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SUMMARY

Acid-sensing ion channels (ASICs) detect extra-
cellular protons produced during inflammation or
ischemic injury and belong to the superfamily of de-
generin/epithelial sodium channels. Here, we deter-
mine the cocrystal structure of chicken ASIC1a with
MitTx, a pain-inducing toxin from the Texas coral
snake, to define the structure of the open state of
ASIC1a. In the MitTx-bound open state and in the
previously determined low-pH desensitized state,
TM2 is a discontinuous a helix in which the Gly-Ala-
Ser selectivity filter adopts an extended, belt-like
conformation, swapping the cytoplasmic one-third
of TM2 with an adjacent subunit. Gly 443 residues
of the selectivity filter provide a ring of three carbonyl
oxygen atoms with a radius of �3.6 Å, presenting an
energetic barrier for hydrated ions. The ASIC1a-
MitTx complex illuminates the mechanism of MitTx
action, defines the structure of the selectivity filter
of voltage-independent, sodium-selective ion chan-
nels, and captures the open state of an ASIC.

INTRODUCTION

Six distinct acid-sensing ion channel ASIC subtypes, (1a, 1b, 2a,

2b, 3, and 4) are expressed throughout vertebrate central and

peripheral nervous systems, where they assemble and function

as homo- or heteromeric complexes exhibiting a broad range

of kinetic, steady-state, pharmacological, and ion selectivity

properties (Deval et al., 2010; Gründer and Chen, 2010; Hessel-

ager et al., 2004; Sherwood et al., 2012). ASICs detect extracel-

lular protons (Krishtal and Pidoplichko, 1980) and are activated

under injury conditions that are accompanied by local tissue

acidosis, such as inflammation, muscle ischemia, and stroke

(Wemmie et al., 2006; Xiong et al., 2004). ASIC1 and 3 are

expressed by primary afferent sensory neurons (Alvarez de la

Rosa et al., 2002; Molliver et al., 2005; Waldmann et al.,

1997a), where they initiate acute or persistent pain signals
upon transient or sustained drops in pH, such as in cardiac

ischemia or chronic inflammatory syndromes (Deval et al.,

2010; Krishtal and Pidoplichko, 1981; Lingueglia, 2007).

ASICs are sodium-selective, voltage-independent, and ami-

loride-blockable ion channels that activate and desensitize on

a millisecond-to-second timescale (Gründer and Chen, 2010).

Early studies on epithelial sodium channels (ENaCs), the name-

sake founder of the ASIC/ENaC/degenerin superfamily, defined

their ionic selectivity (Palmer, 1982). Subsequent experiments on

ENaCs and ASICs mapped a ‘‘(Gly/Ser)-X-Ser’’ tripeptide in the

second transmembrane segment (TM2)—deemed the ‘‘GAS’’

motif—as central to ion selectivity (Carattino and Della Vecchia,

2012; Kellenberger et al., 2001; Kellenberger et al., 1999; Li et al.,

2011a; Sheng et al., 2000, 2001, 2005; Snyder et al., 1999).

Amino acids implicated in amiloride block are also located on

TM2, several residues on the extracellular side of the GAS motif

(Kellenberger et al., 2003; Schild et al., 1997). Crystal structures

of the chicken ASIC1a in a low-pH desensitized state (Gonzales

et al., 2009), psalmotoxin (PcTx1)-bound ion-selective and

nonselective (Baconguis and Gouaux, 2012), or inactive states

(Dawson et al., 2012), together with the initial high-resolution

structure of an inactive form of the ion channel (Jasti et al.,

2007) have been reported during the past several years. Never-

theless, elucidation of the mechanism of sodium selectivity, the

role of the GAS motif in ion selectivity, and binding sites for ami-

loride have proven elusive, as has been stabilization of an ASIC in

a physiologically relevant open channel conformation.

Recently, snake (Bohlen et al., 2011; Diochot et al., 2012), spi-

der (Escoubas et al., 2000), and sea anemone toxins (Diochot

et al., 2004; Karczewski et al., 2010) have been identified that

elicit or suppress pain by selectively activating or blocking ASICs

(Bohlen and Julius, 2012; Chen et al., 2005; Karczewski et al.,

2010). In addition to validating a role for ASICs in nociception

and pain sensation, peptide toxins provide powerful tools to ar-

rest ASICs in specific conformational states for pharmacological,

biophysical, and structural studies (Baconguis and Gouaux,

2012; Baconguis et al., 2013; Bohlen et al., 2011; Chen et al.,

2006). The Texas coral snake toxin, MitTx, is a heterodimeric

polypeptide toxin that activates ASIC1a channels at nanomolar

concentrations in a pH-independent manner (Bohlen et al.,

2011). MitTx consists of two noncovalently associated a and b
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Figure 1. Architecture of the D13-MitTx Complex

(A) Subunits ofD13 andMitTx are color coded by domain. TheD13 ion channel

is in cartoon, and MitTx subunits are in surface representation with one

heterodimer also shown in cartoon representation. The orange dashed line

defines the region of one subunit.

(B) View along the 3-fold axis of symmetry, from the extracellular side of the

membrane.

(C and D) Cartoon representation of a single subunit derived from the

D13-MitTx complex.

See also Figure S1 and Table S1.
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subunits that resemble Kunitz and phospholipase-A2 proteins

(Huber et al., 1970; Scott et al., 1990), respectively, and together

function as a potent and selective ASIC1a agonist.

Here, we determine the crystal structure and probe the

function of the chicken ASIC1a-MitTx complex, illuminating

how the toxin binds to and stabilizes ASIC1a in a physiologically

relevant, open-channel, sodium-selective state. We elucidate

the structure of the GAS motif, showing that it adopts an

extended conformation that not only defines the selectivity filter,

but also enables the cytoplasmic portion of TM2 to undergo a

swap between subunits. Furthermore, we map ion sites in the

selectivity filter and in the ion channel pore and define binding

sites for amiloride in the acidic pocket of the extracellular domain

and within the fenestrations of the extracellular vestibule.

RESULTS AND DISCUSSION

Architecture of Channel-Toxin Complex
The heterodimeric MitTx activates the wild-type-like chicken

D13 ASIC1a construct (Baconguis and Gouaux, 2012) employed

in this study. At pH 7.4, application of MitTx to cells expressing

the D13 construct induces a slow inward current that reaches

a steady-state amplitude that is �15% of the peak amplitude

resulting from a step to low pH (Figure S1A available online). In

addition, MitTx slows the rate of channel closure and increases

the magnitude of steady-state current upon step to pH 5.5 (Fig-

ure S1B). We crystallized the D13-MitTx complex at pH 5.5 and

determined crystal structures of the complex in the presence

of Na+, amiloride, or Cs+ at resolutions of 2.1, 2.3, and 2.6 Å,

respectively (Figures 1 and S2 and Table S1) by molecular

replacement and iterative rounds of manual rebuilding and crys-

tallographic refinement. In the D13-MitTx crystals, there is one

D13 subunit and a single MitTx heterodimer in the asymmetric

unit of the R3 unit cell and thus the physiological trimer hews

to ideal crystallographic 3-fold symmetry.

The toxin-channel complex has a triskelion-like shape when

viewed down the 3-fold axis of symmetry with one toxin hetero-

dimer radiating from each D13 subunit (Figures 1A, 1B, and Fig-

ure 2A). Toxin subunits protrude from the ‘‘edges’’ of the channel

trimer, with each heterodimer interacting almost exclusively with

a single subunit, thus explaining how the toxin can activate

ASIC1a/2 heteromeric channels (Bohlen et al., 2011). The toxin

forms extensive contacts from the ion channel ‘‘wrist,’’ proximal

to the extracellular boundary of the membrane bilayer and to the

knuckle and thumb domains, as far as 60 Å from the membrane

surface. Consistent with the high affinity of the toxin for the chan-

nel (Bohlen et al., 2011), one toxin heterodimer buries 1,350 Å2 of

solvent-accessible surface area in the channel-toxin complex, of

which 800 Å2 and 550 Å2 are derived from the a and b subunits,

respectively (Figure 2B).

