Accepted Manuscript

Neuro

pharmacology

Acid-sensing ion channel (ASIC) structure and function: Insights from spider, snake
and sea anemone venoms

Ben Cristofori-Armstrong, Lachlan D. Rash

PII: S0028-3908(17)30192-2
DOI: 10.1016/j.neuropharm.2017.04.042
Reference: NP 6698

To appearin:  Neuropharmacology

Received Date: 12 February 2017
Revised Date: 7 April 2017
Accepted Date: 27 April 2017

Please cite this article as: Cristofori-Armstrong, B., Rash, L.D., Acid-sensing ion channel (ASIC)
structure and function: Insights from spider, snake and sea anemone venoms, Neuropharmacology
(2017), doi: 10.1016/j.neuropharm.2017.04.042.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.neuropharm.2017.04.042

Acid-sensing ion channel (ASIC) structure and function: insightsfrom spider, snake and sea

anemone venoms.

Ben Cristofori-Armstrong®®* and Lachlan D. Rash®"*

qIngtitute for Molecular Bioscience, The University of Queensland, St Lucia, QLD 4072, Australia

PSchool of Biomedical Sciences, The University of Queensland, St Lucia, QLD 4072, Austraia

* Addressfor correspondence
Dr Lachlan D. Rash: School of Biomedical Sciences, The University of Queensland, St Lucia, QLD

4072, Australia; Phone: +61 7 3346 2985; E-mail: |.rash@ug.edu.au.

Ben Cristofori-Armstrong: Institute for Molecular Bioscience, The University of Queensland, St

Lucia, QLD 4072, Australia; Phone: +61 7 3346 2325; E-mail: b.cristoforiarmstrong@ug.edu.au.




ABSTRACT

Acid-sensing ion channels (ASICs) are proton-activated cation channels that are expressed in a
variety of neuronal and non-neuronal tissues. As proton-gated channels, they have been implicated
in many pathophysiological conditions where pH is perturbed. VVenom derived compounds
represent the most potent and sel ective modulators of ASICs described to date, and thus have been
invaluable as pharmacol ogical tools to study ASIC structure, function, and biological roles. There
are now ten ASIC modul ators described from animal venoms, with those from snakes and spiders
favouring ASIC1, while the sea anemones preferentially target ASIC3. Some modulators, such as
the prototypical ASIC1 modulator PcTx1 have been studied in great detail, while some of the newer
members of the club remain largely unstudied. Here we review the current state of knowledge on
venom derived ASIC modulators, with a particular focus on their molecular interaction with ASICs,
what they have taught us about channel structure, and what they might still reveal about ASIC

function and pathophysiological roles.



1. Introduction to acid-sensing ion channels

Acid-sensing ion channels (ASICs) were first disared at the sequence level in 1996
(Garcia-Anoveros et al., 1997; Price et al., 198@jdmann et al., 1996) and shortly thereafter
identified as proton-gated cation channels (Waldmetral., 1997). They are abundantly
expressed throughout mammalian neuronal and noron@iuissues, where they are primary
acid-sensors. There are four human ASIC (hASICegdhSIC1—-4 renamed from the
previousACCNdesignation) encoding at six major subunits (ASICASIC1b, ASIC2a,
ASIC2b, ASIC3, and ASIC4). ThaSIC1landASIC2genes are alternatively spliced to produce
“a” and “b” isoforms, which differ in the N-termihthird of the protein (Bassler et al., 2001;
Lingueglia et al., 1997). Additionally, there ahede functional splice variants of hASIC3 (a, b
and c), which do not appear to be present in red@xlaunay et al., 2012). Three ASIC
subunits combine to form functional homo- and rateners (Jasti et al., 2007) with different
biophysical properties and expression profilesgtBfori-Armstrong et al., 2015; Grunder and
Pusch, 2015; Hesselager et al., 2004). The rajpidsient peak-current of ASICs is selective
for Na" over K’ by a factor of ~10, and desensitises within sesdandhe continued presence
of an acidic pH. That is, ion channels enter a conducting state and fail to respond to
additional acidification (Waldmann et al., 19975I& activation is pH-dependent (i.e., current
amplitude increases with decreasing pH until a makicurrent amplitude is reached) (Wu et
al., 2004). Prolonged exposure of ASICs to mildiida pH or slow acidification results in
steady-state desensitisation (SSD) without the mélagntering an observable open conducting
state (Babini et al., 2002). This has been proptsd&e due to the rapid kinetics of
desensitisation and a slow on-rate for protonsvaél concentrations, thereby masking any
transition through an open state (Griinder and R284b). The model proposed by Griinder
and Pusch is however qualitative in nature, amehg noted that the possibility of a simple
closed to desensitised transition cannot be exdludethis alternative, and possibly simplest

explanation, the gating of ASICs does allow a diteansition from the closed to the



desensitised state, as desensitisation is moreepkitsve than activation. In this case, upon
slow or mild acidification, the channels would desiése before activation could take place
(thus any observable current). Whereas during ragidification, channel activation is
observable due to the faster kinetics of activatiompared to desensitisation (however
channel opening would still be inherently influeddsy the rate of desensitisation and likely be
underestimated). Nevertheless, the complete piciuRSIC gating remains to be solved and
remains an area of intense research interest.

A massive leap in our understanding of the strgctdrASICs occurred when the crystal
structure of chicken ASIC1 (ASICla sequence homadgvas published in 2007 (Jasti et al.,
2007), even though the construct used for crysalhn was a non-functional channel with
heavily truncated N- and C-termini. The structweeealed the trimeric nature of ASICs, and
showed that each subunit consists of short inti@eelN- and C-termini and two hydrophobic
transmembrane (TM) domains separated by a largacetiular domain of ~370 residues. The
structure of an individual subunit was describedeaembling a hand clenched around a ball
comprising a wrist, palm, finger, knuckle, thumhdg-ball domains (see Figure 1A).
Subsequently a less severely N-terminally truncatetifunctional cASIC1 construct, named
A13 cASIC1, was crystallised in the presumed detisedistate and differed from the previous
structure primarily in the orientation of the TMrdains (Gonzales et al., 2009). Recent
CcASIC:venom peptide co-crystal structures have igex/further insights into ASIC structure
and gating and are discussed in Sections 2.1.2 &2l (Figure 1C & D).

Despite the growing interest in ASICs, and theeasing volume of work being produced
in the field, there are still many unanswered goast Venom derived compounds have
greatly enhanced our understanding of ASICs to, daue are likely to play an important role
in the future. In this review, we will focus on oczurrent understanding of these venom-
derived compounds, and how they have providectcatitnformation on ASIC structure and

function. Please refer to these reviews for moredpth coverage of recent advances in genetic
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models (Lin et al., 2015) and biophysical propsr{@rinder and Pusch, 2015) of ASICs, and
more comprehensive coverage of ith&ivo use of ASIC modulating venom peptides to study

the pathological roles of ASICs (Baron et al., 20B8ron and Lingueglia, 2015).

