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Acid-sensing ion channels (ASICs) are proton-gated ion channels
broadly expressed in the vertebrate nervous system, converting
decreased extracellular pH into excitatory sodium current. ASICs
were previously thought to be a vertebrate-specific branch of the
DEG/ENaC family, a broadly conserved but functionally diverse
family of channels. Here, we provide phylogenetic and experi-
mental evidence that ASICs are conserved throughout deutero-
stome animals, showing that ASICs evolved over 600 million years
ago. We also provide evidence of ASIC expression in the central
nervous system of the tunicate, Oikopleura dioica. Furthermore,
by comparing broadly related ASICs, we identify key molecular
determinants of proton sensitivity and establish that proton sen-
sitivity of the ASIC4 isoform was lost in the mammalian lineage.
Taken together, these results suggest that contributions of ASICs
to neuronal function may also be conserved broadly in numerous
animal phyla.
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Neurons are set apart from other cells by their rapid con-
duction and exchange of information. This is in large part

due to ligand-gated ion channels, membrane-bound receptors
that convert chemical information, such as neurotransmitter re-
lease, into electrical current (1). Not surprisingly, the evolution
of nervous systems is intricately linked to the emergence and
expansion of ligand-gated ion channels in the genome (2). For
example, certain neurotransmitter receptor families seem to
have expanded uniquely in those basal animals with nervous
systems (3), and these include the glutamate receptors typically
associated with fast synaptic transmission and plasticity (4, 5).
It has recently emerged that protons act as neurotransmitters

at certain glutamatergic synapses in the mammalian brain, where
excitatory current through acid-sensing ion channels (ASICs) is
required for synaptic plasticity (6, 7). This follows from several
experiments implicating hippocampal and amygdala ASICs in
learning and memory, fear, and depression (8). Members of the
ASIC family have been cloned from simpler chordates, including
the tunicate Ciona intestinalis and the jawless fish Lampetra
fluviatilis, but these did not respond to protons (9, 10). This raises
the possibility that proton sensitivity of ASICs emerged within
the jawed vertebrates, well after this lineage had split from other,
simpler deuterostome animals (9, 10). However, ASICs are
widely distributed in the vertebrate nervous system and contrib-
ute to behaviors that are conserved across most animals, in-
cluding nociception, chemosensation, and mechanosensation (11,
12). Furthermore, ASICs derive from the degenerin/epithelial
Na+ channel (DEG/ENaC) family, genes of which are conserved
throughout all major animal lineages (3), and some of which are
expressed in invertebrate postsynaptic membranes (13). These
facts are difficult to reconcile with ASICs being limited to the
jawed vertebrates.
DEG/ENaC subunits form trimeric channels of diverse func-

tion. Examples include mechanically gated channels in round-
worms (14), peptide-gated channels in snails and hydra (15, 16),
and constitutively active ENaCs in vertebrates (17). It seems
plausible that proton-gated channels could also contribute to

physiology in more diverse animal lineages, and that we should
therefore find ASICs in nonvertebrate genomes. However, pre-
vious studies suggest that ASICs are not readily identifiable
through sequence analyses alone (9). This is likely due to our
poor understanding of the molecular determinants of proton
sensitivity, notwithstanding the finding that the mutation of
several protonatable side chains in the extracellular domain de-
creases proton sensitivity of ASICs (18–22).
Here, we sought to illuminate the evolutionary emergence of

ASICs and the molecular basis of proton sensing. Combining
recent genetic data with molecular phylogenetics and electro-
physiological recordings, we identified functional ASICs from a
more representative sample of animals than previously possible.
Through various mutagenesis experiments, we established deter-
minants of proton-gated currents that underlie proton sensitivity
throughout the ASIC family. Our results show that ASICs evolved
much earlier than previously thought, suggest that proton-gated
currents may contribute to neuronal signaling throughout deu-
terostome animals, and point toward a mechanism of proton
sensing involving several parts of the channel.

