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Abstract Acid-sensing ion channels (ASICs) are trimeric cation-selective channels activated by
decreases in extracellular pH. The intracellular N and C terminal tails of ASIC1 influence channel
gating, trafficking, and signaling in ischemic cell death. Despite several X-ray and cryo-EM
structures of the extracellular and transmembrane segments of ASIC1, these important intracellular
tails remain unresolved. Here, we describe the coarse topography of the chicken ASIC1 intracellular
domains determined by fluorescence resonance energy transfer (FRET), measured using either
fluorescent lifetime imaging or patch clamp fluorometry. We find the C terminal tail projects into
the cytosol by approximately 35 A and that the N and C tails from the same subunits are closer
than adjacent subunits. Using pH-insensitive fluorescent proteins, we fail to detect any relative
movement between the N and C tails upon extracellular acidification but do observe axial motions
of the membrane proximal segments toward the plasma membrane. Taken together, our study
furnishes a coarse topographic map of the ASIC intracellular domains while providing directionality
and context to intracellular conformational changes induced by extracellular acidification.

Introduction

The predominant sensor of extracellular pH in the central and peripheral nervous system is thought
to be acid-sensing ion channels (ASICs) (Pattison et al., 2019). This family of trimeric pH-activated
sodium-selective ion channels couples extracellular acidification to numerous physiological and path-
ophysiological consequences including synaptic transmission and plasticity (Du et al., 2014,
Kreple et al., 2014; Liu et al., 2016; Uchitel et al., 2019; Yu et al., 2018), fear memory consolida-
tion and expression (Du et al., 2017; Taugher et al., 2020; Taugher et al., 2017; Taugher et al.,
2014), epilepsy (Ziemann et al., 2008), and ischemia-induced cell death (Wemmie et al., 2013,
Xiong et al., 2004). However, in many of these cases, the duration of extracellular acidosis is quite
long. Since most ASIC subunits desensitize nearly completely in a few seconds (Benson et al., 2002;
Griinder and Pusch, 2015), how might these channels convey information over minutes or hours?
While other extracellular pH sensors may play roles (Pattison et al., 2019; Ruan et al., 2020), recent
evidence reveals that ASICs possess both canonical ionic and non-canonical metabotropic signaling
capabilities.

Extracellular acidosis is proposed to drive the association of the serine/threonine kinase receptor
interacting protein 1 (RIP1) and N-ethylmaleimide-sensitive factor with ASIC1a, triggering RIP1 phos-
phorylation and initiating a necroptotic signaling cascade (Wang et al., 2020; Wang et al., 2015).
This occurs independent of ASIC1a ion conductance and via intracellular protein-protein interactions
(Wang et al., 2020; Wang et al., 2015). Thus, ASICs join a growing, and controversial, list of ligand-
gated ion channels who also possess metabotropic signaling capacity (Dore et al., 2017,
Kabbani and Nichols, 2018; Pressey and Woodin, 2021; Rodriguez-Moreno and Sihra, 2007,
Valbuena and Lerma, 2016). Like many of these ion channels, the structure of the ASIC extracellular
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and transmembrane regions has been determined (Baconguis et al., 2014, Gonzales et al., 2009,
Yoder and Gouaux, 2020; Yoder et al., 2018), but the intracellular domains (ICDs) are unresolved.
It is likely that the ASIC ICDs are partly, or even mostly, unstructured regions. Nonetheless, under-
standing the coarse outline of the two ICDs, the N and C tails, as well as their pH-induced move-
ments, would inform further investigation of ASIC metabotropic signaling and may shed light on
how the ICDs impact gating, protein-protein interactions, and/or trafficking (Baron et al., 2002;
Chai et al., 2007; Hruska-Hageman et al., 2004; Kellenberger and Schild, 2015; Klipp et al.,
2020; Leonard et al., 2003; Schnizler et al., 2009).

Here, we set out to generate a coarse topography of the chicken ASIC1 intracellular N and C ter-
mini using fluorescence resonance energy transfer (FRET) in several configurations. We find that the
short (15 amino acid) N tail projects about 6-10 A from the membrane inner leaflet into the cytosol
while the longer 67 amino acid C tail extends between 30 and 40 A. This contrasts with the unre-
solved tail of AMPA receptors that is largely perpendicular to the membrane (Zachariassen et al.,
2016). We also report that the N and proximal segment of the C tail from the same subunits are
closer than adjacent subunits, suggesting preferential intra-subunit tail interactions which may inform
the interpretation of experiments with heteromeric channels. Finally, using pH-insensitive fluorescent
proteins (FPs), we fail to detect any relative movement between the N and C tails but do observe
axial motions of these segments toward the plasma membrane upon extracellular acidification.
Together, these data allow us to build a topographical model of the intracellular tails of ASIC1 that
will be a foundation for working hypotheses in future experiments.

Results

Voltage-dependent quenching measurements with dipicrylamine

The intracellular components of the cASIC1 N and C terminal tails are 15 and 67 amino acids,
respectively. The range of possible structures adoptable by these tails is quite large. For example, in
principle, the C tail could exist as a linear strand of peptide more than 70 A long (Miller and Goe-
bel, 1968) extended parallel to the plasma membrane or as a similar extended strand but perpen-
dicular to the membrane plane, projecting ‘downward’ into the cytosol. These two extreme
scenarios represent the borders of the conformational landscape. The main goal of our study was to
experimentally shrink the range of possibilities and map this landscape. Our secondary goal was to
determine if these ICDs move upon extracellular acidification. To do this, we adopted a FRET
approach using different colored FPs as donors and the membrane soluble small molecule DPA as
an acceptor (Figure 1A). DPA has several advantageous properties as a FRET acceptor
(Chanda et al., 2005b; Wang et al., 2010). First, it is a dark acceptor, allowing FRET to be easily
measured by changes in donor emission. Second, it binds and dissociates from the plasma mem-
brane quickly with respect to the time of a patch clamp experiment. Third, and most critically, the
anionic DPA orients in the plasma membrane depending on voltage, being pulled into the inner
membrane leaflet by depolarization or pushed to the outer leaflet by hyperpolarization. Thus, volt-
age steps can move DPA molecules closer to, or further from, the donor by a fixed distance of 25 A,
reflecting to the estimated displacement of DPA (Wang et al., 2010; Zachariassen et al., 2016).
These qualities have been used to probe topography and conformational changes in several ion
channels from multiple groups (Barros et al., 2018; Chanda et al., 2005a; De-la-Rosa et al., 2013,
Groulx et al., 2010; Taraska and Zagotta, 2007). We validated this approach using patch clamp
fluorometry where the fluorescence from single patch clamped cells, transfected with membrane
tethered CFP or YFP variants (mTurquiose2 and mVenus), was recorded in the continual presence of
DPA during a series of voltage steps (—180 to +120 mV, 20 mV increments, Figure 1B). Membrane
tethered CFP (Lck-CFP) gave robust voltage-dependent fluorescence changes in the presence of
DPA (5 uM) but not in its absence and was quantified as the difference between the top and bottom
values of a Boltzmann sigmoidal fit of the normalized fluorescence (AF/F_15 = 0.45 £ 0.03, n = 6,
Figure 1C & D), consistent with the fluorophore being close to the plasma membrane and having a
relatively high R, distance (47 A). The Lck-YFP gave relatively weak voltage-dependent quenching in
the presence of DPA (AF/F_15 v = 0.16 £ 0.013, n = 6, Figure 1C & D), which is also consistent with
a membrane proximal position but relatively lower R, distance (36.5 A).
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Figure 1. Schematic of dipicrylamine (DPA) quenching measurements. (A) Absorption (dotted line) or fluorescence emission (solid lines) spectra of DPA
(black), CFP variant mTurqgoise2 (blue), GFP variant Gamillus (green) and YFP variant mVenus (yellow). Structure of DPA inset. (B, left) DPA (orange
circle) localizes to the outer leaflet with hyperpolarization and moves to inner leaflet upon depolarization, resulting in stronger quenching. Arrows
reflect excitation (purple), emission (blue), or resonance transfer (black). (B, right) Exemplar patch fluorometry data of Lck-CFP fluorescence changing
during voltage steps. (C) Single cell fluorescence, normalized to fluorescence at —15 mV, over a range of voltages for Lck-CFP (blue) and Lck-YFP
(yellow). Solid lines are fits to Boltzmann function which yield AF/F. (D) Summary of AF/Fs from Lck-CFP or Lck-YFP. Squares are single cells (N = 6 cells
per construct) and error bars depict SEM.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Non-linearity of fluorescence resonance energy transfer (FRET) provides for distance estimates.

Next, we set out to generate a coarse topographical map of chicken ASIC1 using DPA quenching.
To do this, we relied upon the steeply non-linear distance dependence of FRET. For example, if DPA
is close to a donor fluorophore then inducing a 25 A displacement away using voltage steps will pro-
duce a large change in fluorescence whereas if DPA is far from a donor then a 25 A displacement
away will yield a much smaller effect, provided the DPA-donor initial distances are not on the asymp-
totes of the FRET curve (Figure 1—figure supplement 1). We inserted CFP or YFP immediately
upstream of the N terminus and into four positions within the C tail (Figure 2A, Figure 2—figure
supplement 1). The C tail positions were selected based on prior divisions within this domain
(Wang et al., 2020, Wang et al., 2015). If the C tail is roughly parallel to the plasma membrane, as
observed for AMPA receptors (Zachariassen et al., 2016), then all insertions will have equal volt-
age-dependent quenching. However, if quenching varies at different insertion points and between
fluorophores, these data will provide insight into the topography of the tail. Importantly, FP inser-
tions did not disrupt channel function as determined by the rates of desensitization and recovery,
although small differences in desensitization decay of C4 and recovery of C1 insertions appeared
(Figure 2—figure supplement 2). Further, these constructs showed robust plasma membrane locali-
zation in confocal microscopy (Figure 2—figure supplement 3). For each construct, we measured
the fluorescence emission from single voltage clamped cells over a range of voltage steps before
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Figure 2. Dipicrylamine (DPA) quenching of CFP or YFP insertions in cASIC1 intracellular domains. (A) Schematic
of cASIC1 constructs used. The extracellular domain (ECD) and transmembrane helices (TM) are gray with amino
and carboxy termini depicted in white. Letters within the carboxy tail indicate the amino acid sequence around the
insertion site while the lower numbers give the position. (B) Example fluorescence traces for each of the CFP or
YFP insertions. Voltage protocol and coloring is the same as in Figure 1B. (C and D) Quenching curves and
summary plots for CFP (left) and YFP (right) insertions. Symbols denote individual cells (N = 5-7 cells) and error
bars represent SEM. Asterisks mark significant differences with p values of 0.004 (N-C1), 0.0475 (C1-C2), 0.0483
(C2-C3), and 0.0163 (C3-C4) for CFP.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. cASIC1 constructs used in this study.

