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ABSTRACT

Acute pharmacological inhibition of acid-sensing mhannel 1a (ASIC1la) is efficacious in
rodent models in alleviating symptoms of neurolagdiseases such as stroke and multiple
sclerosis. Thus, ASICla is a promising therapdatiget and selective ligands that modulate
it are invaluable research tools and potentialapeutic leads. Spider venoms have provided
an abundance of voltage-gated ion channel modsldtomwever, only one ASIC modulator
(PcTx1) has so far been isolated from this soufieee we report the discovery,
characterization, and chemical stability of a secgpider venom peptide that potently
modulates ASICla and ASIC1b, and investigate thieoatar basis for its subtype
selectivity.T: TRTX-Hm3a (Hm3a) is a 37-amino acid peptide issdatrom Togo starburst
tarantula Heteroscodra maculata) venom with five amino acid substitutions compa@d
PcTx1, and is also three residues shorter at tter@inus. Hm3a pH-dependently inhibited
ASICla with an IGy of 1-2 nM and potentiated ASIC1b with andg6f 46.5 nM, similar to
PcTx1. Using ASICla to ASIC1b point mutants inA&tiC1a revealed that Glul177 and
Argl75 in the palm region oppositehelix 5 play an important role in the Hm3a-ASIC1
interaction and contribute to the subtype-dependtatts of the peptide. Despite its high
sequence similarity with PcTx1, Hm3a showed hidgeeels of stability over 48 hours.
Overall, Hm3a represents a potent, highly staléft the study of ASICs and will be
particularly useful when stability in biologicalftls is required, for example in long term

vitro cell-based assays aivivo experiments.

Keywords: Acid-sensing ion channel 1, Hm3a, venom, pepstecture-activity

relationship, peptide stability



1. Introduction

Over the last two decades, the growing knowledgthemolecular basis of various
channelopathies and neurological disorders haketluiah intense interest in the discovery and
development of ion channel modulators as therapeand pharmacological tools (Bagal et
al., 2013). Spiders, in particular, have provetea rich source of such modulators. Their
venoms contain numerous biologically active petithat potently target a variety of ion
channels (Klint et al., 2012; Saez et al., 201®)sAch, peptides isolated from spider venoms
have been widely used to dissect the molecular amesims of channel function and their role
in biological processes (Nebe et al., 1999; Osa&teh., 2016; Siemens et al., 2006). In this
respect, the acid-sensing ion channels (ASICshaumifferent with a spider venom peptide

being the first, and still the most potent, selectnodulator known for ASICs.

ASICs are chordate-specific members of the degefegithelial sodium channel family
that are widely distributed in the nervous system many non-neuronal cells (Boscardin et
al., 2016). They are primary mammalian acid senandsas such are activated by protonation
(Waldmann et al., 1997). Six ASIC subtypes are km¢dSICla/b, ASIC2a/b, ASIC3 and
ASIC4), which can assemble as functional homotrien@&SIC1la/b, ASIC2a and ASIC3
only) or heterotrimeric channels (Hesselager etal04; Jasti et al., 2007). Each subunit
consists of a large extracellular domain, two tna@sbrane helices, and short intracellular N-
and C-termini. The combination of subunits in eelshnnel affects the pH sensitivity,
pharmacology, and kinetics of activation and deiseaton (Hesselager et al., 2004).
ASICla is the most abundant ASIC subunit in the matian central nervous system. Unlike
other ASICs, ASIC1la is also permeable tG'Ca property that has been associated with
ASICla’s role in acidosis-induced neuronal injuxyong et al., 2004; Yermolaieva et al.,
2004). ASICs have been implicated with a varietpathophysiological conditions such as

inflammatory and neuropathic pain (Bohlen et @12 Deval et al., 2008; Duan et al.,



2007), psychiatric illness (Coryell et al., 2009)ltiple sclerosis (Vergo et al., 2011),
epileptic seizure termination (Ziemann et al., 200&J ischemic stroke (McCarthy et al.,
2015; Xiong et al., 2004), hence are considerethmiog therapeutic targets (Wemmie et al.,

2013).

Although several small molecules have been dematestto modulate ASIC activity, they
lack subtype specificity and potency, and are kohin their usefulness as pharmacological
tools. In contrast, venom peptides are often exgérgmotent and can have very high
selectivity for neuronal targets (Klint et al., 2)1To date, six ligands targeting various ASIC
subtypes have been isolated from animal venomo(Bamnd Lingueglia, 2015), The
prototypical and therefore most studied ASIC ligathe spider venom peptide, PcTx1, from
the spideiPsalmopoeus cambridgel (Escoubas et al., 2000). PcTx1 inhibits homomeric
ASIC1la with an IG of ~0.9 nM, and stabilizes the open state of ABlQMore recently it
has been shown to also inhibit heteromeric ASIGiafd ASICla/2a channels (Joeres et al.,
2016; Sherwood et al., 2011). The only other irtbilyi peptide ligands of ASIC1 include the
mambalgins, from the Mamba snakB&{droaspis spp.), which have been shown to inhibit
ASICla and ASIC1b containing channels withd@alues between 11 and 300 nM (Baron

and Lingueglia, 2015; Diochot et al., 2012).

In a functional screening of a panel of spider vespwe observed ASIC1a inhibitory
activity from the venom of the Togo starburst ténéan (Heter oscodra maculata). Here, we
describe the isolation, recombinant expressionciiagdacterization of a second potent
inhibitor of ASIC1a The peptide namexgitheraphotoxin-Hm3a (hereafter Hm3a), was
pharmacologically characterized to determine it$QASubtype-selectivity, binding site,

mechanism of action and stability.

2. Materials and Methods



2.1 Venom peptide purification and characterization

Heteroscodra maculata venom was purchased from Spider Pharm (Yarnel|,AZA).
The lyophilized venom was dissolved in water (1dilQtion from original venom volume)
and stored at —2TC until required. A total of 5QL of the diluted venom was fractionated
using RP-HPLC on a C18 column (Phenomenex Kin&®8,x 4.6 mm, 100A) using a
gradient of solvent A (0.05% trifluoroacetic acic-@) in H,O) and solvent B (90%
acetonitrile, 0.043% TFA in D) as follows: 5% solvent B for 5 min, 5-20% solwvBrfor
10 min, 20-50% solvent B for 30 min, 50—80% solMent min, at a flow rate of 1 mL/min.
Fractions were collected by monitoring eluent apson at 214 and 280 nm and lyophilized.
The dried fractions were dissolved in water angquadts of each fraction were assayed for
activity against rASICla expresseddenopus oocytes. A second RP-HPLC purification was
carried out on the active fraction using a C18 woiyThermo Aquasil, 50 x 2.1 mm, 190A)
and a gradient of 10-30% solvent B over 20 minfava rate of 0.3 ml/min. All solvents

used were HPLC grade.

