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Protonation controls ASIC1a activity via coordinated movements
in multiple domains

Gaetano Bonifacio, Claudia Igutti Suenaga Lelli, and Stephan Kellenberger

Department of Pharmacology and Toxicology, University of Lausanne, 1005 Lausanne, Switzerland

Acid-sensing ion channels (ASICs) are neuronal Na'-conducting channels activated by extracellular acidification.
ASICs are involved in pain sensation, expression of fear, and neurodegeneration after ischemic stroke. Functional
ASICs are composed of three identical or homologous subunits, whose extracellular part has a handlike structure.
Currently, it is unclear how protonation of residues in extracellular domains controls ASIC activity. Knowledge of
these mechanisms would allow a rational development of drugs acting on ASICs. Protonation may induce confor-
mational changes that control the position of the channel gate. We used voltage-clamp fluorometry with fluoro-
phores attached to residues in different domains of ASICla to detect conformational changes. Comparison of the
timing of fluorescence and current signals identified residues involved in movements that preceded desensitiza-
tion and may therefore be associated with channel opening or early steps leading to desensitization. Other residues
participated in movements intimately linked to desensitization and recovery from desensitization. Fluorescence
signals of all mutants were detected at more alkaline pH than ionic currents. Their midpoint of pH dependence
was close to that of steady-state desensitization, whereas the steepness of the pH fluorescence relationship was
closer to that of current activation. A sequence of movements was observed upon acidification, and its backward
movements during recovery from desensitization occurred in the reverse order, indicating that the individual steps
are interdependent. Furthermore, the fluorescence signal of some labeled residues in the finger domain was
strongly quenched by a Trp residue in the neighboring B-ball domain. Upon channel activation, their fluorescence
intensity increased, indicating that the finger moved away from the {3 ball. This extensive analysis of activity-dependent

conformational changes in ASICs sheds new light on the mechanisms by which protonation controls ASIC activity.

INTRODUCTION

This study investigates the conformational changes of
an acid-sensing ion channel (ASIC) during different
functional transitions to obtain information on how
protonation of extracellular amino acid residues activates
these channels. ASICs are proton-gated Na* channels of
the nervous system that are involved in pain sensation,
the expression of fear, and neurodegeneration after
ischemic stroke (Xiong et al., 2004; Sluka et al., 2009;
Ziemann et al., 2009). They are formed by trimers of
identical or homologous subunits (Jasti et al., 2007;
Gonzales et al., 2009; Dawson et al., 2012). Each subunit
contains intracellular amino and carboxy termini and
two transmembrane segments connected by a large
extracellular loop. The channel structure has been com-
pared with three hands arranged back to back around
the central ion pore (Fig. 1 A) (Jasti et al., 2007). The
finger domains are located at the upper, external edge
of the protein, slightly higher than the knuckle and the
B ball (Fig. 1, A and B). The finger, B ball, and thumb
enclose together in each subunit the “acidic pocket,”
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which contains a network of acidic residues involved in
pH sensing (Fig. 1, Aand C) (Jasti etal., 2007). The palm
domains are arranged along the central vertical axis of
the trimer and form the covalent link between the extra-
cellular domains and the transmembrane segments,
which contain the channel gates (Fig. 1, Aand D) (Lietal.,
2011; Baconguis and Gouaux, 2012). An additional,
noncovalent link between the extracellular and trans-
membrane parts is provided by the 8 turn, located in
a loop between the thumb and the palm, pointing to
the upper end of the first transmembrane segment (Li
et al., 2009).

ASICs open upon extracellular acidification and de-
sensitize within hundreds of milliseconds. Desensitized
ASICs do not conduct any current and can be activated
again only after exposure to a sufficiently alkaline pH.
The ASIC gating can be described with a kinetic model
that contains after protonation a closed, an open, and a
desensitized state (Fig. 1 E) (Li et al., 2012). There is
evidence that protonation of several residues per subunit,
located in different extracellular domains, is required
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for normal activation and desensitization of ASICs
(Paukert et al., 2008; Liechti et al., 2010). We hypothesize
that protonation of proton-sensing residues induces
conformational changes that are transmitted to the
channel gate. Knowledge of conformational changes
involved in the different ASIC gating transitions would
allow us to understand the molecular mechanisms by
which pH controls ASIC activity. The published crystal
structures, corresponding likely to the open and desen-
sitized states, indicate that differences between these
two states exist mainly in the pore and palm domains
(Jasti et al., 2007; Gonzales et al., 2009; Baconguis and
Gouaux, 2012; Dawson et al., 2012). The conformation
of the closed channel is not known. To understand the
ASIC gating mechanisms, it would be important to
know the conformational changes occurring when the
channel opens or desensitizes from the closed state. One
study applied voltage-clamp fluorometry (VCF) to show
that a Glu residue located in the extracellular pore en-
trance undergoes rapid conformational changes (Passero
et al., 2009). However, this study did not analyze other
residues. Therefore, it is currently not known which
conformational changes the ASICs have to undergo to
reach the open state or to desensitize. The aim of the
present study was to identify residues of different extra-
cellular domains involved in conformational changes,
and to determine to which gating transitions the reported
conformational changes are associated. To this end, we
placed environmentsensitive fluorophores at specific
sites in different extracellular domains of ASICla and
used VCF (Mannuzzu et al., 1996; Cha and Bezanilla,
1997). Comparison of the timing of fluorescence and
current signals measured by VCF allows association of
conformational changes with channel function. VCF has
a higher temporal resolution than indirect functional
approaches such as state-dependent chemical modifica-
tion of engineered Cys residues. This study identifies
residues of ASICla that are involved in conformational
changes and associates some of them with specific gating
transitions. It also shows that the finger moves away from
the B ball upon channel activation.

MATERIALS AND METHODS

Molecular biology

Human ASICla was subcloned into a pSP65-derived vector con-
taining 5’ and 3’ nontranslated sequences of Xenopus laevis B-globin,
which allows a higher expression in Xenopus oocytes. Site-directed
mutagenesis was performed using QuikChange (Agilent Tech-
nologies). Mutations were verified by sequencing (Synergene Bio-
tech). In vitro transcription was performed using the nMESSAGE
mMACHINE SP6 kit (Ambion/Applied Biosystems).