Figure supplement 2. Fluorescent protein (FP) insertion does not substantially alter desensitization kinetics.
Figure supplement 3. Lck-CFP and CFP-tagged cASIC1 constructs localize to the plasma membrane.

Figure supplement 4. Dipicrylamine (DPA) quenching of CFP or YFP insertions in cASIC1 intracellular domains
without Boltzmann fits.

Figure supplement 5. Theoretical analysis of fluorescent protein-dipicrylamine (FP-DPA) quenching.

Figure supplement 6. Distance in extracellular domain for reference.

DPA application, during continual application of 5 uM DPA and during a subsequent wash period.
Figure 2 shows the results of these experiments with extracellular pH 8 to maximally populate the
resting state. Importantly, the extent of quenching varied by position, ruling out the possibility that
the C tail is parallel to the membrane. Specifically, we found that with CFP insertions, the C1 posi-
tion gave the strongest quenching (AF/F_45 ,, = 0.65 + 0.03) with N and C2 being about equal (AF/
F 15 my =0.48 £ 0.03 and AF/F_15 1,y = 0.51 + 0.05) and C3 and C4 having progressively less quench-
ing (AF/F_15 v = 0.39 £ 0.03 and AF/F_q5 , = 0.21 £ 0.03). In the case of YFP, a slightly different
pattern was observed where the N terminal YFP gave the strongest quenching (AF/F_15 , = 0.26 £
0.02) with C1-C4 giving progressively weaker quenching (AF/F_15 , between 0.23 + 0.02 and 0.14
+ 0.01, Figure 2B-D). Quenching of the N terminal YFP insertion was statistically distinguishable
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from the C4 insertion (p = 0.019) but did not detect differences between adjacent insertions as for
CFP (Figure 2D). As with the Lck data, we used Boltzmann fits to define the maximum and minimum
fluorescence and calculate a AF/F (see Materials and methods and Figure 1). However, using a ‘fit
free’ approach and calculating a AF/F by subtracting the measured fluorescence at the extreme vol-
tages (i.e. —180 mV and +120 mV) divided by the fluorescence at —15 mV produces similar results
with an identical pattern of statistical significance (Figure 2—figure supplement 4).

To gain further insight from these data, we modeled DPA quenching of CFP and YFP using previ-
ously established theory (Wang et al., 2010; Zachariassen et al., 2016; Figure 2—figure supple-
ment 5). The expected quenching of CFP and YFP was simulated at infinitely negative and positive
voltages over a range of distances from the plasma membrane (Figure 2—figure supplement 5A
and B). Subtracting these curves and normalizing produces the theoretical AF/F,om curves as a func-
tion of distance for both CFP and YFP (Figure 2—figure supplement 5C). The CFP curve has a dis-
tinct hump at 24 A (i.e. 20 and 28 A give equal extents of quenching) while the YFP curve peaks at
16 A and falls off with increasing distance (Figure 2—figure supplement 5C). This broadly mirrors
the quenching pattern we observe in our data with CFP C1 giving the greatest quenching followed
by N and C2 then C3 and C4 while in YFP all positions are weaker than N (Figure 2—figure supple-
ment 5C). The most parsimonious interpretation of these data is that the N terminal insertion point
is membrane proximal while all positions in the C tail are progressively further from the membrane.
To assign some provisional distances to these measurements, we assumed the FP adds 10 A to the
axial distance, reflecting the radius of the beta barrel. With this assumption, the strongest interpreta-
tion of our data is that the tip of the N terminus is about 6-10 A from the inner leaflet while the C1
insertion site is approximately 12-16 A away. Distance estimates for the C2-C4 insertion sites are
difficult to assign; however, given that the C4 position shows quenching for both FPs, this final C ter-
minal amino acids are likely within 30-40 A of the inner leaflet. For reference, the C-a to C-o dis-
tance from the critical His74 to Lys355, at the base of thumb domain’s alpha5 helix, is 35 A
(Figure 2—figure supplement 6, resting state, PDB:6VTL). Uncertainties and caveats to these esti-
mates are enumerated in the Discussion section. Increases in accuracy to this provisional map will
require reductions in background fluorescence and a smaller fluorophore at more positions.

N and C tail inter- versus intra-subunit interactions

The DPA quenching experiments indicate the N terminal insertion is closest to the plasma mem-
brane, while the C1-C4 insertions are progressively further away. Within the membrane proximal
segment of the C tail is a cluster of lysine and arginine residues (amino acids 461-476). These have
been proposed to interact with a segment of negatively charged amino acids in the N termini (amino
acids 7-12), forming a salt bridge between the intracellular tails of the same subunit (Wang et al.,
2020; Wang et al., 2015). We reasoned that if such a bridge was formed between tails of the same
subunit, then FPs appended to both tails of the same subunit would experience stronger FRET than
FPs on the tails of different subunits. To test this, we used fluorescent lifetime imaging (FLIM) to
measure the lifetime of an N terminal CFP donor in the absence or presence of a C terminal YFP
acceptor. A challenge in this experiment is ensuring that only one FRET pair exists within the major-
ity of trimers. If more than one pair of FPs are present, a ‘donor-centric’ measure of FRET like FLIM
will be skewed toward higher FRET efficiencies (Ben-Johny et al., 2016). To measure the FRET
between CFP and YFP in a single subunit, we appended a C terminal YFP to the N terminal CFP
clone (CFP-cA1-YFP, Figure 2—figure supplement 1). This construct was transfected along with
wild-type cASIC1 at progressively increasing ratios. In principle, as the amount of unlabeled wild-
type cASIC1 increases, the FRET should decrease (lifetimes increase) until a plateau is reached. The
FRET value of this plateau will correspond to the FRET from single subunits. As expected, CFP-cA1-
YFP alone produced very strong FRET as evidenced by the dramatically faster CFP lifetimes com-
pared to N CFP (N CFP: 4.06 + 0.02 ns, n = 76; CFP-cA1-YFP: 2.68 + 0.03, n = 58, Figure 3). Adding
more wild-type cASIC1 led to an increase in CFP lifetimes until reaching a plateau of approximately
3 ns, representing a FRET efficiency of 25% between CFP and YFP in a single subunit (1:31 ratio:
3.08 +0.03, n = 34, 24% FRET efficiency, Figure 3C).

To measure the FRET between FPs in different subunits, we concatenated two cASIC1 subunits
together in a dimer with an N terminal CFP (CFP-cA1-cA1, Figure 2—figure supplement 1). Expres-
sion of this clone along with wild-type cASIC1 gave the expected approximately 4 ns mono-expo-
nential lifetime from this CFP variant (3.86 + 0.02 ns, n = 74). Co-transfection of CFP-cA1-cA1 along
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Figure 3. Fluorescence resonance energy transfer (FRET) is stronger within subunits than between subunits. (A) Example cells transfected with the
indicated constructs showing intensity (left) and lifetime (right) images. (B) Time-correlated single photon counting (TCSPC) histograms from the plasma
membrane of cells in A and additional control. Solid line is a single exponential fit to the data. (C) Cartoon (upper) and lifetimes (lower) from the
indicated constructs for measuring intra-subunit FRET. (D) Cartoon (upper) and lifetimes (lower) for measuring inter-subunit FRET. Symbols denote
single cells (N = 35-76 cells) and error bars are SEM.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Fluorescence resonance energy transfer (FRET) due to membrane ‘crowding’.

with C4 YFP at increasing ratios produced progressively faster lifetimes up to about 3.3 ns or 15%
FRET efficiency (1:15: 3.28 + 0.05 ns, n = 43, Figure 3). In this experiment, FRET comes partly from
the CFP-cA1-cA1 transferring energy to a YFP within the channel complex and partly from transfer
to YFPs in nearby ASICs (i.e. crowding). This crowding effect is illustrated in Figure 3—figure sup-
plement 1 where CFP-cA1-cA1 is co-expressed with unlabeled wild type and Lck-YFP at varying
ratios. As the Lck-YFP amount is increased so does the FRET efficiency. Separating out the fraction
of FRET due to crowding is difficult but also unnecessary in this case. Even with a 1:15 ratio of CFP-
cA1-cAl to C4 YFP, where all dimers likely have a C4 YFP monomer partner, the FRET efficiency is
significantly less than that observed in the CFP-cA1-YFP experiment (15 + 1%, n = 43 for CFP-cA1-
cAl1 + C4 YFP 1:15; 24 + 1%, n = 46 for CFP-cA1-YFP + wild type 1:15, p < 1e—6, Student's t-test).
Thus, FPs on the same subunit show more efficient FRET than on different subunits, suggesting the
tails of the same subunit are physically closer and more likely to associate.

The addition of C4 YFP at 1:1 and 1:3 ratios gave unexpectedly small FRET efficiencies (1 + 1%
and 3 £ 1%, n = 35 and 46). To determine if the concatenated dimer was assembling as anticipated,
we repeated the experiment using N YFP, where the acceptor is positioned much closer to the
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donor and hence should give more robust FRET. Consistent with this, all ratios of N YFP gave a
strong reduction in donor lifetimes, indicating the CFP dimer does assemble with labeled monomer.
Taken together, these experiments demonstrate that FRET efficiency from FPs on neighboring subu-
nits is considerably less than that measured from the same subunit, supporting a model where the N
and C tails of the same subunit interact.

Measurement of ICD conformational changes

The putative salt bridge between the N terminal tail and the membrane proximal segment of the C
tail is proposed to break apart to facilitate ion-independent signaling (Wang et al., 2020). Evidence
for this movement comes from the change in FRET between N terminal CFP and C terminal YFP
upon extracellular acidification (Wang et al., 2020). To investigate this, we conducted an analogous
experiment using patch clamp fluorometry with simultaneous recording of both the blue and yellow
emission from CFP-cA1-YFP receptors. As seen in Figure 4A and B, rapid application of pH 7 or 6,
but not pH 8, produced a decrease in the ratio of YFP to CFP emission (i.e. change in FRET) with a
slow time course (AFygp/crp pH 7: —2.6 £ 0.3%, n =8, p = 0.031 versus pH 8; pH 6: —4.6 £+ 0.5%, n =
8, p = 0.0025 versus pH 8). However, as discussed previously (Wang et al., 2020), the strong pH
sensitivity of YFP complicates the interpretation of these measurements. Consistent with this
(Wang et al., 2020), we also observed a strong loss of emission from C4 YFP upon extracellular acid-
ification (Figure 4A and B, AFygp pH 7: —2.6 £ 0.8%, n = 5; pH 6: —12 £ 2%, n = 8). In contrast, the
N CFP showed no such change in emission (Figure 4) owing to this CFP variants pKa of 3.1
(Goedhart et al., 2012).