Results
Proton-Gated ASICs Are Conserved Throughout the Deuterostomes.
The phylum Chordata includes vertebrates, tunicates (sister taxon
to vertebrates), and cephalochordates (23). Chordates, together
with echinoderms and hemichordates, comprise the deuterostomes,
which are distinct from protostomes (e.g., mollusks, arthropods, and
roundworms) and from the xenacoelomorphs (24). Together,
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deuterostomes, protostomes, and xenacoelomorphs comprise
the Bilateria, one of the five major lineages of animals [the others
being Cnidaria (e.g., hydra), Placazoa, Ctenophora (comb jellies),
and Porifera (sponges)]. Previous investigation of ASIC evolution
was limited by a vertebrate-centric literature, although an ASIC-
like protein from the tunicate C. intestinalis was recombinantly
expressed, yielding no proton-gated currents (9). To date, proton-
activated currents have not been observed in protostome DEG/
ENaC channels. To address the occurrence of ASICs in close relatives
of the vertebrates, we assembled DEG/ENaC amino acid sequences
from one vertebrate, one tunicate, two cephalochordates (both
Branchiostoma spp.), two echinoderms, and two hemichordates,
and assessed the phylogenetic relationship of 102 nonredundant
sequences with maximum-likelihood methods (SI Appendix, Fig. S1
A and B). In the resulting tree, several basal branches were poorly
supported in bootstrap resampling, but several well-supported
clades were identified that include vertebrate channel subunits of
established functional properties. One of these clades includes the
vertebrate bile acid-sensing ion channel (BASIC), which is not
activated by protons (25); another includes vertebrate ENaCs,
which are constitutively active (16); and another includes vertebrate
ASICs (SI Appendix, Fig. S1A). The ASIC clade includes sequences
from each lineage investigated, suggesting that ASICs could be
conserved throughout the deuterostomes.
A maximum-likelihood tree of the deuterostome ASIC-like

sequences, rooted to the outgroup of vertebrate BASIC, is shown
in Fig. 1A, recapitulating the relationships of the overarching
tree in SI Appendix, Fig. S1, including two well-supported clades
within the ASICs (hereafter “group A” and “group B”). Proton-
gated currents through channels formed by these subunits would

confirm the conservation of ASICs throughout deuterostomes.
We therefore synthesized cDNAs (de novo) of at least one
subunit from each species addressed (asterisks in Fig. 1A), in-
jected cRNAs into Xenopus oocytes, and measured current in
response to decreased pH. For most channels, rapid applica-
tion of acidic pH from a resting pH of 7.5 yielded robust proton-
gated currents (Fig. 1B and Table 1). Acanthaster planci and
Strongylocentrotus purpuratus group B ASICs showed constitutive
and no proton-gated current, respectively, with a resting pH of 7.5,
but when a resting pH of 9.0 was used, both channels were robustly
activated by lower pH (Fig. 1C and Table 1). These experiments
confirm that ASICs are conserved in each deuterostome lineage,
suggesting that ASICs evolved or were already present in ancestral
deuterostomes. Phylogenetic analysis including mollusk and ar-
thropod DEG/ENaC sequences returned the very same clade of
deuterostome-specific ASIC sequences (SI Appendix, Fig.
S1E), suggesting that ASICs emerged after the protostome/
deuterostome split.
Most DEG/ENaC channels selectively conduct sodium ions,

with relative permeability over potassium (PNa+/PK+) ranging
from ∼10 to over 100 (26). We measured PNa+/PK+ for newly
identified ASICs (SI Appendix, Fig. S2A) and found that group A
ASICs from Oikopleura dioica and Branchiostoma belcheri
showed similar ion selectivity to mouse ASIC1a (also from group
A) (Table 1). Surprisingly, group B ASICs showed relatively
weak ion selectivity, with PNa+/PK+ values closer to unity (Table
1). Because a highly conserved glutamate residue in the channel
pore determines ion selectivity in mouse ASIC1a (27), the pres-
ence of a neutral glutamine residue at the equivalent position in
Ptychodera flava and S. purpuratus group B ASICs could underlie
low selectivity in those channels (SI Appendix, Fig. S2B). The basis
for low selectivity in B. belcheri and A. planci group B channels is
unclear, however, as both possess this glutamate residue, although
the A. planci channel lacks an aspartate residue near the top of the
channel pore that contributes to ion conduction in human ASIC1a
(28) (SI Appendix, Fig. S2B). Nonselective cation current through
ASICs is still likely to be excitatory (29), and these results are
therefore consistent with a role for ASICs in excitatory signaling
throughout deuterostome animals.
If ASICs mediate excitatory neuronal signals in invertebrate