The high-resolution diffraction data derived from the D13-

MitTx crystals allowed us to reinterpret the electron density in

the transmembrane domain, and now we find that TM2 is not a

continuous a helix but, rather, has a break in helical structure

approximately two-thirds of the distance across the membrane,

thus dividing the second transmembrane domain into seg-

ments TM2a and TM2b (Figures 1C and 1D). Remarkably, the

GAS motif bridges TM2a and TM2b by adopting an extended
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Figure 2. Structures of MitTx and Illustration of Key Residues and Interactions

(A) Structure of MitTx derived from the complex with D13. In the heterodimeric a/b toxin complex, each subunit buries�500 Å of solvent-accessible surface area

at the subunit interface. Residues near the N and C termini of the a subunit play particularly important roles in the heterodimeric complex, forming helix-capping

contacts to the C terminus of the a1 helix of the b subunit, as well as mediating interactions with the b-wing domain. The a subunit is shown, depicting the key Phe

14 and Lys 16 residues, along with the three disulfide bonds.

(B) Illustration of residues that participate in extensive interactions between the a subunit of MitTx (cyan) and residues on the thumb domain (green) with portions

of the D13 palm domain (light yellow) and b-ball (light orange) also shown. Phe 13, 20, and 37 supplement the interactions between a and the thumb of D13 and,

together with Arg 28 and 30, make interactions with residues on the a4 and a5 helices.

(C) The binding site of MitTx (blue and cyan) overlaps with the psalmotoxin (gray) binding site. D13 is shown in surface representation, and toxins are in ribbon

representation.

(D) View of the subunit interface separated by Phe 14 of the a subunit, which serves as a flange of the MitTx churchkey.

(E) View of the wrist region following superposition of Ca positions of residues 285–290 and 70–74 of D13-MitTx and low-pH D13-PcTx1 soaked in Cs+.

Coordination of the ammonium group of Lys 16 is similar to the carbonyl oxygen coordination with Cs+ in the D13-PcTx1 structure.

See also Figure S2.
polypeptide conformation aligned approximately parallel to the

membrane plane, allowing the TM2b element of one subunit to

interact with TM1a of an adjacent subunit. The swapping of

TM2b elements between subunits effectively generates a contin-

uous TM2 helical segment, with the ‘‘GAS belt’’ reinforcing the

structure of the ion channel pore.

Mechanism of MitTx Binding
MitTx, held together by extensive interactions between the a and

b subunits (Figure 2A, S2A and S2B), acts like a ‘‘churchkey’’

bottle opener on D13, forming extensive interactions with the

wrist, palm, and thumb domains, supporting the notion that

these domains play major roles in gating the ion channel (Figures
1A, 1B, and 2). The overlap of the binding sites between PcTx1

and the b subunit of MitTx also explains why the binding and bio-

logical activity of these toxins are mutually exclusive (Figure 2C)

(Bohlen et al., 2011). The a subunit is the ‘‘flange’’ of the toxin

churchkey, positioned on the underside of the thumb domain

and insinuating a Phe 14 ‘‘hook’’ into a D13 subunit interface

and a Lys 16 ‘‘barb’’ into the wrist at the juncture of the extracel-

lular ends of the transmembrane domains and at the base of the

palm and thumb domains (Figure 2D and 2E). The aromatic ring

of Phe 14 splays subunits apart and forms extensive interactions

with residues Ala 82 through Thr 84 of the b1-b2 linker, a region of

ASICs that is central to channel gating (Li et al., 2010b; Roy et al.,

2013; Springauf et al., 2011) and, on the adjacent subunit, with
Cell 156, 717–729, February 13, 2014 ª2014 Elsevier Inc. 719



residues Val 361 toMet 364. Lys 16 of a, situated on the ‘‘reactive

loop’’ of protease inhibitor homologs, juts into the wrist-TM1

interface of D13 with the ammonium group coordinated by four

main-chain carbonyl oxygens from D13 and one from the a

subunit, thereby coupling the base of the wrist domain to the

extracellular end of TM1. Remarkably, the ammonium group

occupies the same position that Cs+ ions occupy in the open

state of the D13-PcTx1 complexes (Baconguis and Gouaux,

2012) (Figure 2E).

Repurposing of MitTx Interaction Surfaces
Despite relatively low sequence conservation between MitTx-a

and other Kunitz-type proteins or between MitTx-b and other

PLA2 homologs, these toxin subunits retain canonical folds

and 3D structures that are characteristic of their respective fam-

ilies, offering insights into evolutionary repurposing of conserved

structural elements (Figures S2C and S2D). In the case of MitTx-

a, this can be appreciated by comparing its structure with that of

bovine pancreatic trypsin inhibitor (BPTI) (Rühlmann et al., 1973),

a classic Kunitz domain protein (Kunitz and Northrop, 1936). Just

as Lys 16 in MitTx-a forms critical interactions with carbonyl

oxygens in ASIC1a, the equivalent residue (Lys 15) in BPTI

protrudes deep into the catalytic pocket of trypsin to mediate

inhibition (Rühlmann et al., 1973). Thus, the ‘‘business end’’ of

these proteins has been structurally conserved despite their

meager sequence similarity of 37% and dissimilar physiological

targets (Figure S2C).

Functional specification of Kunitz family members is also

mediated by residues on the opposite end of the protein at the

N terminus. In the case of d-dendrotoxin and other Kunitz

domain potassium channel antagonists, residues within the

N terminus are primary determinants of channel inhibition, sug-

gesting that this region specifies interaction with the physiologic

target (Imredy and MacKinnon, 2000) (Figure S2C). For MitTx-a,

the N terminus fulfills a different but nonetheless critical

structural role by serving as the primary surface for intersubunit

interactions. Indeed, a similar arrangement is seen with b-bun-

garotoxin, the other known example of a Kunitz-PLA2 heterodi-

meric snake toxin, wherein subunit interactions involve contacts

between the N terminus of the Kunitz partner and residues within

and around the b-wing region of the PLA2 component (Kwong

et al., 1995). Again, structural conservation is seen between

MitTx and b-bungarotoxin subunits despite limited sequence

similarity of 34% and 42% for Kunitz and PLA2 subunits, respec-

tively, and minimal sequence conservation within binding inter-

faces (Figures S2A, S2B and S2D).

Functional repurposing of structural regions is also apparent in

interactions between MitTx-b and ASIC1a. Here, the main inter-

face corresponds to the region that in functional PLA2 enzymes

contains the catalytic site and a surrounding hydrophobic patch

that facilitates interaction with membrane lipids (Figures S2E–

S2G). Thus, equivalent zones are devoted to functional activities

of these proteins, irrespective of their divergent physiologic

targets (Figure S2D).

Duplication and hypermutability of toxin genes accelerates

the neo-functionalization of protein scaffolds commonly found

in animal venoms, such as those belonging to the prolific Kunitz,

PLA2, and inhibitor cysteine knot families (Bohlen and Julius,
720 Cell 156, 717–729, February 13, 2014 ª2014 Elsevier Inc.
2012). The comparison of MitTx with other known Kunitz and

PLA2 structures illustrates the repeated use of regions peripheral

to their compact and rigid cores in specifying interactions with

subunits or physiological targets. The malleability of two estab-

lished protein scaffolds, such as Kunitz and PLA2 proteins, pro-

vides a mechanism for enhanced functional diversification in

venomous organisms, whose chemical armamentarium must

evolve to keep pace with adaptive changes in predator-prey

relationships.