Blue/yellow and green/red pairings are the most common for FRET. The chromophores of GFP
and YFP are intrinsically pH sensitive making them unsuitable for studying acid-evoked conforma-
tional changes. Fortunately, a novel GFP was described with a distinct chromophore and pKa of 3.4
(Shinoda et al., 2018). When combined with a relatively low pKa red FP (TagRFP, pKa 3.8
Merzlyak et al., 2007), this pairing should enable a FRET measurement that is relatively insensitive
to the pH range examined while gaining the advantages of green/red FRET (McCullock et al.,
2020). We therefore cloned the low pKa GFP into the N terminal position and the RFP into the C4
position (GFP-cA1 and cA1-RFP, Figure 2—figure supplement 1) and tested the pH sensitivity of
their fluorescence emission. As seen in Figure 4C and D, both clones showed no change in their
fluorescence emission with extracellular pH 6, 7, or 8, confirming their suitability for measuring con-
formational changes induced by pH. We next added both FPs into a single subunit (GFP-cA1-RFP)
and repeated our dual-channel patch clamp fluorometry measurements. However, we detected no
change in the RFP/GFP ratio (i.e. no change in FRET) from these FPs (Figure 4C and D, AFggp,
Grp PH 7: —=1.3£ 0.5%; pH 6: —0.1 £ 0.6%, n = 5). Importantly, the GFP does FRET with the RFP as
the ratio of red to green fluorescence emission was significantly greater in the GFP-cA1-RFP clone
compared to the GFP-cA1 only (GFP-cA1: 0.14 + 0.01, n = 6; GFP-cA1-RFP: 0.41 £+ 0.04, n=7,p =
0.0014). To increase the sensitivity to local motions, we repeated the experiment with the RFP
cloned into the C1 position (i.e. GFP-cA1-C1-RFP). Unfortunately, here again we did not detect any
change in RFP/GFP ratio with either GFP-cA1-C1-RFP alone or when diluting this construct out with
unlabeled wild-type cASIC1 (AFrep/crp GFP-cA1-C1-RFP pH 6: —0.9 £ 1.4%, n = 3; + wild type pH 6:
—0.8 + 1.5%, n = 5; Figure 4—figure supplement 1). Although we did not detect any changes in
FRET, we cannot exclude that extracellular acidification does cause the N and C tails do move apart
laterally but such movements are either small, localized, or otherwise fall below our ability to detect
them.

Finally, we investigated if either the N or C tails move axially, with respect to the plasma mem-
brane, upon extracellular acidification. To do this, we returned to DPA quenching by first recording
the fluorescence emission during a series of voltage steps in the absence of DPA, presence of DPA
at pH 8.0, and then in the presence of DPA at pH 6.0. Importantly, the voltage-dependent quench-
ing of Lck-CFP was not different between extracellular pH 8 compared to pH 6 (AF/F_15 v pH 8:
0.45 £ 0.03, pH 6: 0.43 + 0.04, n = 6, uncorrected p-value = 0.52, paired Wilcoxon signed-rank test,
Figure 5), thus confirming the DPA quenching is relatively pH-tolerant. Interestingly, the extent of
quenching at the N and C1 position was significantly reduced in pH 6 compared to pH 8 (Figure 5).
Specifically, in the resting state (pH 8), CFP at the N or C1 position had a AF/F_45 v of 0.49 + 0.02
or 0.57 £0.04 (n = 13 or 11), respectively. However, with extracellular pH 6 (populating the desensi-
tized state), these were reduced to 0.41 + 0.02 and 0.55 + 0.03. In a subset of cells expressing the N
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Figure 4. Extracellular acidification produces no change in fluorescence resonance energy transfer (FRET) when using pH-insensitive fluorescent
proteins (FPs). (A) Cartoons (left), electrophysiology (upper), and fluorescence traces (lower) from single cells transfected with the CFP, YFP, or both FPs
attached to cASIC1 during pH jumps from eight into pH 8, pH 7, or pH 6. Fluorescence trace is the acceptor fluorescence signal divided by the donor.
(B) Summary of change in acceptor/donor ratio during pH changes. (C) Same as in A but for pH-insensitive variants of GFP and RFP (see

Materials and methods). (D) Summary of change in acceptor/donor ratio during pH changes. Symbols indicate single cells (N = 5-8 cells), error bars are
SEM. Asterisks denote statistical significance with p-values of 0.028 for YFP pH 8 versus 6, 0.031 and 0.0025 for CFP-cA1-YFP pH 8 versus 7 and pH 8

versus 6, respectively.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. N and C terminal GFP and RFP do not change fluorescence resonance energy transfer (FRET) efficiency upon extracellular

acidification.
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Figure 5. Acidification induces an axial motion of the membrane proximal region. (A) Example CFP fluorescence quenching traces from single cells
expressing N or C1 CFP-cASIC1 with extracellular pH 8 (left) or pH 6 (right). (B) Quenching voltage curves for CFP inserted in N (left) or C1 (right)
position. Curves in extracellular pH 8.0 (resting state) shown in black and pH 6.0 (desensitized) in blue. (C) Summary of the extents of quenching at each
position with extracellular pH 8 (black) and pH 6 (blue). Symbols denote individual cells (N = 5-13 cells per construct) and error bars represent SEM.
Asterisks denote statistical significance by Wilcoxon signed-rank test after correction for multiple comparisons. The p-value for N and C1 are 0.0.0010
and 0.0.033, respectively. (D) Fluorescence-voltage traces from single cell expressing N CFP in the indicated extracellular buffer with 5 uM dipicrylamine
(DPA). (E) Summary of the voltage-dependent extent of DPA quenching from N CFP in the indicated extracellular pH. Symbols denote individual cells
(N = 7) and error bars represent SEM. * indicates p-value < 0.05 by paired Wilcoxon signed-rank test.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Magnitude of AF/F change between pH 8.0 and 6.0 for CFP insertions.

CFP clone, we maintained the recording in pH 8, 6 and then back to pH 8 and found the effect on
the extent of quenching was readily reversible (Figure 5D-E). None of the other positions showed
significant evidence of movement between these conditions (Figure 5C, Figure 5—figure supple-
ment 1), supporting that this motion is specific to the membrane proximal region and not a general
pH artifact. These results demonstrate that both the N and C tails of cASIC1 move axially with
respect to the membrane between the resting and desensitized states. To determine if the axial
motion is toward or away from the plasma membrane, we considered our prior data and theoretical
analysis (Figure 2, Figure 2—figure supplement 5). The resting state DPA quenching places the N
terminal FP chromophore about 15-20 A from the inner membrane leaflet (Figure 2, Figure 2—fig-
ure supplement 5). The reduced quenching in the pH 6 condition indicates the FP moves even
closer to the plasma membrane upon channel desensitization. However, interpreting the C1 data is
less straightforward. The DPA data indicate that FPs at the C1 position are about 23-25 A from the
inner leaflet, thus lying at or near the peak of CFP’'s AF/F.o.m curve (Figure 2—figure supplement
5C and D). In such a position, moving either toward or away from the plasma membrane will result
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in decreased quenching. A scenario where the N terminal moves toward the membrane while the C
tail moves away is difficult to reconcile with the lack of AFRET between FPs in these positions upon
acidification (Figure 4). Therefore, our data favor a model where the N and proximal segment of the
C tail move up toward the inner membrane leaflet when the channel is exposed to desensitizing con-
ditions (Figure 6).

Discussion

Using a combination of patch clamp fluorometry and FLIM, we obtained an outline of the ASIC
ICDs. We find the N terminus and proximal segment of the C terminus to extend about 6-10 and
12-16 A into the cytosol, while the remainder of the C tail projects not more than 40 A. Further,
FLIM FRET results indicate the N and proximal segment of the C tail from the same subunit are phys-
ically closer than from different subunits, presumably reflecting association via the putative salt
bridge. Finally, we find that the N and proximal segment of the C tail move toward the plasma mem-
brane upon acidification, while we detect no substantial lateral movement (Figure 6). Our results
support the emerging idea that extracellular acidification promotes ASIC ICD conformational
changes, potentially creating or exposing sites within the membrane proximal segments that bind
intracellular signaling partners and facilitating metabotropic signaling.

Sources of error

The principle source of error is the possible disruption of the N or C tail caused by the addition or
insertion of an FP. Insertion of an FP into the midst of a region with secondary structure would obvi-
ously distort this region. It is also possible that the addition of an FP would bias the region toward
or away from the membrane. While we consider this unlikely given the solubility of FPs, we cannot
exclude this possibility. Future studies could employ smaller fluorophores such as the fluorescent

]
~1
o
=
e

<40 A

- ————

O

C

Figure 6. Cartoon of topography and acid-inducted motions for cASIC1. Estimated distances of N and C tail
positions derived from dipicrylamine (DPA) quenching mapped onto resting state structure (6VTL). Not drawn to
scale. Extracellular pH moves the proximal N and C segments toward the membrane.
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non-canonical amino acid L-ANAP (Chatterjee et al., 2013; Gordon et al., 2018; Gordon et al.,
2016; Sakata et al., 2016; Zagotta et al., 2016) or split inteins and semi-synthesis (Khoo et al.,
2020; Lueck et al., 2016; Shah and Muir, 2014) to introduce small, bright fluorophores in specific
sites. Such methods, ideally combined with acceptor groups (Gordon et al., 2018; Gordon et al.,
2016; Zagotta et al., 2016), will refine and test the provisional map we report here. An additional
source of error in our DPA quenching estimates is the background fluorescence from FPs in the
ER (endoplasmic reticulum). These FPs may be either unquenched or progressively quenched over
the course of the experiment as DPA migrates into the cell. In prior work, intracellular channels and
FPs produced variable amounts of background fluorescence (Barros et al., 2018; De-la-Rosa et al.,
2013; Zachariassen et al., 2016), which may confound more accurate mapping. Fortunately, our
family of cASIC1 with FP insertions show very robust plasma membrane expression (Figure 2—fig-
ure supplement 3). We also selected cells with minimal intracellular fluorescence to reduce the
impact of this background signal. In addition, our theoretical analysis treats DPA molecules as exist-
ing in two discrete planes, separated by 25 A. In reality, DPA molecules will inhabit a distribution of
distances centered around these planes which would introduce some inaccuracy in our measure-
ments. A further source of potential error is the orientation dependence of FRET. This concern is
partly mitigated since the fluorophores are attached to regions which are likely to be unstructured
or highly flexible, allowing the FPs to adopt multiple orientations. Consistent with this, past theoreti-
cal and experimental work suggests a minimal influence of orientation dependence for FRET involv-
ing DPA as an acceptor (Zachariassen et al., 2016). Subsequent studies using isotropic resonance
transfer methods such as lanthanide-based resonance energy transfer or transition-metal FRET may
reduce many of these concerns and provide a more refined map (Selvin, 2002; Taraska et al.,
2009).

