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Acid-sensing ion channels (ASICs) are cation-selective pro-
ton-gated channels expressed in neurons that participate in
diverse physiological processes, including nociception, synaptic
plasticity, learning, and memory. ASIC subunits contain intra-
cellular N and C termini, two transmembrane domains that con-
stitute the pore, and a large extracellular loop with defined
domains termed the finger, �-ball, thumb, palm, and knuckle.
Here we examined the contribution of the finger, �-ball, and
thumb domains to activation and desensitization through the
analysis of chimeras and the assessment of the effect of covalent
modification of introduced Cys at the domain-domain inter-
faces. Our studies with ASIC1a-ASIC2a chimeras showed that
swapping the thumb domain between subunits results in faster
channel desensitization. Likewise, the covalent modification of Cys
residues at selected positions in the �-ball-thumb interface accel-
erates the desensitization of the mutant channels. Studies of acces-
sibility with thiol-reactive reagents revealed that the �-ball and
thumb domains reside apart in the resting state but that they
become closer to each other in response to extracellular acidifica-
tion. We propose that the thumb domain moves upon continuous
exposure to an acidic extracellular milieu, assisting with the closing
of the pore during channel desensitization.

Acid-sensing ion channels (ASICs)2 are voltage-insensitive
cation-permeable channels expressed in neurons of the periph-
eral and central nervous systems that respond to sudden
changes in extracellular pH. Four genes that encode for six
ASIC subunits and splice variants have been identified in mam-
mals (ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3, and ASIC4)
(1–10). In the central nervous system, disruption of ASIC1a
expression causes a number of learning and memory-related
phenotypes (11–14). Conversely, activation of ASIC1a has been
linked to neurotoxicity in a mouse model of brain ischemia (15)
and in neurodegenerative diseases such as multiple sclerosis

(16), Huntington disease (17), Parkinson disease (18), and spi-
nal cord injury (19). There is a substantial body of research that
indicates that ASIC subunits participate in nociception in
peripheral neurons (20 –22) as well as in pain processing in the
central nervous system (23–25). Therefore, ASICs represent
novel therapeutic targets to treat pain as well as neurological
diseases.

ASIC subunits assemble to form homo- and heterotrimers
that display distinct proton sensitivities for activation and
desensitization kinetics (26 –29). Although the molecular
determinants for channel activation have been extensively
investigated, less is known about the mechanisms that promote
channel desensitization in the continual presence of protons.
ASIC subunits contain two membrane-spanning helices that
form the pore of the channel and connect to cytoplasmic N- and
C-terminal regions and to a large extracellular loop with
defined domains termed the wrist, thumb, finger, �-ball,
knuckle, and palm (see Fig. 1) (30). In the solved structure of
chicken ASIC1 (cASIC1) at low pH, the �-ball and palm
domains are packed in the interior of the assembled
homotrimer, whereas the �-helical finger, thumb, and knuckle
domains are distributed in the periphery of the ectodomain (see
Fig. 1). The extracellular region is connected to the transmem-
brane helices by short loops in the wrist. Because of their loca-
tion, solvent-accessible surface area, and presence of proton-
able residues, the finger, �-ball, and thumb domains have been
considered part of the ASIC-sensing machinery (30). The
importance of finger-thumb and �-ball-thumb movements to
channel activation has been underscored by the solved struc-
ture of cASIC1 in complex with psalmotoxin (31, 32), a peptidic
toxin derived from the venom of the tarantula Psalmopoeus
cambridgei and with MitTx (33), a heterodimeric peptidic toxin
isolated from the Texas coral snake (Micrurus tener) venom.
Psalmotoxin and MitTx have modulatory effects on ASIC1a.
Psalmotoxin desensitizes the channel at neutral pH (34) but
yields steady-state currents at acid pH values (31). MitTx acts as
a channel agonist that induces a slow activation at neutral pH
(21). Interestingly, psalmotoxin forms non-polar interactions
with residues in the thumb and polar interactions with acidic
residues in the finger, �-ball, and thumb domains of one sub-
unit and the palm domain of the neighboring subunit (31, 32).
MitTX forms extensive interactions with residues in the thumb
domain and wrist of cASIC1 subunits, locking the channels in a
constitutively active state (33). On the whole, these findings sup-
port the notion that the finger, �-ball, and thumb domains are
essential components of the gating machinery of the channel.
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Given the importance of the thumb and neighboring
domains to channel activation and desensitization, we exam-
ined their contribution to these processes through the analysis
of ASIC1a-ASIC2a chimeras, by assessing the effect of covalent
modification of introduced Cys at the finger-thumb and �-ball-
thumb interfaces, and through studies of accessibility with
thiol-reactive reagents in the resting and desensitized states.
Our data indicate that the introduction of structural changes at
the �-ball-thumb interface accelerates channel desensitization.
Studies with thiol-reactive reagents showed a change in acces-
sibility in the thumb domain when the channel transitions from
the resting to the desensitized state. Based on these results, we
propose that the thumb domain moves in response to extracel-
lular acidification to contain the movements of the �-ball and
palm domains. Our data indicate that the thumb domain plays
an essential role in the process that shuts down ion conduction
during desensitization.