Oocyte handling and injection

All experimental procedures on Xenopus were performed in
accordance with the Swiss federal law on animal welfare and had
been approved by the committee on animal experimentation of the
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Canton de Vaud. Healthy stage V and VI oocytes from female Xenopus
were treated by collagenase and de-folliculated, isolated, and sub-
sequently injected with 50 nl cRNA (0.5 pg/pl). 2 h after RNA in-
jection, oocytes were incubated in 10 mM 3-maleimidopropionic
acid (Bachem) dissolved in Modified Barth’s solution (MBS) for 1 h
to modify the free Cys residues of proteins natively present on the
membrane surface, and were then kept in MBS composed of
(mM) 85 NaCl, 1 KCl, 2.4 NaHCOs, 0.33 Ca(NOs3),, 0.82 MgSOy,
0.41 CaCls,, 10 HEPES, and 4.08 NaOH for 36-48 h. Expression
and current measurements with the epithelial Na* channel (ENaC)
were done as described previously (Kellenberger et al., 1999).

Solutions and reagents

Recording solutions contained (mM) 110 NaCl, 2 CaCl,, and 10
HEPES for pH values >6.8. In solutions with a pH of <6.8, HEPES
was replaced by 10 mM Mes. The pH of all the above-mentioned
solutions was adjusted using NaOH. 10-mM stock solutions of Alexa
Fluor 488 C-5 Maleimide (AF488; Invitrogen) and CF 488A (Bio-
tium) were prepared in DMSO; aliquots were stored at —20°C.

VCF
All experiments were performed with fluorophore-labeled chan-
nels. Oocytes were labeled in the dark by 5 pM Alexa Fluor 488 C-5
maleimide (AF488; Invitrogen) or CF 488A maleimide (Biotium),
as indicated in Table S1, for 20-30 min at 19°C. Lifetimes of the
excited states of such fluorophores are of the order of nanoseconds;
therefore, they are well suited to follow rapid conformational
changes in ion channels (Cha and Bezanilla, 1998). Oocytes were
placed in an RC-25 recording chamber (Warner Instruments), im-
paled with two glass microelectrodes filled with 1 M KCI with a
resistance of <0.4 M(), and perfused by gravity at a rate of 12 ml/min.
Currents were recorded with an amplifier (TEV-200A; Dagan Cor-
poration) at —40 mV using pClamp software (Molecular Devices).
The VCF setup was constructed similar to previously reported
setups (Meinild et al., 2002; Virkki et al., 2006). It was equipped
with an Intensilight lamp (C-HGFI; Nikon). A 40x oil-immersion
objective (CFI Plan Fluor; Nikon) was used to detect the signal
emitted by the labeled oocyte. The optical unit containing objective
and filter cube (excitation, 480 + 20 nm; emission, 535 + 25 nm;
dichroic mirror, 510 nm; Chroma Technology Corp.) was mounted
on an X-Y translation stage (M406; Newport) to allow fine move-
ments of the objective under the perfusion chamber. An electronic
shutter (VS252T1; Uniblitz; Vincent Associates) was mounted
between the filter cube entrance and the light source. Its opening
was controlled via the 1322A interface (Molecular Devices). The
fluorescence signal was measured by a photodiode (S1336-18BQ;
Hamamatsu Photonics) mounted on the headstage of an amplifier
(List EPC-7; HEKA). A scalable offset device was used to adjust
and measure the offset of the signal, allowing the measurement of
the total fluorescence intensity F. Changes in fluorescence intensity
(AF) were normalized to the total fluorescence intensity as AF/F.
The signal was filtered and amplified by a low-pass eight-pole Bessel
filter (LPF-8; Warner Instruments) at 40 Hz.

Kinetics of solution change

In the experiments reported here, the fluorescence signal was mea-
sured from a limited region of the oocyte vegetal pole that was
oriented toward the solution inlet. Its surface had a diameter of
~0.5 mm and corresponded to ~20% of the total oocyte surface.
The current signal was measured from the entire oocyte surface.
We expressed the constitutively active ENaC and changed the extra-
cellular recording solution from one containing K to the normal
solution containing Na' to monitor the kinetics of solution change
as the appearance of ENaC current. Because in these experiments
the K' solution had a pH of 7.4 whereas the Na' solution had the pH
adjusted to 6, we were able to monitor the solution change in the
area of fluorescence measurement by the pH-dependent plasma
membrane resident fluorophore N-(fluorescein-5-thiocarbonyl)-1,
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2-dihexadecyl-sn-glycero-3-phosphoethanolamine (Biotium; Fig. SI,
A and B). We observed a delay that is caused by the dead volume
in the tube after the junction where the different tubes come to-
gether. This delay was 685 + 27 ms for the AF and 597 + 24 ms for
the current signal (n = 14), indicating a delay of <100 ms between
the two types of signals (Fig. S1 C). The rise time of solution change,
determined as the time necessary to pass from 10 to 90% of the
maximal amplitude, was 346 + 13 ms as measured by the fluores-
cence change and 301 = 19 ms as measured by the Na' current
appearance (n = 14; Fig. S1 D). This indicates that the kinetics of
solution change are very similar and only slightly slower at the
oocyte surface used for measuring the fluorescence signal, but
that they are not fast enough to resolve processes with rise times
faster than ~300 ms. In WT ASICla and the tested mutants, the rise
time of current appearance was 100-300 ms (see Results). This
indicated that the observed current appearance with ASICla is
faster than solution change, suggesting that some of the channels
open before pH 6.0 is reached in their proximity. To test the re-
producibility of the kinetics of solution change between different
experimental days, we compared for the three mutants K133C,
E355C, and E427C the kinetics recorded at different dates that
were for each mutant several months apart. The average rise time
difference between the two dates was for these mutants: 36, 162,
and 97 ms for the current, and 101, 179, and 58 ms for the fluo-
rescence signal (7= 3-8 per mutant and date). This indicates that
the kinetic data are reproducible within the limits of approxi-
mately +200 ms. The current and AF kinetics of rapid transitions
(opening and desensitization) were compared in the same exper-
iments. The change in the average AF/current rise time ratio be-
tween two experimental dates was within +12, +20, and £15% in
the three mutants K133C, E355C, and E427C.

Collectively, these controls indicate first that the solution
change for AF and the current signals had very similar kinetics.
Second, they set the following limits for the resolution and repro-
ducibility of current and AF kinetics: The solution change occurs
with a rise time of ~300 ms, and measured rise times are repro-
ducible within the error limits of approximately +200 ms; the AF/
current rise time ratio is reproducible within +20%.

Data analysis
Both current and fluorescence signals were recorded by Clampex
9.2 software (Molecular Devices) at a sampling rate of 10 kHz.