Despite these sources of error, we do observe a consistent and reproducible decrease in the AF/
F at the N and C1 position upon the addition of extracellular acidification in the same experiment
(Figure 5A-C, Figure 5—figure supplement 1). This is not detected at other positions or with Lck-
CFP and hence it does not appear to be a pH-induced artifact (Figure 5C, Figure 5—figure supple-
ment 1). Indeed, in the subset of longer N position recordings, we were able to reverse this
decrease in AF/F by moving back to extracellular pH 8 (Figure 5D and E).

Structural interpretation

Structures of full-length cASIC1 have been solved using cryo-EM. The N and C tails are present in
these constructs yet give no resolvable density (Yoder and Gouaux, 2020; Yoder et al., 2018). This
suggests the tails maybe largely disordered, waiting to bind intracellular proteins via an induced fit
or conformation selection mechanisms (Arai et al., 2015; Oldfield and Dunker, 2014). If true, then
our data define the borders of the conformation landscape these disordered segments occupy.
However, it is also possible that within these disordered tails are areas of secondary structure. A
small but well-ordered segment of the tails which is moved around by adjacent disordered regions
might be unresolvable by cryo-EM. Having isolated regions of order among a largely disordered tail
is consistent with the proposed salt bridge between N and the C1 region. Secondary structure pre-
dictions using the JPred tool also support this view, with the proximal segment of the C tail having a
strong tendency to form alpha helices while the remainder of the tail is unstructured
(Drozdetskiy et al., 2015). Additional approaches such as CD spectroscopy combined with molecu-
lar modeling (Ezerski et al., 2020), NMR, and DEER will be critical to address the extent and loca-
tion of secondary structure within the tails as well as further define the intracellular structural
changes induced by extracellular pH that we report here. A particularly useful approach maybe sin-
gle-molecule FRET, which has already been used to gain insight into the unstructured, and larger,
intracellular tails of NMDA receptors (Choi et al., 2013; Choi et al., 2011).

Physiological relevance

Numerous protein-protein interactions have been reported for ASICs that are important for channel
trafficking, gating, and possibly metabotropic signaling (Kellenberger and Schild, 2015;
Zeng et al., 2014). The best documented of these are PICK1, PSD-95, and stomatin (Baron et al.,
2002; Hruska-Hageman et al., 2004; Hruska-Hageman et al., 2002; Klipp et al., 2020;
Leonard et al., 2003; Price et al., 2004; Zha et al., 2009). Of particular note is the interaction
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between ASIC3's C tail and stomatin, which enables stomatin to inhibit channel activation through a
mechanism involving the first transmembrane helix (Klipp et al., 2020). In addition, recent work has
suggested that the membrane proximal region of the ASIC1 C tail becomes liberated from the N tail
during desensitization, allowing for the recruitment of RIP1 kinase (Wang et al., 2020). This results
in activation of RIP1 by phosphorylation leading to eventual cell death via necroptosis. Canonical
activation of RIP1 by the tumor necrosis factor (TNF) receptor 1 (TNFR1) occurs through heterodime-
rization of death domains (DD) present on both RIP1 and TNFR1 (Meng et al., 2018). ASIC1 does
not contain a DD, so how RIP1 interacts with the C tail of ASIC1 and resulting in activation remains
an important unanswered question. Using the FP insertion approach we adopted is problematic for
investigating this, or any of the other protein-protein interactions mentioned above, due to the sheer
disruptive size of the FP. However, using a higher resolution method with a smaller fluorophore
could shed light on the molecular determinants, timing, and dynamics of these interactions.

Materials and methods

Key resources table

Reagent type
(species) or Source or Additional
resource Designation reference Identifiers information

HEK293T ASIC1 KO Rook et al., 2020a Clone 2C1
pcDNA3.1-cocASICT Rook et al., 2020b

Cell line (Homo sapiens)

Recombinant
DNA reagent

Recombinant
DNA reagent

pmVenus(L68V)-
mTurquiose2

Gamillus/pcDNA3

RRID:addgene_60493

Recombinant
DNA reagent

RRID:addgene_124837

Recombinant
DNA reagent

PSD-95-pTagRFP RRID:addgene_52671

Recombinant Lck-mScarlet-| RRID:addgene_98821

DNA reagent

Commercial Q5 Hot Start High- New England M0494L PCR
assay or kit Fidelity 2X Master Mix Biolabs, Inc
Commercial NEBuilder HiFi New England E2621L Insertion of FP tags
assay or kit DNA Assembly Biolabs, Inc

Master Mix
Chemical Polyethylenimine Polysciences, Inc 239661 Transfection
compound, 25 k reagent
drug
Chemical Dipicrylamine Biotium 60037 Quencher
compound,
drug
Software, Axograph RRID:SCR_014284 Patch clamp and
algorithm fluorometry acquisition
Software, Clampfit Molecular Devices RRID:SCR_011323 Patch clamp and
algorithm (pClamp) fluorometry analysis
Software, OriginPro 2020b OriginLab Corp 9.7.5.184 (Student Data fitting and
algorithm Version) figure preparation

Plasmids and molecular cloning

A pcDNA3.1(+) vector containing the sequence for codon-optimized chicken ASIC1 (pcDNA3.1-
cocASIC1) was used for all experiments (Rook et al., 2020b). Scar-less insertion of FP tags was
achieved by opening the pcDNA3.1-cocASIC1 vector by PCR with primers containing 18-nt homolo-
gous overhangs. FP sequences were PCR-derived from pmVenus(L68V)-mTurquiose2 (Addgene plas-
mid #60493), Gamillus/pcDNA3 (Addgene plasmid #124837), or PSD-95-pTagRFP (Addgene
#52671), and cloned in using NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs)
according to the manufacturer’s instructions. These FP constructs were gifts from Dorus Gadella,
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Takeharu Nagai, and Johannes Hell, respectively. All constructs were verified by Sanger sequencing
(Eurofins Genomics). The Lck membrane tether clones were made using Lck-mScarlet-1 (Addgene
#98821), removing the mScarlet by inverse PCR and inserting PCR-derived mTurquiose2 or mVenus.
Throughout the manuscript CFP, GFP, YFP, and RFP to refer to mTurquoise2, Gamillus, mVenus,
and TagRFP, respectively.

Cell culture and transfection

A clonal Human Embryonic Kidney 293T (HEK293T) cell line, purchased from ATCC and identity con-
firmed with STR profiling, with the endogenous ASIC1 gene knocked out were used for all experi-
ments (Rook et al., 2020a). A PCR test for mycoplasma contamination, last performed on 6/04/
2021, was negative. HEK293T cells were maintained in minimum essential medium containing gluta-
mine and Earle’s salts (Gibco) supplemented with 10% fetal bovine serum (Atlas Biologicals) and
PenStrep (Gibco). Cells were plated in 35 mm tissue culture treated dishes and transfected 1-2 days
later using polyethylenimine 25 k (Polysciences, Inc) with a mass ratio of 1:3 (cDNA:PEI). For dipicryl-
amine (DPA) quenching experiments, 500 ng of pcDNA3.1-cocASIC1 with an FP tag and 2.0 ug of
pcDNA3.1(+)-empty vector were co-transfected per 35 mm dish. We found that dilution with the
empty vector helped limit intracellular accumulation of the channel. Cells were dissociated 24-48 hr
post-transfection with divalent-free DPBS (Gibco) supplemented with 0.5 mM EDTA and sparsely
seeded onto 18 mm No. 1 coverslips that had been treated with 100 pg/mL poly-lysine for 20 min.

Electrophysiology

For the experiments in Figure 2—figure supplement 2, excised patch recordings were done as
described previously (Rook et al., 2020b). Briefly, borosilicate patch pipettes were pulled and heat-
polished to a resistance of 3-6 MQ. The internal pipette solution was (in mM) 135 CsF, 11 EGTA, 10
HEPES, 10 MES, 2 MgCl,, 1 CaCl,, and pH adjusted to 7.4 using CsOH. External solutions were
comprised of (in mM) 150 NaCl, 1 CaCl,, 1 MgCl,, and either 20 HEPES (pH 7.0 or 8.0) or 20 MES
(pH 5.0 or 6.0) and adjusted using NaOH. Data were acquired at 20-50 kHz and filtered online at 10
kHz using AxoGraph software (Axograph), an Axopatch 200B amplifier (Molecular Devices) and USB-
6343 DAQ (National Instruments) at room temperature and with a holding potential of —60 mV.
Series resistance was routinely compensated by 90-95% when the peak amplitude exceeded 100
pA. A homebuilt double or triple barrel perfusion pipette (MacLean, 2015) (Vitrocom) attached to a
piezo translator (Physik Instrumente) under computer control was used for fast perfusion. Piezo volt-
age commands were generally filtered between 50 and 100 Hz.

Patch clamp fluorometry

Coverslips were visualized using an S Fluor 40x oil-immersion objective (1.30 NA, Nikon) mounted
on a Nikon Ti2 microscope. Transfected cells were excited and visualized with either a four-channel
LED or single-channel LED (Thorlabs) and dichroic filter cube. Single cells were patched in a whole-
cell configuration using heat-polished borosilicate glass pipettes with 3-6 MQ resistance. Cells were
continually perfused with external solution, with or without 5 uM DPA (Biotium), using a homebuilt
multi-barrel flow pipe (see above). Single cell fluorescence was collected using a D-104 dual-channel
photometer (Photon Technology International) attached to the left microscope port. Emitted fluores-
cence was limited to only the patched cell using adjustable slits and detected with photomultiplier
tubes (Hamamatsu Photonics, R12829). Photometers were generally set to a voltage of 650-900 V
and filtered with a time constant of 0.5 ms. The photometer voltage signals were fed to the analog
inputs of the same DAQ as the patch clamp amplifier and recorded using AxoGraph. The timing of
the excitation source was triggered by TTL.

