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Gating Transitions in the Palm Domain of ASIC1a*
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activation and desensitization.
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(Bacl(ground: Extracellular acidification promotes structural rearrangements in the ectodomain of ASICla that result in
Results: Glu-79 and Glu-416 cooperatively facilitate proton gating. The lower palm domain contracts upon extracellular

Conclusion: The lower palm domain mediates conformational changes that drive pore opening and closing events.
Significance: This study provides insight into the molecular mechanism of gating of epithelial sodium/degenerin channels.
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Acid-sensing ion channels (ASICs) are trimeric cation-selec-
tive proton-gated ion channels expressed in the central and
peripheral nervous systems. The pore-forming transmembrane
helices in these channels are linked by short loops to the palm
domain in the extracellular region. Here, we explore the contri-
bution to proton gating and desensitization of Glu-79 and Glu-
416 in the palm domain of ASIC1a. Engineered Cys, Lys, and Gln
substitutions at these positions shifted apparent proton affinity
toward more acidic values. Double mutant cycle analysis indi-
cated that Glu-79 and Glu-416 cooperatively facilitated pore
opening in response to extracellular acidification. Channels
bearing Cys at position 79 or 416 were irreversibly modified by
thiol-reactive reagents in a state-dependent manner. Glu-79
and Glu-416 are located in B-strands 1 and 12, respectively. The
covalent modification by (2-(trimethylammonium)ethyl) meth-
anethiosulfonate bromide of Cys at position 79 impacted con-
formational changes associated with pore closing during desen-
sitization, whereas the modification of Cys at position 416
affected conformational changes associated with proton gating.
These results suggest that 3-strands 1 and 12 contribute antag-
onistically to activation and desensitization of ASICla. Site-di-
rected mutagenesis experiments indicated that the lower palm
domain contracts in response to extracellular acidification.
Taken together, our studies suggest that the lower palm domain
mediates conformational movements that drive pore opening
and closing events.

Acid-sensing ion channels (ASICs)? are neuronal cation-se-
lective proton-gated channels that contribute to nociception,
mechanosensation, synaptic plasticity, learning and memory,
and fear conditioning (1-6). ASICs belong to the epithelial
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sodium channel/degenerin family of ion channels, a group of
proteins that share a similar overall organization with two
transmembrane helices (TMs) connected by a large extracellu-
lar region with intracellular N and C termini. Four genes encod-
ing ASIC subunits and their splice variants (ASIC1-4) have
been identified in mammals (4, 7, 8). ASIC subunits assemble to
form homo- or heterotrimers, which have functional properties
that resemble those of proton-gated channels in neurons (4,
8-10). At neutral pH, ASICs reside in a closed or resting state
and transition to an open conductive state upon extracellular
acidification. The residency time in the open state and the pro-
ton apparent affinity depend on the subunits forming the chan-
nel complex (9, 11). After the initial drop in extracellular pH,
ASICs desensitize and become unresponsive to extracellular
protons. The transition from the desensitized state to the
closed state requires deprotonation of one or more groups and
occurs upon return to high pH.

The molecular mechanisms that promote pore opening and
closing events on ASICs are not well defined. Titratable resi-
dues in the extracellular region have been considered as poten-
tial sites for proton binding on these channels. The extracellular
region of chicken ASIC1 (cASIC1) encompasses discrete
domains referred to as the thumb, finger, palm, 3-ball, and
knuckle (12). TM1 and TM2 are connected by short loops to the
B-strands 1 and 12 in the lower palm domain, respectively.
Inspection of the electrostatic potential mapped onto the sol-
vent-accessible surface of cASIC1 revealed a highly negatively
charged cavity in the extracellular region (12). This acidic
pocket was proposed to serve as the primary site for proton
sensing. Although mutations introduced at certain positions
within the pocket altered apparent proton affinity, these chan-
nels remained proton-sensitive, suggesting that additional res-
idues serve as proton-binding sites (12—14). Recently, Liechti et
al. (15) combined computational and functional approaches to
identify additional acidic residues that contribute to proton
gating in the extracellular region of ASICla. Overall, these
functional studies indicate that residues distributed throughout
the extracellular domain contribute to proton gating.

We recently reported that the loop preceding TM2 in
ASICla reorganizes in tandem with pore opening (16). Simi-
larly, the short segments preceding TM1 and TM2 modulate
the epithelial sodium channel’s response to external factors
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(17). These studies suggest that the transmembrane-extracellu-
lar region junction experiences significant structural changes
during channel gating. In agreement with these studies, psal-
motoxin-ASIC complexes in an apparently permeable confor-
mation illustrate an expansion of the conductive pathway con-
comitantly with a contraction of the extracellular vestibule in
the lower palm domain (18). Although structural information
on cASIC1 in the closed state is not currently available, these
studies suggest that the lower palm domain experiences
an important rearrangement in response to extracellular
acidification.