W Finger B-ball
B Thumb O Knuckle
O Palm

@ Transmembrane

The pH of half-maximal activation (pHs,) was determined by fitting
normalized activation curves to the Hill equation (I = L,/ (1 +
(107PH50 /107 PHY"H) Y " where I, is the maximal current, pHso is
the value at which the current amplitude is half-maximal, and nH
is the Hill coefficient (Kaleidagraph 4.0; Synergy Software). The pH
of half-maximal steady-state desensitization (SSD) was determined
by fitting the experimental data to an analogous Hill equation.
Analysis of amplitude and rise time was performed using Clampfit
9.2 software (Molecular Devices). Kinetics of SSD and recovery
were fitted by using a single-exponential equation, except for the
TF ccovery Of mutant E427C that was fitted using a double exponential.
AF, current onset, and decay kinetics in the context of channel
activation were determined as rise (or decay) time. Images of
cASICI molecular structure were obtained by using UCSF Chimera
software v1.6.2 (Pettersen et al., 2004). Current and AF kinetics
were considered as similar if they were not statistically different
(ANOVA followed by Tukey post-hoc test; P > 0.05) and if their
ratio was between 1.4 and 0.71. All data shown are expressed as
mean + SEM of independent experiments.

Online supplemental material

Table S1 provides estimates of the upper limit of possible contri-
butions of an intrinsic pH dependence of the fluorophores to the
AF signal. Fig. S1 shows an analysis of the solution exchange ki-
netics on the cellular surfaces used for the current and fluores-
cence measurements. Fig. S2 shows two examples of mutants that
did not produce a measurable AF signal. Fig. S3 presents the ki-
netics of the AF onset and of the current decay at several pH val-
ues for the mutants associated with desensitization. Fig. S4 indicates
the pH of half-maximal amplitude and Hill coefficients of AF and
current activation and SSD of all analyzed mutants, derived from
experiments illustrated in Fig. 5. Fig. S5 addresses the pH depen-
dence of recovery from desensitization and shows that the kinet-
ics of AF and current recovery do not depend on the stimulation
pH but are a function of the conditioning pH to which the chan-
nels are exposed after the acidic stimulation. Fig. S6 presents an
analysis of quenching by iodide of AF of selected mutants. Fig. S7
shows representative current and AF traces of double mutants
containing an engineered Cys residue that after labeling had pro-
duced a AF, together with the mutation of the endogenous resi-
due Trp 233 to Val. The online supplemental material is available
at http://www.jgp.org/cgi/content/full/jgp.201311053/DCI.

Figure 1. Fluorophores placed at distinct sites of
the ASIC protein report conformational changes.
(A) Structural model of ASICla, based on the crystal
structure of chicken ASICI (Jasti etal., 2007), with the
domains in one subunit indicated by differential col-
oring. The framesindicate part of the structure shown
in close-up view in B-D. (B-D) Detailed views indi-
cating the localization of the residues that were mu-
tated to Cys for labeling by fluorophores. (B) Finger
and knuckle domains, (C) Acidic pocket, (D) palm
and palm-thumb loop with § turn. (E) ASIC gating
scheme. Protonation (Cy) leads to a transient open-
ing (Oy) followed by channel desensitization (Dy)
or, upon mild acidification, to desensitization from
the closed state (SSD).
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RESULTS

Fluorophores placed in different extracellular domains
report environmental changes during ASIC activity
ASICla mutants containing an engineered Cys residue
were expressed in Xenopus oocytes and labeled on the
introduced Cys residue by a thiol-reactive, intrinsically
pH-independent and membrane-impermeant fluoro-
phore (Alexa Fluor 488; Invitrogen; or CF488; Biotium).
Ionic currents and changes in fluorescence (AF) were
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simultaneously measured in response to extracellular pH
changes from the conditioning pH 7.4 to several acidic
stimulation pH values. Fluorophore positions in all ex-
tracellular domains were tested. Out of 75 functional
mutants that each contained an engineered Cys residue
at a position that was estimated to be solvent accessible
based on the crystal structures, 20 showed consistent AF
signals (Fig. 1, A-D). Of the 55 mutants that did not pro-
duce AF signals after labeling (see examples in Fig. S2),
6 displayed low current amplitudes and were therefore
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Representative current and AF traces. ASICla currents (black traces) and AF signals (red traces) were recorded simultaneously

from oocytes under voltage clamp to —40 mV that expressed the indicated ASICla mutant in which the engineered Cys residue had been
labeled by Alexa Fluor 488 or CF488 before recording. The timing of the extracellular solution changes is indicated in the bar above
the traces. The small AF peaks of V293C and 1281C represent artifacts caused by the solution change. The color shading of the labels
indicates of which domains the mutants are part. The numbering in the E355C AF trace indicates the two components of the signal.
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probably not expressed at sufficiently high level to gen-
erate a detectable AF signal. In many of the other mutants
not producing a AF signal, the attached fluorophore
likely underwent conformational changes but was not
located close enough to quenching groups or did not
sufficiently change its solvent exposure. All the 20 posi-
tive mutants showed the typical transient ASIC currents.
Their current kinetics and pH dependence were similar
to ASICla WT. The fluorescence signal, however, in-
creased or decreased upon channel activation with kinet-
ics that differed between mutants (Fig. 2). For example,
in the mutants containing the engineered Cys residue
in the finger domain, the fluorescence amplitude in-
creased rapidly when the channels were exposed to an
acidic pH, and the fluorescence intensity did not further
change during the acidification. After switching back to
the conditioning pH 7.4, the fluorescence returned to
the baseline. In many mutants, these return kinetics were
substantially slower than the kinetics of the AF onset.
The mutant E355C showed first a rapid decrease in fluo-
rescence, followed by a slower increase. E355 is located
at the lower end of the b helix of the thumb, in close
proximity to B-ball residues of a neighboring subunit
(Fig. 1 C). The biphasic AF may represent conforma-
tional changes associated with two distinct transitions.

Specificity of the fluorescence signal

Mutants were generated in WT human ASICla because
the only unpaired extracellular Cys residue, Cys 275,
appeared not to be labeled by the fluorophore, and mutant
C275A as well as WT ASICla did not produce measur-
able fluorescence changes (Fig. 3, A and B). The 20 mu-
tants displaying a measurable AF described in this study
represent 30% of the tested mutants. The absence of AF

A wT B

in the other ~70% of tested mutants and in WT indicates
that the AF measured in the positive mutants is a result
of specific labeling of the engineered Cys residue.