For DPA quenching experiments with CFP, a 455 nm LED, 455/20 nm excitation filter, 442 nm
dichroic, and 510/84 nm emission filter were used. For YFP, a 505 nm LED, 510/20 excitation filter,
525 dichroic, and 545/35 band-pass emission filter were used. In all cases, we worked to minimize
background fluorescence by selecting cells with prominent plasma membrane fluorescence and mini-
mal intracellular signal. Quenching curves were generated in whole-cell configuration by a series of
100 ms steps ranging from —180 to +120 mV in 30 mV increments, with —15 mV holding potential
and 1 s between steps. Excitation was triggered 50 ms before a voltage step and lasted for 200 ms.
This family of voltage steps was repeated four times either in control, with continual perfusion of 5
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UM DPA, or during DPA washes with several seconds separating each condition. We found the data
from the first family of DPA steps tended to be inconsistent, presumably reflecting DPA equilibration
within the cell. Thus, only the final three series of steps were averaged together. For each recording
a background signal was measured by slightly moving the stage to a region with no cells and this
signal subtracted. Analysis was done using Clampfit (Molecular Devices) where, following back-
ground subtraction, the average fluorescence signal in the second quintile (20 ms) window within the
100 ms voltage step was divided by the fluorescence signal at the preceding holding potential to
generate F/F_45,y. These values were plotted in OriginLab (OriginLab Corp) and cells were individu-
ally fitted with a Boltzmann function. The difference of the minimum and maximum values of the
Boltzmann gave the AF/F_qs5,, for that specific cell.

For patch clamp FRET experiments, the fluorescence emission was split into two photomultiplier
tubes. For CFP/YFP, a 455 nm LED, 455/20 nm excitation, 442 nm dichroic, and 510/84 nm wide-
band emission was used. This combination of donor and acceptor emission was passed to the dual
photometer, through the adjustable aperture, and split by a 518 nm dichroic before further filtering
into nominal donor (482/25 nm) and acceptor (537/26 nm) emission channels. A similar configuration
was used for GFP/RFP with 455 nm LED, 470/10 nm excitation, 495 nm dichroic, 500 nm long-pass
emission followed by a 552 nm splitter diving donor (510/42 nm) and acceptor (609/54 nm). Single
cells were patch-clamped and piezo-driven perfusion used to switch between pH 8.0, pH 7 and 6.0
for 2 s, with 20 s between acidic applications. The excitation source was triggered 1 s before the
solution switch for 10 s. The background subtracted ‘acceptor’ channel fluorescence signal was
divided by the subtracted ‘donor’ channel signal to yield an apparent FRET signal. The goal of this
experiment was to ascertain if any changes in FRET are detectable upon activation/desensitization of
the channel, not to quantify the FRET efficiency. Therefore, we made no attempt to correct for
bleedthrough excitation or emission. To reflect this, all such measurements are referred to as
AFRET 0, or change in apparent FRET.

FLIM and confocal imaging

FLIM was done as described previously (McCullock et al., 2020). Cells were transfected in either 35
or 60 mm culture dishes and imaged using a water immersion 25x objective (XL Plan N, 1.05 NA)
mounted on an Olympus IX61WI upright microscope. A Mai Tai Ti:Sapphire multi-photon laser
(Spectra Physics) was used for excitation with an 860 nm wavelength, a repetition rate of 80 MHz
and pulse width of approximately 100 fs. Donor emission was filtered by a 480-20 filter and mea-
sured by a H72422P Hamamatsu hybrid avalanche photodiode. Time-correlated single photon
counting was done using a Becker and Hickl card with a resolution of 25 ps. Using VistaVision soft-
ware (ISS), donor fluorescence from the plasma membrane from individual cells was binned and fit
with a single exponential function, consistent with the lifetime of CFP variant mTurquoise2
(Goedhart et al., 2012).

For confocal imaging, cells were transfected with Lck-CFP or CFP-tagged cASIC1 in 35 mm
dishes. After 2 days, cells were stained with 2 mL of 7.5 uM FM1-43 (Invitrogen) immediately prior
to imaging with an Olympus FV1000MP microscope using a 60x water immersion objective (U Plan
SApo, 1.20 NA). CFP and FM1-43 were simultaneously excited with a 440 nm laser and emissions
between 465 and 495 nm collected as CFP and 575 and 675 nm collected as FM1-43.

DPA quenching simulations

Closely following the work of Wang et al., 2010 and Zachariassen et al., 2016, we calculated the
FRET between a donor fluorophore and a plane of DPA molecules over a range of axial distances.
The donor fluorophore was positioned at a distance, R,, from a point within a perpendicular plane
representing the inner leaflet of the plasma membrane. This point is the center of a ring of radius r,
within the perpendicular plane. The distance between the donor and DPA on the perimeter of the
ring is the hypotenuse of a triangle with the other sides being the ring radius, r, and the axial dis-
tance between the center of the ring and the donor, R,. Thus the donor-acceptor distance
is \/R2 + r2. We define P(r) as the probability that no FRET will occur between the donor and DPA
positioned along ring perimeter and Q(r) as the probability FRET (quenching) will occur. As the sum
of P(r) and Q(r) is one, for a ring of slightly larger radius r + dr:
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P(r+dr)=P(r)(1 —Q(r)dr)
FRET efficiency, E, over a distance, d, for a single donor-acceptor pair is given by:

Fe 1
AN
no

where Ry is the Forster distance giving half-maximal FRET. As with past work, we used 5 uM DPA
which gives a density, o, of 1.25 x 10~* molecules per A? (Wang et al., 2010). Combing the DPA
density and distance constraint, we define the probability of quenching as:

ag2mrdr
R2+12 3
1+ (%)

Given Equation 1, the following differential equation can be derived:

O(r)dr =
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Substituting u = (R2 + r*) /R} and evaluating the integral at r = gives:
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which represents the unquenched fluorescence signal remaining over a range of axial distances.
As DPA is assumed to traverse about 25 A in the plasma membrane (Wang et al., 2010;
Zachariassen et al., 2016), evaluating this integral using either R, or R, +25 gives the quenching
curves for DPA at the inner leaflet or outer leaflet, which are populated by infinitely depolarizing or
hyperpolarizing conditions, respectively. Ry calculations were done with the k> =2/3 assumption,
using donor FP spectra and quantum yield listed in FP database (Lambert, 2019). The DPA absorp-
tion spectrum was measured with 25 uM DPA diluted in saline on a QuickDrop spectrophotometer
(Molecular Devices). The DPA molar extinction coefficient at 420 nm was determined to be 26,500
M~Tem ™" by fitting the slope of absorption measurements from serial dilutions of DPA into saline or
1% SDS. This value is consistent with previously reported measurements (Gunupuru et al., 2014).

Statistics and data analysis

Current desensitization decays were fitted using exponential decay functions in Clampfit (Molecular
Devices). For recovery from desensitization experiments, the test peak (i.e. the second response)
was normalized to the conditioning peak (i.e. the first response). OriginLab (OriginLab Corp) was
used to fit the normalized responses to:

L:(pfewm (1)

where [, is the fraction of the test peak at an interpulse interval of t compared to the conditioning
peak, 7 is the time constant of recovery, and m is the slope of the recovery curve. Patches were indi-
vidually fit and averages for the fits were reported in the text. N was taken to be a single patch.
FRETcfficiency from FLIM measurements was calculated using:

T donor+ acceptor
F RETeﬁiciency =1- (7
T donor only

where Tgonor only aNd T donor+acceptor are the single exponential time constants of donor decay in
the absence and presence of acceptor, respectively.

Unless otherwise noted, statistical testing was done using nonparametric permutation or random-
ization tests with at least 100,000 iterations implemented in Python to assess statistical significance.
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Reported p-values have been adjusted using the Holm-Bonferroni method for multiple test correc-
tions. Data for each figure can be found in Source data 1.

Acknowledgements

We thank Dr Nicolas Masse, California Institute of Technology/University of Chicago, for help with
DPA gquenching calculations, Lyndee Knowlton for her technical assistance, and Dr David Yule for
generous sharing of equipment. This work was funded by NIH R35GM127951 to DMM, and NSF
Graduate Research Fellowship to TC. TC and TWM were supported in part by the University of
Rochester Harold C Hodge Memorial Fund.

Additional information

Funding

Funder Grant reference number  Author

National Institute of General ~ R35GM137951 David M Maclean
Medical Sciences

National Science Foundation Tyler Couch
University of Rochester Tyler Couch

Tyler W McCullock

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Tyler Couch, Formal analysis, Funding acquisition, Investigation, Visualization, Writing - review and
editing; Kyle D Berger, Formal analysis, Investigation, Visualization, Writing - review and editing;
Dana L Kneisley, Formal analysis, Investigation, Writing - review and editing; Tyler W McCullock,
Resources, Investigation, Writing - review and editing; Paul Kammermeier, Supervision, Funding
acquisition, Writing - review and editing; David M Maclean, Conceptualization, Formal analysis,
Supervision, Funding acquisition, Investigation, Visualization, Writing - original draft, Writing - review
and editing

Author ORCIDs
Tyler W McCullock (& http://orcid.org/0000-0003-1628-1102
David M Maclean (& https://orcid.org/0000-0001-8294-6075

Decision letter and Author response
Decision letter https://doi.org/10.7554/eLife.68955.sa
Author response https://doi.org/10.7554/eLife.68955.5a2

Additional files

Supplementary files
« Source data 1. Patch clamp and fluorescence experimental data.

« Transparent reporting form

Data availability
All analyzed results contributing to this study are included in the manuscript and supporting files.
Source data files have been provided for all figures containing data.