2. Venom peptidestargeting ASICs

Many endogenous and exogenous modulators of ASA@s how been discovered,
however essentially all the known small molecuatids are either non-selective and/or lack
potency, or are not yet sufficiently characteri@dsh, 2017). Although the lack of truly
selective modulators of ASICs has made it difficaltease out the relative importance of
specific ASIC subtypes, the most interesting anecsige tools available to date have all come

from animal venoms.

2.1.PcTx1
2.1.1. The prototypical, selective ASIC inhibitor

PcTx1 (also known as TRTX-Pcla) is a 40-residue peptide isolated framvwenom of the
Trinidad chevron tarantuRRsalmopoeus cambridgétscoubas et al., 2000) (Figure 2A).
Although isolated as the first highly potent antésive inhibitor of homomeric ASIC1la (rat
ICs0 ~1 nM conditioned at pH 7.45 and humany€3 nM conditioned at pH 7.2), PcTx1 has
subsequently been shown to also inhibit currenfsStC1a/2b co-expressing cells (mousgylC
~3 nM) and heteromeric rat ASICl1a/2a channels @5~85% at 50 nM conditioned at pH
6.95 depending on trimer composition) (Joeres.eRall6; Sherwood et al., 2011). At higher
concentrations PcTx1 potentiates ASIC1b (ratd=€00 nM) (Chen et al., 2006) and is an
agonist and/or potentiator of CASIC1 dependingtendonditions used (Eg~10-189 nM)
(Hoagland et al., 2010; Smith and Gonzales, 20048.NMR structure of PcTx1 (Figure 2B),
which was first solved in 2003 and further refine®011, revealed the presence of an

inhibitor cysteine knot (ICK) motif and that therdmant-hairpin loop (loop 4), which



presents some of the key pharmacophore residueghly flexible (Escoubas et al., 2003;
Saez et al., 2011).

PcTx1 binds in a state-dependent manner to botiCAShnd ASIC1b. It acts as a gating
modifier of ASIC1a by increasing the channel's appgaffinity for protons, thereby rendering
the channel inactive at resting physiological pH &f (Chen et al., 2005). This effect can be
seen as a shift in the steady-state desensitiS@®D) and activation curves to less acidic pH
values. It is in fact this mechanism of action tleatders PcTx1 less potent at human as
compared to rodent ASICla (Sherwood and AskwitlB20The SSD of hASICla is
inherently less sensitive to pH, thus a higher eotration of PcTx1 is required to capture the
channel in a desensitised (and non-conductingd sthen conditioned at pH 7.4. In agreement
with this, mutation of five residues of hASIClathe equivalent mouse ASICla (mASICla)
residues makes the pH sensitivity of the specieéania equal. This mutant hASICla channel
regains the same sensitivity to PcTx1 as that oBitAa (Sherwood and Askwith, 2008). The
potentiation of ASIC1b currents by PcTx1 is duatarge shift in the activation curve to less
acidic pH (whereas the SSD curve is largely unédfdcand concomitant slowing of
desensitisation as seen by an increase in the diecaygonstant in the presence of PcTx1
(Chen et al., 2006). The agonist/potentiating ¢ftédcTx1 on cASIC1 has so far not been
studied in much detail but is likely through statiig the open state of the channel by
enhancing activation, slowing desensitisation ahbimterestingly, studies of PcTx1’s
functional effect on cASIC1 revealed a biphasipoese whereby application of PcTx1 at pH
7.35 transiently opened the channel, followed by partial desensitisation to a long-lasting,
persistent current (Smith and Gonzales, 2014).pttentiating effect of PcTx1 at rASIC1b
and cASIC1 may be partly explained by the “pH settigpping model” proposed by Salinas
et al. (Salinas et al., 2014). Using ASIC chimerad mutant channels, it was shown that loss
of PcTx1 contacts with either the palm anddvall regions of rASIC1a led to current

potentiation via movement induced by peptide bigdmthe thumb domain. This complex



pharmacology shows that PcTx1 can preferentiatipiBse several states of ASICs that are
dependent on the external environment and inhgeagirig properties of the channel being
studied. It also highlights that very small diffieces in the molecular interaction between
peptide and channel can greatly change the furadteffect of a ligand.

The substantial subtype, species, and conditioemtgnt functional effects of PcTx1 are
likely to make it a very difficult peptide to manilate for use as a truly selective
pharmacological tool or therapeutic lead, and ®alaorant caution when interpreting results
from in vivo experiments. These factors also warrant cauticenvihiterpreting ASIC
electrophysiology data. Due to its subtype-depeneteacts on channel opening and
desensitisation, the rate of solution exchangepeemental setups can have a substantial
effect on the observed activity and relative potesid-or example, a slow solution exchange
of the recording chamber coupled with recordinange oocyte cells (where much of our
PcTx1 information has been derived) could leach&xcurate interpretation of observations if
the peptide application is slower than the inhegatiing time scale of the ASIC in question.
These are less likely to be issues with fast smhutixchange as achieved using whole-cell
recordings from small cells or macro-patch recaydirNevertheless, it is important for authors
to include such details when reporting their datal for readers when assessing the
conclusions made about an ASIC modulators functieffects.

Using alanine-scanning mutagenesis of PcTx1 weameéted the primary functional
pharmacophore at rat (r) ASICla to comprise thiglues Trp7, Trp24, Phe30, Arg26, Arg27,
and Arg28 (Saez et al., 2015; Saez et al., 201sd findings agree with the co-crystal
structures of PcTx1:cASIC1, however the structgtesved many more close contacts
between the peptide and channel (Baconguis andu®p@812; Dawson et al., 2012) (Figure
3A-C). From these studies we hypothesise thatepége binding is largely mediated through
the hydrophobic patch comprised of residues Trp@24, Phe30 (with contributions from the

C4 sidechain of R26) while the functional consegaenf binding is due to the positively



charged, basic cluster of Arg26, Arg27, and ArgB&t form interactions with proton-sensing
residues in the acidic pocket (Saez et al., 20digufe 3B), however, this theory requires
some direct binding experiments to confirm. An ymexted outcome of these peptide
mutagenesis studies was the discovery of some pA&ICla potentiating molecules, the
PcTx1 mutants R26A and F30A. The subtype selegtand mechanism of action of these
peptides is yet to be determined, neverthelessappgar to represent new pharmacological
tools with activity profiles different to those & isolated directly from venoms. A
combination of approaches employing radioligandlinig and electrophysiology with
chimeric channels (Chen et al., 2006; Salinas.e2@06), mutagenesis (Saez et al., 2015) and
co-crystal structures (Baconguis and Gouaux, 2Da#;son et al., 2012) has shown that
PcTx1 binds to the acidic pocket with the majoafycontacts on the thumb domain, with
residues om helix 5 being particularly critical. The thumb rex is known to be important for
proton binding and subsequent gating of the chajiehaswamy et al., 2013), consistent
with PcTx1 mimicking the action of protons and imting ASIC1a via stabilising the

desensitised state (Chen et al., 2005).

