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Acid-sensing ion channels (ASICs) are proton-activated Na* chan-
nels expressed in the nervous system, where they are involved in
learning, fear behaviors, neurodegeneration, and pain sensation.
In this work, we study the role in pH sensing of two regions of the
ectodomain enriched in acidic residues: the acidic pocket, which
faces the outside of the protein and is the binding site of several
animal toxins, and the palm, a central channel domain. Using volt-
age clamp fluorometry, we find that the acidic pocket undergoes
conformational changes during both activation and desensitiza-
tion. Concurrently, we find that, although proton sensing in the
acidic pocket is not required for channel function, it does contrib-
ute to both activation and desensitization. Furthermore, protonation-
mimicking mutations of acidic residues in the palm induce a dramatic
acceleration of desensitization followed by the appearance of a sus-
tained current. In summary, this work describes the roles of potential
pH sensors in two extracellular domains, and it proposes a model of
acidification-induced conformational changes occurring in the acidic
pocket of ASIC1a.

acid-sensing ion channel | conformational changes | voltage clamp
fluorometry | pH sensing | kinetic model

Acid-sensing ion channels (ASICs) are Na*-permeable
channels (1) that participate in neuronal signaling under
conditions involving pH changes, such as neuronal activity, is-
chemia, and inflammation. ASICs are involved in fear behaviors,
learning, neurodegeneration after ischemic stroke, and pain
sensation (2, 3). Functional ASICs are composed of three
identical or homologous subunits (4, 5).

These channels respond to extracellular acidification with a
transient current, because, after opening, they rapidly enter a
nonconducting, so-called “desensitized” functional state. Crystal
structures of chicken ASIC1 (~90% sequence homology to hu-
man ASICla) reveal presumably desensitized (5, 6) and toxin-
opened conformations (7-9). Single ASIC subunits have a shape
similar to that of a hand holding a small ball (5), and thus their
domains have been named accordingly (Fig. 14). The palm do-
main forms the internal scaffold of the channel along the central
vertical axis. The thumb and the finger point toward the exterior
of the channel and enclose, together with the p-ball, the “acidic
pocket” (AcP), a region containing many acidic residues (Fig.
14) (5).

Due to the presence of many acidic residues, the AcP was ini-
tially proposed as a pH sensor of ASICs (5). Although mutation of
AcP Glu and Asp residues shifts the pH dependence of ASIC
activation to more acidic values (5, 10-12), H"-sensing residues
have also been identified outside the AcP (10, 12, 13), indicating
that the AcP is not the only extracellular pH-sensing domain. Its
importance is, however, underlined by the fact that it constitutes
the binding site of several ASIC-specific toxins (7, 14).

In the present study, we asked whether acid sensing in the AcP
and the palm is required for ASIC activation and whether the
timing of conformational changes in the AcP is compatible with a
role in activation. We show that combined, conservative muta-
tion of potential pH-sensing residues in the AcP changes the pH
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dependences, but still allows ASIC opening and desensitization.
Analogous mutations in the palm accelerated desensitization and
led to the appearance of a secondary, sustained current. Voltage
clamp fluorometry (VCF) analysis indicates the occurrence of
rapid and slow conformational changes in the AcP, compatible
with a role in both activation and desensitization, and allows us
to propose a model of conformational changes in this domain.

Results

Acidic Residues in the Acidic Pocket Are Not Required for ASIC
Activation. To determine the importance of pH sensing in the
AcP for ASICla function, we combined neutralization mutations
of all Asp, Glu, and His residues of the AcP to Asn or Gln (Fig. 1 4
and B). When all of the protonable residues of the AcP were
mutated, these channels, expressed in Xenopus oocytes, still
produced transient currents upon extracellular acidification.
Some mutants displayed up to twofold accelerated kinetics of
current decay (Fig. S14), in accordance with previous studies
that described altered current kinetics of AcP mutants (15, 16).
Some mutants showed a sustained current, which was, however,
small in all mutants except AcP16b (Fig. S1B), indicating that
desensitization is, in most mutants, complete at the end of
an acidification.