Couch et al. eLife 2021;10:68955. DOI: https://doi.org/10.7554/eLife.68955 16 of 20


http://orcid.org/0000-0003-1628-1102
https://orcid.org/0000-0001-8294-6075
https://doi.org/10.7554/eLife.68955.sa1
https://doi.org/10.7554/eLife.68955.sa2
https://doi.org/10.7554/eLife.68955

e Llfe Research article

Neuroscience | Structural Biology and Molecular Biophysics

References

Arai M, Sugase K, Dyson HJ, Wright PE. 2015. Conformational propensities of intrinsically disordered proteins
influence the mechanism of binding and folding. PNAS 112:9614-9619. DOI: https://doi.org/10.1073/pnas.
1512799112, PMID: 26195786

Baconguis I, Bohlen CJ, Goehring A, Julius D, Gouaux E. 2014. X-ray structure of acid-sensing ion channel 1-
snake toxin complex reveals open state of a na(+)-selective channel. Cell 156:717-729. DOI: https://doi.org/10.
1016/j.cell.2014.01.011, PMID: 24507937

Baron A, Deval E, Salinas M, Lingueglia E, Voilley N, Lazdunski M. 2002. Protein kinase C stimulates the acid-
sensing ion channel ASIC2a via the PDZ domain-containing protein PICK1. Journal of Biological Chemistry 277:
50463-50468. DOI: https://doi.org/10.1074/jbc.M208848200, PMID: 12399460

Barros F, Dominguez P, de la Pefa P. 2018. Relative positioning of Kv11.1 (hERG) K* channel cytoplasmic
domain-located fluorescent tags toward the plasma membrane. Scientific Reports 8:15494. DOI: https://doi.
org/10.1038/s41598-018-33492-x, PMID: 30341381

Ben-Johny M, Yue DN, Yue DT. 2016. Detecting stoichiometry of macromolecular complexes in live cells using
FRET. Nature Communications 7:13709. DOI: https://doi.org/10.1038/ncomms13709, PMID: 27922011

Benson CJ, Xie J, Wemmie JA, Price MP, Henss JM, Welsh MJ, Snyder PM. 2002. Heteromultimers of DEG/
ENaC subunits form H+-gated channels in mouse sensory neurons. PNAS 99:2338-2343. DOI: https://doi.org/
10.1073/pnas.032678399, PMID: 11854527

Chai S, Li M, Lan J, Xiong ZG, Saugstad JA, Simon RP. 2007. A kinase-anchoring protein 150 and calcineurin are
involved in regulation of acid-sensing ion channels ASIC1a and ASIC2a. Journal of Biological Chemistry 282:
22668-22677. DOI: https://doi.org/10.1074/jbc.M703624200, PMID: 17548344

Chanda B, Asamoah OK, Blunck R, Roux B, Bezanilla F. 2005a. Gating charge displacement in voltage-gated ion
channels involves limited transmembrane movement. Nature 436:852-856. DOI: https://doi.org/10.1038/
nature03888, PMID: 16094369

Chanda B, Blunck R, Faria LC, Schweizer FE, Mody |, Bezanilla F. 2005b. A hybrid approach to measuring
electrical activity in genetically specified neurons. Nature Neuroscience 8:1619-1626. DOI: https://doi.org/10.
1038/nn1558, PMID: 16205716

Chatterjee A, Guo J, Lee HS, Schultz PG. 2013. A genetically encoded fluorescent probe in mammalian cells.
Journal of the American Chemical Society 135:12540-12543. DOI: https://doi.org/10.1021/ja4059553,
PMID: 23924161

Choi UB, Xiao S, Wollmuth LP, Bowen ME. 2011. Effect of src kinase phosphorylation on disordered C-terminal
domain of N-methyl-D-aspartic acid (NMDA) receptor subunit GIuN2B protein. Journal of Biological Chemistry
286:29904-29912. DOI: https://doi.org/10.1074/jbc.M111.258897, PMID: 21712388

Choi UB, Kazi R, Stenzoski N, Wollmuth LP, Uversky VN, Bowen ME. 2013. Modulating the intrinsic disorder in
the cytoplasmic domain alters the biological activity of the N-methyl-D-aspartate-sensitive glutamate receptor.
Journal of Biological Chemistry 288:22506-22515. DOI: https://doi.org/10.1074/jbc.M113.477810, PMID: 237
82697

De-la-Rosa V, Rangel-Yescas GE, Ladrén-de-Guevara E, Rosenbaum T, Islas LD. 2013. Coarse architecture of the
transient receptor potential vanilloid 1 (TRPV1) ion channel determined by fluorescence resonance energy
transfer. Journal of Biological Chemistry 288:29506-29517. DOI: https://doi.org/10.1074/jbc.M113.479618,
PMID: 23965996

Dore K, Stein IS, Brock JA, Castillo PE, Zito K, Sjostréom PJ. 2017. Unconventional NMDA receptor signaling. The
Journal of Neuroscience 37:10800-10807. DOI: https://doi.org/10.1523/JNEUROSCI.1825-17.2017, PMID: 2
9118208

Drozdetskiy A, Cole C, Procter J, Barton GJ. 2015. JPred4: a protein secondary structure prediction server.
Nucleic Acids Research 43:W389-W394. DOI: https://doi.org/10.1093/nar/gkv332, PMID: 25883141

Du J, Reznikov LR, Price MP, Zha XM, Lu Y, Moninger TO, Wemmie JA, Welsh MJ. 2014. Protons are a
neurotransmitter that regulates synaptic plasticity in the lateral amygdala. PNAS 111:8961-8966. DOI: https://
doi.org/10.1073/pnas.1407018111, PMID: 24889629

Du J, Price MP, Taugher RJ, Grigsby D, Ash JJ, Stark AC, Hossain Saad MZ, Singh K, Mandal J, Wemmie JA,
Welsh MJ. 2017. Transient acidosis while retrieving a fear-related memory enhances its lability. eLife 6:e22564.
DOI: https://doi.org/10.7554/eLife.22564, PMID: 28650315

Ezerski JC, Zhang P, Jennings NC, Waxham MN, Cheung MS. 2020. Molecular dynamics ensemble refinement of
intrinsically disordered peptides according to deconvoluted spectra from circular dichroism. Biophysical Journal
118:1665-1678. DOI: https://doi.org/10.1016/}.bp}.2020.02.015, PMID: 32145192

Goedhart J, von Stetten D, Noirclerc-Savoye M, Lelimousin M, Joosen L, Hink MA, van Weeren L, Gadella TW,
Royant A. 2012. Structure-guided evolution of cyan fluorescent proteins towards a quantum yield of 93%.
Nature Communications 3:751. DOI: https://doi.org/10.1038/ncomms1738, PMID: 22434194

Gonzales EB, Kawate T, Gouaux E. 2009. Pore architecture and ion sites in acid-sensing ion channels and P2X
receptors. Nature 460:599-604. DOI: https://doi.org/10.1038/nature08218, PMID: 19641589

Gordon SE, Senning EN, Aman TK, Zagotta WN. 2016. Transition metal ion FRET to measure short-range
distances at the intracellular surface of the plasma membrane. Journal of General Physiology 147:189-200.
DOI: https://doi.org/10.1085/jgp.201511530, PMID: 26755772

Gordon SE, Munari M, Zagotta WN. 2018. Visualizing conformational dynamics of proteins in solution and at the
cell membrane. elife 7:€37248. DOI: https://doi.org/10.7554/elife.37248, PMID: 29923827

Couch et al. eLife 2021;10:68955. DOI: https://doi.org/10.7554/eLife.68955 17 of 20


https://doi.org/10.1073/pnas.1512799112
https://doi.org/10.1073/pnas.1512799112
http://www.ncbi.nlm.nih.gov/pubmed/26195786
https://doi.org/10.1016/j.cell.2014.01.011
https://doi.org/10.1016/j.cell.2014.01.011
http://www.ncbi.nlm.nih.gov/pubmed/24507937
https://doi.org/10.1074/jbc.M208848200
http://www.ncbi.nlm.nih.gov/pubmed/12399460
https://doi.org/10.1038/s41598-018-33492-x
https://doi.org/10.1038/s41598-018-33492-x
http://www.ncbi.nlm.nih.gov/pubmed/30341381
https://doi.org/10.1038/ncomms13709
http://www.ncbi.nlm.nih.gov/pubmed/27922011
https://doi.org/10.1073/pnas.032678399
https://doi.org/10.1073/pnas.032678399
http://www.ncbi.nlm.nih.gov/pubmed/11854527
https://doi.org/10.1074/jbc.M703624200
http://www.ncbi.nlm.nih.gov/pubmed/17548344
https://doi.org/10.1038/nature03888
https://doi.org/10.1038/nature03888
http://www.ncbi.nlm.nih.gov/pubmed/16094369
https://doi.org/10.1038/nn1558
https://doi.org/10.1038/nn1558
http://www.ncbi.nlm.nih.gov/pubmed/16205716
https://doi.org/10.1021/ja4059553
http://www.ncbi.nlm.nih.gov/pubmed/23924161
https://doi.org/10.1074/jbc.M111.258897
http://www.ncbi.nlm.nih.gov/pubmed/21712388
https://doi.org/10.1074/jbc.M113.477810
http://www.ncbi.nlm.nih.gov/pubmed/23782697
http://www.ncbi.nlm.nih.gov/pubmed/23782697
https://doi.org/10.1074/jbc.M113.479618
http://www.ncbi.nlm.nih.gov/pubmed/23965996
https://doi.org/10.1523/JNEUROSCI.1825-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/29118208
http://www.ncbi.nlm.nih.gov/pubmed/29118208
https://doi.org/10.1093/nar/gkv332
http://www.ncbi.nlm.nih.gov/pubmed/25883141
https://doi.org/10.1073/pnas.1407018111
https://doi.org/10.1073/pnas.1407018111
http://www.ncbi.nlm.nih.gov/pubmed/24889629
https://doi.org/10.7554/eLife.22564
http://www.ncbi.nlm.nih.gov/pubmed/28650315
https://doi.org/10.1016/j.bpj.2020.02.015
http://www.ncbi.nlm.nih.gov/pubmed/32145192
https://doi.org/10.1038/ncomms1738
http://www.ncbi.nlm.nih.gov/pubmed/22434194
https://doi.org/10.1038/nature08218
http://www.ncbi.nlm.nih.gov/pubmed/19641589
https://doi.org/10.1085/jgp.201511530
http://www.ncbi.nlm.nih.gov/pubmed/26755772
https://doi.org/10.7554/eLife.37248
http://www.ncbi.nlm.nih.gov/pubmed/29923827
https://doi.org/10.7554/eLife.68955

e Llfe Research article

Neuroscience | Structural Biology and Molecular Biophysics

Groulx N, Juteau M, Blunck R. 2010. Rapid topology probing using fluorescence spectroscopy in planar lipid
bilayer: the pore-forming mechanism of the toxin Cry1Aa of Bacillus thuringiensis. Journal of General
Physiology 136:497-513. DOI: https://doi.org/10.1085/jgp.200910347

Griinder S, Pusch M. 2015. Biophysical properties of acid-sensing ion channels (ASICs). Neuropharmacology 94:
9-18. DOI: https://doi.org/10.1016/j.neuropharm.2014.12.016, PMID: 25585135

Gunupuru R, Kesharwani MK, Chakraborty A, Ganguly B, Paul P. 2014. Dipicrylamine as a colorimetric sensor for
anions: experimental and computational study. RSC Adv. 4:53273-53281. DOI: https://doi.org/10.1039/
C4ARA09099C

Hruska-Hageman AM, Wemmie JA, Price MP, Welsh MJ. 2002. Interaction of the synaptic protein PICK1
(protein interacting with C kinase 1) with the non-voltage gated sodium channels BNC1 (brain na+ channel 1)
and ASIC (acid-sensing ion channel). Biochemical Journal 361:443-450. DOI: https://doi.org/10.1042/
bj3610443, PMID: 11802773

Hruska-Hageman AM, Benson CJ, Leonard AS, Price MP, Welsh MJ. 2004. PSD-95 and Lin-7b interact with acid-
sensing ion channel-3 and have opposite effects on H+- gated current. Journal of Biological Chemistry 279:
46962-46968. DOI: https://doi.org/10.1074/jbc.M405874200, PMID: 15317815