Here, we investigated the contribution to ASIC1a gating and
desensitization of two acidic residues in the palm domain,
Glu-79 and Glu-416. These residues form a hexagon-like struc-
ture in the extracellular vestibule in the desensitized-like state
(12, 19). Site-directed mutagenesis studies revealed that func-
tional coupling between Glu-79 and Glu-416 facilitates pore
opening in response to extracellular acidification. To define
conformational changes in the lower palm domain that occur in
response to extracellular acidification, we conducted studies of
accessibility with thiol-reactive reagents on channels bearing
Cys at positions 79 and 416. The results of these studies indicate
that the palm domain of ASICla resides in an expanded con-
formation at resting pH and transitions to a contracted confor-
mation following extracellular acidification.

EXPERIMENTAL PROCEDURES

Reagents—Methanethiosulfonate (MTS) reagents were from
Toronto Research Chemicals (North York, Ontario, Canada).
All other reagents were from Sigma-Aldrich.

Molecular Biology and Oocyte Expression—Mutations were
generated in a mouse ASICla construct carrying a Leu muta-
tion at position 70 and a C-terminal hemagglutinin epitope tag.
We previously showed that the modification by thiol-reactive
reagents of Cys-70 in wild-type mouse ASICla reduces proton-
gated currents (16). Site-directed mutagenesis was performed
with a QuikChange XL kit (Agilent Technologies, Santa Clara,
CA) according to the manufacturer’s instructions. Mutations
were confirmed by direct sequencing. Constructs were tran-
scribed using a mMESSAGE mMachine SP6 kit (Applied Bio-
systems). Oocytes at stages 5—6 were harvested from adult
female Xenopus laevis (Nasco, Salida, CA) according to a pro-
tocol approved by the University of Pittsburgh Institutional
Animal Care and Use Committee. Oocytes were injected with
0.05—6 ng of cRNA encoding ASIC1la mutants and maintained
at 18 °C in modified Barth’s solution containing 88 mm NaCl, 1
mwm KCl, 2.4 mm NaHCO3;, 15 mm HEPES, 0.3 mm Ca(NO,),,
0.41 mm CaCl,, 0.82 mm MgSO,, 10 ug/ml sodium penicillin,
10 pg/ml streptomycin sulfate, and 100 pg/ml gentamycin sul-
fate (pH 7.4).

Electrophysiology—Experiments were conducted 24—-48 h
after injection at room temperature (2025 °C). Oocytes were
placed in a recording chamber with a volume of ~20 ul (Auto-
Mate Scientific, Berkeley, CA) and impaled with glass elec-
trodes filled with 3 M KCI. The resistance of the glass electrodes
was 0.2—-2 megohms. Two-electrode voltage clamp experi-
ments were conducted with a TEV-200A amplifier (Dagan
Corp., Minneapolis, MN). Data were captured with a Digidata
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1440A acquisition system and analyzed with pCLAMP 10
(Molecular Devices, Sunnyvale, CA). Oocytes were continu-
ously clamped at a holding potential of —60 mV. The recording
solution contained 110 mm NaCl, 2 mm KCI, 1 mm CaCl,, and
10 mMm HEPES. Acidic test solutions were buffered with MES.

Modification of Cys Residues—Oocytes expressing ASICla
channels with Cys mutations were mounted in the recording
chamber as described above. MTS reagents were dissolved in
the recording solution before the experiments to a final concen-
tration of 1 mm. Solutions containing MTS reagents buffered at
pH 8.0, 7.6, 7.4, or 7.2 were used immediately, whereas solu-
tions buffered at pH 7.0 were used within 30 min of preparation.
The half-time of hydrolysis for (2-(trimethylammonium)ethyl)
methanethiosulfonate bromide (MTSET) at pH 7.0 is 130 min
(20). ASICla mutants were treated with MTS reagents at pH
8.0, i.e. channels in the closed state, or at pH 7.0, i.e. channels in
the desensitized state.