The pH of half-maximal activation (pH50) was generally shifted
by ~0.5 pH units to more acidic values compared with WT (green
symbols and bars in Fig. 1 D and E). The Hill coefficient, a
measure of the steepness of the pH-current relationship and of the
cooperativity of the process, decreased from ~3 in WT to ~1.5 in
most channels containing more than seven AcP mutations (gray
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Fig. 1. Combined mutation of AcP residues preserves almost normal ASIC1a function. (A) Structural image, showing a human ASIC1a model based on the
chicken ASIC1 structure (8). (Left) Trimer structure. Individual domains of one subunit are colored and labeled. (Right) Close-up view of the AcP formed by the
thumb, the finger, and the p-ball. The residues that were mutated are indicated. (B) Mutant composition. Each number in the right column represents a
neutralization mutation, Glu to GIn, Asp to Asn, and His to Asn. The new mutations from one construct to another are marked in red. (C) Representative
current traces of WT and the mutant AcP11. The pH protocol is schematically indicated on the left. (D) The pH dependence of activation and SSD of WT and
AcP11 (n = 4-6). Normalized current amplitudes are plotted as a function of stimulation pH for activation (filled symbols) and as a function of the conditioning
pH for SSD (open symbols). The solid lines represent fits to the Hill equation (S/ Materials and Methods). The kinetic scheme of ASIC functional states is shown,
emphasizing, with a green arrow, the activation, and, with a blue arrow, the SSD transition. (E) The pH dependence of activation, plotting pH of half-maximal
activation (pH50) values as green bars (left axis) and the Hill coefficient (nH) in gray (right axis). The conditioning pH in these experiments was 7.6 to 8.0,
depending on the mutant, to ensure stable recordings without occurrence of SSD. For each mutant, the numbers in red indicate the residues mutated in
addition to the mutations already present in the preceding mutant; n = 4-125. (F) The pH dependence of SSD, showing pH of half-maximal SSD,
pHDes50 values as blue bars, and nH values of SSD in gray; n = 5-56. (G) Experimental current traces (black) of an activation curve of ASIC1a WT and cor-
responding traces generated by the 32-state model (red; SI Materials and Methods). (H) Activation and SSD curves of WT, AcP11, and AcP14 generated

experimentally (filled symbols) or by the 32-state model (open symbols). (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; different from WT.)

bars in Fig. 1E). The pH dependence of steady-state de-
sensitization (SSD), the direct transition from the closed to the
desensitized state (blue arrow in the scheme of Fig. 1D), was
determined by exposing oocytes to a series of conditioning test pH
solutions for 55 s, each followed by a short application of an acidic
pH solution. The pH dependence of SSD was shifted to more
alkaline values by the combination of AcP mutations (blue sym-
bols and bars in Fig. 1 D and F), although the values are less
alkaline for constructs containing >14 neutralization mutations.
As shown above, neutralization mutations of protonable resi-
dues in the AcP induced the following functional changes: (i)
They shift the pHS0 of activation to more acidic values; (if) they
shift the pH50 of SSD to more alkaline values; and (iii) they
decrease the Hill coefficient of activation, but not of SSD.
Neutralization mutations of Asp and Glu, mimicking protonated
acidic residues, correspond to gain of function mutations, which
are expected to lead to an alkaline shift in pH dependence as
observed for neutralization mutations of key proton-sensing
residues in the K* channel KcsA (17). Although our mutagen-
esis approach does not indicate whether a mutated residue is a
pH sensor or has other roles in conformational transitions, it is
very likely that at least some of these residues are pH sensors.
Because the observed effects of AcP mutations appear to be
complex, we use kinetic models to illustrate how these mutations
may affect pH dependence. Consider a four-state model as
depicted in Fig. S1C, corresponding to a system with two pro-
tonation sites, either of which can be protonated or not. A
neutralization mutation will correspond to having one of the sites
always protonated, reducing the problem to a two-state model.
We show that, if protonation of both sites is required for the
transition to the state of interest (e.g., the open state), then a
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neutralization mutation will always lead to an increase in
pHS50 accompanied by a decrease of the Hill coefficient (S/
Materials and Methods and Fig. S1D). However, if protonation of
only one of the sites is required, then mutation of the other one
can lead to both an increase or a decrease in pH50 and an in-
crease or a decrease in the Hill coefficient (Fig. S1 D and E and
SI Materials and Methods). The observed effects of AcP muta-
tions therefore suggest a nonessential role of this domain in
activation. To test this hypothesis, we built a kinetic model of
ASIC comprising three sets of protonation sites: (i) sites in the
AcP, (ii) other sites responsible for desensitization, and (ii7) sites
leading to activation (Fig. S1F and SI Materials and Methods).
The model was fitted to traces of complete activation and SSD
curves of ASICla WT and the mutants AcP11 and AcP14. The
model reproduced the experimental data reasonably well if
protonation of the AcP was considered accessory for activation,
regardless of whether the same protonation events in the AcP
were modeled as required or were accessory for desensitization
(Fig. 1 G and H and Fig. S1F), but not if they were considered
essential for activation. The parameters of the fitted models in-
dicated that protonation of the AcP shows a negative coopera-
tivity with protonation of activation sites, and a positive
cooperativity with protonation of desensitization sites. The
modeling suggests, therefore, that protonation-mimicking mu-
tations of the AcP induced an acidic shift in activation pH de-
pendence due to the negative cooperativity between these two
types of protonation.