deuterostomes, one might expect to find them in the central
nervous system (CNS), as is largely the case in rodents and hu-
mans (30). To test this, we performed in situ hybridization on the
tunicate O. dioica, using two antisense probes of different lengths
against the O. dioica group A ASIC described above. The pattern
of ASIC transcript signal was the same for both probes, but
varied at different developmental stages. Here we report the
temporally most consistent signal, which was localized to the ce-
rebral ganglion, the main hub of the O. dioica CNS and the first
brain nerves, which convey sensory information from the mouth
region (Fig. 1D) (31). Control experiments using a complemen-
tary sense probe did not yield this signal, but rather nonspecific
staining within the pharynx (Fig. 1D, control). The CNS localization
of an invertebrate ASIC transcript provides additional support
for the notion that ASICs contribute to neuronal signaling in
invertebrate deuterostomes.

Fig. 1. Deuterostome ASICs identified through phylogenetic and functional
analyses. (A) Maximum-likelihood tree inferred from alignment of 17 ASIC-
like subunits from one vertebrate, one tunicate, two cephalochordates, one
hemichordate, and two echinoderms, rooted to mouse BASIC. (B and C) pH-
gated currents in oocytes expressing indicated cRNAs. Resting pH 7.5 (B) or
9.0 (C). [Scale bars: x 20 s; y 0.1 μA (B. belcheri A and P. flava B) or 3 μA (all
others).] B. belcheri BChi is a chimera (SI Appendix, Supplementary Text). (D)
In situ hybridization targeting O. dioica group A ASIC (black arrows). Illus-
trated CNS landmarks: CaG, caudal ganglion; ccn, cerebrocaudal nerve; CeG,
cerebral ganglion; fbn, first brain nerve. (Inset) Control experiment using
complementary sense probe showing nonspecific staining in the pharynx
(yellow arrows in both sense and antisense experiments).

Table 1. Characteristics of deuterostome ASICs (mean ± SD)

Proton sensitivity Permeability

Deuterosome pH50 nH n PNa+/PK+ n

Mouse ASIC1a 6.8 ± 0.06 7.6 ± 4.4 6 8.7 ± 1.0 5
O. doica A 6.3 ± 0.02 9.9 ± 0.8 5 10.4 ± 1.9 6
B. belcheri A 6.5 ± 0.04 4.9 ± 1.2 5 12.2 ± 2.7 4
B. belcheri B 5.8 ± 0.03 4.5 ± 0.9 6 1.7 ± 0.2 5
P. flava B 5.5 ± 0.08 2.5 ± 0.9 6 1.9 ± 0.9 6
S. purpuratus B 7.0 ± 0.09 2.4 ± 0.5 5 1.6 ± 0.3 5
A. planci B 8.1 ± 0.05 5.1 ± 2.0 6 3.1 ± 0.4 5

Lynagh et al. PNAS | August 14, 2018 | vol. 115 | no. 33 | 8431

N
EU

RO
SC

IE
N
CE

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806614115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806614115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806614115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806614115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806614115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806614115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806614115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806614115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806614115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806614115/-/DCSupplemental


A Broader ASIC Comparison Establishes Crucial Determinants of
Proton Sensitivity. To distinguish between conserved, fundamen-
tal determinants of proton sensing and lineage-specific features,
we compared the effects of mutating candidate proton sensors in
two distantly related ASICs, mouse ASIC1a (group A) and B.
belcheri group BChi (Fig. 1A). We focused on four extracellular
positions that have emerged as potential proton sensors in structural
and functional ASIC studies (18–21), including residues from the β1
strand (H73 in mouse ASIC1a), the β5/β6 loop (K211), the β6/β7
loop (E238), and the α5 helix (D345) (Fig. 2A and SI Appendix, Fig.
S3A). The latter two both contribute to the “acidic pocket” that
contains several acidic side chains (18). We measured proton sen-
sitivity in mutants where residues were either deleted or substituted
(Fig. 2 B and C and SI Appendix, Fig. S3B), as it is arguable whether
typical charge-neutralizing substitutions, such as D345N, impair (32)
or mimic (22) protonation.
Both approaches identified H73 as a crucial determinant of