Data and Statistical Analysis—Data are expressed as the
mean * S.E. (1), where n indicates the number of independent
experiments analyzed. Data were collected from a minimum of
two batches of oocytes. A p value of <0.05 was considered sta-
tistically significant. For statistical analyses, the normality and
equality of the standard deviation of the data were tested. Based
on these results, a parametric or a nonparametric test was used.
The pH of half-maximal activation (pHy,) was calculated from
normalized currents plotted as a function of the extracellular
pH and fitted with Equation 1,

I= Imin + (Imax - Imin)/(.I + 10pH50_X) (Eq. 1)
where I is the macroscopic current, X is the extracellular pH,
and pHy,, is the extracellular pH that provokes a response half-
way between the base-line (/,,;,,) and maximum (/,,,,) response.
The fractional activation represents the ratio of the peak cur-
rent elicited by a change of pH from 9.0 to a solution of lower
pH to the peak current evoked by a drop from pH 9.0 to 4.0. The
pH of half-maximal steady-state desensitization (pH,,) was esti-
mated from normalized currents plotted as a function of the
extracellular pH and fitted with Equation 2,

in

I= lmin + (lmax - lmin)/(’I + -Io(pde)()n) (Eq.2)
where # is the Hill coefficient, and pH,, is the preconditioning
pH that produces a response half-way between the base-line
and maximum response. pHg, and pH, are expressed as the
mean * S.E. with a 95% confidence interval. ASIC1a tachyphy-
laxis refers to a decrease in the magnitude of the proton-gated
currents observed after consecutive stimulation (21). To mini-
mize the impact of tachyphylaxis in the determination of pHy,
and pH,, channels were subject to only three cycles of activa-
tion. The time constants of desensitization were estimated by
fitting experimental data to a single exponential function, I =
Io-exp_” "+ ¢, where [ is the macroscopic current, 7is the time
constant of desensitization, and ¢ and I, are constants deter-
mined by curve fitting. Fitting and statistical comparisons were
performed with Clampfit (Molecular Devices), SigmaPlot 11.0
(Systat Software, Chicago, IL), and GraphPad 5.03 (GraphPad
Software, San Diego, CA).
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FIGURE 1. Structural model of ASIC1 illustrating the locations of Glu-79
and Glu-416. A, schematic representation of a cASIC1 subunit in the desen-
sitized state. Glu-79 and Glu-416 in the palm domain are shown (Protein Data
Bank code 3HGC). The chloride ion is shown as a red ball, and disulfide bridges
are shown as pink sticks. cASIC1 and mouse ASIC1a share 89.6% amino acid
identity. Residue numbering corresponds to mouse ASIC1a. B, close-up view
of Glu-79 and Glu-416 in the palm domain.

RESULTS

Glu-79 and Glu-416 Contribute to Proton Gating—Here, we
explored the contribution to channel activation and desensiti-
zation of Glu-79 and Glu-416 (Fig. 1). Glu-79 is conserved
within ASIC subunits that generate proton-gated currents as
homomers, whereas Glu-416 is present in virtually all ASIC
isoforms. In the desensitized state, Glu-79 and Glu-416 are hex-
agonally arranged in the lower palm domain (Protein Data Bank
code 3HGC) (Fig. 1). The distance between Glu-79 and Glu-416
within the same subunit is 4.4 A, whereas the distance between
these residues in neighboring subunits is 5.7 A. Because these
two acidic residues are relatively close in space, Jasti et al. (12)
proposed that at least one of the carboxyl groups is protonated
at low pH. To determine the contribution of Glu-79 and Glu-
416 to activation and desensitization, we first individually
mutated these residues to Cys, Lys, and Gln (Fig. 2). These
mutations shifted the apparent proton affinity for activation
toward more acidic values (Fig. 2 and Table 1). Some mutations
at these positions shifted the apparent proton affinity for
steady-state desensitization slightly toward more alkaline val-
ues (Table 1). Cys, Lys, and Gln substitutions at positions 79
and 416 produced a similar shift in pH,, toward more acidic
values. An Asp substitution at position 79 generated only a
modest change in pH;, by comparison (Fig. 2 and Table 1).
Channels bearing mutations at position 79 desensitized faster
than controls (Table 1), which is consistent with previous stud-
ies conducted with ASIC3 (22). These results suggest that neg-
atively charged residues at positions 79 and 416 facilitate pore
opening in response to extracellular acidification.

Glu-79 and Glu-416 Are Functionally Coupled—Individual
Cys, Lys, and GIn mutations at position 79 or 416 shifted pHs,
toward more acidic values to a similar extent, suggesting a func-
tional coupling between Glu-79 and Glu-416. To assess ener-
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FIGURE 2. Functional coupling of Glu-79 and Glu-416. A and B, proton acti-
vation curves for control (C70L) and mutant channels. Proton-activated cur-
rents were elicited by a drop in extracellular pH from 9.0 to solutions of lower
pH. Currents were normalized to the signal obtained at pH 4.0 (n = 8-30).
C, double mutant cycle for Glu-79 and Glu-416. Shown is the apparent proton
affinity (ECso) for the control channel (E79:E416) and the single (E79A:E416 and
E79:E416B) and double (E79A:E416B) mutant channels. D and E, proton activa-
tion curves for control, single, and double mutant channels. Proton-activated
currents were elicited by a drop in extracellular pH from 9.0 to solutions of
lower pH. Currents were normalized to the signal obtained at pH 4.0 (n =
9-28). The coupling coefficient (1) was calculated according to Equation 3 for
double mutant cycles.