2.1.2. PcTx1 and structural insights into ASICs

Two groups independently solved the PcTx1-cASIG&tal complex in mid 2012
(Baconguis and Gouaux, 2012; Dawson et al., 2GR) these were the first ligand bound
structures of ASICs (Figure 1C). Dawson euakd the non-functional cASIC1 construct at
pH 5.5, which resulted in a channel structure atrdentical to the apo structure of this
construct. This study provided the first detailéctyre of the PcTx1 binding site but
unfortunately little new information on differerh@nnel states. In contrast Baconguis and
Gouaux used th&13 cASIC1 functional construct (at pH 7.25 and 5aB)d were able to

produce crystals in what appear to be two diffeogren conformations. The pH 7.25 structure



was proposed to be non-selective for monovalemmstwhilst the pH 5.5 structure to be'Na
selective Pno/Px = 10/1, i.e. the same selectivity as seen forcglpASIC currents). It remains
to be seen if there is any correlation betweertwloechannel states observed independently in
the functional studies by Smith and Gonzales (2@ibd)these structural studies, and what
affect theA13 truncation has on channel structure-function.

At the time, the low pH structure was proposedddHhe ‘open’ state of the channel. There
is very little difference in the extracellular dom&etween the ‘open’ and desensitised states,
however significant conformational rearrangemegtsioin the TM domains, as previously
predicted from accessibility studies with cysteinactive reagents (Li et al., 2011). The
available crystallographic data suggested dessasdn gating (open to desensitised
transition) to involve binding of stimulatory ligds (protons and/or PcTx1) to the thumb and
finger, that results in rotational and flexing mment of the TM domains mediated via the
wrist and lower palm. How well these structuralrraagements translate to changes that occur
during activation gating remains unexplained. Ferttetails on the structure of the pore and
‘open’ state of ASICs were revealed when the MiEB&SIC1 crystal complex was solved two

years later in 2014 (See Section 2.4.2).

2.1.3. The neuroprotective properties of PcTx1

Being the first-discovered, selective inhibitorABICs, PcTx1 has been extensively used in
animals to help determine the role of ASICla inidewariety of physiological and
pathological processes such as pain, anxiety, dejpre epilepsy (with contrasting results) and
respiratory control (Baron et al., 2013; Baron anjueglia, 2015; Wemmie et al., 2006;
Wemmie et al., 2013). However, the standout coowlith which PcTx1 has played a role in
validating ASIC1la as a promising therapeutic targechaemic stroke. A key role for ASICla

in the neuronal cell death following ischemic s&akas first reported in 2004 (Xiong et al.,



2004). Xiong and colleagues provided evidence faotombination of genetic and
pharmacological approaches using the non-seled8I€ inhibitor amiloride as well as

PcTx1. However, instead of using pure peptide, $Eicienom” was employed in both thre
vitro andin vivo aspects of the study. The crude tarantula venatctintains PcTx1 (at only
0.4%) is complex and contains a multitude of otkieactive peptides (see (McCarthy et al.,
2015)). “PcTx1 venom” was also used in a followstypdy that demonstrated a substantial
therapeutic time window for ASIC inhibition (up tiee hours post insult) as well as
neuroprotective efficacy when delivered intrangs@ignataro et al., 2007). Pure PcTx1 has
since been shown to be neuroprotective in bothroaled porcine models of cerebral ischemia
when administered 30 min prior to induction of kedDuan et al., 2011; Yang et al., 2011).
More recently a study confirmed that a single dufsgure PcTx1 (1 ng/kg, i.c.v. 2 hours post
stroke) does indeed provide substantial neurordaf@mctional protection in ischemic stroke in
conscious hypertensive rats (McCarthy et al., 20RE)misingly, none of the studies using
PcTx1in vivoreported any obvious adverse effects let aloneedouicity, consistent with the
original CNS toxicity test in mice by Escoubas le{scoubas et al., 2000). Thus PcTx1 has
proved to be an important tool in the identificateind confirmation of ASIC1a as a stroke

target.

2.2.Hm3a

At the same time as the identification of PcTx%gaond, homologous peptide was
identified from tarantula venom (Escoubas unpuklighHowever, it remained unstudied and
unreported until now. In this issue of Neuropharatagy we present the characterisatiorof
TRTX-Hm3a (Hm3a) isolated from the Togo starbuasantula Heteroscodra maculajgEr
et al., 2017). Hm3a has five amino acid substiigiocompared to PcTx1 and is shorter by
three residues at the C-terminus (Figure 2A). @séresidues, only the R28K substitution lies

within the active site, however is a conservativarge that has little apparent effect on
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potency. To further understand the ASIC1 isofortecerity and peptide-channel interaction
surface for Hm3a and PcTx1, we studied crystalaminesidues on the complementary
surface to the thumb domain (i.e., the loop betwetrands 3 and 4 in the palm domain of
the adjacent subunit). Rat ASIC1la was mutated toicASIC1b within the 19-residue region
N-terminal to the ASIC1a/1b splice site known tocbecial for PcTx1 function (Chen et al.,
2006; Salinas et al., 2006). Testing of these msitlm sensitivity to PcTx1 identified Argl75
and Glul77 (Cys and Gly in ASIC1b, respectivelyplay a key role in the subtype dependent
effects of Hm3a. Er et al. also showed that Hm3ariates acid-induced currents in oocytes
co-injected with rASIC1a and rASIC1b (Er et al. 12, an effect we observed for PcTx1
(unpublished observations), which has not previobskn noted.

Interestingly, this study performeal vitro stability assays and revealed that PcTx1 is not as
biologically stable as one might assume for an [#@igtide whereas Hm3a is. Hm3a was
extremely stable in human serum over 48 hours (~&##@ining), whereas ~35% of PcTx1
remained over the same assay time. Hm3a had v#eyldieakdown over 48 hours at 55 °C,
however PcTx1 showed some loss (~24%). The supsability of Hm3a over PcTx1,
coupled with the similar pharmacology of the pepsidhakes Hm3a a potentially more

attractive ASIC tool foin vivo studies.