GAS Motif Allows Transmembrane Helix Swap
To solve the D13-MitTx crystal structures, we employed the

extracellular domains derived from the DASIC1 crystal structure

(Jasti et al., 2007) (PDB code 2QTS). In the latter structure, TM1

and TM2 are continuous a helices. Upon inspection of 2Fo-Fc
and Fo-Fc electron density maps of the D13-MitTx complexes,

however, we noticed residual positive electron density located

between TM1 and TM2 near Leu 50 (TM1) and Ile 442 (TM2)

and weak density at Gly 443. These features, also seen upon

re-analysis of the desensitized state structure (Gonzales

et al., 2009), led us to alter the trace of TM2 (Figure 3A). Anal-

ysis of ‘‘omit’’ electron density maps using diffraction data to

�2.1 and �2.3 Å resolution from both the D13-MitTx and the

D13-MitTx-amiloride complexes (Figure 3B) provided

convincing evidence for ending the helical structure of TM2 at

Gly 443, for building residues Gly 443, Ala 444, and Ser 445

of the GAS motif in an extended conformation, and for re-initi-

ating an a helix at Ile 446 to the last ordered residue, Ala 456

(Figure 3C). Re-analysis of the cASIC1 desensitized state struc-

ture, determined at 3 Å resolution, indicates that a similar break

in TM2 and a swapping of TM2b between subunits is present.

We therefore rebuilt and refined the desensitized state structure

and now use that structure in our comparisons to the D13-

MitTx structures. A careful review of electron density maps of

the initial cASIC1a structure (Jasti et al., 2007) and the D13-

PcTx1 complexes (Baconguis and Gouaux, 2012) provides no

evidence for swapping of the TM2 helices as we observe in

the low-pH desensitized state and in the MitTx complex.

Furthermore, for the TM2 segments in the 3-fold symmetric

high pH PcTx1 complex and for TM2 segments of chains A-C

and A-B in the asymmetric, low-pH PcTx1 complex,

the distance that the GAS motif would be required to span

is >22 Å, which is too large for the tripeptide unit. In the

TM2-swapped structures, the comparable distance is �9 Å

between the a carbons of I442-S445 residues on adjacent

TM2 helices. Thus, we conclude that the swap in TM2 does

not occur in the low-pH and high-pH PcTx1 structures or in

the initial cASIC1a structure.

The GAS motif acts like a peptide belt around the waist of the

channel, breaking TM2 into TM2a and TM2b and allowing for

the TM2b helical element to interact with the cytoplasmic

portion of TM1 from the (–) subunit (Figure 3A). The GAS motif

is flanked by Ile 442 and Ile 446, which brace the GAS motif by

intrasubunit and intersubunit interactions with TM1 and TM2,

respectively. Within the GAS motif, Gly 443 exploits its confor-

mational flexibility to end TM2a and initiate the extended struc-

ture of the motif, and Ser 445 utilizes the hydrogen bonding ca-

pacity of its hydroxyl group to ‘‘cap’’ the carbonyl oxygen
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Figure 3. Transmembrane Domain Swap

Mediated by the GAS Belt

(A) Cartoon representation of D13 transmembrane

domains. One subunit is red, and the regions

above and below the GAS belt are labeled as

TM2a and TM2b, respectively.

(B) Fo-Fc omit map generated with a model lacking

residues Ile 442 to Leu 450 contoured at 3.0 s. The

D13 is shown as an a-carbon trace with one sub-

unit omitted for clarity.

(C) View of the transmembrane domain from the

intracellular side and shown in cartoon represen-

tation. Residues near or in the GAS belt are shown

as sticks.

(D) Close-up view of the boxed region in (C),

illustrating how the hydroxyl group of Ser 445 caps

the TM2a helix of an adjacent subunit.

(E) Sequence alignments of ASICs and other

members of the Deg/ENaC superfamily. The

boxed region highlights the conserved sequence

of the GAS selectivity filter.
atoms exposed at the beginning of TM2b of the (–) subunit (Fig-

ure 3D). Thus, the GAS motif positions the carbonyl oxygen of

Gly 443 toward the ion channel pore in an ideal position to

interact with permeant ions, and it also crosslinks subunits,

thereby reinforcing the architecture of an ion channel pore

composed of only six transmembrane segments. Inspection

of amino acid sequences underscores the extent to which the

(Gly/Ser)-X-Ser selectivity filter has been conserved across

evolution and suggests that a discontinuous TM2 together

with an extended belt is present in ASIC/ENaC/DEG family

members (Figure 3E).
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MitTx Expands the Extracellular
Vestibule
Superposition of the desensitized state

and D13-MitTx structures demonstrates a

conserved structural scaffold defined by

the upper palm and knuckle domains (Ba-

conguis and Gouaux, 2012). Whereas the

knuckle and upper palm domains adopt

the same conformation between the de-

sensitized and MitTx-bound states, the

lower palm domain flexes at the juncture

of the b strands spanning the extracellular

and central vestibules, leading to an

expansion of the extracellular vestibule

(Figures 4A, 4B, S3A, and S3B). Using Ala

424 as a reference, the intersubunit sepa-

ration increases from 9 Å in the desensi-

tized state to 16 Å in the D13-MitTx com-

plex. The flexing of the palm b strands

also decreases the length of the constric-

tion along the 3-fold axis that occludes a

direct, solvent-accessible pathway be-

tween the central and extracellular vesti-

bules (Figures S3A and S3B). In the desen-

sitizedstate, theocclusion isflankedbyVal
75andLeu78and isan�10 Åbarrierbetween thecentral vestibule

and the extracellular vestibule. By contrast, in the MitTx-bound

state, Val 75 has shifted away from the 3-fold axis, giving rise to

a constriction primarilymediatedby Leu 78. These conformational

changes are in accordwith studies that havepreviously implicated

the central vestibule in the modulation of gating in ASICs (Cush-

man et al., 2007; Li et al., 2011b; Roy et al., 2013; Yu et al., 2010).

By contrast with the graded flexing of the lower palm domain b

strands, the binding of MitTx to the D13 ion channel promotes

discrete ‘‘switching’’ in the conformation of the b1-b2 and b11-

b12 linkers, short regions of polypeptide implicated in ion
February 13, 2014 ª2014 Elsevier Inc. 721
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Figure 4. Gating Movements in the Extra-

cellular and Transmembrane Domains

Deduced from Comparison of the Desensi-

tized State and MitTx-Bound Structures

(A and B) Cartoon representation of the desensi-

tized state (A) and the D13-MitTx state (B) in which

the structurally conserved scaffold is blue, the

malleable lower palm domain is yellow, and the

transmembrane domains are red. Measurements

use the Ca atoms Ala 424 on adjacent subunits as

landmarks. Only two subunits are shown.

(C) View of the transmembrane domains from the

extracellular side illustrates the iris-like rotation of

TM1 and TM2a. TM1 and TM2a are in cylinders

and ribbon representation, respectively. In (C–F)

the desensitized and D13-MitTx structures are

gray and red, respectively.

(D) View of the transmembrane domains from the

intracellular side shows that TM2b rotates by�44�

in the plane of the membrane.

(E) View of the transmembrane domains parallel to

the bilayer illustrating tilts of�10� and�4� by TM1

and TM2, respectively.

(F) Close-up view of the transmembrane helices of

one subunit. The TM1 domain of the D13-MitTx

structure is superimposed onto the TM1 domain of

the desensitized state structures using Ca posi-

tions of residues Cys 50 to Phe 70. Both TM1 and

TM2 are shown in ribbon representations.

See also Figure S3.
channel gating (Li et al., 2010a, 2010b; Springauf et al., 2011) and

residing near the ‘‘pivot points’’ of the lower palm b strands.