The fluorescence of both Alexa Fluor 488 and CF488A
is known to be pH independent over a wide range. To
test for any intrinsic pH dependence of the fluorophore
in our experimental setting, labeled channels were first
exposed for 30 s to a conditioning pH that desensitized
them (generally pH 6.9), followed by exposure to the
stimulation pH 6. Under these conditions, pH 6.0 stim-
ulation does not induce any currents (Fig. 3 C), and
fluorescence changes associated with channel activity
are not expected to occur. The presence of a AF in the
closed-to-open (pH 7.4—pH 6; Fig. 3 D) but not in the
desensitized-to-open protocol (pH 6.9—pH 6; Fig. 3 C)
would prove the absence of AF contributions unrelated
to known gating transitions, such as pH-dependent ef-
fects on the fluorophore itself or on its fluorescence
signal by protonation of residues in its direct environ-
ment. In 18 out of the 20 mutants, the amplitude of the
AF in the desensitized-to-open protocol amounted to
<16% of the amplitude measured in the closed-to-open
protocol. This shows that contamination of the mea-
sured fluorescence signals by AF caused by the intrinsic
pH dependence of the fluorophores or by protonation
of residues in its direct environment not participating
in conformational changes makes up <16% of the re-
corded AF amplitude (Fig. 3, Cand D, and Table S1). In
the mutants E136C and T289C, the desensitized-to-open
AF corresponded to 24 and 20% of the closed-to-open
AF, respectively. For these two fluorophore positions, the
charge of residues in the proximity of the fluorophore
may affect its pKa and may thereby change the range of
its pH independence. Alternatively, the AF measured in

Figure 3. Control experiments for endogenous Cys
residue of ASICla and intrinsic pH dependence of
fluorophores. (A and B) Absence of AF in WT and the
C275A mutant. (A) Representative VCF traces of oo-
cytes expressing ASICla WT, labeled with Alexa Fluor
488. (B) Representative VCF trace of the mutant C275A
lacking the unique free cysteine of the extracellular do-

main, labeled with Alexa Fluor 488. The total fluores-
cence amplitude F was in WT and the C275A mutant
more than fivefold smaller than in mutants showing
measurable AF. The AF/F at pH 6.0 was 0.61 = 0.07%
in WT and 0.83 = 0.11% in C275A (n = 4). These val-
ues appear greater than the corresponding AF values
are, because the AF were normalized to a more than
five times smaller total fluorescence amplitude F than
in the other mutants. (C and D), Controls for intrinsic
pH dependence of fluorophores. The figure illustrates

C E113C D E113C
Dy C—Cy—>0y—=>Dy—>C
6.9 | 246 | 7.4

| the controls made (see also Table S1). (C) An oocyte

expressing E113C was kept at a conditioning pH 6.9 for

30 s to ensure complete desensitization of the ASICs be-
fore switching to the stimulation pH 6. The condition-
ing at pH 6.9 resulted in the absence of current (black
trace) and F (red trace) upon pH 6.0 stimulation.
(D) In the same oocyte, current and AF were measured
when the conditioning pH was 7.4.

Bonifacio et al. 109

102 ‘v yaJe uo Bio ssaidni-dbl wouy papeojumoq


http://jgp.rupress.org/
http://jgp.rupress.org/

Published December 16, 2013

this protocol may be the result of unknown, electrically
silent gating transitions, such as entry in a slow desensitized
state that has been proposed recently (Li et al., 2012).

Kinetics of fluorescence changes during channel activation

To identify fluorophore positions associated with chan-
nel opening or desensitization, the kinetics of the AF
onset were compared with those of current appearance
and current decay, as illustrated in Fig. 4 (A and D). As
a measure of the opening kinetics, the rise time of the
pH 6-induced current, corresponding to the time to pass
from 10 to 90% of the peak current amplitude, was deter-
mined and compared with the rise time of the AF onset
(Fig. 4 B). The rise time of the solution change kinetics
in our experimental setting was ~~300 ms for both the cur-
rent and AF signal (see Materials and methods). Previous
studies measuring ASIC opening kinetics by using very
rapid solution changes determined time constants of
~10 ms (Bassler et al., 2001; Sutherland et al., 2001). This
indicates that in our whole-oocyte measurements, the
opening kinetics were limited by the kinetics of the so-
lution change. The rise time of the current signal of WT

and mutant ASICla (Fig. 4 B, black symbols) was in the
range of ~100-300 ms (Fig. 4, B and C), thus faster than
the kinetics of solution change, suggesting that some of
the channels at the oocyte surface opened before they
were completely reached by the pH 6.0 solution. Because
of the limited temporal resolution of the experimental
system it is not possible to associate particular fluorophore
positions with ASIC activation. However, we observed
reproducible differences in the AF rise time/current
rise time ratio between mutants (Fig. 4 B; Materials and
methods), therefore representing real differences be-
tween mutants. Fig. 4 B shows that the AF onset kinetics
of several mutants, as for example, D78C and E235C,
were much slower than those determined for the current
appearance, whereas for many other mutants, the AF and
current onset kinetics appeared to be close to each other.

To identify fluorophore positions associated with chan-
nel desensitization from the open state, the kinetics of the
AF onset were compared with those of the current decay.
Many mutants displayed AF kinetics that were substan-
tially faster than open-channel desensitization. The AF
and current kinetics were similar to each other in the palm
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Figure 4. Kinetic analysis of the AF onset. (A) Schematic view illustrating in blue that in A-C, the onset kinetics of AF and current are
compared. (B) Scatter plot summarizing AF onset (red) and current onset (black) rise times measured at pH 6. (C) Current and AF
trace of a representative experiment with E355C, focusing on the rapid component of the AF signal. The vertical dashed line marks
the beginning of the current appearance. (D) Schematic view illustrating in blue that in D-G, the AF onset and current decay kinetics
are compared. (E) Summary graph of AF onset rise time (red) and current decay time (black) obtained at pH 6. Mutants whose AF is
linked to desensitization (i.e., their AF rise time and current decay time are not statistically different [ANOVA and Tukey post-hoc test;
P >0.05], and their ratio is within the limit of 1.4-fold) are labeled in blue. (F) Current and AF trace of a representative experiment with
D78C. The vertical dashed line marks the beginning of the current appearance. (G) Comparison of AF rise time (red circles) and the
current decay time (black squares) of D78C at different pH. Error bars represent SEM. For B and E, n = 4-12; for G, n= 4.
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residues D78C and V80C, the finger residue E113C, and
E235C as well as the slow component of E355C, both lo-
cated in the acidic pocket (Fig. 4 E). These residues are
therefore associated with desensitization. Current and AF
traces of a representative experiment with D78C illustrate
a delay in the appearance of the AF signal (Fig. 4 F). The
delay between the onset of the current and AF signal was
in most mutants below 100 ms and only significantly in-
creased compared with other mutants in D78C (270 +
79 ms) and E113C (216 + 52 ms; n=5; ANOVA and Tukey
post-hoc test; P < 0.05). The kinetics of current decay in
mutants associated with desensitization were pH inde-
pendent in the range of pH 6.5 to pH 5.5 (Figs. 4 G
and S3). In contrast, the AF onset kinetics of all tested
mutants were pH dependent in this pH range. As a conse-
quence, the pH dependence curves of the AF onset kinet-
ics and the current decay kinetics intersected, and values
were different between AF and current signals at pH 6.5
for D78C and E113C (Figs. 4 G and S3). The observation
that the similarity of AF and current kinetics does not ex-
tend over the complete pH range in these mutants sug-
gests that open-channel desensitization is not controlled
by conformational changes reported by these residues
alone but involves additional conformational changes.