proton sensitivity in distantly related ASICs. In both mouse ASIC1a
and in B. belcheri group BChi, the deletion of acidic pocket residues
caused significant but relatively moderate decreases in proton sen-
sitivity, whereas the β5/β6 lysine and, especially, the β1 histidine
deletions were severely detrimental to proton-gated currents (Fig. 2
B and C and SI Appendix, Fig. S3A). In mouse ASIC1a, even the
ΔE235-E238 deletion, removing most of this loop from the finger
domain in the acidic pocket, did not decrease potency to the extent
of ΔH73 or ΔK211 deletions (SI Appendix, Fig. S3A). The amino

acid substitutions revealed a similar pattern, where β1 histidine
mutations were by far the most detrimental (SI Appendix, Fig. S3B).
Combined with the high conservation of this residue uniquely in
ASICs and the lesser conservation of the β5/β6 lysine and acidic
pocket residues, this suggests that the appearance of the histidine
residue could underlie the emergence of proton-gated currents (SI
Appendix, Fig. S3 C and D).
These results suggest intimate roles for the β1 strand and the

β5/β6 loop in ASIC activation. Because recent structural and
earlier mutagenesis studies implicate β1/β1 rearrangements in
activation by protons (20, 33), we substituted H73 and D78
residues for cysteine in mouse ASIC1a and looked for changes in
proton-gated currents in the presence of the reducing agent
DTT, which would be indicative of a disulfide cross-link between
adjacent β1 domains (34). As expected, activation of mutant
H73C/D78C channels required much higher proton concentra-
tions than WT channels (Fig. 2 E and F). In the presence of
DTT, peak current amplitude was approximately doubled in
H73C/D78C channels (and not in WT or single-mutant H73C or
D78C channels), suggesting that a link between introduced cys-
teine residues forms spontaneously and is broken upon reduction.
There was no significant difference in pH50 without (5.1 ± 0.1, n =
4) and with DTT (5.0 ± 0.4, n = 4; P = 0.959), suggesting that the
β1-β1 cross-link causes smaller currents by precluding activation of
many channels, rather than shifting the gating equilibrium of all
channels. We also observed that application of DTT immediately
preceding acidic pH increased current amplitudes, whereas coapplica-
tion of DTT during acidic pH had no effect on current amplitude
(SI Appendix, Fig. S4A). These results confirm that β1/β1 interac-
tions affect channel activation by protons and suggest that enforced
73/78 proximity in resting channels stabilizes a state from which
activation proceeds poorly.
Structural data place the K211 side-chain nitrogen atom <3 Å

from both the main chain carbonyl oxygen of L351 and the side
chain carboxylate of D355 (Fig. 2G), and D355 mutations were
previously shown to impair ASIC1a activation (20, 21). Here we
questioned the role of a potential hydrogen bond (H bond) be-
tween K211 and L351 by replacing V352 with 2-hydroxy-3-
methylbutanoic acid (ϖ). This withdraws electron density from
the backbone carbonyl oxygen of L351 (Fig. 2H), making the
latter a weaker H-bond acceptor (27). V352ϖ channels showed
substantially reduced proton sensitivity compared with WT (Fig.
2I and SI Appendix, Fig. S4C) (pH50 = 5.47 ± 0.05, n = 7, P <
0.001 compare with WT), providing evidence that a K211/L351
H bond is important for ASIC1a activation. This is supported by
our observation that the K211R substitution, retaining a strong
H-bond donor, is well tolerated compared with the K211E sub-
stitution, which removes a strong H-bond donor (Fig. 2I). An-
other potential H bond in this domain appears between the
carboxylate side chain of D355 and the main-chain nitrogen of
Y358 (Fig. 2G), which we probed by measuring proton sensitivity
of Y358ϖ channels, in which the main-chain H-bond donor
(NH) is replaced by an acceptor (CO). The Y358ϖ substitution
(pH50 = 5.51 ± 0.14, n = 7, P < 0.001 compared with WT) caused
a similar decrease in proton sensitivity as the V352ϖ sub-
stitution, whereas the Y358V substitution did not differ from
WT (Fig. 2I and SI Appendix, Fig. S4C). This provides evidence
for an additional H bond in this domain contributing to proton
sensitivity, and we conclude that in ASIC1a, K211 bridges thumb
and palm domains of adjacent subunits via an H-bond network.
Unlike several other loops in the ASIC extracellular domain,

the β5/β6 loop containing K211 is not stabilized by endogenous
disulfides. We therefore questioned how K211 rearrangements
could be stably coupled to conformational changes “down-
stream,” toward the channel domain. We noticed that two hy-
drophobic side chains of the β5/β6 loop interact closely with
hydrophobic side chains from the β3/β4 and β1/β2 loops of the
same subunit in crystal structures (Fig. 2G and SI Appendix, Fig.
S5A). Hypothesizing that these interactions couple β5/β6 activity
to channel activity, we tested the role of these large hydrophobic
side chains by substituting them with alanine and recording