Relative to the desensitized state, residues 414 and 415 of the

b11-b12 linker in the MitTx complex undergo a dramatic confor-

mational change wherein hydrophobic Leu and polar Asn swap
722 Cell 156, 717–729, February 13, 2014 ª2014 Elsevier Inc.
positions (Figures S3A and S3B). In the

desensitized state, the Leu and Asn side

chains are oriented toward the central

vestibule and the b1-b2 linker, respec-

tively, yet in the MitTx complex, their ori-

entations switch, with the Leu side chain

packing against the b1-b2 loop and the

Asn side chain facing the vestibule and

making hydrogen bonds with the main-

chain amide of Ala 82 in the b1-b2 linker

and a water molecule (Figure S3C).

MitTx Stabilizes a Symmetric Open
Pore
The expansion of the extracellular vesti-

bule opens the ion channel by way of

an iris-like motion of the transmembrane

a helices. Comparison of the transmem-

brane domains between the desensi-

tized and the MitTx-bound conforma-

tions demonstrates differential rotational

movements of TM1, TM2a, and TM2b

by �17�, �4�, and �44�, respectively,

around the 3-fold axis (Figures 4C and
4D). The trapping of D13 in a symmetric, open-channel confor-

mation by MitTx provides several insights into the molecular

principles underpinning gating in ASICs. First, the extensive

TM2-mediated intersubunit contacts that define the �10 Å oc-

clusion of the desensitized, shut ion channel are ruptured.
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Figure 5. The D13-MitTx Complex Harbors

an Open Pore with a Constriction Located

below the Gate near the GAS Belt

(A–C) (A) A section of an electrostatic potential of

D13. Pore-lining surface down the 3-fold axis of

the D13-MitTx (B) and the desensitized state (C)

structures illustrates the open and shut gates,

respectively. The plots in (B) and (C) were gener-

ated using the HOLE software (pore radius: red <

1.15 Å < green < 2.3 Å < purple).

(D) Plot of radius as a function of longitudinal

distance along the pore for D13-MitTx (red),

D13-MitTx (amiloride, green), desensitized state

(black), D13-PcTx1 (high pH, dark blue), and

D13-PcTx1 (low pH, light blue).

(E) Close-up view of the pore domain. Only one

TM2 domain is shown for clarity and is in ribbon

representation. Residues lining the pore are shown

as sticks.
Second, within each subunit, TM1 and TM2a largely move

together as a consequence of the iris-like expansion of the

lower palm domain, though there is a scissor-like intrasubunit

movement of TM1 relative to TM2 that alters interhelical con-

tacts on both the extracellular and intracellular portions of the

TM domains, which is manifested in the tilting of TM1 and

TM2 by �10� and �4�, respectively (Figures 4E and S3D–G).

Third, the role of TM1 in opening the pore and stabilizing a 3-

fold symmetric conformation of the ion channel is underscored

by the fact that either an alkali cation (Baconguis and Gouaux,

2012) or the ammonium group of a lysine residue provided by

Lys 16 of the MitTx a subunit reinforces the contacts between

the extracellular end of TM1 and the base of the thumb domain.

Fourth, superposition of TM1 of one subunit of the desensitized

state with a subunit of the D13-MitTx complex reveals a rear-

rangement of TM2b (Figure 4F), showing how the cytoplasmic

regions of the TM segments could modulate ion channel gating.

In comparing the desensitized state and D13-MitTx struc-

tures, there is a structurally immobile pivot point at the GAS

selectivity filter. On the extracellular side of the GAS belt,

Phe 441 is clasped by Leu 57 and Leu 58 in both the desensi-

tized and D13-MitTx structures and forms one set of interactions

at the TM1-TM2 pivot. Similarly, Leu 447, a key residue that
Cell 156, 717–729,
forms a leucine zipper-like interaction in

the low-pH PcTx1-bound structure (Ba-

conguis and Gouaux, 2012), forges inter-

actions with Cys 50 and Phe 51 of TM1 in

both the open-state MitTx complex and

in the desensitized state structure, thus

forming another locus of interactions at

the pivot on the cytoplasmic side of the

GAS belt (Figures S3D and S3E).

By contrast, interactions above and

below the GAS belt exhibit large rear-

rangements disrupting multiple interac-

tions observed in the desensitized state.

Buried by van der Waals interactions

with Val 61 and Cys 62 in the desensi-
tized state, Gln 437 breaks away from Cys 62 and only main-

tains contacts with Val 61 in the D13-MitTx complex. Similarly,

the contacts between Trp 47 and Asp 454 in the desensitized

state are ruptured, allowing Trp 47 to make a hydrogen bond

to Glu 451 in the MitTx state (Figures S3F and S3G). The role

of the multiple interactions formed by Gln 437 in stabilizing

the desensitized state is best shown in the Q437A mutant,

which ablates the interactions of the amide side chain and re-

sults in an increase in the ratio of MitTx-to-pH-induced current

(Figures S3H and S3I). Eliminating interactions that favor the

desensitized state do not appear to modify the pore conforma-

tion based on measurements of amiloride block but more likely

alter the probability of the channel to transition between the

open and desensitized states.

Gate and Selectivity Filter
The MitTx-bound state of the D13 construct demonstrates an

open ion channel pore and access to the ion channel by way

of the fenestrations of the extracellular vestibule (Figures

5A–5C). Electrostatic mapping of the solvent-accessible sur-

face illustrates that the ion channel pore harbors a modest

negative potential conferred by the presence of Asp 433,

Gln 437, carbonyl oxygen atoms of Gly 436, 439, and 443, as
February 13, 2014 ª2014 Elsevier Inc. 723
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Figure 6. Selectivity and Structure of the

GAS Selectivity Filter

(A and B) Whole-cell, patch-clamp current/voltage

analysis of the D13-MitTx complex in the presence

of alkali metal cations (A) or organic cations (B).

(C) Close-up view of the GAS belt. Glycine residues

436 and 439 and residues in the GAS belt are

shown as sticks. One subunit has been omitted for

clarity. A 2Fo-Fc map contoured at 1.5 s illustrates

the monovalent Cs+ site in the GAS belt. This peak

overlaps with an electron density peak calculated

using anomalous difference amplitudes as co-

efficients.

(D) Schematic illustration showing how the

conductive pore is lined with carbonyl oxygens.

(E) View of the GAS belt from the intracellular side,

perpendicular to the membrane plane, from the

Cs+-soaked crystals, showing the 2 Fo-Fc peak for

Cs+ and distances between the Gly 443 (7.1 Å) and

Gly 439 (6.6 Å) carbonyl oxygen atoms.

(F) Same view as in (E) of the GAS belt derived from

the D13-MitTx complex in the presence of Na+,

showing how the size of the selectivity filter con-

tracts in the presence of Na+, as measured by the

distance between Gly 443 carbonyl oxygen atoms

(6.2 Å).

See also Table S2.
well as by Thr 448 and Glu 451. The central vestibule has a

strongly negative potential due to the presence of a number

of acidic residues, thus providing an explanation for the binding

of Cs+ ions within this chamber (Figures 5A, S4A and S4B).

Comparison of the ion channel pore between the MitTx com-

plex and the desensitized state shows that the extracellular

vestibule undergoes a large expansion upon channel opening,

rupturing the shut gate of the desensitized state and revealing

an hourglass-shaped pore with upright and inverted ‘‘funnel-

shaped’’ extracellular and intracellular vestibules in the open

state (Figures 5B and 5C). The selectivity filter regions of the

desensitized and MitTx states do not undergo large conforma-

tional changes, demonstrating that the ion channel gate is

spatially distinct from the selectivity filter (Figures 5B–5D).