Alkaline shift of the AF pH dependence

Measurement of the pH dependence showed that fluores-
cence changes occurred at more alkaline pH than ionic
currents, as illustrated for D78C and E355C (Fig. 5). The
pH dependence midpoint of the AF amplitude was close
to the one of SSD. Analogous to inactivation of voltage-
gated Na' channels from the closed state, SSD is the direct
transition from the closed to the desensitized state of
ASICs without apparent opening (Babini etal., 2002). The
alkaline shift of the AF relative to the current pH depen-
dence of activation was observed in all mutants (Fig. S4 A).
The pH dependence of SSD was much steeper than that of
current activation (Fig. 5), consistent with previous studies
(Babini et al., 2002; Krishtal, 2003). Interestingly, the
steepness of the pH dependence of the AF amplitude was
in the majority of the mutants closer to that of activation
(Figs. 5 and S4 B). This illustrates the relatively shallow
pH dependence of the AF signal in many mutants and
argues against the interpretation that the observed AF pH
dependence might simply reflect the pH dependence of
SSD. The AF signals of most mutants could be induced
at pH levels not sufficiently acidic to open the channels.
Therefore, they uncover electrically silent conforma-
tional changes. Whereas some of the observed AF sig-
nals are associated with SSD (see below; Fig. 6), observed
conformational changes with faster kinetics may prepare
channel opening or desensitization.

Conformational changes associated with transitions
between the closed and the desensitized state

Changes in pH known to induce SSD produced fluores-
cence changes with a slow onset, without inducing an

ionic current (Fig. 6 A). To determine the kinetics of
the functional equivalent, channels were exposed to the
conditioning pH 6.9 for increasing durations before
stimulation by pH 6. The decrease in current amplitude
as a function of the conditioning period length was fit-
ted to a single exponential (Fig. 6 B). The AF onset ki-
netics at pH 6.9 and the kinetics of SSD as measured by
the current protocol shown in Fig. 6 B were similar to
each other in the thumb mutant V354C and the finger
mutant L135C (Fig. 6 C), indicating that the related con-
formational changes are closely linked to the closed-
to-desensitized transition. In D78C, the AF kinetics were
slightly slower than the current kinetics, and in all other
mutants, the AF preceded the functional closed-to-
desensitized transition (Fig. 6 C).

Desensitized ASICs require exposure to an alkaline
pH to transit from the desensitized to the closed state
before they can be activated again (Benson et al., 2002;
Poirot et al., 2004). Switching the pH back to alkaline
values at the end of the acidic stimulation induces re-
covery of the AF (Fig. 7 A). To determine the kinetics of
the recovery of ASIC currents from desensitization,
channels were first activated and completely desensi-
tized by a test pulse to pH 6, followed by an exposure to
pH 7.4 and a second test pulse to pH 6. This protocol
allows measuring of the proportion of channels that
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Figure 5. Fluorescence changes are detected at more alkaline
pH than channel opening. Peak currents (black circles) and AF
amplitudes (red symbols) are plotted as a function of the stimula-
tion pH for the mutants D78C (A) and E355C (B); n = 4-6. The
conditioning pH in these experiments was 7.8. The normalized
desensitized fraction is plotted as a function of the conditioning
pH to show the pH dependence of SSD (green symbols). The
conditioning pH was applied during 40 s; n = 4-5. Error bars rep-
resent SEM.
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had recovered from desensitization during the time  recovery from desensitization. E427 has previously been
spent at pH 7.4 (Fig. 7 B). The longer the interval at  studied by VCF and was shown to move upon acidifica-
pH 7.4, the higher the fraction of recovered channels was.  tion with rapid kinetics (Passero et al., 2009), as in the
The kinetics of the AF and current recovery were not  present study.

affected by the stimulation pH but depended on the

conditioning pH to which the channels were exposed  The finger moves away from the 8 ball upon

after the activation, accelerating at more alkaline pH  channel activation

(Fig. S5). L1385C and L138C of the finger, E235C and ~ The observed AF reflects changes in the immediate en-
V354C of the acidic pocket, and D78C of the lower palm  vironment of the probe, such as changes in polarity or
domain had the same AF and current recovery kinetics ~ quenching upon interaction with proteins or ions. An
(Fig. 7 C), indicating that they reported the transition  increase in the polarity of the environment can decrease

that was limiting for preparing a subsequent opening.  the fluorescence amplitude and shift its spectrum (Cha
For several labeled residues, such as the ones of the and Bezanilla, 1997, 1998). We tested whether the hy-
palm-thumb loop containing the B turn, the AF recov-  drophilic collisional fluorescence quencher iodide
ery kinetics were slower than the kinetics of currentre-  affected the fluorescence signal of the three mutants

covery (Fig. 7 C and fluorescence traces in Fig. 2),  V80C, E113C and E355C in a state-dependent manner.
revealing movements that were still ongoing when the  The ratio (R) of the fluorescence intensity F in the pres-
channels had completely recovered from functional  ence of quencher/F in its absence was <1 for all three
desensitization. E427C, located in the pore entry, had a ~ mutants, confirming the solvent accessibility of the intro-
fast AF recovery component with a time constant of  duced fluorophores (Fig. S6, A and B). The ratio of R at
~0.3 s in addition to the slow component (7 of ~15s;  pH7.4/RatpH 6.0 was >1 in E113C (Fig. S6 C), indicat-
Figs. 7 C and 2). The time constant of current recovery  ing that iodide had better access to this residue in open
was 3.1 + 0.3 s, indicating that the movement reported  or desensitized than in closed channels. It is possible
by the rapid AF off was not sufficient for functional  that the side chain of the neighboring N120 shields the
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Figure 6. Fluorophores in the thumb and finger domain report movements related to SSD. (A) Representative experiment of an oocyte
expressing the V354C mutant. The extracellular pH is changed as indicated from the conditioning pH 7.4 to the stimulation pH 6.9 that
was not sufficiently acidic to activate the channels but generated a substantial AF. The onset of the AF was fitted to a single exponential
(black dashed line). (B) Protocol applied to determine the SSD time course of ASICla. pH values corresponding to the different levels
are indicated on the left. Channels were repeatedly activated by stimulation pH 6. Between stimulations, channels recovered during
40 s at pH 7.4. The pH 6.0 stimulation was directly preceded by incubation at conditioning pH 6.9 for a duration that increased in each
round. The resulting current amplitude decrease, as a function of the incubation time at pH 6.9, was fitted to a single exponential (dot-
ted line). (C) Time constants of the AF onset at stimulation pH 6.9 (red), and of the current SSD time course as determined in (B) at
conditioning pH 6.9 (black), are shown for the different mutants; n = 4-10. For D78C and V80C, pH 7.0 was used instead of pH 6.9.
Mutants whose AF is associated with SSD (i.e., their AF and current time constants are not statistically different [ANOVA and Tukey
post-hoc test; P> 0.05], and their ratio is within the limit of 1.4-fold) are labeled in blue. Error bars represent SEM. All experiments were
performed with fluorophore-labeled channels.
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fluorophore placed at E113C more in the closed than  (Fig. 8 E). This confirms that the observed AF with the