getic coupling between Glu-79 and Glu-416, we conducted
double mutant cycle analysis (23, 24). The coupling coefficient,
), is defined as in Equation 3,

_ ECs0(Glu-79/Glu-416) - EC5,(E79A/E416B)
"~ ECso(E79A/Glu-416) - ECs(Glu-79/E416B)

(Eq.3)

where A and B represent mutations at positions 79 and 416,
respectively. If the mutated amino acids are not functionally
coupled, then  will be unity. If the residues are functionally
coupled and the mutations alter their interaction, then () will
deviate from unity. We generated two double mutant con-
structs (E79C/E416Q and E79Q/E416C) and measured the
pHx, (Fig. 2, D and E). The calculated coupling coefficient (£2)
for the sets E79C/E416Q and E79Q/E416C were 0.16 and 0.24,
respectively. These results demonstrate that Glu-79 and Glu-
416 cooperatively facilitate pore opening.

Reactivity toward MTS Reagents of Cys at Positions 79 and
416 Is State-dependent—Glu-79 and Glu-416 are situated
within the core of the palm domain in 81 and 312, respectively
(Fig. 1). These B-strands are directly linked to the TMs by short
loops. We previously showed that the region that connects
TM2 to B12 rearranges following extracellular acidification and
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TABLE 1
Biochemical characterization of ASIC1a mutants

For pH dependence of activation, proton-activated currents were elicited by a drop in extracellular pH from 9.0 to solutions of lower pH. Currents were normalized to the
signal obtained at pH 4.0. pH,, is the log of the concentration of protons yielding a current at half-maximum (# = 8 —30). For pH dependence of desensitization, whole-cell
currents were elicited by extracellular acidification to pH 5.0 from a solution of pH 9.0, 8.0, 7.8, 7.6, 7.4, 7.2, or 7.0. Currents were normalized to the signal obtained at pH
9.0. pH, is the log of the concentration of protons in the preconditioning solution yielding a current at half-maximum, and # is the Hill coefficient estimated for
desensitization (n = 9-11). pH,, and pH,, are expressed as the mean = S.E. with a 95% confidence interval (CI). The time constants of desensitization (7,) were estimated
by fitting experimental data to a single exponential function as described under “Experimental Procedures” (1 = 9-26). Proton-activated currents were elicited by a drop

in extracellular pH from 9.0 to 5.0. ND, not determined.

Mutant pH;, CI pHj, PH, CIpH, n T,

S
C70L 6.51 + 0.07 6.37-6.56 7.39 = 0.02 7.35-7.42 11.3 1.56 = 0.17
E79C 5.51 * 0.04 5.42-5.59 7.51 * 0.02 7.47-7.52 8.3 0.60 * 0.04
E79C + MTSET 5.60 * 0.07 5.47-5.73 ND ND ND 9.75 * 1.11
E79K 5.39 = 0.04 5.30-5.48 ND ND ND 1.39 * 0.06
E79Q 5.53 + 0.07 5.39-5.67 ND ND ND 0.51 = 0.03
E79D 6.03 + 0.07 5.85-6.17 ND ND ND 0.43 * 0.02
Y282R 5.64 = 0.04 5.56-5.72 ND ND ND 1.55 = 0.20
E416C 5.72 + 0.05 5.63-5.81 7.50 * 0.02 7.46-7.54 5.3 0.62 * 0.03
E416C + MTSET 5.55 + 0.08 5.39-5.70 ND ND ND 0.63 * 0.04
E416K 5.84 = 0.05 5.75-5.93 7.48 = 0.02 7.44-7.51 9.2 1.45 * 0.08
E416Q 5.56 * 0.06 5.44-5.67 ND ND ND 1.04 = 0.07
E79Q/E416C 5.51 * 0.06 5.39-5.64 ND ND ND 0.75 * 0.06
E79C/E416Q 5.36 * 0.03 5.29-5.42 ND ND ND 0.42 *+ 0.04