Experimental Procedures

Molecular Biology and Oocyte Expression—Murine ASIC1a
and ASIC2a were cloned in the pSP64 Poly(A) (Promega) and
pcDNA3.1/Hygro (�) (Life Technologies) vectors, respec-
tively. To generate ASIC1a-ASIC2a chimeras, double-stranded
gBlock gene fragments (Integrated DNA Technologies) coding
for the ASIC1a and ASIC2a finger and thumb domains were
amplified by PCR using specific primers and cloned in the
ASIC1a-pSP64 Poly(A) and ASIC2a-pcDNA3.1/Hygro (�)
backbones using standard cloning techniques. The residues
that were swapped between ASIC1a and ASIC2a to generate
the finger-thumb chimeras are shown in Fig. 1B. Site-directed
mutagenesis was performed using the QuikChange XL site-di-
rected mutagenesis kit (Agilent Technologies). All constructs
were confirmed by direct sequencing. cDNAs were transcribed
with SP6 or T7 mMessage mMachine (Applied Biosystems)
according to the instructions of the manufacturer. Oocytes in
stages 5– 6 were harvested from adult female Xenopus laevis
(Nasco) in accordance with a protocol approved by the Univer-
sity of Pittsburgh Institutional Animal Care and Use Commit-
tee. Oocytes were injected with 0.05– 6 ng of cRNA coding for
ASIC wild-type and mutant channels and maintained at 18 °C
in modified Barth’s solution containing 88 mM NaCl, 1 mM KCl,
2.4 mM NaHCO3, 15 mM HEPES, 0.3 mM Ca(NO3)2, 0.41 mM

CaCl2, 0.82 mM MgSO4, 10 �g/ml sodium penicillin, 10 �g/ml
streptomycin sulfate, and 100 �g/ml gentamycin sulfate (pH
7.4).

Two-electrode Voltage Clamp—Electrophysiological experi-
ments were performed at room temperature 1–2 days after
injection. Oocytes were placed in a chamber with a volume of
�20 �l (Automate Scientific) and continuously perfused by
gravity at a rate of 8 –10 ml/min with a solution containing 110
mM NaCl, 2 mM KCl, 1 mM CaCl2, and 10 mM HEPES (pH 8.0).
Acidic test solutions of pH 4.5– 6.5 were buffered with MES,
and test solutions of pH 3– 4 were buffered with glycine. In
anion substitution experiments, we replaced NaI or CH3SO3Na
(MeSO3Na) for NaCl. Two-electrode voltage clamp was per-
formed with a TEV-200A amplifier (Dagan Corp.) as previously
described (35). Data were captured with a Digidata 1440A
acquisition system using pClamp 10 (Molecular Devices). Glass

electrodes filled with 3 M KCl with resistances of 0.2–2 M�
were employed to impale the oocytes. Oocytes were continu-
ously clamped at �60 mV.

Modification of Cys Residues—1-(Trimethylammonium)methyl
methanethiosulfonate (MTSMT), 2-(trimethylammonium)ethyl
methanethiosulfonate (MTSET), and 3-(trimethylammonium)
propyl methanethiosulfonate (MTSPT) were dissolved in record-
ing buffer at a concentration of 1.0 mM. The half-time of hydrolysis
of MTSET in the recording solution of pH 7.0 is 130 min (36).
Therefore, solutions buffered at pH 7.0 containing MTS reagents
were used within 30 min of preparation. Because MTS reagents are
relatively unstable in alkaline solutions, MTSET in buffer of pH 8.0
was used immediately after preparation.

Data Analysis—Data are expressed as the mean � S.E. (n),
where n indicates the number of independent experiments ana-
lyzed. Parametric or nonparametric tests were employed as
appropriate, and p � 0.05 was considered statistically signifi-
cant. No mathematical correction was made for multiple com-
parisons with a t test. Assuming all null hypotheses are true, we
expect 5% of the comparisons to have uncorrected p values of
less than 0.05. The pH of half-maximal activation (pH50) was
calculated from normalized pH-evoked peak currents plotted
as a function of the pH of activation. Data were fitted to a
standard monotonic sigmoid dose-response curve. pH50 is
expressed as the mean � S.E. with a 95% confidence interval
(CI). The time constant of macroscopic desensitization is
defined as the current decay in the continual presence of ago-
nist. To estimate the time constants of macroscopic desensiti-
zation, the decay phase of the pH-evoked response was fitted to
a single exponential function with Clampfit (Molecular
Devices). Fitting of dose-response relationships and statistical
comparisons was performed with GraphPad 5.03 (GraphPad
Software).

Results

The ASICs Thumb Domain Controls Desensitization—To
assess the contribution of the finger and thumb domains to
proton activation and desensitization, a series of chimeras were
generated by swapping these domains between ASIC1a and
ASIC2a. Structurally, the thumb domain is relatively well con-
served between these two subunits, with 76.4% sequence iden-
tity, whereas the finger domain shows more variability with
58.6% sequence identity (Fig. 1B). We chose these ASIC sub-
units because the apparent proton affinity for activation of
homomeric ASIC1a and ASIC2a channels differs by almost
three pH units (Fig. 2B). In addition, ASIC2a desensitizes nota-
bly slower than ASIC1a (Fig. 2C). We produced five chimeras,
ASIC1a with the finger domain of ASIC2a (ASIC1a-F2a),
ASIC1a with the thumb domain of ASIC2a (ASIC1a-
T2a), ASIC1a with the finger and thumb domains of ASIC2a
(ASIC1a-FT2a), ASIC2a with the thumb domain of ASIC1a
(ASIC2a-T1a), and ASIC2a with the finger and thumb domains
of ASIC1a (ASIC2a-FT1a) (Fig. 2A). The estimated pH value of
half-maximal activation (pH50) for ASIC1a was 6.32 � 0.07 (CI
6.18 – 6.48), for ASIC2a was 3.54 � 0.04 (CI 3.47–3.62), for
ASIC1a-F2a was 6.76 � 0.05 (CI 6.66 – 6.86), for ASIC1a-T2a
was 6.26 � 0.06 (CI 6.13– 6.39), for ASIC1a-FT2a was 5.23 �
0.05 (CI 5.14 –5.32), for ASIC2a-T1a was 3.60 � 0.05 (CI 3.50 –
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3.69), and for ASIC2a-FT1a was 3.72 � 0.04 (CI 3.65–3.79) (Fig.
2B). These results show that the individual substitution of
the finger or thumb domain of ASIC2a into ASIC1a
(ASIC1a-F2a and ASIC1a-T2a) does not alter the apparent
proton affinity for activation. Although combined swapping
of the finger and thumb domains of ASIC2a into ASIC1a
(ASIC1a-FT2a) resulted in a shift in apparent proton affinity
toward more acidic pH values, the swapping of ASIC1a fin-
ger and/or thumb domains into ASIC2a (ASIC2a-T1a and
ASIC2a-FT1a) did not change the apparent proton affinity
for activation. Together, these results suggest that the finger
and thumb domains do not contain the structural compo-
nents that determine the difference in proton sensitivity
between ASIC1a and ASIC2a.