Combined Mutations of Potential pH Sensors in the Palm Accelerate

Desensitization and Give Rise to a Nondesensitizing Current. To as-
sess the role of pH sensing in the palm, we combined mutations

PNAS | April 4,2017 | vol. 114 | no.14 | 3769

PHYSIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620560114/-/DCSupplemental/pnas.201620560SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620560114/-/DCSupplemental/pnas.201620560SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620560114/-/DCSupplemental/pnas.201620560SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620560114/-/DCSupplemental/pnas.201620560SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620560114/-/DCSupplemental/pnas.201620560SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620560114/-/DCSupplemental/pnas.201620560SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620560114/-/DCSupplemental/pnas.201620560SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620560114/-/DCSupplemental/pnas.201620560SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620560114/-/DCSupplemental/pnas.201620560SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620560114/-/DCSupplemental/pnas.201620560SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620560114/-/DCSupplemental/pnas.201620560SI.pdf?targetid=nameddest=STXT

of the six acidic residues of the lower and middle palm (palm
core, “PaC,” bold in Fig. 24), and subsequently, in addition, the
two nearby p-ball residues D212 and E254 (Fig. 2 A and B). The
most striking feature of these combined mutants is the appear-
ance of a sustained current component and, with increasing
number of mutations, a complete disappearance of the transient
current (Fig. 2C and Fig. S24). The disappearance of the peak
current could be due to either loss of channel activation or very
fast desensitization; to distinguish between these two possibili-
ties, we measured the mutant channels at a lower temperature,
which is known to strongly slow down desensitization but not
activation (18). We uncovered a peak current in PaC6, and ob-
served a strong increase of the PaC4 peak current amplitude
relative to that of the sustained current (Fig. 2D and Fig. S2B).
This demonstrates that the combined mutations such as
PaC6 accelerate desensitization to an extent that the transient
current disappears.

The slowly developing sustained current is only induced by
cumulative palm mutations, as no single neutralization mutation
of acidic residues of the palm, except for D78, induced any
sustained currents (Fig. S2C). This sustained current is distinct
from the transient current with regard to several properties. (i)
In contrast to the WT peak current, the sustained current has
almost completely lost its cation selectivity (Fig. S2 D-G; Pn./Px
ratio of 9.8 + 0.4, 5.2 + 0.4, 2.5 + 0.3 and 2.7 + 0.9 for WT,
PaC4 peak, PaC4, and PaC6 sustained current, respectively; n =
3-11, P < 0.01); (if) it is not inhibited by the pore blocker

A B Name Composition
PaC2 413/418
PaC3 277/413/418
PaC4 79/277/413/418
PaC4b 277/409/413/418
PaC5 79/277/409/413/418
PaC6 79/277/375/409/413/418
PaC6.2B  79/212/254/277/375/409/
413/418
pH _4
™~