that this occurs concurrently with pore opening (16). To inves-
tigate conformational rearrangements associated with proton
gating in the palm domain, we examined the reactivity toward
MTSET of Cys introduced at positions 79 and 416. MTSET is a
membrane-impermeable thiol-reactive reagent with a posi-
tively charged transferable moiety. E79C and E416C channels
were exposed to MTSET at pH 7.0, i.e. channels in the desensi-
tized state, or at pH 8.0, i.e. channels in the closed state. For
these experiments, proton-gated currents were elicited by a
change in extracellular pH from 8.0 to 5.0 before and after treat-
ment with MTSET (1 mm). MTSET modifies E79C and E416C
channels in a state-dependent manner (Fig. 3, A, D, and E).
MTSET treatment at pH 8.0 increased the magnitude of the
peak current elicited by extracellular acidification and slowed
the current decay during desensitization of E79C channels
(Figs. 3 and 4). In contrast, for E416C channels, MTSET treat-
ment at pH 8.0 reduced the magnitude of peak current elicited
by extracellular acidification without affecting the rates of
desensitization (Fig. 3 and Table 1). Fig. 3E shows the fractional
activation for E79C channels as a function of the precondition-
ing pH (left axis). At pH 7.4 or below, E79C channels reside in
the desensitized state and cannot be activated by extracellular
acidification. The normalized relative response to extracellular
acidification for E79C channels exposed to MTSET is plotted as
a function of the pH of MTSET treatment (Fig. 3E, right axis).
The relative response represents the ratio of the pH-elicited
peak current following MTSET treatment to the pH-elicited
peak current before treatment. These experiments show that
Cys at position 79 reacts with MTSET when channels reside in
the closed state, but not in the desensitized state. Similarly,
MTSET treatment at pH 7.0 did not alter the response to extra-
cellular acidification of E416C channels (Fig. 3, A and D). The
covalent modification by MTSET of E79C or E416C channels
did not change their proton activation curves (Fig. 3, B and C).
Overall, our data indicate that the lower palm domain adopts
different conformations at pH 7.0 and 8.0.

The covalent modification by MTSET of E79C channels aug-
ments the magnitude of the peak current evoked by extracellu-
lar acidification and slows the current decay during desensiti-
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zation. Mechanistically, the presence of a larger moiety at
position 79 may impose a constraint that prevents pore closing
during desensitization, affecting simultaneously both the mag-
nitude of the proton-gated currents and the rates of desensiti-
zation. We conducted experiments to assess how the length of
the transferable moiety attached at position 79 affects proton
gating and desensitization. E79C channels were activated by a
drop in the extracellular pH from 8.0 to 5.0 before and after
treatment with (1-(trimethylammonium)methyl) methaneth-
iosulfonate bromide (MTSMT), MTSET, or (3-(trimethylam-
monium)propyl) methanethiosulfonate bromide (MTSPT).
The transferable moiety of these reagents encompasses a tri-
methylammonium group and a linker of increasing length
(methyl, ethyl, or propyl) (Fig. 4). To estimate the rates of
desensitization after modification, channels were exposed to a
solution of pH 5.0 for 1 min. The relative response to extracel-
lular acidification was similar for E79C channels covalently
modified by MTSMT, MTSET, or MTSPT. E79C channels
covalently modified by MTSET desensitize at a slower rate than
channels covalently modified by MTSMT or MTSPT, although
the values were not statistically different. The results of these
experiments indicate that the time course of desensitization of
covalently modified E79C channels is slightly dependent on the
size of the attached moiety.

Lower Palm Domain Contracts upon Extracellular Acidi-
fication—The extracellular vestibule is defined by the most
extracellular part of the TMs and the lower palm domain (12,
18). We conducted mutagenesis studies to define the extent of
the conformational changes that occur in the palm domain fol-
lowing extracellular acidification. The experiments described
above showed that Cys at position 79 reacts with thiol-modify-
ing reagents in the closed state, but not in the desensitized state.
Glu-79 is positioned near the subunit-subunit interface in the
desensitized state. Essentially, Glu-79 in an ASIC1 subunit is in
close proximity to residues in the palm and thumb domains of
the neighboring subunit (Fig. 54). We hypothesized that the
observed changes in proton gating for covalently modified
E79C channels result from a steric effect between the moieties
attached at position 79 and residues in the neighboring subunit.