Kabbani N, Nichols RA. 2018. Beyond the channel: metabotropic signaling by nicotinic receptors. Trends in
Pharmacological Sciences 39:354-366. DOI: https://doi.org/10.1016/].tips.2018.01.002, PMID: 29428175

Kellenberger S, Schild L. 2015. International union of basic and clinical pharmacology. XClI. structure, function,
and pharmacology of acid-sensing ion channels and the epithelial na+ channel. Pharmacological Reviews 67:1-
35. DOI: https://doi.org/10.1124/pr.114.009225, PMID: 25287517

Khoo KK, Galleano I, Gasparri F, Wieneke R, Harms H, Poulsen MH, Chua HC, Wulf M, Tampé R, Pless SA. 2020.
Chemical modification of proteins by insertion of synthetic peptides using tandem protein trans-splicing.
Nature Communications 11:2284. DOI: https://doi.org/10.1038/s41467-020-16208-6, PMID: 32385250

Klipp RC, Cullinan MM, Bankston JR. 2020. Insights into the molecular mechanisms underlying the inhibition of
acid-sensing ion channel 3 gating by stomatin. Journal of General Physiology 152:201912471. DOI: https://doi.
org/10.1085/jgp.201912471

Kreple CJ, Lu Y, Taugher RJ, Schwager-Gutman AL, Du J, Stump M, Wang Y, Ghobbeh A, Fan R, Cosme CV,
Sowers LP, Welsh MJ, Radley JJ, LaLumiere RT, Wemmie JA. 2014. Acid-sensing ion channels contribute to
synaptic transmission and inhibit cocaine-evoked plasticity. Nature Neuroscience 17:1083-1091. DOI: https://
doi.org/10.1038/nn.3750, PMID: 24952644

Lambert TJ. 2019. FPbase: a community-editable fluorescent protein database. Nature Methods 16:277-278.
DOI: https://doi.org/10.1038/s41592-019-0352-8, PMID: 30886412

Leonard AS, Yermolaieva O, Hruska-Hageman A, Askwith CC, Price MP, Wemmie JA, Welsh MJ. 2003. cAMP-
dependent protein kinase phosphorylation of the acid-sensing ion channel-1 regulates its binding to the
protein interacting with C-kinase-1. PNAS 100:2029-2034. DOI: https://doi.org/10.1073/pnas.252782799

Liu MG, Li HS, Li WG, Wu YJ, Deng SN, Huang C, Maximyuk O, Sukach V, Krishtal O, Zhu MX, Xu TL. 2016. Acid-
sensing ion channel 1a contributes to hippocampal LTP inducibility through multiple mechanisms. Scientific
Reports 6:23350. DOI: https://doi.org/10.1038/srep23350, PMID: 26996240

Lueck JD, Mackey AL, Infield DT, Galpin JD, Li J, Roux B, Ahern CA. 2016. Atomic mutagenesis in ion channels
with engineered stoichiometry. eLife 5:e18976. DOI: https://doi.org/10.7554/eLife. 18976, PMID: 27710770

MacLean DM. 2015. Constructing a Rapid Solution Exchange System. In: Gabriela K lonotropic Glutamate
Receptor Technologies (Ed). Springer. 165. p. 183-. DOI: https://doi.org/10.1007/978-1-4939-2812-5

McCullock TW, MacLean DM, Kammermeier PJ. 2020. Comparing the performance of mScarlet-I, mRuby3, and
mCherry as FRET acceptors for mNeonGreen. PLOS ONE 15:€0219886. DOI: https://doi.org/10.1371/journal.
pone.0219886, PMID: 32023253

Meng H, Liu Z, Li X, Wang H, Jin T, Wu G, Shan B, Christofferson DE, Qi C, Yu Q, Li Y, Yuan J. 2018. Death-
domain dimerization-mediated activation of RIPK1 controls necroptosis and RIPK1-dependent apoptosis. PNAS
115:E2001-E2009. DOI: https://doi.org/10.1073/pnas. 1722013115, PMID: 29440439

Merzlyak EM, Goedhart J, Shcherbo D, Bulina ME, Shcheglov AS, Fradkov AF, Gaintzeva A, Lukyanov KA,
Lukyanov S, Gadella TW, Chudakov DM. 2007. Bright monomeric red fluorescent protein with an extended
fluorescence lifetime. Nature Methods 4:555-557. DOI: https://doi.org/10.1038/nmeth1062, PMID: 17572680

Miller WG, Goebel CV. 1968. Dimensions of protein random coils. Biochemistry 7:3925-3935. DOI: https://doi.
org/10.1021/bi00851a021, PMID: 5722263

Oldfield CJ, Dunker AK. 2014. Intrinsically disordered proteins and intrinsically disordered protein regions.
Annual Review of Biochemistry 83:553-584. DOI: https://doi.org/10.1146/annurev-biochem-072711-164947,
PMID: 24606139

Pattison LA, Callejo G, St John Smith E. 2019. Evolution of acid nociception: ion channels and receptors for
detecting acid. Philosophical Transactions of the Royal Society B: Biological Sciences 374:20190291.

DOI: https://doi.org/10.1098/rstb.2019.0291, PMID: 31544616

Pressey JC, Woodin MA. 2021. Kainate receptor regulation of synaptic inhibition in the Hippocampus. The
Journal of Physiology 599:485-492. DOI: https://doi.org/10.1113/JP279645, PMID: 32162694

Price MP, Thompson RJ, Eshcol JO, Wemmie JA, Benson CJ. 2004. Stomatin modulates gating of acid-sensing
ion channels. Journal of Biological Chemistry 279:53886-53891. DOI: https://doi.org/10.1074/jbc.M407708200,
PMID: 15471860

Rodriguez-Moreno A, Sihra TS. 2007. Kainate receptors with a metabotropic modus operandi. Trends in
Neurosciences 30:630-637. DOI: https://doi.org/10.1016/].tins.2007.10.001, PMID: 17981346

Couch et al. eLife 2021;10:68955. DOI: https://doi.org/10.7554/eLife.68955 18 of 20


https://doi.org/10.1085/jgp.200910347
https://doi.org/10.1016/j.neuropharm.2014.12.016
http://www.ncbi.nlm.nih.gov/pubmed/25585135
https://doi.org/10.1039/C4RA09099C
https://doi.org/10.1039/C4RA09099C
https://doi.org/10.1042/bj3610443
https://doi.org/10.1042/bj3610443
http://www.ncbi.nlm.nih.gov/pubmed/11802773
https://doi.org/10.1074/jbc.M405874200
http://www.ncbi.nlm.nih.gov/pubmed/15317815
https://doi.org/10.1016/j.tips.2018.01.002
http://www.ncbi.nlm.nih.gov/pubmed/29428175
https://doi.org/10.1124/pr.114.009225
http://www.ncbi.nlm.nih.gov/pubmed/25287517
https://doi.org/10.1038/s41467-020-16208-6
http://www.ncbi.nlm.nih.gov/pubmed/32385250
https://doi.org/10.1085/jgp.201912471
https://doi.org/10.1085/jgp.201912471
https://doi.org/10.1038/nn.3750
https://doi.org/10.1038/nn.3750
http://www.ncbi.nlm.nih.gov/pubmed/24952644
https://doi.org/10.1038/s41592-019-0352-8
http://www.ncbi.nlm.nih.gov/pubmed/30886412
https://doi.org/10.1073/pnas.252782799
https://doi.org/10.1038/srep23350
http://www.ncbi.nlm.nih.gov/pubmed/26996240
https://doi.org/10.7554/eLife.18976
http://www.ncbi.nlm.nih.gov/pubmed/27710770
https://doi.org/10.1007/978-1-4939-2812-5
https://doi.org/10.1371/journal.pone.0219886
https://doi.org/10.1371/journal.pone.0219886
http://www.ncbi.nlm.nih.gov/pubmed/32023253
https://doi.org/10.1073/pnas.1722013115
http://www.ncbi.nlm.nih.gov/pubmed/29440439
https://doi.org/10.1038/nmeth1062
http://www.ncbi.nlm.nih.gov/pubmed/17572680
https://doi.org/10.1021/bi00851a021
https://doi.org/10.1021/bi00851a021
http://www.ncbi.nlm.nih.gov/pubmed/5722263
https://doi.org/10.1146/annurev-biochem-072711-164947
http://www.ncbi.nlm.nih.gov/pubmed/24606139
https://doi.org/10.1098/rstb.2019.0291
http://www.ncbi.nlm.nih.gov/pubmed/31544616
https://doi.org/10.1113/JP279645
http://www.ncbi.nlm.nih.gov/pubmed/32162694
https://doi.org/10.1074/jbc.M407708200
http://www.ncbi.nlm.nih.gov/pubmed/15471860
https://doi.org/10.1016/j.tins.2007.10.001
http://www.ncbi.nlm.nih.gov/pubmed/17981346
https://doi.org/10.7554/eLife.68955

e Llfe Research article

Neuroscience | Structural Biology and Molecular Biophysics

Rook ML, Miaro M, Couch T, Kneisley DL, Musgaard M, MacLean DM. 2020a. Mutation of a conserved gln
residue does not abolish desensitization of acid-sensing ion channel 1. bioRxiv. DOI: https://doi.org/10.1101/
2020.12.19.423606

Rook ML, Williamson A, Lueck JD, Musgaard M, Maclean DM. 2020b. $11-12 linker isomerization governs acid-
sensing ion channel desensitization and recovery. elLife 9:e51111. DOI: https://doi.org/10.7554/elife.51111

Ruan Z, Osei-Owusu J, Du J, Qiu Z, Lu W. 2020. Structures and pH-sensing mechanism of the proton-activated
chloride channel. Nature 588:350-354. DOI: https://doi.org/10.1038/s41586-020-2875-7, PMID: 33149300

Sakata S, Jinno Y, Kawanabe A, Okamura Y. 2016. Voltage-dependent motion of the catalytic region of voltage-
sensing phosphatase monitored by a fluorescent amino acid. PNAS 113:7521-7526. DOI: https://doi.org/10.
1073/pnas.1604218113, PMID: 27330112

Schnizler MK, Schnizler K, Zha XM, Hall DD, Wemmie JA, Hell JW, Welsh MJ. 2009. The cytoskeletal protein
alpha-actinin regulates acid-sensing ion channel 1a through a C-terminal interaction. Journal of Biological
Chemistry 284:2697-2705. DOI: https://doi.org/10.1074/jbc.M805110200, PMID: 19028690

Selvin PR. 2002. Principles and biophysical applications of lanthanide-based probes. Annual Review of Biophysics
and Biomolecular Structure 31:275-302. DOI: https://doi.org/10.1146/annurev.biophys.31.101101.140927,
PMID: 11988471