2.2 RP-HPLC and MALDI-TOF mass spectrometry

Both analytical and semi-preparative RP-HPLC wafopeed using a Shimadzu
Prominence HPLC system with the column at room &radpire (21-22 °C). Peptide mass
was determined using matrix-assisted laser desovpinisation time-of-flight (MALDI-
TOF) MS using a Model 4700 Proteomics Analyzer (MgapBiosystems, Foster City, CA,
USA) collected in both positive reflector and lin@@ode. All masses reported are M+H
Fractions were mixed (1:1, v/v) withhcyano-4-hydroxycinnamic acid matrix (7 mg/mL in
50% acetonitrile in BD). To obtain a sequence tag of the peptide thectaeg matrix 1,5-
diaminonaphthalene (1,5-DAN) was used (Fukuyan@. e2006). The active fractions were

mixed (1:1, v/v) with 1,5-DAN (10 mg/ml in 50% aoeitrile, 0.1% formic acid in kD).



2.3 Peptide sequencing.

The pure native peptide was reduced with 2-meredipémol and alkylated by 4-vinyl-
pyridinethen sequenced via N-terminal Edman dedi@auéd77A, Applied Biosystems,
Foster City, CA, USA). Sequence homologies wererd@ned using sequences obtained
from a search of non-redundant protein databasetheiBLAST server. Sequence alignments

and percentages of similarity were calculated uBbhgSTP (Altschul et al., 1997).
2.4 Production of recombinant Hm3a

Recombinant Hm3a was produced using the bactezigdlpsmic expression system as
described for PcTx1 (Klint et al., 2013; Saez et2011). The synthetic gene encoding
PcTx1 A3C was cloned into the pLicC-MBP expression vedtoen mutated using standard
PCR protocols to produce a vector encoding Hm3a(@iScholthof, 2008). The fusion
protein was expressed kcoli BL21 (\ADE3) and grown in Lysogeny broth medium to an
ODgoo 0f 0.8-1.0. The culture was then cooled to 161i€ iaduced with 0.5 mM IPTG for
16 hours. Cells were pelleted by centrifugatioB@0g then lysed via mechanical lysis at 28
kPa. The fusion protein was purified from the tgdhte via affinity chromatography using
Ni-NTA Superflow resin (QIAGEN, Valencia, CA, USAJhe peptide was cleaved from the
fusion protein using TEV protease and purified B+RPLC on a C4 semi-preparative
column (Phenomenex Jupiter, 250 x 10 mm, 300 Aptige purity was verified using
analytical RP-HPLC on a C18 column (Thermo Aqud&#ix 2.1 mm, 190 A) and gradient of
10-50% solvent B over 40 min, at a flow rate oB0n@/min. Masses of the eluted peptides
were obtained using MALDI-TOF MS. The HPLC Kk’ vali{peptide retention time — solvent

retention time)/solvent retention time] for recomdmt Hm3a was 23.5.

2.5 Electrophysiology



Peptide activity was assessed using two-electrottage-clamp (TEVC)
electrophysiology oiXenopus laevis oocytes. Oocytes preparation, cODNA/CRNA preparation
and injections were performed as described (Cost#rmstrong et al., 2015). Stage V-VI
oocyte were injected with 20—40 ng of ion chanm&N&/cRNA (Nanoject 2000; WPI,
Sarasota, FL, USA). Currents were recorded 1-6 dfigsinjection under voltage-clamp
using two standard glass microelectrodes of 0.5€2rbbistance when filled with 3 M KCI
solution. Oocytes were clamped at —60 mV (OC-726Cte clamp; Warner Instruments,
Hamden, CT, USA). Currents were elicited by a dropH from 7.45 to 6.0 or 5.0 using a
microperfusion system to allow rapid solution exad (~1.5 ml/min) at room temperature.
Conditioning pH of 7.45 was used for all experinsegcluding mechanism of action studies
at rASIC1a (activation and steady-state desensdizaata), and rASICla_F350A mutant
data performed using a conditioning pH of 7.35. HBERvas replaced by MES in buffers with
pH below 6.8. A series of control currents werestato account for the tachyphylaxis effect
of ASICs in response to repeated pH stimulatioargo peptide application. Data were
acquired (2000 Hz and filtered at 0.01 Hz) and gsialperformed using pCLAMP software
Version 10 (Axon Instruments, Sunnyvale, CA, USPgptides were prepared by serial
dilutions in ND96 (96 mM NaCl, 1.8 mM Cagk mM KCI, 2 mM MgC}, 5 mM HEPES)
solution supplemented with 0.1 % bovine serum albUyBSA, fatty-acid free) to minimize

adsorption to plastic surfaces.

2.6 Stability assays

Thermal stability was assessed by dissolving HR83ax1 or oxytocin in 10 mM
phosphate-buffered saline pH 7.4 to a final corregion of 25uM. Samples were incubated
at 55 °C and triplicate samples were taken=a0, 4, 8, 24, and 48, quenched with 5% TFA

solution, centrifuged at 17 0@Pfor 25 minutes and analyzed using RP-HPLC. Th& pea



corresponding to intact peptide was identified bgnparison to an untreated sample. Levels
of peptide were quantified by integration of thalparea recorded at 214 nm, and plotted as a

percentage of the peak ared atO for each respective sample.

Serum stability was performed using male AB humemis (Sigma-Aldrich). Serum was
pre-warmed to 37 °C for 15 minutes and added tpHifmed Hm3a, PcTx1, or oxytocin to a
final concentration of 5QM. Triplicate samples were takentat O, 1, 2, 4, 8, 12, 24, and 48h
for Hm3a and oxytocin, and= 0, 2, 4, 24, and 48 h for PcTx1, quenched witto ZI'FA
solution, and stored at 4 °C for 15 minutes to ipitate serum proteins. Samples were
centrifuged at 17 00§ for 25 minutes and analyzed using RP-HPLC. Th& pearesponding
to intact peptide was identified by comparisonriaiatreated sample and levels of peptide

were quantified as described above.