To evaluate the contribution of the finger and thumb
domains to macroscopic desensitization, we compared the cur-
rent decay upon continual exposure to protons of ASIC1a,

ASIC2a, and chimeras. In Fig. 2D, we plotted the rates of desen-
sitization of ASIC1a and ASIC2a as a function of the pH of
activation. We compared the rates of desensitization of
ASIC1a, ASIC1a-F2a, ASIC1a-T2a, and ASIC1a-TF2a at pH 5
(maximal activation) with the rates of ASIC2a at pH 4.0 (Fig.
2E). Note that ASIC2a, ASIC2a-T1a, and ASIC2a-FT1a do not
respond to an acidification to pH 5.0. Because ASIC2a-T1a and
ASIC2a-FT1a required a higher [H�] for maximal activation
than channels with an ASIC1a backbone, the rates of desensi-
tization of these chimeric channels were compared at pH 4 (Fig.
2F). Our data show that swapping the thumb domain of ASIC2a
into ASIC1a accelerates channel desensitization (Fig. 2E). Like-
wise, swapping the thumb domains of ASIC1a into ASIC2a
resulted in faster rates of channel desensitization, which occurs
without any noticeable change in channel activation (Fig. 2F).
Together, these results suggest that the thumb domain has an
important role in ASIC desensitization.

α1 α2 α3

ASIC1a
ASIC2a

KNDLYHAGELLALLNNRYEIPDTQMADEKQLEILQDKANFRSFKPKPFNMREFYDRAG 
TNDLYHAGELLALLDVNLQIPDPHLADPTVLEALRQKANFKHYKPKQFSMLEFLHRVG 

LPSPWGTCCNAVTMDSDFFDSYSITACRIDCETRYLVENCNCRMVHMPGDAPYCTPEQYKECADPALDFLVEK 
LPPPWGECRSSEMGLDFFPVYSITACRIDCETRYIVENCNCRMVHMPGDAPFCTPEQHKECAEPALGLLAEK 
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FIGURE 1. Architecture of the finger and thumb domains. A, schematic of cASIC1 in the desensitized state, illustrating the domain organization of each
subunit (PDB code 4NYK). Disulfide bridges are shown as cyan sticks. The Cl� ion bound to the thumb domain is shown in red. mASIC1a and cASIC1 share 89.6%
amino acid identity. Inset, close-up view of the finger and thumb domains. The area within the finger and thumb domains examined in this work is shown in
gray. Note that the light gray region in the finger domain (Tyr109-Leu114 and Lys148-Tyr158) is in close proximity to the light gray region in the thumb domain
(Tyr334-Glu342). The region highlighted in the thumb domain in dark gray is located near the �-ball domain in the desensitized state. B, sequence alignment of
the mASIC1a and mASIC2a finger and thumb domains. mASIC1a numbered � helices (red) are shown above their corresponding amino acids. Identical residues
are highlighted in yellow, whereas conserved residues are highlighted in green. Conserved cysteine residues are shown in red. The areas within the finger and
thumb domains examined in Figs. 5 and 6 are shown in light and dark gray (see above).
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ASIC activity is modulated by extracellular anions (37, 38).
Remarkably, the solved structure of ASIC1a in the desensitized
state revealed the presence of a Cl� binding site formed by two
residues (Arg309 and Glu313) of the �4 helix of one subunit and
a residue (Lys211) in the �-ball of the neighboring subunit (30).
Mutations at the Cl� binding site of ASIC1a accelerate desen-
sitization and dramatically reduce tachyphylaxis, suggesting
that extracellular Cl� stabilizes the open state of the channel

(38). ASIC2a desensitization is only partially dependent on the
intersubunit Cl� binding site (37). To determine whether accel-
eration of desensitization by thumb transposing is due to dis-
ruption of the Cl� binding site, we examined the effect of anion
substitution on the response to extracellular acidification of
ASIC1a, ASIC2a, and chimeras. Fig. 3A shows representative
tracings of experiments conducted with oocytes expressing
ASIC1a or ASIC2a in the presence of extracellular Cl�,