\if 25°C
7[4\[— 12°C

uoneAioe Hu

Fig. 2. Combined mutations of palm residues accelerate desensitization
and induce a sustained current. (A) Structural image of the palm (yellow)
and p-ball (orange) domains of one ASIC1a subunit, showing the acidic res-
idues investigated here, with residues of the “palm core” (see Results)
highlighted in bold. (B) Mutant composition. The new mutations from one
construct to another (compared with the construct with lower number of
mutations) are marked in red. B, p-ball; PaC, palm core. (C) Representative
current traces of different palm mutants. The vertical bar corresponds to (in
microamperes) 6 (WT), 3 (PaC3), 4 (Padb), 1 (PaC4), 1.25 (PaC5), 0.5 (PaCé6),
and 0.24 (PaC6.2B). (D) Representative current recordings of WT, PaC4, and
PaC6 at the indicated temperatures. The vertical bar corresponds to (in mi-
croamperes) 4.6 (WT), 3.2 (PaC4), and 1 (PaC6). In C and D, the conditioning pH
was 7.4. (E) The pH dependence of activation, pH50 values (colored bars), and
nH of activation (gray bars); n = 5-128. The pH50 values of transient currents
are shown in purple, and those of sustained currents are shown in orange.
(*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; different from WT.)
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amiloride (Fig. S2 H and I); and (iii) its pH dependence of ac-
tivation is shifted by two pH units to more acidic values (Fig. 2F).

Additional mutation of the two acidic palm residues pointing
toward the wrist, D78 and E421, or the wrist residue H73 (Fig.
S2J) in PaC mutants did not further change the current prop-
erties in most cases (Fig. S2 K-N). In two of these mutants, a
transient current was reconstituted. The pH dependence of the
tested palm mutants correlated with the type of current—transient
vs. sustained—and not with the number of mutations (Fig. 2E
and Fig. S3M). This correlation, together with the different
current properties, further confirms that these nondesensitizing
currents are profoundly different types of openings, and may be
related to sustained ASIC currents induced by some chemical
compounds and lipids (19, 20).

Conformational Changes in the Acidic Pocket. By which mechanisms
do the palm and the AcP influence ASIC function? The com-
parison of toxin-opened and desensitized ASIC structures
showed evidence for a centripetal movement of the three lower
palm domains during desensitization (7). Accessibility studies
combined with molecular dynamics simulations suggested that
this conformational change in the palm is transduced into clo-
sure of the pore (21).

To obtain information on possible conformational changes in
the AcP during gating, we applied VCF, which employs simul-
taneous measurement of ionic currents and of the fluorescence
intensity of fluorophores placed at specific sites of the channel
(Fig. 34). Attachment of the fluorophores AlexaFluor488 (Fig.
3B) or CF488A to engineered Cys residues at different positions
of the AcP did not, in most mutants, lead to measurable fluo-
rescence changes (AF) during channel activity (Table S1).
Changes in fluorescence intensity of fluorophores are due to
alterations in the environment and/or quenching by nearby
amino acid residues. Trp is known as a strong fluorescence
quencher (22). To allow the measurement of AF signals in this
domain, we have paired engineered Cys residues as fluorophore
docking positions with engineered Trp residues as quenchers
across the AcP (Fig. 34 and Fig. S34).

Cys/Trp double mutants of the AcP produced transient acid-
induced currents, and various types of AF signals. The AF of
several Cys/Trp mutants contained two components, an initial
rapid negative or positive AF that was followed by a slower AF of
the opposite polarity, as illustrated by current and AF traces of
the mutant D237C/D347W (Fig. 3C, lower traces). To associate
AF signals with functional transitions, we compared the kinetics
of the AF and the current signals, measured as rise time (the
time to pass from 10 to 90% of the full amplitude). We measured
the pH 6-induced AF and currents from approximately the same
oocyte surface by using a recording chamber in which the solu-
tion flows under the oocyte (Fig. 3D and SI Materials and
Methods). The onset kinetics of the fast AF component of the
mutants D347C/T236W, D237C/D347W, D351C/D237W, and
E355C match the kinetics of current appearance (Fig. 3E and
Fig. S3B; see Table S2 for a correlation analysis). These AF
signals started 100 ms to 250 ms before the current (Fig. 3 F and
G), strongly suggesting that the monitored movements in these
mutants are correlated with channel opening. The second AF
components and the AF signals of all other mutants were slower
than current appearance (Fig. 3E), and the difference in delay
was smaller or absent. The AF onset was, in most mutants, faster
than the current decay (Fig. 3H), and only two mutants, K343C/
T236W and D351C/F257W, showed AF onset kinetics correlated
with current desensitization. The transitions occurring after
channel opening may thus be associated with desensitization or
with its preparation.