Fig. 2. Determinants of proton sensitivity in broadly related ASICs. (A)
Chicken ASIC1 structure (PDB ID code 2QTS), different subunits colored or-
ange, blue, and black. Selected side chains are shown in red (acidic pocket),
blue (β5/β6 loop from adjacent subunit), and orange (β1 strand). All numbers
in this figure refer to equivalent residues in mouse ASIC1a. (B and C) Nor-
malized peak current responses to decreasing pH for mouse ASIC1a or B.
belcheri group BChi ASIC mutants carrying indicated deletions (mean ± SEM,
n = 5–7). (D) Magnified view of A showing H73 and D78 from adjacent
subunits. (E) Example current responses to acidic pH (gray/black bars) from
resting pH of 7.5, alone or with 2 mM DTT. pH for H73C/D87C 6.0/5.5/5.0/4.5/
4.0; WT 7.0/6.8/6.5/6.0. [Scale bars: x 20 s; y 100 nA (H73C/D78C) and 3 μA
(WT).] (F) Normalized responses to acidic pH with/without 2 mM DTT for WT
and indicated mouse ASIC1a mutants (mean ± SEM, n = 4). (G) Magnified
view of A showing K211 and selected vicinal side-chain/main-chain atoms.
Dashed lines: distance = 2.9 Å. (H) Valine (V) and 2-hydroxy-3-methylbutanoic
acid (ϖ), red ellipse highlighting decreased electron density. (I) Normalized
responses to acidic pH for regular substitutions and noncanonical substitutions
(mean ± SEM, n = 5–7).
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proton-gated currents in mouse ASIC1a. β3/β4 F174A, β5/β6 F197A,
and L207A, and especially β1/β2 F87A substitutions substantially
reduced proton sensitivity compared with WT (SI Appendix, Fig.
S5 B and C). Notably, the H173A mutation, adjacent to F174 but
oriented away from this hub, had no effect on proton sensitivity (SI
Appendix, Fig. S5). This suggests that a hub of hydrophobic side
chains may provide a stable link between two crucial domains: the
interface of adjacent β1 strands and the more extracellular in-
terface of thumb (α5) and palm (β5/β6 loop) domains.

Loss of Proton Sensitivity in ASIC4 in Mammals.We next questioned
why rat ASIC4 is apparently insensitive to protons, despite
proton-gated currents in zebrafish ASIC4.1 and evidence for
ASIC4 transcripts in the rat brain (35–37). Assessing the phy-
logenetic relationship of ASIC4 sequences showed broad con-
servation of ASIC4 throughout the vertebrates, with a maximum-
likelihood tree of vertebrate ASIC4 sequences generally reflecting
the overarching evolution of vertebrate animals (Fig. 3A). To es-
tablish where in the vertebrate lineage proton sensitivity of ASIC4
was lost, we tested ASIC4 channels from three major lineages be-
tween bony fishes and mammals: coelacanth (lobe-finned fish), frog,
and chicken. Each of these ASICs showed proton-gated currents,
although current amplitude was small and variable (Fig. 3). We
therefore tested a mutated version of each channel, carrying a 24-
amino acid deletion in the N terminal (hereafter “Δ24”), which has
been shown to enhance zebrafish ASIC4 expression (38). Coela-
canth, frog, and chicken ASIC4Δ24 channels showed larger currents
in response to acidic pH, whereas rat ASIC4Δ24 remained unre-
sponsive (Fig. 3). Thus, as ASIC4 in all vertebrate lineages except
mammalian shows some proton-gated current, we conclude that
ASIC4 was proton-sensitive in the ancestor of reptilian and mam-
malian lineages and lost proton sensitivity in the latter.
We aligned rat ASIC4 with proton-sensitive ASIC sequences,