VOLUME 288+NUMBER 8+FEBRUARY 22,2013
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FIGURE 3. State-dependent reactivity of Cys at positions 79 and 416.
A, reactivity toward MTSET of E79C and E416C channels in the closed and
desensitized states. Shown are representative recordings of experiments per-
formed with oocytes expressing E79C and E416C channels. Whole-cell cur-
rents were elicited by a change in extracellular pH from 8.0 to 5.0 before and
after exposure to MTSET (1 mm) at the indicate pH values. Untreated oocytes
expressing E79C and E416C channels served as controls. B and C, proton acti-
vation curves for E79C and E416C channels before (white circles) and after
(gray circles) MTSET modification. E79C and E416C channels were covalently
modified by MTSET (1 mm) at pH 8.0. Proton-activated currents were elicited
by a drop in extracellular pH from 9.0 to solutions of lower pH. Currents were
normalized to the signal obtained at pH 4.0 (n = 8-18). D, chemical modifi-
cation of E79C and E416C channels in the closed and desensitized states.
Whole-cell currents were evoked by a change in extracellular pH from 8.0 to
5.0 as described for A. The relative response represents the ratio of the pH-
elicited peak current following MTSET (ET) treatment (or control) to the pH-
elicited peak current before treatment (n = 10-24). Statistically significant
differences are indicated: **, p < 0.01; +, p < 0.001 (Kruskal-Wallis test fol-
lowed by Dunn’s multiple comparison test). £, state-dependent modification
of E79C channels. Shown is the fractional activation as a function of the pre-
conditioning pH (left axis, black circles). Whole-cell currents were elicited by
extracellular acidification to pH 5.0 from a solution of pH 9.0,8.0,7.6,7.4,7.2,
or 7.0. Currents were normalized to the peak current evoked by a drop in
extracellular pH from 9.0 to 5.0 (n = 9-10). Shown is the chemical modifica-
tion of E79C as a function of the pH of MTSET treatment (right axis, gray
circles). Whole-cell currents were elicited by a change in extracellular pH
from 8.0 to 5.0 before and after exposure to MTSET (1 mm) at pH 7.0, 7.2,
7.4,7.6,0r 8.0. The relative response represents the ratio of the pH-elicited
peak current following MTSET treatment to the pH-elicited peak current
before treatment (n = 8-24). Data were normalized to the mean relative
response to extracellular acidification of E79C channels exposed to MTSET
at pH 8.0.

To evaluate intersubunit interactions, we generated E79C con-
structs with engineered Ala substitutions at positions neigh-
boring residue 79. Glu-79 is in close proximity to GIn-278, Leu-
280, Tyr-282, Met-363, Arg-369, Glu-416, and Ile-418 in the
neighboring subunit in the desensitized state (Fig. 54). Proton-
gated currents were elicited by a change in extracellular pH
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extracellular acidification of covalently modified E79C channels. The relative
response represents the ratio of the pH-elicited peak current following MTS
reagent treatment (or control) to the pH-elicited peak current before treat-
ment (n = 10-24). Statistically significant differences with the control are
indicated: +, p < 0.001 (Kruskal-Wallis test followed by Dunn’s multiple com-
parison test). B, time constants of desensitization of controls and covalently
modified E79C channels. Whole-cell currents were fitted to a single expo-
nential function as described under “Experimental Procedures” (n =
10-24). Statistically significant differences with the control are indicated:
** p < 0.01; +,p < 0.001 (Kruskal-Wallis test followed by Dunn’s multiple
comparison test). C, chemical formula of the transferable moiety of
MTSMT, MTSET, and MTSPT.

from 8.0 to 5.0 before and after MTSET treatment at pH 8.0
(closed state) (Fig. 5). The relative response to extracellular
acidification was significantly increased for E79C/L280A,
E79C/Y282A, and E79C/1418A channels compared with con-
trols (E79C). Remarkably, proton-gated currents were only
occasionally observed in oocytes expressing E79C/Y282A
channels before MTSET treatment. The covalent modification
of this mutant increased proton-gated currents by >150-fold.
This suggests that the bulky moiety of MTSET attached at posi-
tion 79 facilitates pore opening in response to extracellular
acidification (Fig. 5). MTSET-modified E79C/L280A, E79C/
Y282A, and E79C/E416Q channels desensitized faster than
controls. This indicates that Ala substitutions at positions 280
and 282 disturb steric interactions with the moiety attached at
position 79 (Fig. 5D). E79C/E416C and E79C/E416A channels
were not activated by extracellular acidification before or after
MTSET exposure (data not shown). Taken together, our data
suggest that extracellular acidification brings Glu-79 closer to
residues in the palm and thumb domains of the adjacent
subunit.

Intersubunit Salt Bridges Alter Transitions between the
Desensitized and Closed States—To probe further intersubunit
interactions in the lower palm domain, we engineered Arg sub-
stitutions at positions 278, 280, and 282 in ASIC1a. The ration-
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FIGURE 5. Ala substitutions in the palm and thumb domains alter E79C proton gating. A, structural model of ASIC1 in the desensitized state illustrating
residues neighboring Glu-79. Subunit A is shown in gray, and subunit B is multicolored. B, representative recordings of experiments performed with oocytes
expressing E79C (control) and double mutant channels exposed to MTSET at pH 8.0. Whole-cell currents were evoked by a change in extracellular pH from 8.0
to 5.0. Note the deficient response of non-modified E79C/Y282A channels to extracellular acidification. C, relative response to extracellular acidification of
covalently modified E79C and double mutant channels. The relative response represents the ratio of the pH-elicited peak current following MTSET treatment
to the pH-elicited peak current before treatment (n = 10-26). Statistically significant differences between covalently modified double mutant channels and
covalently modified E79C channels are indicated: *, p < 0.05; +, p < 0.001 (Kruskal-Wallis test followed by Dunn’s multiple comparison test). D, time constants
of desensitization of ASIC1a mutant channels. Whole-cell currents were fitted to a single exponential function as described under “Experimental Procedures.”
Statistically significant differences between covalently modified double mutant channels and covalently modified E79C channels are indicated: **, p < 0.01;