2.7 Deposition of protein sequence information

Peptide sequence information derived for Hm3a leas Isubmitted to the publicly
accessible UniprotkKB database (http://www.unipngfjpand has the accession number

COHKDO.

2.8 Materials

Chemicals were purchased from Sigma Aldrich (SuisoMO, USA, via Sigma Australia,
Castle Hill, NSW, Australia), with the exceptionkisopropyl f-D-1-thiogalactopyranoside
(IPTG) (Bioline, Alexandria, NSW, Australia) and AF(Auspep Tullamarine, VIC,
Australia). Recombinant TEV protease was producekouse using a previously described

protocol (Fang et al., 2007).

2.9 Animal welfare and ethics statement



Oocyte studies complied with the Australian coderafictice for care and use of animals
for scientific purposes,”™Ed. 2013. The protocol was approved by The Unitsecs
Queensland Animal Ethics Committee (Approval No.l/QB9/13/ARC/NHMRC) Xenopus
laevis oocytes were obtained via recovery surgery peroromder tricaine methanesulfonate
anaesthesia (animals bathed in 1.3 mg/ml). Allissghvolving animals are reported in
accordance with the ARRIVE guidelines for reportexgperiments involving animals

(Kilkenny et al., 2011; McGrath et al., 2010).
2.10 Data analysis and statistical procedures.

Data were analyzed with the software Graphpad P8igha Jolla, CA, USA). The half-
maximal response (Kg, EGso or pHso) and Hill coefficient (slope) were obtained thrbuay
non-linear fit to the data of a four parameter $tigiequation ("sigmoidal dose-response”).
Half-life (t1/2) was obtained through a non-linear fit to the ddta “dissociation — one phase
exponential decay” equation. Results are reponmtetthe text or on the figures, as means +
SEM. They represent the meamadhdividual measurements on different oocytes.iSteal
analysis and comparison between two groups wasnpeetl using Student’s t-test with
Welch’s correction where standard deviations weteassumed to be equal. Comparisons of
three or more groups were performed with one-wayYOAA and Tukey’s Test for 165

comparisons, and a two-way ANOVA and Tukey'’s Teststability assays.
3. Results and Discussion

Despite sustained interest in ASIC1 as a promidig target (Wemmie et al., 2013), the
current array of ASIC1 modulatory ligands availadeselective pharmacological tools and
therapeutic leads is extremely limited. The diffigun developing more selective small
molecule ASIC inhibitors as therapeutic leadslisttated by a series of medicinal chemistry

studies by the Merck Research Laboratories. Threbes using different scaffolds all



resulted in more potent molecules against ASICwgver, all had significant off-target

effects resulting in substantial sedation in anistatiies (Kuduk et al., 2009a; Kuduk et al.,
2010; Kuduk et al., 2009b). Based on the discoeéRcTx1 in a spider venom (Escoubas et
al., 2000) as well as preliminary screening datenfpast studies (Escoubas, unpublished) we
hypothesized that spider venoms, and especialiytala venoms, should be a valuable
source of additional novel ASIC modulators. Disagvaf novel ligands, and understanding
the molecular basis for differences in their biadadyproperties (such as structural and

chemical stability) and functions provides valuabkEght to develop improved ligands.

3.1 Identification and purification of Hm3a

Screening a panel of spider venoms on rat ASICpaessed irKenopus laevis oocytes
revealed thaHeteroscodra maculata (1/1000-fold dilution) venom robustly (>90%) inhibi
this channel. Assay-guided fractionation led toitientification of a minor, early-eluting
peptide (Fraction 12) responsible for the rASIQilabitory activity (Figure 1A). The peptide
has an observed monoisotopic M+éf 4285.05 (Figure 1B) and was nanteiRTX-Hm3a,
hereafter Hm3a, according to a rational nomenaasystem for naming peptides from

animal venoms (King et al., 2008).

The full-length amino acid sequence of Hm3a waerd@hed using Edman degradation
and verified using mass spectrometry. The thealetixidized monoisotopic m/z (M+H=
4285.03) of the Hm3a sequence matched the obsargadisotopic mass, suggesting the
presence of a free carboxylic acid at the C-tersemd three disulfide bonds. The Hm3a
sequence matched that of another ASIC-inhibitingtide previously isolated from this
venom from an HPLC fraction of similar retentiomé& and named Hm12 (Escoubas,

unpublished).

10



Hm3a shares 82% identity with PcTx1, the prototgip&SICla inhibitor from
Psalmopoeus cambridgei venom (Figure 1C). Hm3a differs from PcTx1 by fp@nt
mutations and a three-residue C-terminal truncatiative Hm3a is highly potent on
rASIC1la, inhibiting acid-evoked currents with and©f 2.6 + 1.3 nM when applied at pH
7.45 (Figure 1D and S1A). Due to the high sequéaheetity, conserved cysteine framework,
and similar pharmacology between Hm3a and the itdnibysteine knot (ICK) fold peptide

PcTx1 (PDB: 2KNI), it is highly likely that Hm3asa conforms to the ICK fold (Figure 1E).

3.2 Recombinant production of Hm3a

In order to obtain sufficient material to carry duither pharmacological characterization
of Hm3a, we used aischerichia coli recombinant expression system that we have
previously employed to produce many disulfide nelmom peptides including PcTx1 (Klint
et al., 2013; Saez et al., 2011). Following IPT@uiction, the Hm3a-fusion protein was the
dominant cellular protein present (Figure 2A) viefl~1 mg of correctly folded peptide per
liter of bacterial culture at >95% purity (determihusing RP-HPLC and MS)(Figure 2B).
The observed M+H(4372.58) was in accordance with the calculatedes4372.06) for
Hm3a with an additional N-terminal serine left oftem the TEV recognition site (Figure 2B

inset). The recombinant variant was subsequendd @ all further characterization studies.