in the open or inactivated conformation. In addition, mutants Q134C, L135C, and I137C was mainly caused
protonation of the nearby H110 at more acidic pH may by changes in quenching by Trp233. These three mutants
locally increase the I” concentration. In the E355C mu- produced positive AF upon acidification (Fig. 2), indi-
tant, the fluorophore was slightly more solvent exposed  cating that upon channel activation, the quenching by
in closed than in open or desensitized channels. Trp233 decreases, thus that the finger moves away from

Quenching groups of proteins, especially Trp residues,  the 8 ball.
have been shown to contribute importantly to the AF
(Cha and Bezanilla, 1997; Gandhi et al., 2000; Marmé Order of movements during channel activation
et al., 2003; Pantazis and Olcese, 2012). We have tested and recovery from desensitization
whether Trp233, located on the 3 ball in close proxim-  Based on the kinetic analysis, we can establish the timely
ity of the finger, contributed to the AF of fluorophores  order of movements in the channel upon a pH change.
placed in the o2 finger helix (Fig. 8 A). Mutation of  For this comparison, the AF kinetics of each mutant were
Trp233 to Val in the mutants Q134C, L135C, and I137C  normalized to its current kinetics. As discussed above,
suppressed the AF (6-13-fold reduction; Figs. 8, Band D, the kinetics of channel opening and the related AF sig-
and S7). All tested W233V-containing double mutants  nals were limited by the kinetics of solution change.
were functional with the usual desensitizing current ki-  However, because differences in the AF onset rise time/
netics. For negative controls, we combineod the W233V current onset rise time ratio between mutants were sta-
mutation with mutations of residues >15 A distant from tistically significant (ANOVA; P < 0.0001) and reproduc-
this Trp residue, E427C and H110C. The normalized AF ible, and because AF and current kinetics were limited
amplitude was reduced by ~40% in W233V/E427C and  to the same degree by the speed of the solution change
not changed in H110C/W233V when compared with  (see Materials and methods), we conclude that they rep-
the single mutants (Fig. 8 C). Whereas in the three dou- resent real differences between the mutants. Residues
ble mutants with finger residues no measurable AF signal  are colored according to their normalized AF onset time
remained (Figs. 8 D and S7), the AF signal of W233V/  course in Fig. 9 A. The first residues to move (orange)
E427C, though somewhat reduced in amplitude, pre-  were several finger residues, E355C of the thumb, E427C
served the same kinetics as the single E427C mutant  of the pore entry, and 1281C of the palm-thumb loop.
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Figure 7. Recovery from desensitization is associated with conformational changes in several extracellular domains. (A) As illustrated
for D78C, the fluorescence amplitude goes back to baseline when the extracellular pH is changed back to 7.4. The AF recovery time
course was fitted to a single exponential (black dashed line). (B) To measure the kinetics of recovery from desensitization of ASIC cur-
rents, a series of paired 7-s stimulations to pH 6.0 were separated between pairs by 40 s at a conditioning pH 7.4. Within the pulse pair,
the interval at pH 7.4 was kept short in the beginning and increased in each round. The amplitude of the second current amplitude nor-
malized to that of the first stimulation was plotted as a function of the interval, and the current increase was fitted to a single exponential
(dotted black line). (C) The time constants of the AF recovery time course (red) and the current recovery from desensitization (black)
are indicated for the different mutants; n = 3-12. The AF recovery of E427C has a fast and a slow component as indicated. Mutants
associated with current recovery (i.e., their AF and current time constants are not statistically different [ANOVA and Tukey post-hoc test;
P > 0.05], and their ratio is within the limit of 1.4-fold) are labeled in blue. Error bars represent SEM. All experiments were performed
with fluorophore-labeled channels.
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Closely behind (yellow) followed other finger and
knuckle residues and residues of the palm-thumb loop.
Much slower movements (green and blue) occurred in
several domains. The slowest movement, linked to desen-
sitization, was reported by D78C of the palm (dark blue).

Upon moderate acidification inducing SSD, the
order of movements is quite different from the one at
pH 6.0 (Fig. 9 B). Q134C of the finger, V80C of the palm,
and E427C of the pore entry moved first (red), followed
by most other positions that all moved with kinetics
that were faster than those of SSD. Finally, L135C and
V354C moved with the same kinetics as SSD, followed
only by D78C.

When the solution was switched back to pH 7.4, some
finger residues were the first to report the backward move-
ment during recovery from desensitization (Fig. 9 C),
indicating that they are highly flexible. If a sequence of
linked conformational changes involved several do-
mains, the backward movement during recovery would
be expected to occur in the reverse order. This was indeed
observed for several residues, as for example, E235C and
D78C, whose AF kinetics upon channel activation were
very slow, whereas the recovery kinetics were faster com-
pared with other mutants. Comparison of the order of
movements during the acidification to pH 6.0 with the
one during the return to pH 7.4 identified a sequence
of linked conformational changes that started upon
acidification with changes reported by the finger residue

A B <

1137  L135
/
Q134
W233©%

K133C, E427C of the pore entry, and residues of the palm-
thumb loop and the knuckle. V354C and E235C of the
acidic pocket and finally the palm residue D78C moved
toward the end of this sequence (Fig. 9 A). The back-
ward movement was reported first by D78C, V354C, and
E235C, and toward the end of the sequence by K133C,
the knuckle and palm-thumb loop residues, and the slow
component of E427C.

The existence of interdependent conformational
changes is further supported by the observation that in
most mutants, the recovery of the fluorescence change
was much slower than its onset. This difference suggests
that after opening and desensitization, a bound fluoro-
phore experienced a different structural pathway than be-
fore. The backward movement was most likely delayed by
the necessity of the completion of preceding movements.