ASIC1a

ASIC1a-F2a

ASIC1a-FT2a ASIC2a-FT1a

B

D E

A C

ASIC1a

ASIC2a

F

6 sec

6 sec

1.5 μA

1.5 μA

ASIC2a-T1a

ASIC2a

ASIC1a-T2a

FIGURE 2. Thumb domain interactions affect desensitization. A, topological models for ASIC1a (blue), ASIC2a (red), ASIC1a-F2a, ASIC1a-T2a, ASIC1a-FT2a,
ASIC2a-T1a, and ASIC2a-FT1a. Constructs were generated by swapping the finger and thumb domains between ASIC1a and ASIC2a (sequences in Fig. 1B). B,
dose-response activation curves for ASIC1a, ASIC2a, and finger-thumb chimeras. Proton-activated currents were elicited by a drop in extracellular pH from 8.0
to solutions of lower pH. To determine statistical significance, the confidence intervals for the pH50 values of ASIC1a, ASIC2a, and finger-thumb chimeras were
compared. Statistically significant differences in apparent proton affinity were found between ASIC2a, ASIC2a-T1a, ASIC2a-FT1a, ASIC1a-F2a, and ASIC1a-FT2a
with ASIC1a and between ASIC1a, ASIC1a-F2a, ASIC1a-T2a, ASIC1a-FT2a, and ASIC2a-FT1a with ASIC2a (n � 10 –31, p � 0.05). C, representative recordings of
experiments conducted with oocytes expressing ASIC1a and ASIC2a. The whole-cell current decay after extracellular acidification was fitted to a single
exponential function as described under “Experimental Procedures” (red lines). D, time constant (�) of desensitization of ASIC1a and ASIC2a as a function of pH
of activation (n � 10 –53). E and F, time constants of desensitization of ASIC1a, ASIC2, and finger-thumb chimeras. Time constants of desensitization were
determined as described above. E, the time constants of desensitization of ASIC1a, ASIC1a-F2a, ASIC1a-T2a, and ASIC1a-FT2a at pH 5.0 and of ASIC2 at pH 4.0
(n � 13– 46). F, the time constants of desensitization of ASIC1a, ASIC2a-T1a, ASIC2a-FT1a, and ASIC2a at pH 4.0 (n � 12–28). Statistically significant differences
in the time constants of desensitization between ASIC1a, ASIC2a, and chimeric channels are indicated. **, p � 0.01; �, p � 0.001 (analysis of variance followed
by Dunn’s multiple comparisons test).
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MeSO3
�, and I�. As described previously by Kusama et al. (37,

38), MeSO3
� and I� accelerated the desensitization of ASIC1a

(Fig. 3A, left panel). MeSO3
� dramatically slows down the

desensitization of ASIC2a, whereas I� completely blocked the
response to extracellular acidification (Fig. 3A, right panel). To
compare the effect of anion substitution among wild-type and
chimeric channels, the response to extracellular acidification
and rate of desensitization obtained in Cl�, MeSO3

�, and I�

was normalized to the response attained with a solution con-
taining Cl�. We found that anion substitution causes similar
changes in the rate of desensitization and magnitude of the
response to extracellular acidification of ASIC1a-T2a, ASIC1a-
FT2a, ASIC2a-T1a, ASIC2a-FT1a, and ASIC1a (Fig. 3, B and C).
Notably, none of the chimeras resembled the response of
ASIC2a to extracellular anions. These findings indicate that

transposing the thumb of ASIC2a into ASIC1a does not alter
anion selectivity, consistent with the notion that acceleration of
desensitization is not due to the disruption of the anion site in
ASIC1a.

Chemical Modification of Residues at the Finger-Thumb and
�-Ball-Thumb Interfaces Alters Channel Activation and
Desensitization—To further examine functional interactions
between the thumb and neighboring domains in ASIC1a, we
employed the substituted cysteine accessibility method (39).
Cys substitutions were introduced in the finger domain in the
tracts spanning from Tyr109 to Leu114 and from Lys148 to Tyr158

and in the thumb domain in the tract spanning from Asp322 to
Lys354. Note that residues in tract 334 –342 of the thumb
domain reside in close proximity to the finger (Fig. 1A, light
gray). Residues in tracts 322–333 and 344 –354 of the thumb

C

B

A

a2CISAa1CISA
20 sec

4 μA

20 sec
0.4 μA

FIGURE 3. Extracellular anion modulation of ASIC1a, ASIC2a, and finger-thumb chimeras. A, representative recordings of experiments conducted with
oocytes expressing ASIC1a and ASIC2a in solutions containing Cl�, MeSO3