looking for amino acid sequence differences that might underlie the
loss of proton sensitivity, but crucial residues were largely con-
served, including β1 H73 and D78 and β1/β2 F87 (SI Appendix, Fig.
S6A). We therefore turned to a different approach and generated
chimeric channels based on proton-insensitive rat ASIC4Δ24 and
containing one to three segments of highly proton-sensitive mouse
ASIC1a sequence (Fig. 4A and SI Appendix, Fig. S6A). Segment 1
(25 residues) consisted primarily of the β1 strand containing H73/
D78 and was chosen based on our results (Fig. 2) and on previous
work showing that this segment is crucial for proton-gated currents
(10, 38). Segment 2 (17 residues) included parts of β3/β4 and β5/β6

(including K211) loops, and segment 3 (54 residues) consisted pri-
marily of the thumb domain α4 and α5 helices. These were chosen
based on findings that interfacial interactions between thumb and
β3/β4 and β5/β6 loops contribute to proton sensitivity (Fig. 2)
(20, 39). We hypothesized that alone, segment 1 of ASIC1a might
confer proton-gated currents on rat ASIC4Δ24 and the additional
combination of segments 2 and 3 might render rat ASIC4Δ24 more
sensitive to protons by introducing more favorable interactions
between adjacent subunits.
Remarkably, chimera C1, containing only segment 1 from mouse

ASIC1a, showed robust proton-gated currents, with a pH50 of 4.5 ±
0.2 (n = 6) (Fig. 4 B and C), confirming that this segment is crucial
for proton-gated currents. In contrast, chimera C2,3, containing only
segments 2 and 3 and thus a putative ASIC1a-like intersubunit in-
terface around K211, showed no responses to pH 4 (Fig. 4B).
Combining either segment 2 or 3 with segment 1 (in chimeras C1,2

and C1,3) had no effect on proton sensitivity relative to chimera
C1 or abolished proton-gated currents, respectively (Fig. 4 B
and C). However, adding both extracellular segments to chimera
C1, yielding chimera C1,2,3, caused a significant increase in proton
sensitivity relative to chimera C1 (Fig. 4C), reflected in the higher
pH50 value of 4.9 ± 0.2 for chimera C1,2,3 (n = 6, P = 0.001). Thus,
the ASIC1a β1 segment renders ASIC4 a proton-gated channel,
and adding ASIC1a-like thumb domain/palm domain interfaces
increases proton sensitivity. Considering which β1 amino acid
differences make mammal ASIC4 proton-insensitive, we noticed
an insertion in mammal ASIC4 preceding the conserved β1/β2
phenylalanine residue (SI Appendix, Fig. S6A). Inserting this res-
idue into proton-sensitive chimera C1 (rat ASIC4Δ24 with ASIC1a

Fig. 3. Proton sensitivity in vertebrate ASIC4. (A) Maximum-likelihood tree
of ASIC4 amino acid sequences, rooted to zebrafish ASIC1.1. Bootstrap
support (per 100) shown for selected branches. Example pH 4.0-gated cur-
rents for indicated ASICs shown on right. (Scale bars: x 10 s; y 0.1 μA.) “Δ24”
constructs lack 24 N-terminal amino acids following the starting methionine.
(B) Average (column) and individual (dots) pH 4.0-gated peak current am-
plitudes (color as in A). n = 10, except for uninjected, n = 25.

Fig. 4. ASIC1a β1 segment confers proton sensitivity on ASIC4. (A) Cartoon
illustrating ASIC1a segments that were substituted into ASIC4 (segment 2
circled for clarity). (B) Example currents (Left) and mean peak current am-
plitude (black columns, Right) in response to pH 4.0 at indicated constructs.
(C) Example currents (Left) and mean (±SEM, n = 5–6), normalized responses
(Right) to decreasing pH. (Scale bars in B and C: x 5 s, y 0.1 μA.)
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β1) abolished proton-gated currents (SI Appendix, Fig. S6B),
suggesting that such a mutation could have contributed to the
loss of proton sensitivity in mammal ASIC4. Deleting the
equivalent residue from ASIC4 β1 failed to confer proton-gated
currents on rat ASIC4Δ24, unlike replacing the entire ASIC4 β1
with that of ASIC1a (SI Appendix, Fig. S6B). Taken together,
these results suggest that proton insensitivity in mammal ASIC4
is due to several differences from other ASICs in the β1 segment,
including a different number of residues in this segment, and that
low proton sensitivity in ASIC4 also derives from divergence in
the intersubunit interface around K211.