2.3.Hila

The recent discovery of a third ASIC inhibitor frapider venom has defined a novel class
of ASIC modulatory peptides with unique structiaatl pharmacological properties. The
sequence of Hila was noticed during analysis offém®m-gland transcriptome of an
Australian funnel-web spideH@adronyche infengaas its N-terminus bore a striking similarity
to PcTx1 (62% identity). However, unlike PcTx1, His almost twice the length at 75
residues, with the C-terminal half also resembkeg x1 (50% identity) (Chassagnon et al.,

2017) (Figure 2A). Recombinant production of thetmke allowed structural and functional

11



studies confirming that Hila is indeed a highlygmitinhibitor of ASIC1a (Ig of 400-500

pM) and takes the form of two ICK maotifs in ser{&gure 2B), similar to the TRPV1 agonist
DKkTx (Bohlen et al., 2010). Despite Hila’s high sexqce identity with PcTx1 and Hm3a, it
has a unique pharmacological profile against ASI&sontrast to the single ICK peptides,
which affect ASIC1 desensitisation gating (eithamilitating it, ASIC1a, or hindering it,
ASIC1b) in a pH-dependent and rapidly reversiblenas, Hila selectively inhibits the
activation of ASICla in a slowly reversible manaed has little effect on ASIC1b up tqu.
Thus, Hila is the most potent and selective inbrtof ASICla discovered to date making it a
valuable research tool. Indeed, the initial assessof itsin vivo efficacy in ischaemic stroke
showed that a single dose of Hila (2 ng/kg, i.qw)ides a very substantial level of
neuroprotection even when administered up to dights post-insult. Preliminary structure-
activity studies show that the binding site of Hoheerlaps that of PcTx1 and suggest that the
relative orientations of the two knot motifs is ianfant for its unique mechanism and kinetics
(Chassagnon et al., 2017). The combined abilityliaf to stabilise the resting state of ASICla
and dissociate slowly suggest that it will be vesgful in ASIC structural studies as well as

localisation studies of the channel.

2.4. APETX2
2.4.1. The first selective ASIC3 inhibitor

APETX2 is a 42-residue peptide, isolated from exttraf the sea anemoAathopleura
elegantissimdFigure 2A). It was the first potent and selecimabitor of ASIC3-containing
channels with an 1§ of 63 nM for homomeric rASIC3 and 0.14®1 for heteromeric rASIC3
containing channels (Diochot et al., 2004). Thetidegs slightly less potent on the human
ASIC3 subtype with an I§ of 175 nM. APETX2 inhibits the typical transieridinduced

current and the pH 7.0 evoked window (sustainedkeati of ASIC3 (Deval et al., 2011), as
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well as the alkali-induced current of hASIC3 (Delay et al., 2012), but does not inhibit the
larger sustained current evoked at pHs lower th@r{[Bochot et al., 2004). The structure of
APETX2 consists of a compact hydrophobic core caagmf a four-strandetsheet

containing three disulfide bonds, resembling am&felike fold (Figure 2B & 3D) (Chagot et
al., 2005; Jensen et al., 2014). At higher coneginints APETx2 also inhibits the voltage-gated
sodium channels Na.2, Ng 1.6, and Nal.8 with varying degrees of potency depending on
subtype and study (Blanchard et al., 2012; Peigeeal., 2012). Additional off target effects
have been shown with APETx2 also inhibiting thed@e hERG channel in the low
micromolar range (Jensen et al., 2014), demonsgy #iat this prototypical “selective” ASIC3
inhibitor is not as selective as at first thought.

The pharmacophore of APETx2 for ASIC3 has recdngign shown to comprise a
contiguous surface made up of loops 2 and 4 antl#teeminus (Figure 1A, 3D) (Anangi et
al., 2012; Jensen et al., 2014). Mutagenesis of IX2Eand its interaction with hERG has also
been studied in some detail showing a partial epeirt the pharmacophore with that of ASIC3
(Jensen et al., 2014). Nevertheless, the moledelails of the interaction between APETX2
and ASIC3 (or indeed its off target channels),udahg the mechanism of action and binding
sites have not been extensively studied. It has bpeculated that APETx2 binds to the acidic
pocket and shifts the channel's apparent affimitypfotons (Baron et al., 2013) in the opposite
direction to that of PcTx1. More recently a dockstgdy predicted the binding site to be either
the upper thumb area, or slightly above the tramsbnane domains, between the wrist and
palm region (Rahman and Smith, 2014). However gtiecurrently no published functional
evidence to support either of these hypothesesrGivat APETX2 is still the most potent
ligand available to study ASIC3, unequivocally detiming it binding site and mechanism of
action are crucial to develop more selective anssgnd further our understanding of ASIC3

structure andh vivo function.

13



2.4.2. An APETx2 analogue from another sea anemone

T-AnmTX Hcr 1b-1 (also Her 1b-1) is a peptide rethte APETX2 (51% identity, Figure
2A) and was isolated from the sea anemidateractis crispgKozlov et al., 2012). The
peptide inhibits the transient current of hASICPm@ssed irKenopusoocytes with an 165
value of 5.5uM. Although much less potent than APETx2 (~35 fady significantly
different in sequence, it is interesting to notat time peptides share identity for much of the
APETx2 pharmacophore for ASIC3. The sequence diffees between these peptides and
their comparative activity on APETx2’s off targstsould provide some novel insight to

structural elements that give rise to the ASIC3vagtprofile.

2.4.3. APETX2 in peripheral pain

The use of APETx vivo has been key in establishing the role of ASICa asnsor of
acid-induced and post-operative pain (Deval e2él1,1), and demonstrating its involvement in
inflammatory pathways (Deval et al., 2008). In &gnent with this, several independent labs
have reported that APETxX2 is analgesic in rat nedelnflammatory and osteoarthritic pain
(Deval et al., 2008; Ikeuchi et al., 2009; Karczkwves al., 2010). Peripheral application of
APETX2 also reduces mechanical hypersensitivityan-inflammatory muscular pain models
and angina (Ikeuchi et al., 2008; Yagi et al., 2006 a study assessing the biological stability
of APETx2 and cyclised analogues, the wild-typetjlepwas almost completely broken down
in simulated gastric fluid within 20 minutes whilee stability in serum was not assessed
(Jensen et al., 2012). Despite the promising re$udtn animal pain models, the biological
stability and off target profile of APETx2 would @gar to greatly restrict its value as a

therapeutic lead candidate.