�, or I�. Whole-cell currents were elicited by a change in extracellular pH from 8.0 to
5.0 (ASIC1a) or 4.0 (ASIC2a). Note that ASIC2a does not response to extracellular acidification in the presence of I�. B, effect of anion substitution on the
response to extracellular acidification of ASIC1a, ASIC2a, and chimeras. Whole-cell currents were evoked by a change in extracellular pH from 8.0 to 5.0 (ASIC1a,
ASIC1a-F2a, ASIC1a-T2a, and ASIC1a-FT2a) or to 4.0 (ASIC2a, ASIC2a-T1a, and ASIC2a-FT1a). The relative response (I/ICl�) represents the ratio of the pH-elicited
peak current to the pH-elicited peak current in Cl�. **, p � 0.01; �, p � 0.001 (n � 10 –14) (Kruskal-Wallis test followed by Dunn’s multiple comparisons test).
C, effect of anion substitution on the time constants of desensitization of ASIC1a, ASIC2a, and chimeras. The time constants of desensitization were estimated
by fitting the current decay after extracellular acidification to a single exponential function as described under “Experimental Procedures.” For ASIC1a,
ASIC1a-F2a, ASIC1a-T2a, and ASIC1a-FT2a, currents were evoked by a drop in extracellular pH from 8.0 to 5.0, whereas for ASIC2a, ASIC2a-T1a, and ASIC2a-FT1a,
currents were elicited by a drop in extracellular pH from 8.0 to 4.0. Statistically significant difference with ASIC1a and chimeras is indicated. �, p � 0.001 (n �
10 –14) (analysis of variance followed by Tukey’s multiple comparisons test).
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domain reside near the �-ball domain in the desensitized state
(Fig. 1A, dark gray). ASIC1a resides in a resting proton-sensi-
tive state at pH 8.0 and in a desensitized proton-insensitive
state at pH 7.0 (40). Because the majority of the residues in the
finger and thumb domains are predicted to be solvent-accessi-
ble in the desensitized state using Swiss PDB viewer (41), we
treated channels bearing Cys substitutions in these domains
with MTSET at pH 7.0. MTSET is a bulky reagent with a trim-
ethylammonium group that reacts with accessible unpaired Cys
residues. Channels bearing Cys substitutions and controls were
activated by a drop in extracellular pH from 8.0 to 5.0 before
and after MTSET (1 mM) treatment at pH 7.0 (see representa-
tive tracings in Fig. 4). The relative response to extracellular
acidification, which represents the ratio of the peak current
evoked by extracellular acidification after MTSET treatment
relative to the peak current evoked by extracellular acidification
before treatment, was used to quantify the impact of MTSET
treatment on ASIC1a activation (Fig. 5). Oocytes expressing
mASIC1a bearing a Cys-to-Leu mutation at position 70 (C70L)
served as controls for these experiments. We identified four
positions in the finger domain (111, 113, 152, and 154) and 12
positions in the thumb domain of ASIC1a (325, 326, 327, 338,
339, 340, 344, 345, 347, 348, 351, and 352) where MTSET treat-
ment altered the response to extracellular acidification (Fig. 5,
A and B). Residues at positions 338, 339, and 340 in the thumb
domain reside in close proximity to residues at positions 111,
113, 152, and 154 in the finger domain (Fig. 5C). Residues at
positions 325, 326, 327, 344, 345, 347, 348, 351, and 352 in the
thumb domain point toward residues in the �-ball domain in
the solved structure of cASIC1 in the desensitized state (Fig.
5C). Helical wheel representation of the thumb domain �5 sit-
uates residues Tyr340, Ala344, Asp345, Ala347, Leu348, Leu351, and
Val352 on the same side of the helix, facing residues in the �-ball
domain (data not shown). Overall, these results show that the
chemical modification of Cys residues at selected positions in
the finger-thumb and �-ball-thumb interfaces alters the
response to extracellular acidification.

To examine the consequences of structural modifications at
the finger-thumb and �-ball-thumb interfaces on ASIC1a
desensitization, we measured the rates of macroscopic desen-
sitization for channels bearing single Cys mutations in the fin-
ger domain in the tracts spanning from Tyr109 to Leu114 and

from Lys148 to Tyr158 and in the thumb domain in the tract
spanning from Asp322 to Lys354. Although individual Cys sub-
stitutions in the finger domain did not alter the rates of desen-
sitization of ASIC1a, significant changes were apparent on
channels bearing Cys mutations in the thumb domain at posi-
tions 327, 339, 346, 348, 350, and 351 (Fig. 6, red symbols).
Furthermore, MTSET treatment accelerated the desensitiza-
tion of channels bearing Cys mutations at positions 112, 154,
325, 326, 340, 345, 348, 351, and 352 (Fig. 6, A and B). Signifi-
cantly, the helical wheel diagram situates the residues sensitive
to MTSET treatment on the side of �5 helix interfacing with the
�-ball domain (Fig. 6C). These data indicate that the introduc-
tion of structural changes at the �-ball-thumb interface accel-
erate channel desensitization.

Molecular Mechanism of Desensitization—ASIC activation
encompasses the functional coupling of proton binding to sites
in the extracellular region to pore opening, whereas desensiti-
zation involves the constriction of the pore upon continuous
exposure to an acidic extracellular environment. Of note,
ASIC1a desensitization does not require the transition of the
channel through the open state because the exposure of ASIC1a
to pH 7.2–7.0, which does not trigger activation, is sufficient to
make it insensitive to extracellular protons (35). Our data indi-
cate that the introduction of structural changes primarily at the
�-ball-thumb interface influences channel activation as well as
desensitization. Mechanistically, the magnitude of the response
to extracellular acidification depends to some extent on the rate
of channel desensitization. For instance, if the covalent modifi-
cation of a particular mutant alters channel desensitization so
that the rate of desensitization is fast enough to overwhelm the
rate of activation, then the magnitude of the response to extra-
cellular acidification after covalent modification will be dimin-
ished. To determine whether the observed drop in the magni-
tude of the response to extracellular acidification of Cys
mutants treated with MTSET results from an increase in the
rate of desensitization, we plotted the relationship between the
relative response and the relative rate of desensitization for
channels bearing a Cys mutation in the �5 helix (positions 337–
354) (Fig. 7). The relative rate of desensitization represents the
ratio of the desensitization rate after MTSET treatment to the
desensitization rate before treatment. Correlation analysis of
this set of data revealed that the magnitude of the response to
extracellular protons shows a strong dependence on desensiti-
zation for channels bearing a Cys substitution in �5 (Fig. 7).
This finding supports the notion that accelerated desensitiza-
tion contributes to the observed drop in the response to extra-
cellular acidification of the Cys mutants treated with MTSET.