Further comparisons of the ion channel pores between the

desensitized state, the PcTx1-bound selective (low-pH) and
724 Cell 156, 717–729, February 13, 2014 ª2014 Elsevier Inc.
nonselective (high-pH) states, and the

MitTx-bound open state (Baconguis and

Gouaux, 2012) show how the nonselec-

tive PcTx1 conformation has a large

pore, whereas that of the low-pH PcTx1

bound conformation has a pore with di-

mensions that are similar to those of the

MitTx-state and with a constriction that

is also near the GAS selectivity filter (Fig-

ure 5D). Finally, the pore of the D13-MitTx

complex is primarily lined by residues

contributed by TM2a and TM2b, in gen-

eral agreement with accessibility studies

(Carattino and Della Vecchia, 2012; Li

et al., 2011a) but in contrast with earlier
studies on FaNaCh (Poët et al., 2001) and with structures of

D13 in complex with psalmotoxin (Baconguis and Gouaux,

2012).

Mechanism of Ion Permeation and Selectivity
To probe the ion selectivity properties of theD13-MitTx complex,

we performed bi-ionic experiments using alkali metal and

organic cations. The D13-MitTx complex is selective for Li+

and Na+ over K+ (�4:1) and nearly impermeable to the larger cat-

ions Rb+ and Cs+, similar to the wild-type ASIC1a upon low-pH

application (Baconguis and Gouaux, 2012) (Figure 6A). These

observations reinforce the conclusion that the transmembrane

pore of the D13-MitTx complex is a faithful representation of

the proton-activated, wild-type ASIC1a pore. Because organic

cations have proven to be valuable probes for voltage-gated

Na+ channels, we measured the reversal potentials of the



D13-MitTx ion channel using external solutions composed of hy-

drazine, hydroxylamine, or methylamine. Like voltage-gated Na+

channels (Hille, 1971), hydroxylamine passes through the pore

more easily than hydrazine whereas methylamine is imperme-

able (Figure 6B and Table S2), consistent with the conclusion

that ions are hydrated as they permeate through the pore.

Using the diffraction data of Cs+-soaked crystals, we

observed a strong electron density peak in both Fo-Fc and anom-

alous difference maps located on the 3-fold axis and situated on

the same plane as residues within the GAS selectivity filter

sequence (Figure 6C). The carbonyl oxygens of Gly 443 residues

form a 3-fold symmetric triangle, 7.1 Å on a side, with each of the

three carbonyl oxygens 4.1 Å from the Cs+ peak. We suggest

that a hydrated Cs+ ion, with a radius of�4.5 Å (Mähler and Pers-

son, 2012), interacts with the carbonyl oxygens of Gly 443 by

way of water-mediated contacts. The coordination of the Cs+

ion by the Gly 443 carbonyl oxygen atoms, together with the

striking belt-like conformation of the GAS motif, support the

longstanding proposal that the GAS motif is the selectivity filter

of ASICs and ENaCs. Directly above the plane of the GAS selec-

tivity motif reside the 3-fold symmetric carbonyl oxygen atoms of

Gly 439, which together with the carbonyl oxygen atoms of Gly

443, form a triangular antiprism. The carbonyl groups of Gly

439 are tipped off the helix axis by �20�, protruding into the

ion channel pore and in a position to interact with hydrated

ions. We do not find evidence in electron density maps for a

Cs+ ion in the plane defined by Gly 439 carbonyl oxygen atoms,

perhaps because the radial distance from the 3-fold axis to the

carbonyl oxygen atoms is 3.8 Å and is thus too small to accom-

modate a hydrated Cs+ ion. Even though Cs+ is a weakly perme-

ant ion, occupancy of the site in the selectivity filter occurs in

crystals because the ion has access to both sides of the ion

channel pore. In a membrane environment, Cs+ is a poorly per-

meant ion because the constrictions at residues Gly 439 and

Gly 443 present high energy barriers to ion permeation.

Inspection of the electron density maps using diffraction data

measured from either the D13-MitTx or the D13-MitTx-amiloride

crystals, both of which were grown in the presence of Na+, did

not reveal electron density peaks in the selectivity filter, suggest-

ing that either the affinity for Na+ is weak or that bound ion(s) are

disordered despite the presence of 100–150mMNa+ in the crys-

tallization solution. Nevertheless, there is a change in the local

structure of the selectivity filter between crystals grown in Na+

and those soaked in Cs+. For the Na+-containing crystals, the

distance between Gly 443 carbonyl oxygen atoms is 6.2 Å,

compared to 7.1 Å for the Cs+ soaked crystals. This contraction

of the selectivity filter in the presence of Na+ reduces the filter’s

radius—as defined by the distance from the 3-fold axis to the

carbonyl oxygen atoms of Gly 443—to 3.6 Å. The ring of carbonyl

oxygens at Gly 439, immediately above the selectivity filter and

with a radius of �3.8 Å, matches the size of a hydrated Na+

(�3.8 Å) (Mähler and Persson, 2012). Moreover, the radius of a

hydrated potassium ion is �4.2 Å and therefore too large to be

accommodated within the selectivity filter (Mähler and Persson,

2012). Thus, the mechanism of ion selectivity in ASICs is best

described by a barrier mechanism (Hille, 2001), where selectivity

is achieved by discrimination between cations on the basis of the

size of the hydrated ion. Consistent with this mechanism, we
note that the strongly hydrated lithium ion, with a radius of

3.5 Å (Mähler and Persson, 2012), is accommodated within the

selectivity filter and is a highly permeable ion in ASICs and

ENaCs (Palmer, 1982; Waldmann et al., 1997b).

Blocker and Ion Entry to Ion Channel Pore
To understand how small-molecule blockers and ions enter the

ASIC ion channel pore, we soaked crystals in amiloride, the clas-

sical blocker of ENaCs and ASICs, or in Cs+-containing solu-

tions, respectively. Upon analysis of electron density maps

derived from crystals soaked in amiloride, we found density

that could be well fit by amiloride in the acidic pocket of the

extracellular domain (Figures S4C and S4D). Though the pres-

ence of the two head-to-tail amiloride molecules in the acidic

pocket is striking and might define how amiloride paradoxically

stimulates ASICs (Adams et al., 1999), thorough testing of this

conjecture requires additional experiments. Further inspection

of ‘‘omit’’ and 2Fo-Fc maps also revealed prominent electron

density features nestled between TM2a helices at the base of

the V-shaped fenestrations of the extracellular vestibule, within

the membrane-spanning region of the ion channel (Figures 7A–

7C). The three symmetry-related amiloride molecules partially

occlude the pore in the extracellular vestibule with the guanidino

groups positioned toward the 3-fold axis (Figures 5D and 7A–7C)

at a site similar to that found in a recent computational study (Qa-

dri et al., 2010). Forming hydrogen bonds and van der Waals in-

teractions with amiloride are Asp 433 of one subunit and Gln 437

of the adjacent subunit, respectively (Figure 7B). Because the

amiloride molecules are not occluding the ion channel pore

and mutagenesis studies of ENaC suggest that residues deeper

in the pore—at positions equivalent to Gly 439—are implicated in

amiloride binding (Kellenberger et al., 2003), we suggest that this

site represents a binding site for amiloride as it enters the pore.

We speculate that a single amiloride molecule blocks ion con-

duction by dipping its amidino group into the pore, binding at

or near the carbonyl oxygens of Gly 436, occluding the ion con-

duction pathway. Perhaps the voltage dependence of amiloride

block (Adams et al., 1999) makes it energetically unfavorable for

amiloride to occupy its blocking site in crystals.