2.5. MitTx
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2.5.1. A potent ASIC agonist that causes pain

MitTx was isolated from the Texas coral snalkkcfurus tener tengrbased on its ability to
robustly activate a population of rat cultured sepsieurons (Bohlen et al., 2011). The active
toxin is a 1:1 complex of two non-covalently bowsubunits — MitTxe consisting of a 60-
residue Kunitz type peptide, and MitPxwhich is a 120-residue phospholipase A2 (PLA2)-
like protein (Figure 2A). Although inactive as imdiual components, the heterodimer is a
potent pH-independent agonist of ASICla and ASIEKD, 9 and 23 nM, respectively),
whilst being considerably less potent at ASIC3 {830 nM). MitTx is a weak outright
agonist at ASIC2a (i.e., does not directly activagechannel to more than 10% of pH-evoked
current size), however it is a strong potentiafahs channel (amplifying the proton-induced
current by ~3 orders of magnitude) by shifting #lcgvation curve to more alkaline pH.

The bite of a Texas coral snake is known to besexdty painful, and often requires
hospitalisation and administration of opiates (Morgt al., 2007; Nishioka et al., 1993).
Peripheral administration of MitTx into mice hindpaevoked robust nocifensive responses
(Bohlen et al., 2011). This pain behaviour was alsserved in ASIC3 mice, but not in
ASIC1" mice. Furthermore, analysis of the MitTx activiitytrigeminal neurons from wild-
type, ASICT", and ASIC3 mice revealed the activation was abolished onMC1”
animals. These experiments provided the first aea@tence of the involvement of ASIC1 in
peripheral nociceptive pathways. Previous studsgsguPcTx1 and various genetic models
have yielded inconsistent phenotypes and somewbanclusive results in regards to the role
of ASIC1 in peripheral nociception (Lin et al., Z)1Thus, the discovery of the first potent
ASIC1 agonist provided a clear leap in knowledgthia field. However, MitTx is a potent
agonist of both ASICla and ASIC1b channels, makingclear which subtype is a more

important target for peripheral analgesia.

2.5.2. The true open state structure of ASICs?
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The most recent structures of cASIC usedAh& cASIC1 construct and exploited the fact
that it was sensitive to the agonist propertieSlnTx (Baconguis et al., 2014). The MitTx-
CASIC1 co-crystal complex (Figure 1D) is signifitigrdifferent to previous ASIC structures
in the TM regions, and has been interpreted aspla state that most likely resembles the
native Nd-conducting state. In this structure there is akia theo helix of the second TM
domain (TM2) that causes it to adopt an extendefocmation. This structural rearrangement
allows the top half of TM2 from one subunit to iratet with the bottom half of TM2 from an
adjacent subunit (See Figure 1A and 1D). Interghtjrihe TM domain swap was also
observed in the 2009 desensitised apo structune rgamalyses of the electron densities
(Gonzales et al., 2009), but not in either of th@&»L. complex structures (Baconguis and
Gouaux, 2012). This swapping of TM domains results continuous structure that contains a
GAS motif that is important for creating the Neelectivity filter of ASICs (Carattino and
Della Vecchia, 2012; Kellenberger et al., 2001;l&berger et al., 1999; Li et al., 2011).’Cs
soaked MitTx-cASIC1 crystals revealed coordinatibi€s” ions by carbonyl atoms of Gly443
of the GAS motif. The pore dimensions in the sak@gtfilter of these crystals match that of a
hydrated Naion extremely well, suggesting that the TM ori¢iatas in this structure may be
functionally relevant and provide a barrier meckanfor ion selectivity of ASICs whereby the
pore is large enough to admit a hydrated Ma but exclude a hydrated kon. This is
inconsistent with the findings of Yang and Palméowusing hASIC1a, showed that when Na
is absent, Kcould freely pass through the channel (Yang anth®al2014). This argues
against a barrier mechanism for ion selectivityJaggests that pore size is not the only factor
regulating ion conductance), at least for the humaform, and highlights that care should be
taken when applying observations across speciécisp or subtype variants of ASICs.

The MitTx-cASIC1 crystal structure not only provadpossible further insights into channel
gating, but also revealed the expansive MitTx gdsite, and both peptide and channel

residues that could be functionally critical. Im@@st to PcTx1 and mambalgins that bind at
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the interface between adjacent subunits, MitTx ialdnost exclusively to a single subunit
from the wrist to the knuckle, along the entiregémof the thumb domain. There is a caveat
here in that the cASIC-MitTx complex crystallisexlan ASIC monomer (Baconguis et al.,
2014) as opposed to a trimer thus there is not robolce but to bind to a single subunit
(Baconguis and Gouaux, 2012). Nevertheless, tisema pverlap in the binding site of e
subunit of MitTx and PcTx1 at the acidic pocketg{ifie 3A), explaining the mutually
exclusive functional activity of these peptideseartved in earlier studies (Bohlen et al., 2011).
Thea subunit binds below th& subunit towards the base of the thumb and extrdaell
domains, another region known to be important fanmel gating (Li et al., 2010; Roy et al.,
2013; Springauf et al., 2011) (Figure 1D and 3A).

The various crystal structures of ASICs, channahaland venom peptide bound, have
provided valuable insight into the structural badishannel gating. Nevertheless, many details
regarding the gating of ASICs remain to be deteeahirAll ASIC structures solved to date
have been of cASIC1, which can be pharmacologicplite different when compared to
mammalian ASICla despite ~89% sequence identityekample, the functional effects of
PcTx1 are more similar for ASIC1b and cASIC1 thél®@la and cASIC1. And more
strikingly, 2-guanidine-4-methylquinazoline (GMQsthe same effect on the pH activation
curve of ASIC3 and cASIC1 (shifting to more alkalimalues) but the opposite effect on
ASICla (Alijevic and Kellenberger, 2012; Smith &&dnzales, 2014). Several of the key
questions remaining in this area af¢hich ASIC subtype does cASIC1 truly resemble in
structure and function, and what does this meanrf@rpreting data from mammalian
channels in light of the cASIC structuris?here only one true open state, or are theressyv
physiologically relevant open state8fd perhaps the most important unanswered queistion
regards to ASIC structure and gativghat is the conformation of the closed/restingetéts

PcTx1 and MitTx have allowed the structural insgintto the possible open states described
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above, it is likely that a ligand able to stabiliee channel in a closed state would be of great

use in this endeavour.

2.6. Mambalgins
2.6.1. Pharmacology and structure of mambalgins

Mambalgins are a group of homologous peptidestséliom the venom of mamba snakes.
Two 57-residue peptides were isolated from thelkblaamba Dendroaspis polylepsis
polylepsi$ that differ by one amino acid have been named badgin-1 and mambalgin-2
(Ma-1 and Ma-2, respectively) (Diochot et al., 2DIRthird peptide, Ma-3, from the green
mamba Dendroaspis augusticepw/as also isolated and has a single mutation sitipo 23
when compared to Ma-1 (Baron et al., 2013) (FiddAe These peptides conform to the three-
finger toxin fold (Figure 2B) and inhibit homomeASICla (rat and human #¢£3-55 and
127 nM, respectively) and rASIC1b {£&44-192 nM), as well as ASICla- and ASIC1b-
containing heteromers with weaker potency (Dio@tal., 2012; Mourier et al., 2016;
Schroeder et al., 2014). Mambalgins inhibit ~60%A81C currents in rat sensory neurons,
whereas PcTx1 only inhibits ~40%, most likely daeihte broader activity profile of
mambalgins through ASIC1b containing channels (P&t al., 2012). A study using human
stem cell-derived sensory neurons showed that Migdl.inhibits native human ASIC currents
(Young et al., 2014). Although there are small @ipancies in the potency of peptides across
platforms and publications, all three peptides Hasen reported to have the same overall
pharmacological profile.