DISCUSSION

Our VCF analysis identified conformational changes in
different domains that occur during channel activity.
Some of these movements precede current desensitiza-
tion. Fluorescence changes related to desensitization
were observed in the palm, the acidic pocket, and the
finger. Analysis of the order of movements suggests that
the finger domain is highly flexible and moves rapidly
outward upon channel activation and backward when the
pH is changed back to 7.4. Residues of several domains
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The finger moves away from the B ball upon channel activation. (A) View of the finger residues Q134, L135, and 1137, W233

of the B ball, and K392 of the knuckle of a neighboring subunit. (B) AF/F normalized to the acid-induced current amplitude is indicated
for the three individual finger mutants and when each of them was combined with the W233V mutation (pH 6; n = 4-10). (C) AF/F
normalized to the acid-induced current amplitude is indicated for two control mutations at a distance of >15 A from W233V and when
each of them was combined with the W233V mutation (pH 6; n = 7-8). (D and E) Representative current and AF trace of the double
mutant L135C/W233V and the double mutant control E427C/W233V. Error bars represent SEM.
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are part of a sequence of conformational changes that
may be linked to the entry into desensitization and re-
covery from it.

Conformational changes preceding desensitization

Ionic currents reflect changes in the pore. If move-
ments of other domains occur simultaneously with ionic
currents, it is expected that they are closely linked to
the event in the pore. Because of the limited temporal
resolution of our experiments, we cannot directly asso-
ciate observed conformational changes with channel
opening. However, we measured in several mutants AF
signals that were faster than desensitization of the current,

© AF recovery /
© | recovery

Figure 9.

indicating that they report conformational changes
either involved in channel opening or in the induction
of desensitization. Such rapid conformational changes
were found, for example, with residues of the finger
and the knuckle. The fact that most finger mutants
showed rapid changes in AF strongly suggests a rapid
global movement of the finger during ASIC activation
and/or the induction of desensitization. Differences
between AF kinetics of finger mutants likely reflect
changes in their individual microenvironment. For ex-
ample, several residues oriented toward the protein
body, such as E113C, L135C, and Q134C, had slower
AF onset kinetics than residues pointing toward the

I 0.1-0.3
[ 0.3-0.5

0.5-0.7
I 0.7-0.9
N 0.9-1.1
I 1.1-1.5

Rearrangements during ASICla gating. (A) AF onset. Each residue is represented in the structural model with a color cor-

responding to the ratio of the rise time of the AF onset divided by the rise time of the current onset (rtapon/ T'topening) - From fast to slow,
colors were orange, yellow, green, and the different shades of blue. (B) AF onset of SSD. Each residue is represented in the structural
model with a color corresponding to the (Tapssn)/Tissp)) ratio. Residues whose AF is associated with current SSD are labeled in bold.
(C) Recovery of AF. Each residue is represented in the structural model with a color corresponding to the (Tapccovery/ Tirecovery) Tatio.
Residues whose AF is associated with current recovery are labeled in bold.
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protein surface. E136 was the last finger residue to re-
port a change in the environment upon both opening
and recovery, suggesting that the observed slow move-
ment may reflect the inertia of this labeled residue. The
importance of finger residues for ASIC activation has
previously been highlighted with functional studies
showing that mutation of some residues of this domain,
and cleavage in the finger domain by proteases, pro-
foundly affected the pH dependence of activation
(Vukicevic et al., 2006; Paukert et al., 2008). Although we
show that the finger moves away from the (3 ball, the
direction of the knuckle movement remains unknown.
A recent study used normal mode analysis of ASICI at
constant pH to investigate possible conformational ad-
aptations leading to channel opening (Yang et al,
2009). This analysis indicated the existence of collective
motions between the thumb and the finger and vibra-
tions between the knuckle and the finger, but it did not
provide any evidence for a correlation of knuckle and
[B-ball movements.

V354C and E355C are located at the lower end of the
ab thumb helix that may have a role in the closing of
the acidic pocket after protonation (Jasti et al., 2007). A
first negative AF component in E355C was followed by
a slower positive AF in both V354C and E355C, which
showed very similar kinetics as current desensitization.
After this step, E355C was less solvent exposed than in
the closed conformation. Therefore, E355C undergoes
a first rapid movement that is associated with channel
opening or an early step of the induction of desensitiza-
tion. This movement continues and eventually ends in
a less exposed E355C position, consistent with the pro-
posed closing of the acidic pocket during ASIC activa-
tion and desensitization. A rapid AF was also observed
for 1281C, a residue located in the palm at the beginning
of the palm-thumb loop that contains the 3 turn (Fig. 1 D).
Because its kinetics were similar to those of other resi-
dues in this loop and much faster than the kinetics of
other palm residues, we conclude that it possibly re-
flects the movement of the palm-thumb loop. The fast
kinetics of the AF onset of several pam-thumb loop resi-
dues supports a role of this loop in rapid signaling, as
suggested previously on the basis of mutagenesis data
(Li et al., 2009).

pH dependence of fluorescence signals

The AF amplitude showed a more alkaline pH depen-
dence than the current activation in all mutants. The
pHso of the AF amplitude was for all mutants close to
the pHj;, value of SSD; however, the steepness of the AF
amplitude pH dependence was in most mutants closer
to that of channel activation. The observed shift is remi-
niscent of the left-shifted fluorescence relative to gating
current-voltage dependence of K" channels (Mannuzzu
et al., 1996; Cha and Bezanilla, 1997). In a multi-subunit
channel requiring activation of more than one subunit

116 Conformational changes of ASIC1a

for opening, some of the conformational changes are
expected to occur at more alkaline pH than pore open-
ing. In several studies with ligand-gated channels, fluores-
cence changes associated with channel activation showed
the same concentration dependence as current activa-
tion (Chang and Weiss, 2002; Shan et al., 2011). In other
studies, the concentration dependence of the AF asso-
ciated with channel activation diverged from that of the
current (Dahan et al., 2004; Pless and Lynch, 2009).
Given that our analysis indicates roles of the tested
mutants in different functional transitions, it is surpris-
ing to find a very similar AF pH dependence in all mu-
tants. At a pH more acidic than 7.4, conformational
changes occur in all extracellular domains with similar pH
dependence but different kinetics. These conformational
changes are part of a general rearrangement of the
ASIC protein and may be required for channel opening
and desensitization. Analysis of the current and AF onset
kinetics at higher temporal resolution might identify
some of these residues as associated with opening. Alter-
natively, because all AF changes observed in our study
were also found in protocols that did not lead to opening,
it is possible that these conformational changes may be
necessary for both opening and desensitization but may
not be sufficient for opening. Additional, not yet identi-
fied mechanisms involving protonation in the pH range
of activation might be required for channel opening.