To further investigate whether accelerated desensitization
accounts for the observed changes in channel activation, we
generated proton dose-response curves for activation before
and after MTSET treatment for F152C, M154C, M325C, and
D345C mutants (Fig. 8, A–D). We selected these mutants
because they are located at the interface between the �-ball,
finger, and thumb domains (Fig. 5C). The covalent modifica-
tion of D345C channels by MTSET shifted the dose-response
curve toward more acidic pH values, from 6.11 � 0.06 (CI 6.00 –
6.23) to 4.91 � 0.06 (CI 4.80 –5.02) (Fig. 8D). Similarly, the
modification of M154C channels by MTSET shifted the pH50

ASIC1a

M154C

20 sec

20 sec

20 sec

20 sec

2 μA

2 μA

2 μA

2 μA

FIGURE 4. Chemical modification of M154C channels by MTSET. Shown are
representative recordings of experiments conducted with oocytes express-
ing control (C70L) and M154C mutant channels. Whole-cell currents were
elicited by a change in extracellular pH from 8.0 to 5.0 before and after MTSET
treatment. Oocytes expressing control and mutant channels were exposed to
MTSET (1 mM) at pH 7.0, i.e. channels in the desensitized state (right tracings).
Non-treated oocytes served as controls (left tracings).
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values from 6.06 � 0.06 (CI 5.95– 6.18) to 5.24 � 0.07 (CI 5.11–
6.37) (Fig. 8B). These results indicate that, for the M154C and
D345C mutants, the observed changes in the magnitude of the
response after MTSET treatment result from a shift in apparent
proton affinity. This is consistent with our previous studies
showing that the chemical modification of D345C channels by
MTSET shifts the apparent proton affinity (42). In contrast, the
covalent modification of F152C and M325C channels did not
alter proton dose-response activation curves (Fig. 8, A and C).
The last result is consistent with the notion that the covalent
modification by MTSET of Cys residues at positions 152 and

325 impacts the molecular mechanisms that govern channel
desensitization. To further substantiate this finding, we con-
ducted additional experiments with thiol-reactive reagents of
different lengths on channels bearing Cys mutations at posi-
tions 152, 154, 325, and 345. Fig. 8, E–L displays the relative
response to extracellular acidification and the rates of desensi-
tization for F152C, M154C, M325C, and D345C channels
before and after treatment with MTSMT, MTSET, and
MTSPT. Notably, for the most part, the effect of MTS treat-
ment on these mutant channels was independent of the length
of the transferable moiety of the thiol-reactive reagent. In gen-

A B

C

Thumb
ββ-ball

Finger E113

A111

F152

M1
54

E338

Q339

Y340

V352

L348

A347

H327

V326

M325

A344D345

α4

FIGURE 5. Covalent modification of Cys residues at the finger-thumb and �-ball-thumb interfaces diminishes the response to extracellular acidifica-
tion. A and B, reactivity toward MTSET of channels bearing Cys substitutions at selected sites in the finger (A) and thumb (B) domains. Whole-cell currents were
evoked by a change in extracellular pH from 8.0 to 5.0 before and after MTSET treatment. The relative response represents the ratio of the pH-elicited peak
current following MTSET treatment (or control) to the pH-elicited peak current before treatment. *, p � 0.05; **, p � 0.01; �, p � 0.001 (n � 9 –36) (t test). C,
schematic illustrating sites in the finger and thumb domains sensitive to MTSET treatment when mutated to Cys. Disulfide bridges are shown as cyan sticks.
Sensitive sites in the finger domain are colored purple. Sensitive sites in the thumb domain colored purple (Glu338, Gln339, and Tyr340) reside near the finger
domain, whereas sites colored green (Met325, Val326, His327, Ala344, Asp345, Ala347, Leu348, Leu351, and Val352) reside near the �-ball domain.
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eral, the attachment of transferable moieties at positions 152,
154, 325, and 345 reduced the magnitude of the response to
extracellular acidification and accelerated desensitization.
Overall, these results expose two mechanisms by which the
attachment of moieties alters the response to extracellular acid-
ification: by changing apparent proton affinity and by increas-
ing the rate of desensitization.

The Thumb Domain Moves during Desensitization—To gain
an understanding of the underlying process that governs desen-

sitization, we examined the accessibility of the Cys residue at
position 344 toward MTSET in the resting and desensitized
states (Fig. 9). We selected this residue because is located in the
region of the �5 helix where the introduction of structural
changes alters channel desensitization. For these experiments,
currents were evoked on oocytes expressing A344C channels by
a drop in extracellular pH from 8.0 to 5.0 before and after treat-
ment with MTSET for 10, 30, 60, or 120 s. Oocytes were
exposed to MTSET at pH 7.0 (i.e. channels residing in the
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FIGURE 6. Attachment of moieties at selected sites in the finger-thumb and �-ball-thumb interfaces accelerates desensitization. A and B, effect of
MTSET treatment on the rates of desensitization of channels bearing Cys substitutions in the finger (A) and thumb (B) domains. Whole-cell currents were
evoked by a change in extracellular pH from 8.0 to 5.0 before and after MTSET treatment. The time constants of desensitization were estimated by fitting the
current decay after extracellular acidification from 8.0 to 5.0 to a single exponential function as described under “Experimental Procedures.” Statistically
significant differences with the untreated control are indicated. *, p � 0.05; **, p � 0.01; �, p � 0.001 (n � 9 –36) (t test). Statistically significant differences in
the time constant of desensitization between untreated mutant channels and controls (ASIC1a C70L) are indicated in red (Kruskal-Wallis test followed by
Dunn’s multiple comparisons test). C, Helical wheel representation of positions in the �5 helix where the introduction of Cys mutation and MTSET treatment
alter the rates of desensitization (yellow). Negatively charged and positively charged amino acids are notated in red and blue, respectively.
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desensitized state) or at pH 8.0 (i.e. channels residing in a rest-
ing state) (Fig. 9A). Note that ASIC1a responds to extracellular
acidification from a preconditioning pH of 8.0 (resting state)
but not from a preconditioning pH of 7.0 (desensitized state).
Proton-evoked currents after MTSET treatment were normal-
ized to the current elicited by extracellular acidification before
treatment. Fig. 9B shows the relative response to extracellular
acidification for A344C channels as a function of the time of
exposure to MTSET at pH 7.0 (open circles) or pH 8.0 (blue
circles). The time constant of modification by MTSET (1 mM) of
A344C channels was 39.9 s (CI 32.5–51.6) at pH 7.0 and 23.9 s
(CI 20.5–28.8) at pH 8.0. The observed changes in MTSET
accessibility indicate that extracellular acidification drives a
reorganization of the thumb domain. Based on the solved struc-
ture of cASIC1 in the desensitized state, these results are con-
sistent with the displacement of the thumb domain toward the
�-ball domains when the channel transitions from the resting
to the desensitized state.