Discussion
Gain of Proton Sensing and Potential Roles for ASICs in Invertebrate
Neurophysiology. Previous work identified ASIC subunits from
the tunicate C. intestinalis, the jawless fish L. fluviatilis, and the
cartilaginous fish Squalus acanthias, which formed membrane
proteins that were not activated by protons (9, 10). With 34–66%
identity with rat ASIC1a, these sequences certainly fit into the
ASIC clade we now describe, but their proton insensitivity and
the absence of data on other deuterostome ASICs at the time led
to the logical conclusion that DEG/ENaC sequences developed
proton-gated currents after the bony fishes split from the carti-
laginous fishes (10), ∼420 Mya, well after chordates split from
other deuterostomes (40). We sampled recent genetic data from
a broad selection of deuterostome animals, to assess the phylo-
genetic relationships of ASIC sequences and measure the func-
tion of recombinantly expressed channels. Our phylogenetic and
functional analyses identify ASICs from each deuterostome
lineage that form a well-supported clade within the overarching
DEG/ENaC family. Within the ASIC clade are two well-supported
groups, and although ASICs of vertebrates and tunicates appear in
only group A and ASICs of echinoderms and hemichordates
appear only in group B, there is good support for cepha-
lochordate ASICs in both clades (SI Appendix, Fig. S1C). This
suggests that an ancestral chordate possessed genes from both
groups, and group B ASICs were lost in Olfactores (tunicates +
vertebrates), although this tentative hypothesis would benefit
from broader sampling in future. In any case, the presence of
ASICs in ancestral deuterostomes means that ASICs emerged
at least 600 Mya, well before the Cambrian explosion (41).
Tentative phylogenetic evidence suggests that ASICs evolved
after the protostome/deuterostome split.
We find that in the tunicate O. dioica, transcripts of a func-

tional ASIC are consistently found within the cerebral ganglion,
a structure that is homologous to the vertebrate brain, integrates
input from a variety of sensory nerves, and dynamically regulates
more caudal CNS structures (42–44). This CNS localization ac-
cords with several roles for ASICs in the vertebrate CNS, in-
cluding stress responses (45) and synaptic plasticity at central
glutamatergic synapses (6, 7). Because protons are coreleased
with glutamate (46), and glutamatergic signaling underlies syn-
aptic plasticity in both deuterostomes and protostomes (4, 5), we
suggest that ASICs could also contribute to synaptic plasticity in
invertebrates.

Loss of Proton Sensing in ASIC4. Vertebrates possess four ASIC
genes, the products of which form homo- or hetero-trimeric
channels of varying proton sensitivity and expression patterns
(26). Vertebrate ASIC4 is curious in that transcripts are
expressed in various loci of human, rat, mouse, and rabbit brain
(30), yet when expressed recombinantly it does not form functional
channels, despite cell surface localization (35, 47, 48). Certain
studies suggest that ASIC4 may coassemble with other ASIC sub-
units and reduce their function through intracellular compartmen-
talization or degradation (47, 49). We report proton-gated currents
through ASIC4 channels from fish, frog, and chicken and find that
this property was completely lost in the mammalian lineage. It is
conceivable that coassembly/internalization functions of ASIC4
evolved before it lost proton sensitivity, such that proton sensitivity
became redundant in mammal ASIC4 and numerous substitutions

detrimental to proton sensitivity could then accumulate. Nonethe-
less, our results with ASIC1a/ASIC4 chimeras and ASIC4 mutants
indicate that inactivity of mammal ASIC4 is determined by a 24-
amino acid segment just external to the channel domain, which
includes a functionally detrimental single amino acid insertion.
Certain other ASICs also appear to have lost proton sensitivity,
including one from C. intestinalis (9) and another from O. dioica (SI
Appendix, Fig. S1A), which contains a similar amino acid insertion
as mammal ASIC4 (SI Appendix, Fig. S6C).