Shah NH, Muir TW. 2014. Inteins: nature’s Gift to Protein Chemists. Chem. Sci. 5:446-461. DOI: https://doi.org/
10.1039/C3SC52951G, PMID: 24634716

Shinoda H, Ma Y, Nakashima R, Sakurai K, Matsuda T, Nagai T. 2018. Acid-Tolerant monomeric GFP from
Olindias formosa. Cell Chemical Biology 25:330-338. DOI: https://doi.org/10.1016/j.chembiol.2017.12.005,
PMID: 29290624

Taraska JW, Puljung MC, Zagotta WN. 2009. Short-distance probes for protein backbone structure based on
energy transfer between bimane and transition metal ions. PNAS 106:16227-16232. DOI: https://doi.org/10.
1073/pnas.0905207106, PMID: 19805285

Taraska JW, Zagotta WN. 2007. Structural dynamics in the gating ring of cyclic nucleotide-gated ion channels.
Nature Structural & Molecular Biology 14:854-860. DOI: https://doi.org/10.1038/nsmb 1281, PMID: 17694071

Taugher RJ, Lu Y, Wang Y, Kreple CJ, Ghobbeh A, Fan R, Sowers LP, Wemmie JA. 2014. The bed nucleus of the
stria terminalis is critical for anxiety-related behavior evoked by CO2 and acidosis. Journal of Neuroscience 34:
10247-10255. DOI: https://doi.org/10.1523/JNEUROSCI.1680-14.2014, PMID: 25080586

Taugher RJ, Lu Y, Fan R, Ghobbeh A, Kreple CJ, Faraci FM, Wemmie JA. 2017. ASIC1A in neurons is critical for
fear-related behaviors. Genes, Brain and Behavior 16:745-755. DOI: https://doi.org/10.1111/gbb.12398,
PMID: 28657172

Taugher RJ, Dlouhy BJ, Kreple CJ, Ghobbeh A, Conlon MM, Wang Y, Wemmie JA. 2020. The amygdala
differentially regulates defensive behaviors evoked by CO,. Behavioural Brain Research 377:112236.

DOI: https://doi.org/10.1016/j.bbr.2019.112236, PMID: 31536735

Uchitel OD, Gonzalez Inchauspe C, Weissmann C. 2019. Synaptic signals mediated by protons and acid-sensing
ion channels. Synapse 73:22120. DOI: https://doi.org/10.1002/syn.22120, PMID: 31180161

Valbuena S, Lerma J. 2016. Non-canonical signaling, the hidden life of Ligand-Gated ion channels. Neuron 92:
316-329. DOI: https://doi.org/10.1016/j.neuron.2016.10.016, PMID: 27764665

Wang D, Zhang Z, Chanda B, Jackson MB. 2010. Improved probes for hybrid voltage sensor imaging. Biophysical
Journal 99:2355-2365. DOI: https://doi.org/10.1016/j.bpj.2010.07.037, PMID: 20923671

Wang YZ, Wang JJ, Huang Y, Liu F, Zeng WZ, Li Y, Xiong ZG, Zhu MX, Xu TL. 2015. Tissue acidosis induces
neuronal necroptosis via ASIC1a channel independent of its ionic conduction. eLife 4:e05682. DOI: https://doi.
org/10.7554/eLife.05682, PMID: 26523449

Wang JJ, Liu F, Yang F, Wang YZ, Qi X, Li Y, Hu Q, Zhu MX, Xu TL. 2020. Disruption of auto-inhibition underlies
conformational signaling of ASIC1a to induce neuronal necroptosis. Nature Communications 11:475.

DOI: https://doi.org/10.1038/s41467-019-13873-0, PMID: 31980622

Wemmie JA, Taugher RJ, Kreple CJ. 2013. Acid-sensing ion channels in pain and disease. Nature Reviews
Neuroscience 14:461-471. DOI: https://doi.org/10.1038/nrn3529

Xiong ZG, Zhu XM, Chu XP, Minami M, Hey J, Wei WL, MacDonald JF, Wemmie JA, Price MP, Welsh MJ, Simon
RP. 2004. Neuroprotection in ischemia: blocking calcium-permeable acid-sensing ion channels. Cell 118:687-
698. DOI: https://doi.org/10.1016/j.cell.2004.08.026, PMID: 15369669

Yoder N, Yoshioka C, Gouaux E. 2018. Gating mechanisms of acid-sensing ion channels. Nature 555:397-401.
DOI: https://doi.org/10.1038/nature25782, PMID: 29513651

Yoder N, Gouaux E. 2020. The His-Gly motif of acid-sensing ion channels resides in a reentrant ‘loop’ implicated
in gating and ion selectivity. eLife 9:e56527. DOI: https://doi.org/10.7554/elife.56527, PMID: 32496192

Yu Z, Wu YJ, Wang YZ, Liu DS, Song XL, Jiang Q, Li Y, Zhang S, Xu NJ, Zhu MX, Li WG, Xu TL. 2018. The acid-
sensing ion channel ASIC1a mediates striatal synapse remodeling and procedural motor learning. Science
Signaling 11:eaard481. DOI: https://doi.org/10.1126/scisignal.aar4481, PMID: 30087178

Zachariassen LG, Katchan L, Jensen AG, Pickering DS, Plested AJ, Kristensen AS. 2016. Structural rearrangement
of the intracellular domains during AMPA receptor activation. PNAS 113:E3950-E3959. DOI: https://doi.org/
10.1073/pnas.1601747113, PMID: 27313205

Zagotta WN, Gordon MT, Senning EN, Munari MA, Gordon SE. 2016. Measuring distances between TRPV1 and
the plasma membrane using a noncanonical amino acid and transition metal ion FRET. Journal of General
Physiology 147:201-216. DOI: https://doi.org/10.1085/jgp.201511531, PMID: 26755770

Zeng WZ, Liu DS, Xu TL. 2014. Acid-sensing ion channels: trafficking and pathophysiology. Channels 8:481-487.
DOI: https://doi.org/10.4161/19336950.2014.958382, PMID: 25483283

Couch et al. eLife 2021;10:68955. DOI: https://doi.org/10.7554/eLife.68955 19 of 20


https://doi.org/10.1101/2020.12.19.423606
https://doi.org/10.1101/2020.12.19.423606
https://doi.org/10.7554/eLife.51111
https://doi.org/10.1038/s41586-020-2875-7
http://www.ncbi.nlm.nih.gov/pubmed/33149300
https://doi.org/10.1073/pnas.1604218113
https://doi.org/10.1073/pnas.1604218113
http://www.ncbi.nlm.nih.gov/pubmed/27330112
https://doi.org/10.1074/jbc.M805110200
http://www.ncbi.nlm.nih.gov/pubmed/19028690
https://doi.org/10.1146/annurev.biophys.31.101101.140927
http://www.ncbi.nlm.nih.gov/pubmed/11988471
https://doi.org/10.1039/C3SC52951G
https://doi.org/10.1039/C3SC52951G
http://www.ncbi.nlm.nih.gov/pubmed/24634716
https://doi.org/10.1016/j.chembiol.2017.12.005
http://www.ncbi.nlm.nih.gov/pubmed/29290624
https://doi.org/10.1073/pnas.0905207106
https://doi.org/10.1073/pnas.0905207106
http://www.ncbi.nlm.nih.gov/pubmed/19805285
https://doi.org/10.1038/nsmb1281
http://www.ncbi.nlm.nih.gov/pubmed/17694071
https://doi.org/10.1523/JNEUROSCI.1680-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25080586
https://doi.org/10.1111/gbb.12398
http://www.ncbi.nlm.nih.gov/pubmed/28657172
https://doi.org/10.1016/j.bbr.2019.112236
http://www.ncbi.nlm.nih.gov/pubmed/31536735
https://doi.org/10.1002/syn.22120
http://www.ncbi.nlm.nih.gov/pubmed/31180161
https://doi.org/10.1016/j.neuron.2016.10.016
http://www.ncbi.nlm.nih.gov/pubmed/27764665
https://doi.org/10.1016/j.bpj.2010.07.037
http://www.ncbi.nlm.nih.gov/pubmed/20923671
https://doi.org/10.7554/eLife.05682
https://doi.org/10.7554/eLife.05682
http://www.ncbi.nlm.nih.gov/pubmed/26523449
https://doi.org/10.1038/s41467-019-13873-0
http://www.ncbi.nlm.nih.gov/pubmed/31980622
https://doi.org/10.1038/nrn3529
https://doi.org/10.1016/j.cell.2004.08.026
http://www.ncbi.nlm.nih.gov/pubmed/15369669
https://doi.org/10.1038/nature25782
http://www.ncbi.nlm.nih.gov/pubmed/29513651
https://doi.org/10.7554/eLife.56527
http://www.ncbi.nlm.nih.gov/pubmed/32496192
https://doi.org/10.1126/scisignal.aar4481
http://www.ncbi.nlm.nih.gov/pubmed/30087178
https://doi.org/10.1073/pnas.1601747113
https://doi.org/10.1073/pnas.1601747113
http://www.ncbi.nlm.nih.gov/pubmed/27313205
https://doi.org/10.1085/jgp.201511531
http://www.ncbi.nlm.nih.gov/pubmed/26755770
https://doi.org/10.4161/19336950.2014.958382
http://www.ncbi.nlm.nih.gov/pubmed/25483283
https://doi.org/10.7554/eLife.68955

L]
ELlfe Research article Neuroscience | Structural Biology and Molecular Biophysics

Zha XM, Costa V, Harding AM, Reznikov L, Benson CJ, Welsh MJ. 2009. ASIC2 subunits target acid-sensing ion
channels to the synapse via an association with PSD-95. Journal of Neuroscience 29:8438-8446. DOI: https://
doi.org/10.1523/JNEUROSCI.1284-09.2009, PMID: 19571134

Ziemann AE, Schnizler MK, Albert GW, Severson MA, Howard MA, Welsh MJ, Wemmie JA. 2008. Seizure
termination by acidosis depends on ASIC1a. Nature Neuroscience 11:816-822. DOI: https://doi.org/10.1038/
nn.2132, PMID: 18536711

Couch et al. eLife 2021;10:€68955. DOI: https://doi.org/10.7554/eLife.68955 20 of 20


https://doi.org/10.1523/JNEUROSCI.1284-09.2009
https://doi.org/10.1523/JNEUROSCI.1284-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19571134
https://doi.org/10.1038/nn.2132
https://doi.org/10.1038/nn.2132
http://www.ncbi.nlm.nih.gov/pubmed/18536711
https://doi.org/10.7554/eLife.68955