Mambalgins are thought to preferentially bind te thosed state of ASICs and inhibit
channels by shifting the pH-dependence of actimaiiomore acidic pH, decreasing their
apparent affinity for protons (Diochot et al., 20 8alinas et al., 2014). Chimeric studies in
which domains of ASIC1a were swapped with ASIC2& gensitive to mambalgins) suggest

that the mambalgins bind in the region of the acpticket, with the peptide interacting with
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theB-ball and upper thumb of one subunit and the pdlthe@adjacent subunit (Salinas et al.,
2014). Single point mutants of the channel in thon were also made to identify specific
interacting residues of which F350 on helix 5 ia thumb stands out as an important contact
(Salinas et al., 2014; Schroeder et al., 2014). ¢l@n, these studies lack the detail to explain
the observed selectivity/potency differences betw&8IC species isoform and subtypes. The
pharmacophore of Ma-1 has also been partially deterd with alanine mutants only made so
far in loop 2. Mutating residues Phe27, Arg28, L2uB33, and Leu34 induced a significant
decrease in potency, and this face of the peptakedetermined to be the ASIC-interacting
surface (Mourier et al., 2016) (Figure 3F), in cast to the results of a prior docking-based
prediction by the same group (Salinas et al., 2014)

Unlike PcTx1 and APETx2, recombinant productiomambalgins has not been reported.
However several elegant strategies have been gmelo synthesise the peptide for structural
and functional studies (Mourier et al., 2016; Phale 2014; Schroeder et al., 2014). Two
high-resolution NMR structures have been publishred are in good agreement with one
another, with the lower part of loop 2 showing sdteribility within the NMR ensemble (Pan
et al., 2014; Schroeder et al., 2014). More reganilstal structures of two Ma-1 polymorphs
were determined, showing significant structuralatesns compared to the NMR structures
(Mourier et al., 2016) (see Figure 2B). In bothstay structures the lower part of loop 2 is
extended and well defined and there was a largeedeyj conformational variability in loop 3.
Of the two crystal structures, the most frequeabigerved and most ordered conformation of
loop 3 was a single-turn helix. The NMR structuséthis region contain a shd@tsheet, and
this conformation can also be seen as a less fn¢dren within the crystal structures. It must
also be noted that for both polymorphs of the wyipde peptide, the Ma-1 molecules assembled
together as complexes of either dimers or tetramegissingle asymmetric unit. In both
crystals there were significant inter-moleculaemattions present, which may explain the

differences to the more flexible NMR structures] #ims may result in structures where the
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Ma-1 loops have been stabilised in non-physioldlyicalevant conformations. These
differences between the NMR and crystal structaresextremely important when studying the
functional surface of the peptide, as they yieftedent surface-exposed residues. This will
have profound implications when mapping on pharmhoce residues and understanding the
nature of the interaction of these peptides with@sS Unfortunately, no co-crystal structure of
mambalgins in complex with ASICs has been repaxethte. Either structural information of
the mambalgin-ASIC interaction, or more extensigptfle and channel mutagenesis will be
required to truly understand this interaction tailfeate design of ASIC1a or ASIC1b selective

analogues.

2.6.2. Is ASIC1b or ASIC1a important in peripheral nocitep?

The discovery that MitTx robustly elicits nocifewsi(pain-related) behaviour in mice upon
intraplantar injection highlighted ASIC1 as an imnt mediator of peripheral nociception.
However, the lack of selective inhibitors of ASICHmnd lack of peripheral analgesic activity
of PcTx1 (Mazzuca et al., 2007) made it difficalttéase out the relative importance of
ASICla and ASIC1b in peripheral pain. Ma-1 was fbtmbe analgesic when administered
centrally or peripherally and experiments with A&itbckout and knockdown animals suggest
that the central effects of Ma-1 are mediated byGAS, whereas peripheral analgesia is
mediated by ASIC1b (Diochot et al., 2012). Thisugrcnas now demonstrated the analgesic
potential of mambalgins in rodent models of thegrmdlammatory and neuropathic pain,
however this finding has yet to be reported by iaagpendent group (Diochot et al., 2016;

Diochot et al., 2012).

2.7.Ugr 9-1
Sea anemones have proved to be a consistent sduUk&C ligands with the painted

anemonelrticina grebelnyi)yielding Ugr 9-1 (alsoartAnmTx Ugr 9a-1) (Figure 2A), a low
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affinity inhibitor of both transient and sustaineatrent of hASIC3 (Osmakov et al., 2013).
The peptide reversibly and completely blocked thadient current with an kgof 10uM, and
inhibited the sustained current with maximal inhdn of ~48% and an 1§ of ~1.4uM. No
activity was observed at up to i on ASIC1a, ASIC1b, and ASIC2a, potentially makihg
a more selective ASIC3 inhibitor than APETX2. Irstetudy the peptide was applied for only
10 s before the low pH stimulus, thus, dependingsoan-rate the 16 values determined
could be underestimating the true potency (i.stahdy-state inhibition is not reached within
the short application time used). The peptide wasessfully produced i&. colito assist in
structure determination and animal studies witimal fyield of ~8 mg of peptide per litre of
culture. The NMR structure revealed a novel scdffot short peptides named the boundless
B-hairpin. The Ugr 9-1 structure is ‘boundless’ las disulfide bonds do not stabilise the core
of the peptide (no interstrand disulfides), instead disulfide links the N-terminus to tRe
core, and another the C-terminus f@-arn (see Figure 2B).