Molecular Determinants of Proton Sensitivity.Our experiments with
diverse proton-sensitive ASICs reiterate the key role of the β1
segment, in particular a histidine residue conserved in all ASICs
we characterized, suggesting it was present in the ancestral
deuterosome ASIC. Furthermore, we show that linking adjacent
β1 strands in resting channels precludes channel activation. This
is reflected in the dynamic role of β1 emerging from the as-
sessment of resting and open-state chicken ASIC1 X-ray struc-
tures, where the base of β1 appears to move away from that of
adjacent β1 strands, pulling the channel open (33). Others pro-
posed that protonation of H73 facilitates a H73/D78 interaction
(20), although H73/D78 Cα/Cα distances differ little in resting
and open structures (9.3 Å in PDB ID code 5WKU; compare
with 10.1 Å in PDB ID code 4NTW). However, the resting-state
C73/C78 cross-link formed spontaneously, despite ∼6.3-Å sepa-
ration of these sulfhydryls in 5WKU (as measured by H73/D78
Cγ atoms), implying flexibility in this domain even at rest.
H73 could, together with D78, act as both a proton sensor and

part of a transduction pathway between more external proton
sensors and the channel domain. Its position seems suited to this
and is similar to that of key proton sensors in proton-gated
channels from other protein families (50). Because H73 is con-
served throughout the extended ASIC family (SI Appendix, Fig.
S3C), it was likely present in the earliest deuterostome ASIC,
and we speculate that it was the key to the evolution of proton-
gated currents. We suppose that over time—before and after the
emergence of proton-gated currents—ASICs have undergone
other lineage-specific mutations that alter proton sensitivity.
Such elaborations may be sufficient for activation even in the
absence of H73 [e.g., in zebrafish ASIC1.1 (37)] and may include
K211 and the acidic pocket, which is poorly developed in group
B ASICs but more extensive in group A ASICs, such as verte-
brate ASIC1a (18) (SI Appendix, Fig. S3C).
K211 contributes to proton sensitivity by bridging palm and

thumb domains of adjacent subunits, consistent with a decrease
in K211 Cα/L351 CO distance of 1.3 Å from resting to open
channel structures (33, 51). Whether K211 is uncharged at
neutral pH and is protonated by low pH remains unclear, but we
note that pKa values for buried lysine side chains, especially in
close proximity to carboxylate or carbonyl atoms, can be lower
than 6.0 (52). Tentative support for the notion that K211 is
uncharged in resting and charged in activated/desensitized
channels comes from the absence of negatively charged chloride
ions near K211 in the pH ∼ 8.0 resting-state structure (33) and
close proximity of chloride ions to the K211 amine in pH 5.0–6.0
structures (18, 51). We identify a hydrophobic hub ideally poised
to couple motions around β5/β6 K211 to those around β1 H73. In
line with this hypothesis, in the hydrophobic hub, the Cα/Cα
distance between β5/β6 L207 and β1/β2 F87 remains 5.5 Å in
both the resting- and open-state structures, in contrast to the β5/
β6 and β1 domains themselves, which undergo more noticeable
rearrangements.

Summary. This work shifts the estimate of the origin of ASICs
from after to before the Cambrian explosion, and it shows
that the loss of proton sensitivity in ASIC4 occurred after
vertebrates moved onto land. The occurrence of ASICs in
invertebrates points toward additional homology between
invertebrate and vertebrate nervous systems regarding excitatory
neurotransmission.
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Methods
ASICs were identified by alignment and phylogenetics of 102 DEG/ENaC
amino acid sequences from deuterostomes. One sequence from each lineage
(asterisks in Fig. 1A) was selected for commercial cDNA synthesis, cRNAs were
injected into Xenopus laevis oocytes, and proton-gated currents were
measured with two-electrode voltage clamp (TEVC). Whole-mount in situ
hybridization (53) used 8-h postfertilization O. dioica and RNA probes tar-
geting group A ASIC from O. dioica. Mouse ASIC1a and B. belcheri group B
ASIC mutants (Fig. 2) were generated with site-directed mutagenesis and

tested with TEVC. We used 108 vertebrate ASIC4 sequences to establish
phylogenetic relationships of ASIC4 (Fig. 3). Three were selected for cDNA
synthesis and TEVC, as were chimeric constructs from Fig. 4. See SI Appendix,
Supplementary Text for detailed description of materials and methods.
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