Conformational changes in the palm are associated

with desensitization

Movements that were likely slower than opening but
substantially faster than desensitization were observed
in several domains, showing that the conformational
changes occurring with channel opening continue and
likely prepare desensitization. We show that movements
of the palm residue D78C are associated with desensiti-
zation. In addition, the AF recovery kinetics of D78C
matched the time course of current recovery, suggest-
ing that with the solution change to pH 7.4 the channel
leaves the desensitized state when the palm undergoes
a backward movement. Comparison of crystal structures
indicated that the palm  sheets of the three subunits
move toward the central vertical axis of the channel
during desensitization (Baconguis and Gouaux, 2012).
Functional evidence for such a movement has been pro-
vided by state-dependent accessibility to sulthydryl re-
agents of engineered Cys residues in the palm of ASIC3
and ASICla (Cushman et al., 2007; Roy et al., 2013).
Although the open ASICI structures showed a wider
pore opening and a similar widening of the central ves-
tibule relative to the desensitized structure, the other
domains presented almost the same conformation in
the open and desensitized structures (Baconguis and
Gouaux, 2012). In contrast, our study showed evidence
of conformational changes in these domains that oc-
curred most likely after opening and before or with
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desensitization. The origin of this discrepancy is currently
not clear. In the crystal structures, the channel was opened
by the binding of Psalmotoxin 1, and the correspond-
ing currents showed different ion selectivity and inhibi-
tion by amiloride compared with ASIC opened by low
pH. It is therefore possible that the toxin-bound open
conformation does not entirely correspond to the pro-
tonated open conformation of ASICI.

In conclusion, we show that rapid conformational
changes in several domains, among them an outward
movement of the finger, occur when ASICla is activated
by protons. These conformational changes may be
associated with opening or with early steps preparing
desensitization. The palm-thumb loop mediates rapid
events possibly linked to channel opening, whereas
other parts of the palm mediate slower events that may
be linked to desensitization. Our findings add a new
dimension to the information on ASIC gating and
will provide the basis for more detailed analyses of
mechanisms that are likely shared by other ENaC/de-
generin channels.
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Figure S1. Kinetic parameters of the solution change. Xenopus oocytes were injected with cRNA encoding the «, 3, and y ENaC sub-
units, and ENaC was expressed as described in Kellenberger et al. (1999. Proc. Nail. Acad. Sci. USA. 96:4170-4175). After incubation with
the plasma membrane resident pH-dependent fluorophore N-(fluorescein-5-thiocarbonyl)-1,2-dihexadecyl-sn-glycero-3-phosphoetha-
nolamine, currents were induced under two-electrode voltage clamp to —40 mV by switching from an extracellular solution of pH 7.4
containing K" as the only monovalent cation to the normal extracellular solution containing Na" at pH 6.0. (A) Current and fluores-
cence traces from a typical experiment. (B) The same experiment is shown on an expanded time scale. (C) Individual data points of the
delay from the solution switching time to the appearance of the current and AF signal. Solid lines connect data of the same experiment.
(D) Individual data points of the rise time of the current and AF onset. Solid lines connect data of the same experiment; n = 14 from
three different experimental dates.
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Figure S2. Mutants not producing activity-dependent AF signals after labeling. Current and AF traces of representative experiments
with the two mutants, E340C (A) and A349C (B). Experiments were performed as for other mutants (see Materials and methods of main
text).
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Figure S3. Current and AF kinetics of mutants associated with desensitization. Comparison of the rise time of the AF onset (red circles)
and the decay time of the current (black squares) for the mutants V80C, E113C, and E235C, and the slow component of E355C; n=4-11.
Error bars represent SEM.
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Figure S4. pH dependence of current and AF amplitudes. pH of half-maximal amplitude (pHs; A) and Hill coefficient (B) of AF and
current activation and SSD, obtained from analyses as shown in Fig. 5 (A and B); n=4-8. The conditioning pH in activation experiments
was 7.8. The exposure period to the conditioning pH in SSD experiments was 40 s, and the stimulation pH in these experiments was pH
6. Error bars represent SEM.
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Figure S5. The kinetics of recovery depend exclusively on the conditioning pH to which the solution is returned. (A and B) Representa-
tive current and fluorescence traces from oocytes expressing K133C. In these experiments, the pH was changed to different condition-
ing pH values after the pH 6.0 stimulation (A), or different stimulation pH values were applied and channels were exposed to pH 7.4
after the stimulation (B). (C and D) The time constant of the AF recovery is shown for the conditions illustrated in A and B. (E) Time
course of ASICla current recovery at three different conditioning pH values (7.3, 7.4, and 7.6) as a function of time. The time constants
determined from exponential fits to the current recovery were 3.25 + 0.44 s (pH 7.3), 2.32 £ 0.18 s (pH 7.4), and 0.70 + 0.07 s (pH 7.6).
The experiments were performed as described in the legend of Fig. 7; n= 3. Error bars represent SEM.
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Figure S6. Quenching experiments with iodide. The fluorescence was measured in the absence/presence of iodide at both pH 7.4 and
6. Quenching solutions were prepared by replacing 100 mM C1~ with the same concentration of I". (A) Current and AF traces from an
experiment with E113C. (B) The ratio R=F(I") /F(Cl") is shown at pH 6.0 (open bars) and pH 7.4 (closed bars). (C) The ratio of Ryp7.4
/Ry is shown for the three mutants. **, Ryuz.4 / Rpueo different from 1 (P < 0.01); n = 4-7. The error bars represent SEM.
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Figure S7. Current and AF traces of double mutants. Current and AF traces from representative experiments are shown for the mutants
Q134C/W233V (A), 1137C/W233V (B), and H110/W233V (C). The small AF peaks in A and B are artifacts caused by the solution
change.
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Table S1
Test for intrinsic pH dependence of fluorophores

Mutant Ratio (%) AR/ desensitized-to-open/ AR
closed-to-open protocol

D78C 1.6 + 0.6
V80C 8.1+32
K105C* 9.0 1.6
H110C* 3.6+1.7
E113C 94+22
K133C 9.7+3.0
Q134C 11.4+25
L135C 11.4+3.5
E136C 23.7+£2.2
1137C* 33+1.0
L138C* 14.8 £2.6
E235C 9.3+1.8
1281C* 53+1.7
T289CC 20.1+3.9
V293C 6.6+0.5
V354C© 1568+ 1.5
E355C 7.9+2.7
K388C™ 154+ 3.4
K392C% 1.2+0.7
E427C 9.6 3.1

The ratio of the AF/F of the desensitized-to-open protocol (i.e., pH 6.9
to 6) /AF/F of the closed-to-open protocol (pH 7.4 to pH 6) is shown as
a percentage (n =4 + SEM). For most mutants, this ratio was measured
using the two fluorophores Alexa Fluor 488 and CF488. The fluorophore
yielding the lower ratio was subsequently used for the experiments and
its ratio (as a percentage) is indicated in this table. Mutants labeled by
CF488 are marked with C. Alexa Fluor 488 was used for all the remaining
mutants.

“In these mutants, the desensitized-to-open protocol was carried out at pH
6.8 and 6.
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