Assessment of the Ugr 9-1 three dimensional surtaweé sequence comparison with the
ASIC3 inactive homologs Ugr 9-2 and Ugr 9-3 led @kov et al. to predict the functional
surface to contain Phe9, His12, and Tyr24 of Udr(8s these are the only three residues that
are unique to Ugr 9-1 when compared to Ugr 9-2lagid9-3) (Osmakov et al., 2013). Follow
up work from the same laboratory introduced theéviddal mutations T9F and Y12H into the
inactive Ugr 9-2 to resemble the active Ugr 9-1r{@kov et al., 2016). The mutant peptides
gained ASIC3 activity but were 2.2- and 1.3-foldaker than native Ugr 9-1, respectively,
demonstrating the importance of these residuemmffidbitory activity. An N- and C-terminally
truncated analogue of Ugr 9-1, Ugr22, was alsoyred and shown to be equipotent with
native Ugr 9-1 at inhibiting ASIC3. The mechanishaction and binding site of these peptides

is still unknown.
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Ugr 9-1 showed analgesic effects in two modelsitshmmatory pain, the CFA-induced
thermal hyperalgesia model, and the acetic acithimg test (Osmakov et al., 2013).
Unsurprisingly, neither of the ASIC inactive pegsdUgr 9-2 and Ugr 9-3 had any effect in the
hyperalgesia model. Animals treated with any ofttiree active peptides showed no motor
impairment or sedation, making Ugr 9-1 and Ugra#msing tools to study ASIC® vivo.
Despite their comparable potency at ASIC3, Ugr22reed thermal hyperalgesia with greater
efficacy than Ugr 9-1 at 0.1 mg/kg dose (Osmakoal.e2016) possibly due to the smaller

mass of Ugr22, therefore higher molar dose.

2.8.PhcrTx1

PhcrTx1 (alsarPMTX-Pcfla) was isolated from the sea anenf®mgmanthus crucifeas
an inhibitor of ASIC currents in rat DRG neuronghnan IGo ~100 nM (Rodriguez et al.,
2014). It also partially (less than 20%) inhibitdtage-gated Kcurrents in DRG neurons in
the low micromolar range (Kg~3.5uM). PhcrTx1 is a partial inhibitor of the native K3
currents with maximal inhibition of ~44% at ud. PhcrTx1 is fully reversible within 5
minutes, did not affect the current desensitizataia, and was not active when applied only
with the stimulus pH. This suggests the peptidégpeatially binds to the closed state of
ASICs and prevents activation, potentially provglanother novel tool to help understand
channel gating. Given the relative potency in iitinlg ASIC currents in rat DRGs, it would be
of interest to determine the subtype selectivit?b€rTx1 and its analgesic potential. PhcrTx1
appears to be the first ICK peptide isolated fraa anemones and only shares 32% identity
with PcTx1 (Figure 2A), however the structure ulide bond connectivity have not yet
been determined experimentally. Nevertheless, mtdeenodeling of PhcrTx1, calculation of

the dipole moment, and comparison with the PcTdrplacophore led the Rodriguez et al. to
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predict a cluster of basic/aromatic residues tthbdunctional site for ASIC activity

(Rodriguez et al., 2014).

2.9. a-Dendrotoxin

a-Dendrotoxin (-DTx) is another toxin isolated from the green manabnom (same
source as Ma-3), and is a well-known low nanomkiat.x channel blocker that was recently
shown to also inhibit ASICs with weaker potencydéB&t al., 2015). The 59 amino acid
peptide is a single Kunitz domain fold (Skatski, 1992), similar to the-subunit of MitTx.
They only share ~32% identity and 55% similaritgwiever four of the six identified crystal
contacts for MitTx are similar in-DTx raising the possibility that they may bindasimilar
site on ASICs (albeit with different functional cames).a-DTx reversibly inhibited ASIC
peak currents in rat DRG neurons with agglef 800 nM. Although the binding site and
mechanism of action have yet to be determineD,Tx inhibition was only present when cells
were preconditioned with peptide (applied for 20using conditioning at pH 7.4, and also for
5 s during the pH 6.1 acid pulse), but not wheriagmnly with the stimulating pH. This may
suggest thati-DTx preferentially binds to the closed state & thannel and prevents

activation.

3. Conclusions

Since the discovery of PcTx1 at the turn of thdenitium, our understanding of ASIC
modulating venom peptides themselves, and theimmudeciphering ASIC structure-function
and involvement pathological processes have greathgased. It is now quite clear that as for
many other ion channel families, animal venomsaatieh source of potent and valuable ASIC
modulators. As detailed above, there are now tenvknASIC modulators from venoms (not

including close homologs), so far from only threerges, spiders, sea anemones (the most
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prolific source to date) and snakes. Despite #latively low number (when compared to the
number of venom peptides known to modulatg NiaKy channels), a trend is starting to
appear. The modulators from snakes and spidersafar, relatively selective for ASIC1,
while the sea anemone peptides seem to prefeigrneget ASIC3. Whether this holds true
over the years to come and what it means from alogical point of view remain to be seen.
Whether venoms will harbour any components thaelsslectivity for ASIC2 (which to date
suffers a dearth of selective tools) also remainsetseen. In the mean time we still have a lot
to learn about the tools described above in omendximise their value as research tools.

Essentially all small molecule modulators of ASkPsiracterised have poor selectivity
against ASIC subtypes. Given the sometimes extensteraction surface and multi-domain
nature of venom peptide binding, we believe theéfie fjom nature are our best chance at
discovering and developing more selective pharnoagcdl tools that can better discriminate
between ASIC subtypes. Gaining a thorough undetstigrof the molecular interactions
between selective venom peptides and ASICs wilbatraertainly facilitate answering some
of the major unresolved questions in the ASIC fehdl may even lead to some novel

therapeutics along the way.
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Figures

Table 1. Activity summary of ASIC modulators isolated franimal venoms. Values aresiC
and EGg values for the rat isoform unless stated otherwAsévity is colour coded into red,
blue, and green indicatirighibition [X], potentiation , andagonism [+, respectively.

Peptide Venom source Activity
PcTx1l  Spider Psalmopoeus E ASICla ~1 and ~3 nNrat and human)
cambridge) [X] ASIC1a/2a ~35-85% at 50 nM

[X] ASIC1a/2b ~3 nM
ASIC1b ~100 nM
CASIC1 ~10-189 nM
CASIC1 ~135% at 30 nM
Hm3a SpiderKleteroscodra |Z| ASICla 1.3 and 39.7 ni¢ftat and human)

maculatd ASIC1b 46.5 and 178 nifat and human)
ASICla/lb 17.4 nM
APETx2 Sea anemone [X] ASIC3 ~60 and 175 nNrat and human)
(Anthopleura [X] ASIC3/1a 2uM
elegantissimp [%] ASIC3/1b 900 nM
[X] ASIC3/2b 117 nM
Her 1b-1  Sea anemone [%] ASIC3 5.5uM (human)

(Heteractis crispa
MitTx  Snake Rlicrurus tener [+] ASIC1a 9 nM
tene) ASIC1b 23 nM
ASIC2a 75 nM
ASIC3 830 nM
CASIC1 ~15% at 300 nM
Ma-1 Snake Dendroaspis |Z| ASICla 11-55 and 127 nfdat and human)
Ma-2 polylepis polylepis, E ASIC1b 44-192 nM