The pH dependence of the AF signals was, in most mutants,
close to that of SSD, and was more alkaline than the pH de-
pendence of current activation (Fig. 37); hence these conformational
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Fig. 3. Fluorescence changes in the AcP associated with channel opening and desensitization. (4) Close-up view of the AcP, showing the residues that were
mutated to Cys (to dock fluorophores) and/or to the quenching residue Trp. (B) Structure of the fluorophore AlexaFluor488. (C) Representative current and AF
traces at pH 7 and 6 of the mutant D237C/D347W, highlighting, in green and blue, the parts of the pH 6 traces used for kinetic analysis. Note that the AF trace
has two components, as highlighted with the arrows. (D) Schematic view of the oocyte recording chamber used for measurements of current and AF kinetics
(SI Materials and Methods). (E) Scatter graph comparing the rise time of the channel opening (black) and the AF onset (red) in response to acidification from
the conditioning pH 7.4 to the stimulation pH 6 in paired experiments; n = 6-12. For mutants containing two AF components, the two are distinguished as
first and second. Correlation between the AF and current signal is indicated by labeling in bold turquoise (see criteria in Table S2). (F) Representative current
and AF traces showing (Left) a mutant in which the start of the AF signal precedes that of the current (D347C/T236W) and (Right) one in which the two signals
start at the same time (D347C/E238W). The vertical dashed line indicates the beginning of the AF. (G) Scatter dot plot of the difference in the AF and current
delay of appearance (delay,r — delay;) measured at pH 6; n = 5-11. (H) Scatter graph comparing the current decay time (black) and the fluorescence rise time
(red) in response to acidification from pH 7.4 to pH 6 in paired experiments; n = 6-12. Bold turquoise labels indicate correlation between AF onset and current
decay kinetics (Table S2). (Inset) In blue, the parts of current and AF traces whose kinetics were compared. (/) The pH of half-maximal amplitude (pH50) for

current (black columns) and fluorescence activation (red), and the pH of current SSD (green); n = 4-16.

changes could be part of channel desensitization. The AF signals
sharing the kinetics of current appearance also showed such a
shifted pH dependence, indicating that they occur at more al-
kaline pH than channel opening. This observation does not rule
out their possible implication in channel opening, but it indicates
that there must be other conformational changes required for
activation, which have a lower pH50 than those occurring in the
AcP and would therefore govern the pHS50 of activation. This
shift in pH dependence is reminiscent of the leftward shift in
voltage dependence of AF versus currents in voltage-gated K*
channels (23, 24).

Hypothesized Movements Based on VCF Observations. The proximity
of a quenching group decreases the total fluorescence (F) of a
fluorophore, but may generate an activity-induced AF if there is
a change in distance between the fluorophore and the quenching
group. The specific AF signals of the single Cys mutants used
in the Cys/Trp pairs were of very small amplitude compared with
the AF signal of related Cys/Trp pairs (Table S1), indicating that
the AF observed in double mutants is due to the additional
presence of the engineered Trp. Control experiments showed
that the only endogenous Trp residue in the proximity of the
palm, W233, did not affect these signals (compare Fig. S3C and
Fig. 44). A positive AF indicates, therefore, an increase in dis-
tance between the Trp residue and the Cys-attached fluo-
rophore, whereas a negative AF indicates a decrease in this
distance. These AF signals do not exactly reflect the distance
changes between the Cys and Trp of a given pair, because the
fluorophore has itself a diameter of 7 A to 10 A and is attached
to the Cys residue by a linker (Fig. 3B), with an estimated
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distance between the docking site and the center of the fluo-
rophore of 5 A to 15 A (from molecular dynamics trajectories,
Corry research group, karri.anu.edu.au/handy/). This limitation
has to be considered as a factor of imprecision in the following
interpretation of the VCF data.

The nature of the AF signals of different Cys/Trp double mu-
tants (Fig. 44) is summarized in the ASIC structure (Fig. 4B) with
dotted lines between the paired residues and with “4” indicating
an increase, and “-” a decrease, in AF. The early, rapid AF signals
suggest, therefore, a short-lived approach of D237 toward D347
and D351, and an increase of the T236—D347 distance, which
occurs during or slightly before activation. The VCF analysis
suggests that these movements are then followed by a decrease
of the N120-K343 and T236-D347 distances, and by an increase
of the D237-D347, D237-D351, and E238-D347 distances, and,
with the time course of desensitization, an increase of the F257—
D351 and a decrease of the K343—T236 distances.