3.3 Effects of Hm3a on ASICs

Recombinant Hm3a was similarly potent to the ngpeptide with an Iggof 1.3 £ 0.2 nM
(Figure 3A) confirming that the determined sequasaesponsible for the observed ASICla
activity. Furthermore, it shows that the additidrao extra residue on the N-terminus (the
serine from the TEV cleavage site) has little dffatthe inhibitory activity of the peptide,
consistent with the well-tolerated addition of arse or tyrosine to the N-terminus of PcTx1

(Saez et al., 2011, Salinas et al., 2006). Haveogidained the functional integrity of the
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recombinant Hm3a, the remaining characterizatiodies were performed using the
recombinant peptide. The potency and selectivitmi3a was assessed using TEVC
electrophysiology at a conditioning pH of 7.45 atyes expressing homomeric rASIC1a,
rASIC1b, rASIC2a, rASIC3, human ASIC1a, hASIC1lbd &o-expressed rASIC1la/ASIC1b
(a potential mixture of homo- and heteromeric cledsin(Figure 3A—B). Hm3a is highly
selective for ASIC1, with no observable effect &%IC2a or rASIC3 up to 1(M (Figure
3A). In stark contrast, Hm3a strongly potentiatd@IC1b (~4-fold increase in current
amplitude) with an E€ of 46.5 + 6.2 nM (Figure 3B), as has previouslgieeported for
PcTx1 (Chen et al., 2006). The potentiating effeat also observed on heteromeric
rASIC1la/ASIC1b channels with higher potency ¢g6f 17.4 = 0.5 nM), but lower efficacy
(less than 2-fold increase in current amplituded@sapared to homomeric rASIC1b (Figure

3B).

We next assessed species-dependent effects of BIMB&IC1. Similar to the rat
isoforms, Hm3a also inhibited hASIC1a £f@f 39.7 £ 1.1 nM) and potentiated hASIC1b
(ECsp of 178.1 £ 1.3 nM); it was however ~30-fold, ar®l8-fold less potent, respectively,
than on the rat isoforms (Figure 3C). The Hill dm&énts from the concentration-effect
curves of Hm3a on both rat and human ASICla andCABwere 1.3-1.6, suggesting
positively cooperative binding of more than one Himp@ptide per ASIC1 trimer. This is
consistent with the co-crystal structures of cCAS#DdH PcTx1 that showed up to three PcTx1
peptides bound per channel (see Figure 5A) (Badsragud Gouaux, 2012; Dawson et al.,

2012).

In the study by Chest al. (Chen et al., 2006) that first demonstrated themation of
ASIC1b by PcTx1, the authors were unable to detegran accurate Egas a plateau in the

PcTx1-induced potentiation effect was not reachiste, we were able to show a maximal
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response for Hm3a potentiation of both rat and huA@&IC1b allowing more robust
comparison of E€ values. PcTx1 has been shown to inhibit both A&lEdmomers
(Escoubas et al., 2000) as well as rASIC1a/ASIGRbrASIC1la/ASIC2a heteromers (Joeres
et al., 2016; Sherwood et al., 2011), however,ativity has been reported on channels
resulting from rASIC1a/ASIC1b co-expression (preabiy containing heteromers). Our
results indicate that rASIC1a/ASIC1b heteromersserssitive to Hm3a in the mid-nanomolar
range. A better understanding of the interactiothete peptides with both ASIC1b and
ASIC1la/lb heteromers is crucial when they are asedlSIC1a inhibitors in animal studies
because both ASICla and ASIC1b are highly expresstx peripheral nervous system in
rodents (Wu et al., 2004). The use of high conegioins of Hm3a or PcTx1 may lead to
confounding results, and possible undesirable sftixts, because inhibition of ASIC1b has
caused analgesic effects in inflammatory and ngtiee pain models in ASICla-knockout

mice (Diochot et al., 2012).

Despite the high sequence identity of Hm3a to P¢Htth3a is slightly less potent on
rASICla (~3-fold compared to PcTx1 in our previstusgdies) (Saez et al., 2015; Saez et al.,
2011) (Figure 1D and 3A). From our previous strugtactivity studies on PcTx1, we have
shown that truncation of the three C-terminal neegl(Pro38, Lys39, Thr40; variant named
A3C) resulted in a ~4-fold decrease in activity Seieal., 2015). Furthermore, a P38A
mutation of PcTx1 was also ~4-fold less potent tvdd-type PcTx1, leading us to the
conclusion that the channel interaction mediate®1tm88 in PcTx1 could account for the
slight loss in activity observed m3C (Saez et al., 2015). Being equivalent in lengttne
PcTx1 A3C variant, Hm3a also lacks a proline at positiBnt3ence, we hypothesized that
the potency of Hm3a on rASIC1a could be enhancethéwaddition of a proline at the C-

terminus (Hm3a_P38). Hm3a_P38 had ag 82 0.4 £ 0.1 nM (Figure 3D) or a 3.3-fold

13



increase in potency as compared to wild-type recoam Hm3a, in complete agreement with

our prediction.

Extensive mutagenesis of PcTx1 (Saez et al., 2848z et al., 2011), along with two co-
crystal structures in complex with chicken ASICl@nguis and Gouaux, 2012; Dawson et
al., 2012) have been instrumental in defining tb&® pharmacophore. Three of the residue
differences between PcTx1 and Hm3a (D2P, G9S, 48&Fwere not identified as potential
contacts in structural studies. As a result, thecebf these mutations in PcTx1 have not been
studied, and here we show that these mutation®tlappear to be crucial for activity against
rASICla. Thr37 of PcTx1 was identified as a crystaitact, however a PcTx1_T37A mutant
was shown to be equipotent with wild-type PcTx1eBat al., 2015), in good agreement with
the Hm3a potency at rASICla (Thr37 is a valine m34). The only residue difference
between Hm3a and PcTx1 that falls within the kegrptacophore residues is R28K. Arg28
in PcTx1 makes multiple channel contacts and tiHexPcR28A mutant had 14.5-fold lower
activity on rASICla (Saez et al., 2015). In theecaBHmM3a, the conservative mutation of
arginine to lysine at position 28 appears to h#tle to no deleterious effect on peptide
activity, thus the substitution is both functioyadind structurally neutral. Although lysine has
one less amino group, full retention of activitggasts that not all the interactions proposed

in crystal studies are making energetically impairtzontributions.

