweerthe four helicesof the VSD,, [39]. This modelwould suggesthat
thereis alargeinterfacebetweerthe peptideandthe channeljndicatingthatit shouldin the-
ory bepossiblao developsubtypeselectiveeptidesCurrent peptideengineeringefforts,
howeverrely on exhaustivenutagenesisf the peptideand haveunfortunatelyshownlimited
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successyith the commonobservatiorthatimprovementsn affinity againsoneof the sensi-
tive subtype®ftenleadso acorrelatedncreasen affinity againsothersubtype$40]. To
overcomehesechallengesurther structuraldetailsof the VSD; in its peptideboundform are
requiredto enablerational peptidedesign.

In vivo activity

Thein vivo activity of HwTx-IV waspreviouslyreportedin rat modelsof formalin-induced
painandsparederveinjury, whereit blockedpain behavioursatdosedbetweer25and
200pg/kg[41]. Thisexquisitein vivo potencymayatleastin partbedueto the strainof ani-
malsusedasmorphinealsowaseffectiveat dosesatleast20timeslowerthanthoseusually
requiredto achieveanalgesiin the samemodels[42+45].Giventhe poor selectivityof HWTx-
IV, in particularoverNa,1.6,weusedarecentlydevelopedNa,1.7targetengagemeniassayo
assesthe biologicalactivity of recombinantm3-HwTx-1V following localintraplantarinjec-
tion, assystemia@dministrationof peptideswith activity at Na,1.6typicallyleadsto adverse
side-effectdntraplantarinjection of OD1 at the concentrationusedhereevokespontaneous
painbehaviourghatarereducedoy ~70%in Nay,1.7knockoutmiceor aftertreatmentwith
theselectiviNay,1.7inhibitor PF-04856264yith residualpainresponseskely attributableto
Na,1.6[21]. Accordinglythe observedn vivo effectf m3-HwTx-IV areentirelyconsistent
with our pharmacologicatharacterizatiorof m3-HwTx-IV showingpotenteffectsat Na,1.6
andNay1.7,andindicatetargetengagemenf Na,1.7andto lesseextentNa,1.60n periph-
eralnerveterminalsin vivo. Thein vivo effectsof m3-HwWTx-1V wereonly assessed male
mice,assex-relatedlifferencesn Na,1.7-mediateghain arenot expected46].

Conclusions

Wereportherean efficientmethodof recombinantproduction of ahighly potentNay 1.7
inhibitor, mz-HWTx-IV. Our high-resolutionsolution-stateNMR structurerevealedhatthe
mutationsintroducedinto HWTx-1V do not alterthe structureof the peptide.Thus,with per-
hapsthe exceptionof the Y33Wmutation, the gainin potencyfor the mutant peptideappears
to bedueto removalof unfavourablecontactd§rom theacidicmoieties(E1G,E4G).Further-
more,weprovidethefirst NMR relaxationstudiesof this family of sodiumchannelinhibitors,
whichrevealedignificantconformationalfflexibility in the critical pharmacophoreegion.
Detailedfunctionalstudiesshowedhat the subtypeselectivityof mz-HWTx-IV differsfrom
TTX only atNay1.4,whichwasnot sensitivedo ms-HWTx-1V. Finally,wefound that mas-
HwTx-IV providesanalgesiin amousemodelof Na,1.7-mediategbain. While recombinant
ms-HWTX-IV islikely to beausefulpharmacologicatiool for structuraland pharmacological
studiesijts off-targetactivity makest apoor clinical candidate Furtherstructuraldetailsof the
peptide-channetomplexarelikely requiredto enabledesignof HwTx-1V analoguesvith
improvedselectivityprofiles.

Supporting information

S1 Fig. m3;-HwTx-IV has no effect on Nay channel fast inactivation when tested near the
ICs, value. Na* currentswereelicitedby a20 msdepolarisingpulseto 0 mV from a200ms
pre-pulseat-120mV. Holding potentialwas-80 mV. Thetime constantof fastinactivation(t)
wascalculatedrom afit of theinactivationphaseo amono exponentiakquationandis pre-
sentedasmean+/- SEM(n = 3repetitions).
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