We estimate that the higher amplitude of the slower AF
components is due to a larger conformational change, because,
in the AF signals composed of a rapid and a slow component, the
AF of both components depends on the quenching by the engi-
neered Trp, and rapid and slow signals were compared within the
same Cys/Trp pair. Most likely, the conformational changes
generating these AF signals are part of a continuous movement
of the involved AcP domains. The initial, fast AF signals that are
correlated with channel activation may represent a tilting of the
finger loop that would bring D237 and E238, located at the lower
end of the loop, closer to the oS helix, and T236, which is higher
up, farther away from the o5 helix (green arrows in Fig. 4C). The
distance changes involving residues T236, D237, and E238 occurring
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Fig. 4. Predicted conformational changes in the AcP. (A) Representative,
paired current (black) and fluorescence (red) traces of double mutants in re-
sponse to extracellular acidification to pH 6. Black arrows point to fast AF
components. (B) View of the AcP with the mutated residues, indicating, by
dashed black lines, the different Cys/Trp pairs. For each double mutant, the
nature of the AF signal is indicated by “+" or “—" signs (“+" denotes increase
in AF); for mutants with composite AF signal, the left sign represents the first
component. (C) Scheme indicating the deduced conformational changes in the
AcP during opening and steps preceding and correlated with desensitization,
as discussed in the Results. The gray cylinders represent residues mutated for
the VCF experiments. The dotted outlines of the finger loop and o5 thumb
helix represent their hypothesized position in the closed state. Hypothesized
conformational changes are illustrated by arrows, the green arrows standing
for conformational changes occurring during activation, and the orange arrows
standing for subsequent steps occurring before and during desensitization.
(D) Representative current and AF traces of the mutants AcP13/N237C/N347C,
AcP13/N237C, and PaC5/E355C. Note that not only the N237C/N347W pair, but
also the single mutation N237C, induced measurable AF signals, indicating that,
in the changed environment of the AcP13 mutant, the N237C AF did not depend
on the presence of a nearby Trp residue and does not reflect a change in dis-
tance between the fluorophore and the Trp residue. The PaC5/E355C mutant
showed, in approximately half of the experiments, a rapid transient and a sus-
tained component and, in the other half, only a sustained current.

after activation are best explained by a movement of this finger loop
toward the outside of the protein (right orange arrow in Fig. 4C).
This movement may involve a partial rotation of the loop, thereby
bringing T236 closer to K343 and D347, as well as moving D237 and
E238 away from D347 and D351. The o5 helix likely undergoes a
movement relative to the other domains that brings its outer end
(K343) closer to the finger and its inner part (D351) farther away
from the fB-ball.

AF Signals in Mutants Containing Protonation-Impaired Domains. To
determine whether conformational changes depend on protonation

3772 | www.pnas.org/cgi/doi/10.1073/pnas.1620560114

events in the AcP and the palm, we introduced a fluorophore/
quencher pair in the AcP mutant AcP13, and the E355C muta-
tion in the palm mutant PaC5, thus two mutants in which a large
number of acidic residues have been neutralized. In both, AcP13/
N237C/N347W and PaC5/E355C, the slow, but not the fast, AF
component was present (Fig. 4D and Fig. S4). The absence of a
fast AF component in these mutants may be due to a re-
quirement of protonation of AcP or palm residues for the rapid
AF signal. We cannot, however, exclude the possibility that this
absence is due to a changed environment, especially for AcP13/
N237C/N347W. The fact that the slower AF signal is still present
in the combined mutants indicates that neither protonation of
AcP nor palm residues is required for the slower conformational
changes occurring in the AcP. E355C showed, as expected, faster
current decay kinetics in the PaC5 background, and this accel-
eration was also reflected in the AF onset kinetics (P <
0.0001 and <0.05, respectively; Fig. S4D).

Discussion

We show, in this study, that the presence of protonable residues
in the AcP and the palm is not essential for ASIC activation but
plays other roles: In the AcP, acidic residues allow the fine-
tuning of ASIC pH dependence, whereas, in the palm, they
control the desensitization kinetics and prevent the appearance
of a sustained current. Our VCF analysis provides evidence of
conformational changes in the AcP correlated to activation and
desensitization, and proposes a likely sequence of conforma-
tional changes in the AcP upon extracellular acidification.