3.4 Mechanism of action of Hm3a on ASIC1

The homologous peptide PcTx1 mimics the bindingrotons in the acidic pocket of
ASICla, and inhibits channel currents by shifting pH of half-maximal effect (pfd) of
steady-state desensitization (SSD) and activationdre alkaline values, pushing channels
into a desensitized (non-conducting) state at pB3 {Chen et al., 2005). Thus we assessed

the effects of 30 nM Hm3a on SSD of rASICla (Fig&wg. Application of Hm3a in the

14



conditioning solution induced a parallel alkalirngftsin the pHo sspof rASICla by ~0.37 pH
units from 7.24 £ 0.02 to 7.61 + 0.02 (Figure 4W)is shift in SSD by Hm3a pushes ASICla
into a desensitised state at pH 7.45 (i.e. inlub)}tihowever at 30 nM the magnitude of the
shift is insufficient to induce inhibition when dpmga at conditioning pH 7.9. Therefore at pH
7.9, the channels are in the resting state butdrptesence of Hm3a. This allows us to study
the effect of the peptide on the pH-dependencéanhicel activation, without the peptide
inducing channel inhibition (Figure 4B). The ptof activation (pHo act) of rASIC1a under
control conditions was 6.08 + 0.04, as compare®l 28 + 0.06 when conditioned with 30 nM
Hm3a (Figure 4C). Thus Hm3a lowered the proton eatrations required for activation by
~0.20 pH units. The alkaline shift caused by HmBthe pH of both SSD and activation

confirms the analogous mechanism of inhibition ¢d L.

The on-rate of Hm3a on rASIC1la was examined byiegipbdn of 30 nM peptide at pH
7.45 for increasing periods of time followed byiaation at pH 6. Fitting a single exponential
function to the time course of inhibition data rakeel a time to 50% inhibitiony() of ~16 s,
with maximal inhibition reached after ~90 s (Figdi®). The slow onset of Hm3a inhibition
may not be reflective of the actual binding on-rfatethe peptide-channel interaction. Hm3a
causes inhibition via inducing SSD of ASIC1a, whigclitself is a slowly induced process
(plateauing at >100 s for pH 7.05 exposure) (Bagiral., 2002), and likely takes longer than
the actual on rate of Hm3a. In agreement with #pglication of 30 nM Hm3a for less than
10 s led to potentiation of currents (Figure S3jljcative of a rapid interaction between
ASICla and Hm3a, similar to previously reportedastations with PcTx1 on rASICla
(Chen et al., 2005). The on rate of Hm3a was smuld&cTx1 as previously reported using
oocyte electrophysiology. Full inhibition of rASI@1Induced by 30 nM PcTx1 was achieved
~150 s after peptide application, with a time cans{Tau) of 52 s (Chen et al., 2006).

Recovery of rASICla current after inhibition indddey a 180 s exposure to 30 nM Hm3a at
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pH 7.45 was complete after ~360 s of peptide washath a t, of ~132 s (Figure 4E).
ASICla recovers from the desensitized state owenecourse of several seconds (time
constant ~10 s) (Babini et al., 2002), hence tbeet recovery from Hm3a inhibition can be
largely attributed to unbinding of the peptide frtime channel rather than simply recovery
from SSD. Taken together, the mechanism and kimeétta shows that the homologous

peptides Hm3a and PcTx1 have an almost identitedtadn ASIC1la.

In order to determine the mechanism of ASIC1b padon by Hm3a, we analyzed the
decay time constants of whole cell current desizasion. Control ASIC1b currents elicited
by a pH drop to 5.0 decayed with a time constgndf(1.28 + 0.06 s (Figure 4F). Hm3a
caused a concentration-dependent increase inntleecthnstant of desensitization, and could
be fit with the Hill function to yield an E§gof 35.9 + 17.2 nM, which is consistent with the
ECso determined for potentiation of peak current. THlisi3a increases the time taken for
channel desensitization, resulting in a prolongeehostate that is observed as an increase in

current amplitude consistent with the effect of PL®n ASIC1b (Chen et al., 2006).

3.5 Characterizing the molecular interactions imedlin subtype and species selectivity of

Hm3a on ASIC1

The binding site of PcTx1 on ASIC1la was first seadusing a chimeric channel approach
(Chen et al., 2006; Salinas et al., 2006) and imze Heen extensively defined (Baconguis
and Gouaux, 2012; Dawson et al., 2012; Saez &@(H5; Saez et al., 2011). PcTx1 binds
primarily toa-helix 5 at the bottom of the acidic pocket andharsstretch of residues
following B-sheet 3 in the palm of the adjacent subunit (ledgux and 5B). The rASICla
residue Phe350 (Phe352 in hASICla)ehelix 5 in the thumb domain is particularly
important for interaction with the peptide. Pre\s@iudies using diluteléisal mopoeus

cambridgel venom (containing PcTx1) or recombinant PcTx1 enitASICla_F352L or
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rASICla_F350A mutants, respectively, showed a tatK of inhibition (Saez et al., 2015;
Sherwood et al., 2009). However, shortly after,r&oedet al., showed evidence that PcTx1
could still bind to the mutant channel (i.e., pnetibation with 200 nM PcTx1 prevented the
potentiating activity of big dynorphin) (SherwooddaAskwith, 2009). Given the similarity of
Hm3a with PcTx1 in sequence and pharmacology wenaesst will share the same binding

site.