Ma-3 Dendroaspis |Z| ASIC1la/lb 72 nM
augusticepk [%] ASIC1a/2a 252 nM
[X] ASIC1a/2b 61 nM
Ugr9-1 Sea anemone |Z| ASIC3 10pM (human, peak)
(Urticina grebelny) x| ASIC3 1.5uM (human, sustained)
PhcrTx1 Sea anemone |Z| 100 nM(rat sensory neurons)

(Phymanthus crucifgr
o-DTx  Snake Dendroaspis |Z| 800 nM(rat sensory neurons)
augusticepps

30



Figure 1. ASIC gating conformations, domain organisatiord @aenom peptide binding sites
and functional summaryA) cASIC1 structure in the apo, desensitised statieowt any

peptide bound (PDB code 4NYK; (Gonzales et al. 2Q)Qvith domains of a single subunit
within the trimer colour codedB) The closed state is yet to be solved, and renmaiasf the
biggest unknowns in the ASIC fiel(C) PcTx1 bound to cASIC1 at low pH (PDB code 4FZ1;
(Baconguis and Gouaux, 2012)), gig MitTx bound to cASIC1 (PDB code 4NTW;
(Baconguis et al., 2014)), where both structureeweported at the time of publication to be
in the open state. However, there are clear diffggs in the TM region and it is now thought
the MitTx most faithfully represents the Neonductive, proton-gated open state of ASICs.
ASIC modulators are shown next to the binding stateh peptide favours, for the subtype
shown in bracket@l in red indicates inhibitor@ in blue potentiators of pH-gated currents,
and[+| in green direct agonists of the ASIC subtype &ckets for each ligand. Peptide
binding sites are in italicised bold, and the dregs depict the TM region based on the
hydrophobicity of the protein surface. Note thedtimnal information listed for each ligand is
not complete and is a simplified summary; pleagerte the text and Table 1 for more details.

Figure 2. Venom peptide modulators of ASIG#) Amino acid sequence of venom peptides
grouped with homologues where present. Differemtegquences are indicated by grey
boxes, and active sites by triangles above thenphesphore residuéB) Three dimensional
structure of PcTx1 (PDB code 2KNI;(Saez et al., DPIAPETx2 (PDB code 2MUB; (Jensen
et al., 2014)), Hila (PDB Code 2N8F; (Chassagnat.g2017)), Ma-1 (PDB codes 5DU1,
5DZ5; (Mourier et al., 2016)), Ma-2 (PDB code 2MH&chroeder et al., 2014)), MitTx (PDB
code 4NTW; (Baconguis et al., 2014)), Ugr 9-1 (P&a8le 2LZO; (Osmakov et al., 2013)),
anda-DTx (PDB code 1DTX; (Skawnski, 1992)). All peptides are shown in the samdesca
and disulfide bonds shown in red. Structures atewailable for all peptides and have only
been shown where available.

Figure 3. Summary of the active surface of ASIC targetingtjgees derived from
crystallography and mutagenesis data. (A) Two sitbwh cASIC1 are shown as surface
representations with the domains colour coded aEigel. The partially overlapping binding
orientations of PcTx1 (grey) and MitTx (blue anéyare shown as peptide backbones. The
subunit interface corresponding to the acidic pockalso highlighted. (B) Surface
representation of PcTx1 (grey) bound to cASIC1 shgwhe extensive hydrophobic
interaction witha helix 5 (green residues) and the basic residdas)(that protrude into the
acidic pocket. (C) Surface representation of Poliih crystal contact residues highlighted in
blue and red. Of these, red represents residueariéhe functional pharmacophore and were
found to make energetically important interactitorsrASICla inhibition (these residues are
labelled). (D) Active surface of APETx2 for rASI@shibition, mutations of the red residues
have a major impact while mutation of the orange &#ess severe impact on activity. (E)
Active surface of MitTx based on predictions frorRX crystal contacts. (F) Amino acid
residues shown to be important for Ma-1 inhibitacyivity mapped on to the NMR structure
of Ma-2. (NB: structures are not to scale).
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A v Yy VVYY Y
PcTx1 EDCIPRKWKGCVNRHGDCCEGLECWKRRRSFE-VCVPKTPKT

Hm3a EPCIPKWKSCVNRHGDCCAGLECWKRRKSFE-VCVPKV

NECIRKWLSCVDRKNDCCEGLECYKRRHSFE-VCVPIP. . .

Hila  GFCLVKWKQCDGRERDCCAGLECWKRSGNKSSVCAPIT

v Yy v vy v
APETx2 GTACSCGNSKGIYWFYRPSCPTDRGYTGSCRYFLGTCCTPAD

Her 1b-1 GTPCKCHGYIGVYWFMLAGCPNGYGYNLSCPYFLGICCVDR

Y Y v Y. 'V
MitTxaa. QIRPAFCYEDPPFFQKCGAFVDSYYFNRSRITCVHFFYGQCDVNQNHFTTMSECNRVCHG
vVVyVY v
NLNQFRLMIKCTNDRVWADFVDYGCYCVARDSNTPVDDLDRCCQAQKQCYDEAVKVHGCKP. . .

MitTxp v
LVMFYSFECRYLASDLDCSGNNTKCRNFVCNCDRTATLCILTATYNRNNHKIDPSRCQ

vy vy
Ma-1 LKCYQHGKVVTCHRDMKFCYHNTGMPFRNLKLILQOGCSSSCSETENNKCCSTDRCNK

Ma-2 LKCFQHGKVVTCHRDMKFCYHNTGMPFRNLKLILQGCSSSCSETENNKCCSTDRCNK
Ma-3 LKCYQHGKVVTCHRDMKFCYHNIGMPFRNLKLILOGCSSSCSETENNKCCSTDRCNK

v v - ~
Ugr9-1 ISIDPPCRFCYHRDGSGNCVYDAYGCGAV v Major pharmacophore residues
Ugr22 GCRFCYHRDGSGNCVYDAYGCG v Minor pharmacophore residues

v Crystal contacts with cASIC1

PherTx1 CASQGQKCKTKSDCCNGMWCAGTRGHTCYKPK

a-DTx  QPRRKLCILHRNPGRCYDKIPAFYYNQKKKQCERFDWSGCGGNSNRFKTIEECRRTCIG

B

Ma-1 (crystal tetramer)

Ma-1 (crystal dimer) Ma-2 (NMR) Ugr 9-1 a-DTx
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Highlights:

The most potent and sel ective modulators of ASICs have come from animal venoms.
ASIC modulators have been isolated from spiders, sea anemones, and snakes.
Venom peptides have advanced our understanding of ASIC gating and structure.
Venom peptides have helped elucidate thein vitro and in vivo roles of ASICs.

Venom-derived modulators of ASICs are likely to play abig role in the future.