+,p < 0.001 (Kruskal-Wallis test followed by Dunn'’s multiple comparison test). ND, not determined.

ale was to engineer favorable electrostatic interactions between
Glu-79 and residues in neighboring subunits and to assess their
impact on proton gating. Representative experiments per-
formed with Q278R and L280R channels are shown in Fig. 6.
Although Q278R and L280R channels underwent activation
and desensitization following extracellular acidification simi-
larly to controls (C70L), the magnitude of the peak current
evoked by extracellular acidification was significantly reduced
upon successive stimulations (Fig. 64). Remarkably, the rates of
desensitization of Q278R and L280R channels were not differ-
ent from those of controls. In contrast, Y282R channels under-
went activation and desensitization in response to extracellular
acidification similarly to controls. The pHy, for Y282R chan-
nels was shifted toward more acidic values, likewise channels
bearing a Cys, Lys, or Gln mutation at position 79 (Fig. 7). These
results suggest that electrostatic interactions between Glu-79
and engineered Arg in the adjacent subunit alter proton-medi-
ated conformational changes.
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DISCUSSION

Here, we report that Glu-79 and Glu-416 in the lower palm
domain cooperatively contribute to ASICla proton gating.
Non-conservative substitutions at these positions shifted the
pH;, toward more acidic values but did not impair channel
function. Substitutions at positions 79 and 416 affected activa-
tion, but not steady-state desensitization. A conservative Asp
substitution at position 79 shifted the pH,, toward more acidic
values, although to a lesser extent than for channels bearing
non-conservative mutations at this position. These findings
suggest that Glu-79 and Glu-416 are part of the proton-sensing
machinery in ASICla. Indeed, based on the close proximity of
Glu-79 and Glu-416 in the cASIC1 structure, it was proposed
that at least one of the carboxyl groups in this pair is protonated
in the desensitized state (12). Recently, Dawson et al. (19)
reported that Glu-416 and Glu-79 might be involved in cation
and water coordination. Our double mutant cycle analysis sup-
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FIGURE 7. Arg substitution at position 282 shifts proton apparent affin-
ity. Shown are proton activation curves for control and mutant channels.
Proton-activated currents were elicited by a drop in extracellular pH from 9.0
to solutions of lower pH. Currents were normalized to the signal obtained at
pH 4.0 (n = 10-25).

ports a functional interaction between Glu-79 and Glu-416. The
results of our studies indicate that Glu-79 and Glu-416 facilitate
pore opening in response to extracellular acidification,
although they are not essential for proton-dependent gating.
Glu-79 and nearby residues are critical for ASIC3 acid-in-
duced desensitization (22). Mutating Glu-79 to Ala in ASIC3
shifts steady-state desensitization dramatically toward more
basic values and speeds up desensitization rates, without
noticeable effects on activation (22). In contrast, ASICla with
engineered mutations at position 79 shows an important shift
in the apparent proton affinity toward more acidic values, a
modest change in the apparent proton affinity for steady-state
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desensitization, and a faster desensitization (this study and Ref.
25). We hypothesize that the different outcome that substitu-
tions at this position have on the activation and desensitization
of ASIClaand ASIC3 might be due to structural and functional
differences between these isoforms.

Our functional studies, as well as information obtained from
the cASIC1 structure, suggest that at least one of the carboxyl
groups in the Glu-79/Glu-416 pair becomes protonated follow-
ing extracellular acidification. Because extracellular acidifica-
tion likely triggers a reorganization of the extracellular region,
protonable sites might be accessible in the closed state but bur-
ied in the desensitized state. To explore this possibility, we con-
ducted studies of accessibility with M TS reagents on channels with
an engineered Cys substitution at position 79 or 416. MTSET
reacted with Cys residues introduced at positions 79 and 416 at pH
8.0, i.e. channels in the closed state, but not at pH 7.0, i.e. channels
in the desensitized state. Likewise, Cys at position 79 in ASIC3 can
be modified in a state-dependent manner by the negatively
charged thiol-reactive reagent (2-sulfonatoethyl) methanethiosul-
fonate sodium salt (MTSES) (22). Our studies indicate that Glu-79
and Glu-416 are accessible for covalent modification in the closed
state but are buried in the desensitized state.