In order to confirm this, Hm3a was tested on th8I&la_ F350A mutant. Our studies with
higher concentrations (up to ud) show that not only can Hm3a still bind, but alkat it
has an interesting dual functional effect (Figu@®.9nitial studies using a conditioning pH of
7.45 (to match that of all other concentration-effidata presented) showed that Hm3a
strongly potentiated currents at concentrations 808 nM. This effect was maximal ausl
(~2.8-fold increase in current amplitude), and aléotecrease in the potentiation efficacy
was seen at 10M. Given that Hm3a inhibits rASICla by inducing S&bd that the
rASICla_F350A pkp of SSD is shifted by ~0.1 units in the acidic diren compared to
wild-type rASIC1la (Figure S4), the Hm3a concentmateffect curve was repeated using a
conditioning pH of 7.35 (i.e., a conditioning ptaths ~0.2 pH units above the gHor SSD,
thus equivalent to using pH 7.45 for wild-type r&3R). Under these conditions Hm3a, from
100 nM to 1uM, once again potentiated currents (albeit withicimdecreased efficacy),
however at concentrations greater tharVBHmM3a induced channel inhibition. This suggests
that despite losing the large number of contacts (rystal contacts) made between Phe350
and PcTx1 (and by similarity, Hm3a) (Saez et &15) there are still sufficient residual
contacts to mediate a functional interaction ahlrgconcentrations. It is thus tempting to
speculate that during the potentiating effect (oles with lower peptide concentrations),
Hm3a binds with partial occupancy and facilitatearmel opening. Whereas, at higher

concentrations the increased binding site occupépgr channel) is sufficient to push
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channels into the desensitised state. Another lplessxplanation could be that in the
presence of the F350A mutation, Hm3a adopts ardifteorientation when bound, resulting

in the complex concentration-dependent functiondat@me observed in our study.

ASIC1b is highly expressed in peripheral sensoryegand appears to play a key role in
mediating acid-induced nociception, at least irerdd (Diochot et al., 2012; Hoagland et al.,
2010). Thus determining the molecular basis for Hmp8tentiation of ASIC1b is an
important step to understand potential complicaihen interpretingn vivo data, and
enabling the design of more selective ASIC1 modugatThus, we further characterized the
potential interactions sites of Hm3a on ASIC1. A&dGnd ASIC1b are splice isoforms that
only differ in the first third of the protein (idéoal from residue 186 of rASICla onwards).
The use of a series of chimeras between rASIClafA8iC1b revealed a small stretch of
residues 167-185 of rASICla (19 residues N-termm#te splice-site) that are sufficient to
confer the difference in peptide activity betweASICla and rASIC1b (inhibition vs
potentiation)(coloured magenta in Figure 5B andisage shown in Figure 5D) (Chen et al.,
2006). Interestingly, the only residue differenaéhim the known PcTx1 binding site between
human and rat ASIC1a, is Alal78 in the rat chafwvedine in hASIC1a) is also part of this
small sequence stretch. We examined this regidariher detail with rASIC1a point mutants
for all PcTx1:cASIC1 crystal contact residues, cedg that several of the non-conserved
residues should be responsible for the differebtyge selectivity and species-specific

pharmacology of Hm3a and PcTx1 at ASIC1 (FigureabD 5E).

The IGo of Hm3a on rASICla _A178V (2.1 £ 0.7 nM) was onligistly increased
compared to wild-type rASICla (Figure 5E), whicledmot account for the 30-fold
difference in 1Gy on rat and human ASICla. We concluded that Alag T®t strongly

involved in channel-peptide interaction, in agreehwvath molecular dynamics predictions
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whereby the equivalent residue on cASIC1 (GIn1@#sdhot form persistent interactions
with PcTx1 (Saez et al., 2015). Furthermore, timdifhg is consistent with a previous study in
which the mechanism of action of PcTxZX,( alkaline shift of SSD) was suggested to be
responsible for the apparent lower potency of PcAIASICla compared to rodent ASIC1a,
as the plh sspof hASIC1a is more acidic than that of the ratrmuse isoform (Sherwood

and Askwith, 2008).

The 1G of Hm3a on rASICla_H173S (1.8 + 1.0 nM), rASIC147&Y (1.9 + 0.9 nM),
and rASICla_A178P (2.1 £ 1.0 nM) was less thanl@-fiifferent compared to that on wild-
type rASICla. Consequently, these three residwendarlikely to be making important
interactions with the peptides for functional aityivin contrast, there was a significant
decrease in Hm3a activity on both rASICla_R175Cr&®ICla_E177G, with an Kgof
23.3+ 1.1 nMand 13.2 £ 1.2 nM, respectively (FgaE). These mutations were made to
make the rASICla-binding interface resemble thaA&IC1lb. None of these mutations
drastically affected the channels sensitivity totpns (in the form of pH-dependence of SSD
and activation) (Figure S4), thus, any loss in poyas likely due to a loss of important
interactions made between the peptide and charatkeér than changes in channel function or
peptide mechanism. Consistent with this result x@cASIC1 crystal structures and
molecular dynamics studies (Baconguis and Goua?;2Dawson et al., 2012; Saez et al.,
2015) showed that Arg175 and Glul77 of rASICla (Aigyand Glul78 in cASIC1) make
contact with Trp24 and Arg27 of PcTx1, respectiyélyth major pharmacophore residues
(Saez et al., 2015; Saez et al., 2011). Althoughrtteraction between PcTx1 and ASICla is
well characterized, no study has so far demonstratech individual residues determine
subtype specificity between rASICla and rASIClbreHee show that Hm3a interacts with
both ASIC1a and ASIC1b with a ~35-fold differennegobtency (but different functional

outcomes) and identified Argl75 and Glul77 of rARGs two of the causative residues
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which can account for the subtype specificity of 3#mand most likely PcTx1. This improved
understanding of the binding interaction betwegptide and channel should aid the design of

more specific analogues of these peptides.

3.6 Stability of Hm3a and PcTx1

Given the likely role of ASICla in a range of pdtgical conditions, and the need to use
selective pharmacological tools for target validiatn vivo, it is important to understand the
thermal and biological stability of peptides sushHim3a and PcTx1. Despite its extensive
use as a research taolvivo, the stability of PcTx1 has never been reportéebraéfore, we
evaluated the stability of Hm3a and PcTx1 in congaarto the clinically used peptide
oxytocin at 55 °C in phosphate-buffered salinetZp4, and in human serum (Figure 6).
Hm3a proved to have high thermal stability with %lss after 48 h at 55 °C. In
comparison, PcTx1 showed slightly more breakdowth wR4% loss after 48 h, and oxytocin
showed a near-linear breakdown over time with ~@8%xytocin remaining at 48 h.
Similarly, Hm3a was largely unaffected in humarusemwith ~87% intact peptide after 48 h.
In contrast, degradation of PcTx1 and oxytocin cw#d over the assay time with ~ 35% and

~40% of peptide respectively remaining after 48 h.