To define howhydrated cations access the pore, wemeasured

anomalous diffraction data of D13-MitTx crystals soaked in Cs+-

containing solutions (Figures S4A and S4B). Prominent Cs+ sites

(5s) were observed at the extracellular/transmembrane interface

and below the pore constriction (Figures 6C, 7C, and S4A). There

is a strong Cs+ site within the triangle-shaped fenestrations�5 Å

from the aromatic ring of Tyr 68. Importantly, both 2Fo-Fcmaps of

Cs+-soaked and native Na+ crystals show density at this site,

demonstrating that cations exploit a cation-p interaction to enter

the extracellular vestibule (Figures 7A–7C and S4E–S4G)

(Dougherty, 1996). This cation-binding site may also play a role

in channel gating because, in the desensitized state, the guanidi-

nium group of Arg 65 forms a cation-p interaction with Tyr 68

(Figure S4H) (Gonzales et al., 2009).

MechanismofGating, Ion Selectivity, andBlock in ASICs
The ASIC1a-toxin structures demonstrate that the elements

of gating involve a structural scaffold composed of the upper

palm and knuckle domains, positioned at the core of the
Cell 156, 717–729, February 13, 2014 ª2014 Elsevier Inc. 725
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Figure 7. Fenestrations Allow Cations and

Amiloride Access to the Pore

(A) View of D13-MitTx complex bound to amiloride

or Cs+. The structures of the amiloride-soaked and

the Cs+-soaked D13 were superimposed. One

fenestration is highlighted by a solid teal line; Cs+

and amiloride are in sphere and sticks represen-

tation, respectively. D13 is shown in both surface

(gray) and ribbon representation and colored as in

Figure 1A.

(B) Close-up view of the fenestration. Residues

near the Cs+ sites and amiloride are in sticks rep-

resentation. Dashed lines indicate that interactions

are mediated by water.

(C) View of Cs+ and amiloride sites from the

extracellular side showing how the two types of

sites are near one another. The anomalous differ-

ence map showing Cs+ sites is contoured at 3.0 s

and shows one strong Cs+ site (5.0 s) above

amiloride and a weaker site (3.7 s) near the gua-

nidine group of amiloride.

See also Figure S4.
channel, in combination with a cluster of surrounding flexible do-

mains that includes the lower palm, finger, thumb, and wrist. As

shown by the structures of ASIC1a in the desensitized state and

in complexes with PcTx1 and MitTx, flexible domains undergo

varying extents of conformational change that, in turn, are trans-

duced into distinct conformational and functional properties of

the ion channel. The MitTx complex shows that ions exploit

cation-p interactions within the lateral fenestrations to enter

and exit the extracellular vestibule. The selectivity filter of ASICs

is defined by the lateral GAS belt, which forms a triangular ring,

allows for swapping of TM2b between subunits, and positions

the carbonyl oxygen atom of Gly 443 directly into the pore. The

size of the filter, with a radius of �3.6 Å, is precisely matched

to the radius of a hydrated Na+, and thus selectivity in ASICs is

achieved by a barrier mechanism in which ions are discriminated

on the basis of the size of the hydrated species. Lastly, the MitTx

complex defines the mechanism by which a complex toxin allo-

sterically modulates the activity of an ion channel. Together, the

high-resolution structures of the D13-MitTx complexes provide

the structural bases for pain initiation, ion conduction, and selec-

tivity in trimeric Na+-selective ion channels.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification

The D13 cASIC1a protein and native MitTx were expressed and purified as

previously described (Baconguis and Gouaux, 2012; Bohlen et al., 2011). Prior

to crystallization, the complex was formed by mixing D13 with MitTx at an

approximate molar ratio of 1.0 D13 subunit to 1.5 MitTx, respectively.

Expression, Refolding, and Purification of Recombinant MitTxa and

MitTxb

Genes coding for the mature MitTxa and MitTxb proteins (Genebank acces-

sion numbers JN613325 and JN613326, respectively) (Bohlen et al., 2011)

preceded by N-terminal enterokinase cleavage sites were synthesized and

subcloned into the pET32b vector. The fusion proteins were expressed in
726 Cell 156, 717–729, February 13, 2014 ª2014 Elsevier Inc.
E. coli RosettagammiB (DE3) pLysS cells following induction with 0.1 mM iso-

propylthiogalactopyranoside. Cells were collected by centrifugation and dis-

rupted by sonication in buffer containing 20 mM Tris (pH 8), 150 mM NaCl,

1 mM phenylmethylsulfonyl fluoride, 5 mM MgCl2, 20 mg/ml DNase-I, and

0.4 mg lysozyme. The cell extracts were centrifuged at 8,000 3 g for 15 min,

and inclusion bodies were collected, washed, and solubilized as previously

described (Chen and Gouaux, 1997) except that inclusion body solubilization

buffer was supplemented with 300 mM b-mercaptoethanol. The inclusion

bodies were subsequently solubilized in 6 M GuCl and refolded, and the

tags were removed by enterokinase digestion at RT, followed by purification

by gel filtration (a-subunit) or ion exchange chromatography (b-subunit). Anal-

ysis by mass spectrometry showed that the a and b subunits have masses of

7,104 and 13,736.6 Da, in close agreement to the predicted masses of 7,104

and 13,738 Da, respectively.

Crystallization and Cryoprotection

Crystals of the D13-MitTx complex were grown by vapor diffusion using reser-

voir conditions containing either 50 mM sodium acetate (pH 5.5), 22%–25%

PEG 400, and 10 mM magnesium acetate or 100 mM sodium acetate

(pH 5.5) and 6%–9% PEG 4000 from drops composed of a ratio of 1:1 and

2:1, protein to reservoir respectively, at 4�C and an initial protein concentration

of �2.5 mg/ml. The complexes with amiloride or Cs+ were produced by soak-

ing crystals in reservoir solution supplemented with 17.5 mM amiloride and

5% DMSO overnight or with cesium acetate (pH 5.5) and 500 mM CsCl,

respectively.

Structure Determination

Diffraction data sets collected from crystals of D13-MitTx and D13-MitTx (ami-

loride) were indexed, integrated, and scaled using the HKL2000 software and

XDS (Kabsch, 2010; Otwinowski and Minor, 1997) or by using XDS, XSCALE

and the microdiffraction assembly method (Hanson et al., 2012), the latter of

which yielded data sets that gave electron density maps with the most detail

and which were therefore used for all analyses. The D13-MitTx structure

was solved by molecular replacement using the computer program PHASER

(McCoy, 2007), with the extracellular domain coordinates of the DASIC1

structure (PDB code 2QTS) (Jasti et al., 2007) as a search probe.

Homology models of the MitTx a and b subunits were built using the

Automated Mode of the Swiss-Model homology modeling server (http://

swissmodel.expasy.org/). Using the molecular replacement solution obtained

http://swissmodel.expasy.org/
http://swissmodel.expasy.org/


with the extracellular domain of the DASIC1 structure, truncated models of the

a subunit (residues 13–38) and the b subunit (helices a1, a2, and a3) were em-

ployed in molecular replacement. Coordinates were then subjected to iterative

rounds of manual model building and crystallographic refinement using the

computer programs COOT (Emsley and Cowtan, 2004) and PHENIX (Adams

et al., 2002). ‘‘Omit’’ electron density maps were calculated to validate residue

registration in the transmembrane region and presence of the swap of TM2

between adjacent subunit. The final structure includes residues Val 45 to Gly

296 and Glu 299 to Ala 456 of the D13 construct and residues PCA 1 to Gly

60 and Asn 1 to Cys 118 of the a and b subunits of MitTx, respectively.

The D13-MitTx-amiloride structure was solved by molecular replacement.

2Fo-Fc and Fo-Fc electron density maps demonstrated distinct new features

best accommodated by amiloride molecules, two in the acidic pocket of the

extracellular domain and one in the fenestration of the extracellular vestibule.

Iterative rounds of refinement and manual model adjustment were performed

until satisfactory model statistics were achieved. The final model of the amilor-

ide-bound D13-MitTx structure includes the same residues as the D13-MitTx

structure.