The covalent modification of Cys at position 79 increased the
magnitude of the peak current evoked by extracellular acidifi-
cation and slowed the current decay during desensitization,
whereas the modification of Cys at position 416 reduced the
peak current without a noticeable effect on desensitization.
Notably, the effects of the covalent modification of Cys at posi-
tion 79 or 416 became evident only during activation following
extracellular acidification, suggesting regional proton-depen-
dent conformational rearrangements. 31 and 812 are directly
linked to TM1 and TM2, respectively. The introduction of
bulky moieties in 81 and B12 is likely to have an impact on the
dynamics of pore opening and closing events that occur upon
extracellular acidification. TM2 defines the permeation path-
way, whereas TM1 resides in the periphery of the pore. Our
results show that moieties attached at position 416 in 312 con-
strain motions associated with pore opening, whereas moieties
attached at position 79 impact conformational rearrangements
associated with pore closing during desensitization. In good
agreement with our studies, Coric et al. (26) identified a cluster
of three residues in a loop distal to 81 (Ser-83—GIn-84 —Leu-85
in ratand Pro-83—Leu-84 —Met-85 in fish) that accounts for the
faster desensitization rate of fish ASIC1 compared with rat
ASIC1la. Recently, Springauf et al. (27) reported that spontane-
ous cross-linking of engineered Cys introduced in the f1-32
and B11-B12 linkers traps ASICla in an unresponsive closed
state. Overall, these studies emphasize the role of the palm
domain in proton gating and desensitization of ASICla.

Glu-79 in a subunit is situated in close proximity to residues
in the palm and thumb domains of the adjacent subunit in the
desensitized state. Our data suggest that the transferable moi-
ety attached at position 79 becomes closer to residues in the
palm and thumb domains of the neighboring subunit in
response to extracellular acidification. Remarkably, the cova-
lent modification by MTSET of E79C/Y282A channels
increased proton-gated current by almost 150-fold. Proton-
gated currents were barely observed in oocytes expressing this
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mutant before MTSET treatment. Tyr-282 does not seem to be
essential for proton gating because Y282R channels are func-
tional. We hypothesize that the absence of a response to extra-
cellular acidification of E79C/Y282A channels results from
deficient subunit-subunit interactions. Our studies indicate
that the distance between Glu-79 and neighboring residues in
the palm and thumb domains varies as channels transition
between the closed, open, and desensitized states. The atomic
structure of ASIC1 in the closed state is not currently available.
Based on the structural data gathered from the solved atomic
structures of psalmotoxin-cASIC1 complexes at low and high
pH values, Baconguis and Gouaux (18) proposed that the extra-
cellular vestibule resides in an expanded conformation at high
pH and that it adopts a contracted conformation following
extracellular acidification. Our functional studies are consis-
tent with this model.

Arg substitutions at positions 278 and 280 reduced the mag-
nitude of the peak current after successive acidic stimulations,
without any noticeable effect on the rates of desensitization.
These mutations seem to hold the channel in an unresponsive
state, most likely by affecting the recovery from desensitization.
We hypothesize that electrostatic interactions between Glu-79
and engineered Arg in the adjacent subunit occur after extra-
cellular acidification. In the resting state, these residues are dis-
tant and unable to interact. Interestingly, some channels bear-
ing Cys at position 79 and Ala mutations in the palm or thumb
domains, as well as Q278R and L280R channels, do not desen-
sitize completely after extracellular acidification. Mutations at
these positions constrain conformational changes associated
with pore closing during desensitization, suggesting that palm-
thumb domain interactions have a critical role in this process.

ASICs have been proposed as potential therapeutic targets to
treat pain, psychiatric disorders, and neurodegenerative dis-
eases (8, 28). Yu et al (29) identified 2-guanidine-4-methyl-
quinazoline (GMQ) as a non-proton ligand for ASIC3. They
proposed that Glu-423 and Glu-79 in the palm domain of
ASIC3 serve as ligand sensors for GMQ. A recent study that
evaluated the underlying mechanisms of GMQ in different
ASICisoforms concluded that Glu-79 is not directly involved in
the binding interaction (25). Although the molecular mecha-
nism of action of GMQ remains unclear at the present, both
studies showed that substitutions at position 79 of ASIC3 pre-
vent activation by GMQ. Because the lower palm domain expe-
riences significant structural rearrangements in response to
extracellular acidification, residues in this region and particu-
larly those lining the extracellular vestibule can serve as poten-
tial targets for small modulatory compounds.

In summary, our data indicate that the lower palm domain
contracts upon extracellular acidification. The covalent modi-
fication of Cys residues introduced in 81 and (12 impacts
antagonistically proton gating and desensitization. Our results
suggest that conformational rearrangements in the lower palm
domain of ASICla mediate pore opening and closing events in
response to extracellular acidification.
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