Discussion

Structural studies have provided great detail of the organiza-
tion of cASIC1 in the desensitized state, the psalmotoxin-
bound (low-pH) and nonselective (high-pH) states, and the
MitTx-bound open state (30 –33, 43). Although these studies
presented snapshots of the structure of the channel in several
functional states, they provide limited information regarding
the molecular movements that occur in the extracellular region
after proton binding that lead to pore opening and, later, to
desensitization. In this study, we employed a combined
approach to define the role of the finger, �-ball, and thumb
domains in the activation and desensitization of ASICs.

Role of the Finger and Thumb Domains in Activation—Jasti et
al. (30) initially proposed that a cluster of adjacent acidic resi-

dues between the �-ball, thumb, and palm domains of cASIC1
served as proton-coordination sites. We have shown that the
neutralization of the acidic residues in this pocket (Glu219,
Asp237, Glu238, Asp345, Asp349, and Asp407) does not alter the
apparent proton affinity (42), which denotes that these residues
are not part of the proton-sensing machinery. However, our
work (42) and the work of others (44, 45) showed that non-
conservative mutations in this region of the protein alter the
apparent proton affinity, consistent with the notion that the
introduction of structural changes at the �-ball-thumb inter-
face impacts a nearby proton coordination site. In addition to
the mentioned region, we identified a proton coordination site
in the lower palm domain of ASIC1a formed by residues Glu79

and Glu416 (46). Remarkably, the neutralization of Glu79 or
Glu416 in the palm domain or the insertion of bulky changes at
selected positions in the �-ball-thumb interface result in bipha-
sic proton activation curves (42). Channels bearing substitu-
tions that impact the proton coordination sites in the palm and
�-ball-thumb interface (E79K-E345K) required pHs lower than
3.0 for activation, significantly below the pH50 of activation of
wild-type ASIC1a (6.32 � 0.07). In this study, we found that the
apparent proton affinity of ASIC1a-FT2a channels was signifi-
cantly lower than the that of wild-type ASIC1a channels or
ASIC1a channels carrying individual domains of ASIC2a
(ASIC1a-F2a and ASIC1a-T2a). In addition, our studies with
thiol-reactive reagents show that the introduction of moieties
at selected positions in the finger-thumb and �-ball-thumb
interfaces shift the apparent proton affinity toward more acidic
values. This finding is in good agreement with our previous
findings, which showed that the modification of selected sites at
the �-ball-thumb interface interferes with the molecular mech-
anisms that drive pore opening in response to extracellular
acidification (42). Notably, the exchange of the finger and thumb
domains of ASIC2a by those from ASIC1a (ASIC2a-FT1a) did not
alter the apparent proton affinity for activation, indicating that the
finger and thumb domains do not contain the structural features
that determine the difference in apparent proton affinity among
these isoforms. We propose that the modifications at the finger
and thumb domain interfaces hinder molecular rearrangements
associated with activation in the core of the protein.

The Thumb Domain Is Part of the Desensitization
Machinery—Despite the high amino acid sequence conserva-
tion, ASIC1a and ASIC2a exhibit marked differences in proton
sensitivity for activation and in desensitization. Chimeric chan-
nels made by swapping the finger and thumb domains between
ASIC1a and ASIC2a provide important insights into the mech-
anism that controls channel desensitization. Our studies
showed that swapping the thumb domain between isoforms
(ASIC1a-T2a, ASIC1a-FT2a, ASIC2a-T1a, and ASIC2a-FT1a)
resulted in accelerated desensitization. Likewise, the modifica-
tion by MTSET of Cys residues introduced at positions neigh-
boring the �-ball domain (325, 326, 345, 348, 351, and 352)
resulted in faster channel desensitization. Moreover, we identified
several positions in the thumb domain where Cys substitutions per
se resulted in significantly faster desensitization rates. Taken as a
whole, our results suggest that the introduction of changes at the
�-ball-thumb interface enables more effective closing of the chan-
nel pore upon extracellular acidification.