Diffraction data from the Cs+-soaked crystals and the D13-MitTx structure

described above were used in molecular replacement, followed by rounds of

manual model building and crystallographic refinement. Inspection of the

anomalous difference electron density maps was employed to identify Cs+

sites, and a Cs+ ion was placed in all peaks that were greater than�4 s, result-

ing in a total of 15 Cs+ ions. Analysis of electron densitymaps, together with the

refined structure, indicated that the most significant differences between the

‘‘native’’ and the Cs+-soaked structures involved an expansion of the TM

helices near Gly 443, at a Cs+ ion-binding site. The final model consists of

residues Val 46 to Gly 296 and Glu 299 to Phe 453.

We revisited the previously determined structure of the desensitized state

(PDB code 3HGC) and examined electron density maps. Indeed, TM2 also

demonstrates a swapped conformation. Thus, we rebuilt and refined the struc-

ture until satisfactory model statistics were achieved with final Rwork and Rfree

values of 20.4% and 24.6%, respectively. RMSD values of bonds and angles

from ideal values were 0.007 Å and 1.006�, respectively (PDB code 4NYK).

Electrophysiology

Whole-cell recordings were carried out with CHO-K1 cells 24 hr after transfec-

tion by plasmid DNA encoding the D13 construct and GFP expressed from an

internal ribosome entry site. Pipettes were pulled and polished to 2–3 MU

resistance and were filled with internal solution containing (in mM): 150 KCl,

2 MgCl2, 5 EGTA, and 10 HEPES (pH 7.35). External solution contained

(in mM): 150 NaCl, 2 MgCl2, 2 CaCl2, 8 Tris, and 4 MES. For ion selectivity ex-

periments, NaCl was substituted with equimolar concentrations of LiCl, KCl,

RbCl, CsCl, hydrazine, hydroxylamine, or methylamine in the external solution.

Recombinant a and b MitTx were applied at 600 nM and 300 nM concentra-

tions, respectively. Reversal potentials were measured for 100 ms using

voltage ramps from �100 to 40 mV for experiments using RbCl and CsCl

and �60 mV to 70 mV for the remaining cations.
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Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

Refolding and Purification of Recombinant MitTxa and MitTxb
Refolding of theMitTx subunits was carried out by dilution of the solubilized inclusion bodies 10-fold into a buffer composed of 50mM

Tris pH 8.5, 5 mM EDTA, 6 M GuCl, and 10 mM b-mercaptoethanol and clarification of the resulting solution by centrifugation at

125,000 x g. The supernatant was dialyzed overnight at 4�C against 20 mM Tris pH 8.5, 1 mM EDTA, 200 mM NaCl, and 0.5 M argi-

nine, followed by an additional overnight dialysis against 20 mMTris pH 8, 200 mMNaCl, 1 mMEDTA and centrifugation at 125,000 x

g to remove precipitate. Analysis of the resulting, refolded toxin subunits by fluorescence-detection size-exclusion chromatography

(FSEC), using either tryptophan (MitTxb) or tyrosine fluorescence (MitTxa), together with analysis by SDS-PAGE, demonstrated that

the refolded subunits were > 95% pure under native and denaturing conditions. Using 1.5 g of washed inclusion bodies, 116 mg and

9.2 mg of soluble fusion protein can be obtained for Trx-MitTxa and Trx-MitTxb, respectively.

The Trx-tag was removed from both subunits by enterokinase digestion at RT for 2h using�25 units of enterokinase for each 1 mg

of Trx-fusion. Further purification of the MitTxa subunit was achieved by dilution of the digested sample with 20 mM MES pH 6,

200 mM NaCl, centrifugation to remove precipitate, concentration and finally application to a gel filtration column equilibrated in

20 mMMES pH 6, 200 mMNaCl. Monodisperse MitTxa fractions were pooled and treated with glutaminyl cyclase to catalyze N-ter-

minal pyroglutamate formation. Purification of MitTxbwas accomplished by enterokinase digestion as described above, subsequent

dialysis against 20 mM MES pH 6, 10 mM NaCl, and chromatographic separation from the Trx tag and other impurities by cation

exchange chromatography.

Crystallization and Cryoprotection
Crystallization experiments that yielded crystals diffracting to 2.1 Å and 2.3 Å for theD13-MitTx andD13-MitTx (amiloride) complexes

were in the presence of recombinantly expressed MitTx. Structures determined from both native and recombinant MitTx demon-

strated that both samples were identical in structure. The D13-MitTx complex and amiloride-bound structures were derived from

crystals grown in PEG 400 and cryoprotected using the reservoir solution supplemented with 35% PEG 400. To successfully intro-

duce amiloride, crystals were initially soaked in reservoir solution supplemented with 17.5 mM amiloride and 5% DMSO overnight.

Prior to flash cooling in liquid nitrogen, amiloride-soaked crystals were transferred in cryosolution containing 35 mM amiloride. For

Cs+ anomalous diffraction experiments, crystals grown in reservoir solution containing PEG 4000 were soaked in reservoir solution

containing equimolar concentration of cesium acetate (pH 5.5) and supplemented with 500 mM CsCl prior to cryocooling in solution

supplemented with 20%–25% glycerol (v/v, final concentration) and 1 mM n-dodecyl-maltoside.

Structure Validation and Analysis
Structure validation was performed usingMolProbity (Davis et al., 2007). Pore surface and dimensionwere determined using the soft-

ware HOLE (Smart et al., 1996) and APBS for calculation of electrostatic potential (Baker et al., 2001). AREAIMOL of the CCP4 pack-

age was used to calculate buried surface area (CCP4, 1994). Figures were prepared using the program PyMOL (DeLano, 2002).
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Figure S1. Heteromeric Snake Toxin, MitTx, Activates D13, Related to Figure 1

(A) Representative current traces of D13 upon application of low pH, and 600 nM a-MitTx and 300 nM b-MitTx at pH 7.4.

(B) Activation of the D13 construct without (black trace) or with MitTx (red). These records are derived from the same cell which was held at pH 7.4 and then

stepped in a perfusion solution at pH 5.5 (black trace). The cell was then returned to pH7.4 in the presence of 300 nMMitTx and then into a perfusion solution at pH

5.5 which also contained MitTx at 300 nM. Fitting the records from 90% to 10% of the current amplitude to single exponentials yield time constants for decay in

the absence of MitTx (pH 5.5) of 279 ms ± 21 ms (correlation of 0.987) and in the presence of MitTx (pH 5.5 + MitTx) of 466 ms ± 54 ms (correlation of 0.995), thus

showing that in the presence of MitTx the rate of current decay slows. The presence of MitTx increases the extent of approximate ‘steady state’ current. Analysis

of the ratios of the amplitude of current after 1 s of pH 5.5 application to peak current in the absence (black) and the presence (red) of MitTx shows that at 1 s, the

current amplitude is �11% (±4%) of peak amplitude in the presence of MitTx whereas it is only �1.3% (±1.0%) in the absence of MitTx. These statistics were

derived from 5 independent cells or, in the case of the recordings, the records are representative examples from 5 independent cells.
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Figure S2. Conserved Sites of Action in MitTx, Related to Figure 2

(A) Interface between the a and b subunits, showing the multitude of hydrogen bonds and also the amino terminal PCA 1 residue. The first five residues of the a

subunit form a ‘clamp’ around the aromatic side chain of Tyr 72 of the b subunit’s b-wing, with the N-terminal pyroglutamate of the a subunit forming two hydrogen

bonds with the backbone amino group of Ala 74 and the carbonyl oxygen of Tyr 72 of the b subunit. Arg 3 of a augments subunit interactions, with its guanidinium

group forming hydrogen bonds with carbonyl oxygens of Lys 10 and Cys 11 at the C terminus of the a1 helix of the b subunit, with carbonyl oxygens of Cys 58 and

His 59, and also with the hydroxyl group of Tyr 8 of the a subunit. Cation-p interactions between the guanidinium group of a Arg 3 and Tyr 8 and Phe 26 provide

additional contacts within the a-b interface.