It is often claimed that ICK peptides are highlgide and resistant to thermal, chemical
and enzymatic degradation and this has been deratetstor several spider venom peptides,
o-Hvla, ProTx-ll, GsMTx-4, and GTx1-15 (Herzig anthl, 2015; Kikuchi et al., 2015).
Interestingly, despite their high degree of segaeesmilarity, Hm3a was more stable than
PcTx1 when challenged with either high temperatureuman serum. The improved stability
of Hm3a over PcTx1 may be due to Hm3a's fewer akdwrgsidues (particularly lysines at
the C-terminus), which are common cleavage siteprateolytic enzymes such as trypsin

(Olsen et al., 2004). We conclude that the subisinhigher biological stability of Hm3a as
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compared to PcTx1 makes it a substantially moradaive tool for studying the role of

ASICs in biological fluids and im vivo studies.

3.7 Off-target effects of Hm3a

Many spider venom peptides are gating modifiensoitige-gated ion channels. Due to
high suitability of Hm3a forn vivo studies, Hm3a was also tested on therapeuticaléy-ant
off-targets including the rat voltage-gated soditlrannel subtype 1.2 (N&.2) and the
voltage-gated potassium channel subtypes 10,1(GK) and 11.1 (K11.1, or hERG). Ngl.2
is predominantly expressed in the central nervgagem and prolonged opening of the
channel is implicated in the onset of epileptiodiers (Sugawara et al., 2001),10.1 is
implicated in a variety of cellular processes inohg cell proliferation and tumour
progression (Ouadid-Ahidouch et al., 2016) whekegEL.1 is vital for cardiac function
(Ouadid-Ahidouch et al., 2016). At 1M, Hm3a had no effect on the voltage-dependence of
activation of these channels (Figure S5), sugggstisubstantial selectivity of Hm3a towards

ASIC1 over other ASICs subtypes as well as sewalghge-gated channels.

5. Conclusions

We have identified and characterized a new poteptigle modulator of ASIC1 from the
venom ofH. maculata, and suspect that tarantula or other spider vemoaysharbour even
more, potent and selective peptide inhibitors of@sS Despite the high sequence and
pharmacological similarity of Hm3a and PcTx1, Hnapgears to be superior in terms of
biological stability. Furthermore, through ratiomaigineering of Hm3a, we produced a more
potent variant of the peptide making its ASIClaliitbry potency on par with PcTx1. We
also identified several determinant residues inl@4a for ASICla/lb selectivity studies.

Overall, this study will contribute to the ratioreigineering and development of ASIC
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modulators with improved subtype selectivity ancilieate the development of novel ASIC-

targeting therapeutic leads and research tools.
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Appendix A: Supplementary data

The following is supplementary data related to trigcle:

Supplemental Figure legends

Supplemental Figure 1. Example current traces fXenopus oocyte data corresponding to
concentration-response curves presented in Fidibeend 3. (A) Native Hm3a isolated from
venom inhibits rat ASICla (rASICla). Recombinant¥#nactivity at (B) rASIC1la, (C)

rASIC2a, (D) rASIC3, (E) rASIC1b, (F) rASICla/lbtemmers (co-expression of RNAS in
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oocyte), (G) human ASICla (hASICla), and (H) hASIC() Recombinant Hm3a_P38
mutant activity at rASICla. Black boxes indicat@fide application with the corresponding
concentration indicated above; grey boxes indipktestimulus; and the dashed line indicates

current rundown that is independent of peptideiappbn.

Supplemental Figure 2. Example current traces fXenopus oocyte data corresponding to
on- and off-rates presented in Figures 4D and Ear{é B) Representative traces of pH-
evoked rASIC1a current inhibition by 30 nM Hm3alwitarying degrees of application time
as indicated by labels. (C) Example trace of rASI@icovery from inhibition with constant
flow of peptide-free solution after 30 nM Hm3a adpation of 180 s. Currents were evoked

every 60 s to assess recovery, and the dasheithdilates current rundown.

Supplemental Figure 3. Potentiation of rASIClaenis by Hm3a with less than 10 s peptide
exposure. (A) pH-stimulated currents are poterdiéeapplication of Hm3a for 5 s, then
from 10 s onwards, current inhibition increasedwicreased peptide exposure time as
shown in Figure 4D(= 4-7). (B) Representative traces of rASICla curpstentiation by
Hm3a application for 5s before pH stimulus with Bl8. Dashed line represents control

current size and data for panel A are mean + SEM.

Supplemental Figure 4. pH-dependence of (A) stesiae desensitization and (B) activation
for wild-type and mutant rASICla channels usedis study ( = 6-8). (C) Half- maximal

response (pk) and slope values for steady-state desensitizatidractivation curves from

Hill function fits to the data (Prism 6). Data anean + SEM.

Supplemental Figure 5. The effect of 2l Hm3a on the voltage dependence of activation of
the off-target channels (A) rat Mk2, (B) human k10.1, and (C) human,Kd1.1. Control

curves are open circles and curves in the presaiden3a (10uM) are filled circles with
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solid line = 4-6). Data are mean = SEM.

Supplemental Figure 6. Equivalent data set fronufeigpB showing the concentration-effect
curves of Hm3a on the channel mutant rASICla_F3®0Aditioned at both pH 7.45 (black)
and pH 7.35 (red)n(= 6). Unlike Figure 5B, these data have been fibwhe Hill function to
obtain EG, values. When calculating the regression for the7p¥b data, a range was set
between 1 nM and @M. Similarly, the data set collected at pH 7.35 basn fit with two
equations with different ranges. The potentiatiffaat has been fit with the data between 1
nM and 1uM, whereas the inhibition with data betweepN and 10uM. Data are mean +

SEM.
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Figure Legends

Figure 1. Isolation of Hm3a fronH. maculata venom. (A) RP-HPLC chromatogram of crude
H. maculata venom indicating the Hm3a containing Frac 12*eingffect of Frac 12* on
rASICla. (B) Chromatogram showing the final puafion step of native Hm3a and MALDI-
TOF mass spectrum showing a monoisotopic Mef4285.05. (C) Amino acid sequence of
Hm3a aligned with PcTx1 (grey background = consgresidues, red = cysteine residues
and disulfide connectivity shown below). (D) Contcation-effect curve for inhibition of
rASIC1la by native Hm3a conditioned at pH 7.45 yeelén IGo of 2.6 + 1.3 nM = 6; error
bars denote SEM). (E) Homology model of Hm3a (base&cTx1 NMR structure, PDB:
2KNI) in blue. PcTx1 NMR structure in green, witketdisulfide bridges in both shown in

red, and N- and C-termini are as indicated.