FIGURE 7. Correlation analysis of the effect of covalent modification on
the activation and desensitization of channels bearing Cys mutations in
�5. The mean value for the relative response and relative rate of desensitiza-
tion after MTSET treatment of individual mutants in the tract P337C to K354C
are plotted. The relative response for each mutant represents the mean of the
ratio of the pH-elicited peak current following MTSET treatment to the mean
of the pH-elicited peak current before treatment (data from Fig. 5). The rela-
tive rate of desensitization for each mutant represents the mean of the desen-
sitization rate following MTSET treatment to the mean of the desensitization
rate before treatment (data from Fig. 6). Data were analyzed using Pearson’s
correlation test (r � 0.84).
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Kusama et al. (38) demonstrated that the substitution of
extracellular Cl� with methanesulfonate or the mutation of res-
idues involved in Cl� binding in the thumb or �-ball domains of
ASIC1a accelerates desensitization without affecting pH dose
responses for activation. Our anion substitution studies indi-
cate that the acceleration of desensitization observed with the
chimeras is not due to the disruption of the anion site in ASIC1a
(Fig. 3) because ASIC1a, ASIC1a-T2a, and ASIC1a-FT2a dis-

played similar anion modulation. Indeed, swapping the thumb
of ASIC2a into ASIC1a does not change the residues that form
the Cl� coordination site (Fig. 1B). Remarkably, ASIC2a anion
modulation is only partially dependent on the Cl� binding site
at the thumb and �-ball domains (37). Our studies indicate that
transposition of the thumb domain of ASIC1a into ASIC2a is
sufficient to change its anion selectivity. This finding suggests that
ASIC2a contains an additional anion coordination site with a

FIGURE 8. Covalent modification of residues in the finger and thumb domains accelerates channel desensitization. A–D, dose-response proton activa-
tion curves for channels bearing Cys mutations at selected positions in the finger and thumb domains. Proton-activated currents were elicited by a drop in
extracellular pH from 8.0 to solutions of lower pH. To determine statistical significance, the confidence intervals for the pH50 values were compared. Statistically
significant differences in apparent proton affinity between untreated and MTSET-treated channels were found for the M154C and D345C mutants (n � 9 –32,
p � 0.05). E–H, reactivity of F152C, M154C, M325C, and D345C channels toward thiol-reactive reagents of increasing length. Whole-cell currents were evoked
by a change in extracellular pH from 8.0 to 5.0 before and after treatment with MTSMT, MTSET, or MTSPT at pH 7.0. Non-treated oocytes expressing mutant
channels served as controls. Statistically significant differences are indicated. **, p � 0.01; �, p � 0.001 (n � 10 –14, analysis of variance followed by Tukey’s
multiple comparisons test). I–L, time constants of desensitization for channels bearing Cys mutations at positions 152, 154, 325, and 345 before and after
covalent modification with thiol-reactive reagents. �, p � 0.001 (n � 10 –14, analysis of variance followed by Tukey’s multiple comparisons test).
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dominant effect on channel desensitization and that swapping of
the thumb domain disrupts this anion coordination site.

Mechanism of ASICs Desensitization—The desensitization of
Cys loop receptors involves rearrangements of the M2/M3
interface, which mediates the constriction of the pore and con-
sequent reduction of ion conductance (47–51). We propose
that ASIC desensitization entails a series of conformational
rearrangements that extend from the extracellular region to the
pore of the channel. We and others reported state-dependent
changes in accessibility to thiol-reactive reagents for sites in
the upper pore (G428C), wrist (Y424C), and lower palm
(E79C and E416C) domains of ASIC1a (35, 36, 46, 52–55).
For instance, Cys residues introduced at positions 79 and 416
were covalently modified by MTSET at pH 8.0 but not at pH
7.0 (46), suggesting that the lower palm domain resides in an
expanded conformation in the resting state and that it con-
tracts upon extracellular acidification. Notably, the covalent
modification of E79C channels by MTSET extended the time

course of desensitization and impeded the complete closure
of the pore upon continual exposure to an acidic environ-
ment (46). Likewise, mutation of selected residues in the
palm domain of ASIC1a impairs desensitization by prevent-
ing the closing movement of the palm (55). A similar effect
was observed with the covalent modification of G428C chan-
nels by MTSET (36). These results support the notion that
the contraction of the lower palm domain and outer pore is
required for pore closing during desensitization.

We posit that the thumb domain acts as a restrainer that
prevents the movement of the lower palm and pore upon con-
tinual exposure to an acidic environment. Our findings indicate
that the thumb domain does not initiate desensitization. If
desensitization was determined by the �-ball-thumb domain
interactions, then, by exchanging these domains among
ASIC1a and ASIC2a, we should reverse the desensitization phe-
notype. However, we did not observe a reversion of the pheno-
type with the ASIC1a-ASIC2a chimeras, which suggests that
the movements in the thumb domain are driven or occur in
response to rearrangements in other parts of the protein. Our
findings indicate that the introduction of structural changes in
the thumb domain at positions bordering the �-ball domain
accelerate the desensitization of the channel (Fig. 6). We pos-
tulate that the attachment of transferable moieties at the thumb
domain facilitates physical interactions with neighboring
domains, particularly the �-ball, assisting with the closing of the
pore upon continuous exposure to an acidic milieu. The
observed state-dependent changes in MTSET accessibility on
A344C channels indicate that, in the resting state, the �-ball
and thumb domains reside apart, but they become closer in
response to extracellular acidification. This finding is consis-
tent with voltage clamp fluorometry and luminescence reso-
nance energy transfer studies, which reported a conformational
reorganization of the thumb domain of ASIC1a in response to
extracellular acidification (45, 56). The contribution of the fin-
ger domain to desensitization is less clear because we did not
observe large changes in the time course of desensitization on
channels bearing Cys mutations in the finger domain before or
after MTSET treatment.

In summary, this study provides new insights into the molec-
ular mechanism that governs ASICs desensitization. Our study
shows that the covalent modification of sites primarily at the
contact region between the �-ball and thumb domains results
in accelerated desensitization and a drop in the magnitude of
the response to extracellular acidification. This region could
serve as potential drug target to treat neurological disorders
caused by the activation of ASICs.
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