(B) A Na+ ion fortifies intersubunit interactions and is coordinated by the backbone carbonyl oxygens of Ser 29 and Phe 68 of the a and b subunits, respectively,

and by a cation interaction with Phe 68 of the b subunit. Dashed lines indicate interaction with distances of 2.6-3.5 Å, unless specified.

(C and D) Comparison of MitTx subunits to peptides adopting similar folds reveal conserved sites of action. The structures are shown in cyan for Kunitz proteins

(C) or dark blue for PLA2s (D). Interfaces are shown in a separate color (dark green, dark blue, or cyan) depending on the binding partner, and residues in the

interface are highlighted by displaying side chains. Interfaces are defined as any residue within 4 Å of the binding partner in structures (PDB codes are 3OTJ for

BPTI, and 1BUN for b-bungarotoxin), or based on mutagenesis studies for d-DTX (Imredy and MacKinnon, 2000), or based on deuterium exchange experiments

for Naja naja PLA2 (Burke et al., 2008) (PDB code 1A3D). The PLA2 active site equivalents are in red.

(E and F) The b subunit exploits its amino terminus and b-wing ‘loop’ to snugly adhere to the a4 and a5 helices of the thumb domain. Asn 1 and Asn 3, together with

Gln 2 of b-MitTx, form a web of hydrogen bonds with the side chains of Asn 321 and Asn 323 on the a4 helix of the thumb. Positively charged residues, Arg 6 (E)

and Lys 60 (F) of the b subunit, augment toxin-channel interactions by forming ionic interactions with Glu 320 on the a4 helix and with Glu 339 and Glu 343 on the

a5 helix, respectively.

(G) Phe 65 packs directly alongside the a5 helix, bringing the polypeptide of the b subunit sufficiently close to the thumb so as to allow a direct hydrogen bond

between themain chain nitrogen of Phe 65 and the carbonyl oxygen of Glu 343, reinforced by additional hydrogen bonds between Asn 321 (D13) and Gln 4 (b) and

a salt bridge between Glu 320 (D13) and Arg 6 (b).
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Figure S3. Superposition of the Desensitized State and the D13-MitTx-Bound States Demonstrates Conserved and Modified Interactions,

Related to Figure 4

(A and B) (A) View of the constriction between the central and extracellular vestibules in the desensitized state (gray) and in theMitTx-bound state (yellow and red)

(B), showing the expansion of the lower palm and wrist domains and rearrangements of the b1- b2 and b11- b12 linkers.

(C) Local flipping of the b11-b12 linker changes interaction of residues in the linker. Whereas in the desensitized state, Asn 415 primarily packs against the b1- b2

loop, it faces the vestibule forging hydrogen bond interactions with the main-chain amide of Ala 82 and a water molecule in the MitTx-bound state.

(D–G) Views of the desensitized state and the MitTx-bound state transmembrane domains as ‘‘slabs’’ along the 3-fold axis of symmetry. (D) and (E) show how,

within a subunit, TM1 and TM2 interactions remain intact via hydrophobic interactions, preserving the conformation that defines the narrow pathway. (F) and (G)

show changes of interaction between TM1 and TM2 in the extracellular and intracellular regions, respectively.

(H) Normalized amiloride concentration response of D13 (IC50 of 15.2 mM) and D13_Q437A (IC50 of 14.5 mM) expressed in Chinese hamster ovary (CHO) cells.

Perturbation at the 437 site demonstrates preserved conformation of the pore domain based on wild-type-like effects of amiloride on the mutant.

(I) Representative current traces of D13_Q437A expressed in CHO cells upon application of solution at pH 5.5 (left) and MitTx at pH 7.4 (right). MitTx-mediated

macroscopic currents of D13_Q437A show about a 3-fold increase of amplitude compared to parent construct, as shown in Figure S1.
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Figure S4. Cation-Binding Sites in the D13-MitTx Complex Reveal Key Regions in Channel Modulation and Ion Pathway, Related to Figure 7

(A) Cs+ ion sites in theD13-MitTx complex and the corresponding anomalous difference electron density map calculated from diffraction data measured from the

Cs+-soaked crystals. EachD13 subunit is in a different color and theMitTx a and b subunits are in cyan and dark blue, respectively. Themap is contoured at 3.5 s.

(B) In the extracellular domain, within the central vestibule, we find two Cs+ sites positioned on the threefold axis and coordinated by main chain carbonyl ox-

ygens, near Leu 375 (13 s) and near Lys 373 (7 s), recalling the Gd3+ binding site found within the central vestibule of the apo state of the P2X4 receptor. While the

central vestibule provides a favorable site for cation binding, the role of these sites in channel conduction and gating awaits additional experiments. Boxed region

in (A), Cs+ sites (purple spheres) at the ‘top’ of the central vestibule are coordinated bymain chain carbonyl oxygens from Leu 375 and Lys 373 and separated by a

water molecule (red sphere). Difference anomalous map is contoured at 4.0 s.

(C) Overall view of D13-MitTx structure bound with amiloride molecules. The MitTx molecules are omitted for clarity. The D13 molecule is in both surface and

ribbon representation. The ribbon representation is color coded like in Figure 1 of the main text. Amiloride molecules are in sticks representation.

(D) Close-up view of the amiloride binding site near the acidic pocket of D13 forming hydrogen bond and cation-p interactions. Dashed lines indicate bond

distances of 2.5-3.5 Å unless specified.

(E) In anomalous difference electron density maps derived from crystals soaked in Cs+, there is also a substantial peak adjacent to the aromatic ring of Tyr 68.

Here the map is contoured at 3.5 s, also only immediately around the putative Cs+ ion.

(F) In D13-MitTx crystals soaked in Cs+ containing solutions there is also a prominent peak in 2Fo-Fc electron density maps. This map is contoured at 2.0 s, only

around the putative Cs+ ion.

(G) In the D13-MitTx-bound state, there is a prominent peak in a 2Fo-Fc electron density map derived from ‘native’ crystals that we suggest is a bound Na+ ion.

Here the map is contoured at 0.9 s around the putative Na+ ion.

(H) In the desensitized state, the guanidinium group of Arg 65 forms a cation-p interaction with the aromatic ring of Tyr 68.

Cell 156, 717–729, February 13, 2014 ª2014 Elsevier Inc. S5


	X-Ray Structure of Acid-Sensing Ion Channel 1–Snake Toxin Complex Reveals Open State of a Na+-Selective Channel
	Introduction
	Results and Discussion
	Architecture of Channel-Toxin Complex
	Mechanism of MitTx Binding
	Repurposing of MitTx Interaction Surfaces
	GAS Motif Allows Transmembrane Helix Swap
	MitTx Expands the Extracellular Vestibule
	MitTx Stabilizes a Symmetric Open Pore
	Gate and Selectivity Filter
	Mechanism of Ion Permeation and Selectivity
	Blocker and Ion Entry to Ion Channel Pore
	Mechanism of Gating, Ion Selectivity, and Block in ASICs

	Experimental Procedures
	Protein Expression and Purification
	Expression, Refolding, and Purification of Recombinant MitTxα and MitTxβ
	Crystallization and Cryoprotection
	Structure Determination
	Electrophysiology

	Accession Numbers
	Supplemental Information
	Acknowledgments
	References

	Supplemental Information
	Extended Experimental Procedures
	Refolding and Purification of Recombinant MitTxα and MitTxβ
	Crystallization and Cryoprotection
	Structure Validation and Analysis
	Supplemental References