Figure 2. Production of recombinant Hm3a (A) SDS-PAGE geiveing the expression,
purification and TEV cleavage of the Hm3a-MBP fusprotein. Lanes are as follows: MW
marker; Uninduced and Induced (IPTG) whole-cell&stt Insoluble and soluble fraction
after cell lysis; Flow-through, soluble cell lysatiter passed through Ni-NTA; Wash, eluate
from 15 mM imidazole wash; Elution, fusion proteiuted by 250 mM imidazole;
Concentrated fusion protein before and after clgaweith TEV protease. (B) RP-HPLC
chromatogram of purified recombinant Hm3a. Inset MALDI-TOF mass spectrum
showing the monoisotopic M+Hbf 4372.58 (calculated 4372.06). Recombinant Hm3a

contains a vestigial N-terminal serine from the Té&l¥avage.

Figure 3. Concentration-effect curves of recombinant Hm3gA) homomeric rASIC1a,
rASIC2a, and rASIC3n = 6-10), (B) homomeric rASIC1b and heteromeric
rASIC1a/ASIC1b channels (heteromeric rASIC1la/ASI@GLthe response observed in
oocytes co-injected with both rASIC1a and rASICRN&) (n = 6), and (C) homomeric
hASICla and hASIC1m(= 7). (D) Concentration-effect curves of Hm3a_Willa

Hm3a_ P38 mutant on homomeric rASICha=(4—10). *Statistical comparison of loggLC
between rASIC1b and heteromeric rASIC1a/ASIC1b data (panel By = 0.0052 andr =
8.069, and loglgy for Hm3a WT and P38 mutant data sets (panep)0.0029 andr =

9.388. Conditioning pH used to generate all thevalatata was pH 7.45, and example traces

are shown in Supplementary Figure 1. Data are mesEM.
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Figure 4. Mechanism of action of Hm3a on rASIC1. (A) Repraag@ve steady-state
desensitization (SSD) current traces in the abs@opg or presence (bottom) of 30 nM
Hm3a, currents elicited by pH 6.0 following conditing (cond.) from pH 7.9 to 7.1. (B)
Representative pH-activation current traces in adxs¢top) or presence (bottom) of 30 nM
Hm3a, elicited by pH 5.0 to 7.0. (C) SSD and at¢ioracurves of rASIC1a in the absence and
presence of 30 nM Hm3a € 6). Statistical comparison of pfbetween control and Hm3a
data sets; SSIp, < 0.0001 andF = 379.1; Activationp = 0.0219 andF = 5.526. (D) Time
course of rASIC1la inhibition by 30 nM Hm3a. Thg was calculated from a single-
exponential decay functiom € 6). (E) Recovery of rASIC1a from inhibition b® 8M

Hm3a. The;,, was calculated a single-exponential functionditite datar{ = 6).
Representative current traces for panels D ane Blaswn in Supplementary Figure 2. (F)
Time constantst of rASIC1b desensitization for control conditicasd with increasing
concentrations of Hm3a. Dashed line representsad tine Hill equationrf = 5). Inset: effect
of 1 uM Hm3a on rASIC1b with Hm3a potentiated currentt{gd line) normalized to control
(solid line) peak height to better visualize slovebdnnel desensitization by Hm3a. Data are

mean + SEM.

Figure 5. Molecular interactions involved in species andtgp® selectivity. (A) Structure of
the PcTx1:cASIC1 complex (PDB: 3S3X) viewed fronoa. The three cASIC1 subunits are
colored green, orange, and blue, and the three Peiblecules (grey) are shown bound at the
subunit interfaces. (B) Molecular surfaces of thenplex indicating the 19-residue region
(amino acids 167-185, highlighted in magenta) des¢rmines functional inhibition of
rASICla by PcTx¥. (C) Concentration-effect curves of Hm3a on rASICE350A when
conditioning the channel at both pH 7.45 (blackles) and pH 7.35 (red squares)=(6)
(illustrated using a lowness fit, see Figure S4fitsrwith the Hill function for potency
determination). (D) Sequence alignment of ASIC gpés$ showing the 19 residue
functionally important region for PcTx1 (and by demty Hm3a)(colored magenta in panel
B). Cyan = residues identical in all subtypes, gresemi-conserved residues (i.e. identical to
rASIC1la). Channel residues in rASICla that corredpo cASIC1 crystal contacts were
mutated in this study, and the residue they wertatad to are bolded. (E) Concentration-
effect curves for Hm3a at wild-type rASIC1la andmenutantsif = 6—10). A statistically
significant difference from rASIC1a WT in logiginhibition by Hm3a was present for both
rASICla R175C and E177G mutantss 0.0001, represented by *. Data for panel E were
performed using a conditioning pH of 7.45. Dataragan + SEM.

30



Figure 6. Comparative stability studies of Hm3a and PcTA). Thermal stability of Hm3a,
PcTx1 and oxytocin at 55 °C (pH 7.4, phosphatedyeff saline). (B) Serum stability of

Hm3a, PcTx1 and oxytocin at 37 °C. The percentdgeptide remaining for all conditions
was quantified using RP-HPL@ € 3-5). (C) Example RP-HPLC profile at 214 nm ohBha

and PcTx1 following incubation in human serum at(®lack), 24 h (blue) and 48 h (red).
Data are mean + SEM, and statistical analysesanparisons between Hm3a and PcTx1 at a

given time point (* represengs> 0.05, and ns is not significant).
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Discovery and molecular interaction studies of a highly stable, tarantula peptide

modulator of acid-sensing ion channel 1

Highlights:

* Hm3ais an ASIC1 modulating peptide isolated from Togo starburst tarantula
venom.

* Hm3a is a truncated variant of PcTx1 with very similar pharmacological
activity.

* ASIClaresidues E177 and R175 are important for subtype-dependent effects
of Hm3a.

* Hm3aissubstantially more biologically stable than PcTx1 over 48 hours.
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