The observed acceleration of the desensitization kinetics in
palm mutants was much stronger than kinetic changes of palm
mutants investigated in previous studies (10, 21) and led to the
disappearance of the transient current at room temperature. The
fact that acceleration was induced by mutations that mimic
protonated side chains suggests that protonation events in the
palm lead to desensitization.

The AcP is the binding site of the two gating modifier toxins
PcTx1 and Mambalgin (7, 9, 25-27). Nonconservative mutations
in the AcP of ASICs have induced strong changes in the pH
dependence (11, 28), whereas conservative mutations of Asp and
Glu residues induced modest (5, 12) or no changes in activation
pH dependence (10). The acidic residues E344, D347, D351, and
E355 of the thumb o5 helix that are at the center of the in-
teraction with the finger loop are better conserved between
ASICla and ASIC2 (three of four) than between ASICla and
ASIC3 (one of four), whose pH dependence is close to that of
ASICla. These differences appear not to affect the conforma-
tional changes in the AcP, because at least the slow AF signals
were still present after neutralization of many AcP residues (Fig.
4D). For ASIC2, it was shown that regions outside the AcP,
mostly the first ~90 residues after the TM1, are critical for
channel function (29, 30). These observations are consistent with
an important regulatory, but not essential, role of the AcP in
ASIC activation. The AcP also controls the kinetics and pH
dependence of desensitization (15, 16, 27), a role that is
underlined here by the slow AF signals, which may reflect con-
formational changes leading to desensitization. In ENaC, the
AcP may also have a regulatory role, because it was shown to
contain a binding site for Na* involved in channel inhibition (31).

Experimental evidence for conformational changes in the AcP
was recently provided by luminescence resonance energy transfer
(LRET) measurements showing that the distance between resi-
dues of the thumb and the finger is decreased in the desensitized
compared with the closed state (28). We describe here the time
course of this closing movement and suggest that it concerns,
rather, the external end of the AcP, which opens on its inner
side. Such a movement of the inner part of the AcP is supported
by the recent observation that formation of a disulfide bond
between the thumb residue E355C and R175C of the palm locks
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the channel in the closed state (32). The slower conformational
changes in the AcP do not depend on protonation events in the
AcP or the palm, indicating that these conformational changes in
the AcP are induced by protonation events occurring outside the
AcP or the palm. Protonation of AcP residues, or binding of li-
gands to the AcP, may influence the kinetics and possibly the
amplitude of these conformational changes and thereby modu-
late ASIC function.

Our observation of large AF signals occurring between open-
ing and desensitization, suggesting conformational changes in
the AcP, contradicts the findings with crystal structures of ASIC1,
which show an almost identical conformation of the AcP in toxin-
opened and desensitized channels (7). It is possible that the toxin-
opened ASIC conformation studied in crystal structures is differ-
ent from the H*-opened conformation. Evidence for important
conformational changes during ASIC desensitization comes from
the observation that ASIC currents show a strong temperature
dependence of desensitization. In contrast, the temperature de-
pendence of activation is much weaker (18). These observations
are consistent with the small-amplitude AF signals correlated to
activation and the large-amplitude AF signals correlated to later
events. The above-mentioned LRET experiments (28) and a recent
Cys accessibility study (15) also suggest conformational changes in
the AcP upon acidification. To affect channel activity, confor-
mational changes in the AcP need to change the conformation of
the ASIC pore. The downward movement of the internal end of
the a5 helix during desensitization would likely be transmitted
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to the pore via the p-turn structure that is part of a palm—thumb
loop and interacts with the external end of the transmembrane
domain, or via the palm.

Materials and Methods

WT and mutant human ASIC1a were expressed in Xenopus laevis oocytes. All
experiments with Xenopus were carried out in accordance with the Swiss
federal law on animal welfare, following protocols that had been approved
by the committee on animal experimentation of the Canton de Vaud. ASIC
currents were measured by two-electrode voltage clamp, and VCF experi-
ments were carried out as described previously (ref. 33; Table S3), with the
exception that a different measuring chamber, allowing measurement of
current and fluorescence from approximately the same oocyte surface, was
used for the kinetics experiments. Kinetic models were fitted directly to the
measured currents using the Data2Dynamics software (34). Data are pre-
sented as mean + SEM. Individual experimental data points are provided in
Supporting Information. Detailed material and methods are provided in S/
Materials and Methods.
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