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Acid-sensing ion channels (ASICs) are key receptors for
extracellular protons. These neuronal nonvoltage-gated Na*
channels are involved in learning, the expression of fear, neuro-
degeneration after ischemia, and pain sensation. We have
applied a systematic approach to identify potential pH sensors
in ASICla and to elucidate the mechanisms by which pH varia-
tions govern ASIC gating. We first calculated the pK, value of all
extracellular His, Glu, and Asp residues using a Poisson-Boltz-
mann continuum approach, based on the ASIC three-dimen-
sional structure, to identify candidate pH-sensing residues.
The role of these residues was then assessed by site-directed
mutagenesis and chemical modification, combined with func-
tional analysis. The localization of putative pH-sensing residues
suggests that pH changes control ASIC gating by protonation/
deprotonation of many residues per subunit in different channel
domains. Analysis of the function of residues in the palm do-
main close to the central vertical axis of the channel allowed for
prediction of conformational changes of this region during gat-
ing. Our study provides a basis for the intrinsic ASIC pH
dependence and describes an approach that can also be applied
to the investigation of the mechanisms of the pH dependence of

other proteins.

Acid-sensing ion channels (ASICs)*® are neuronal nonvolt-
age-gated Na™ channels that are activated by a rapid drop in
extracellular pH (1, 2). They are members of the epithelial Na™
channel/Degenerin family of ion channel proteins (3). Expres-
sion in nociceptive neurons and activation by protons suggest
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that ASICs may act as pain receptors (4), and evidence for such
a role has been provided in several animal pain models (5-7).
ASICla in the central nervous system plays a role in memory
formation and the expression of fear (8, 9). ASIC1a is also an
important mediator of cell injury induced by conditions
associated with acidosis in the mammalian nervous system
(10). Functional ASICs are formed by homo- or heterotrim-
eric assembly of ASIC subunits 1a, 1b, 2a, 2b, and 3. Each
subunit has short intracellular N and C termini and two
transmembrane domains that are separated by a large extra-
cellular domain.

Extracellular acidification opens ASICs. The ASIC activity is
terminated in the continued presence of the acidic stimulus
within hundreds of milliseconds to seconds by open channel
inactivation, which is also called desensitization (11). Only in
some ASIC isoforms and under certain pH conditions can acid-
ification induce a sustained current, which has in most cases a
much smaller amplitude than the peak current (12-14). At pH
values slightly below the physiological pH, ASICs inactivate
without apparent channel opening in a process that is called
steady-state inactivation (SSIN) (15). By these two ways ASICs
enter the inactivated state, which is a nonconducting, absorbing
state. Experimental protocols have been applied to determine
the kinetics of the recovery from the inactivated state, showing
that channels need exposure for a certain duration to a suffi-
ciently alkaline pH (e.g >pH 7.2 for ASICla) to be able to
conduct current again upon extracellular acidification (16, 17).
These observations together with the property of ASICs of
being rapidly opened by acidification from a pH where they are
in the closed state (=pH 7.4 for ASIC1a) indicate that the inac-
tivated and the closed states of ASICs are functionally different.

A study on rat ASIC3 proposed that channel opening is
induced by displacing Ca>" from the channel pore without con-
formational changes (18). Although this may be true for ASIC3,
there is convincing evidence that ASIC1 and ASIC2 open by a
different mechanism, which most likely involves conforma-
tional changes (19-21). It is assumed that binding of protons
to the ASIC protein leads to channel opening, in an analogous
way as binding of the ligand to a ligand-gated channel induces
opening. Different strategies have been employed to identify
residues involved in ASIC pH dependence. Coric et al. (22)
identified regions that are different between pH-gated and non-
pH-gated ASICs. Paukert et al. (23) mutated conserved acidic
and basic side chains in rat ASICla, and Smith et al. (24)
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ASIC1a pH Dependence

explored differences in the sequence of the HT-activated
ASIC2a and the non-gated ASIC2b, mutating acidic residues of
ASIC2a that were not conserved in ASIC2b. These studies
showed that several parts of the ASIC extracellular domain
contribute to ASIC pH dependence and identified several His,
Glu, and Asp residues whose mutation affected the pH depen-
dence of ASIC activation and may therefore be pH sensors of the
protein. However, the mechanisms of pH-dependent gating are
currently not well understood. The high resolution chicken
ASIC1 crystal structure has recently been reported from a trun-
cated construct that was crystallized at acidic pH, therefore
most likely representing the channel in its inactivated state
(25, 26).

To understand the mechanisms of the control of ASIC activ-
ity by pH, it is important to identify pH sensors in the protein.
To this end, we used a computational approach to calculate on
the basis of the crystal structure the theoretical pK, values of all
Asp, Glu, and His residues in the extracellular part of human
ASICla (hASICla). Residues with a calculated pK, between 5
and 8 were further studied by mutagenesis and functional anal-
ysis. This analysis identified several residues whose conserva-
tive mutation affected the pH dependence of activation or inac-
tivation and which therefore likely have a role in pH sensing.
Our analysis gives an overview of the protonation state of acidic
residues in the ASIC protein, identifies several previously un-
known residues involved in ASIC gating, and suggests confor-
mational changes involved.

EXPERIMENTAL PROCEDURES

Homology Modeling of the hASICla Structure—Three-di-
mensional homology models of the human ASICla channel
were constructed with the use of the program Modeler 9, ver-
sion 5 (27), using the crystal structure of the intracellularly
truncated, nonfunctional homotrimeric chicken ASIC1 chan-
nel (PDB code 2QTS (25)) or that of the recently published
functional chicken ASIC1 channel (PDB code 3HGC (26)) as
a template. All relevant crystallographic information was re-
tained, including the chloride ligands.

Five models were generated from both structures and ana-
lyzed with Dope (28) and Anolea (29), and the model with the
best overall score for each structure was selected. The homol-
ogy models of human ASICla were very similar to the experi-
mentally determined structures of chicken ASIC1a, which were
used as templates due to very high sequence identity (90%).
After superimposition on the Ca atoms, the root mean square
deviation between the template crystal structures and the ho-
mology models was only 0.5 A for the homology model based
on 2QTS and 0.4 A for the homology model based on 3HGC.
The Anolea score profiles of the homology models resemble the
profiles obtained for the templates, which points out the good
quality of models (data not shown). The parameters of an anal-
ysis of the models by the program PROCHECK (30) is pre-
sented in supplemental Table S1, confirming the good quality
of the models. In both models the residues in disallowed regions
of the Ramachandran plot (making up 0.2%) are situated in an
ASICla extracellular domain exposed to the solvent, so that
their questionable conformation could not influence the pK,
calculations.
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The accessible surface area of individual residues was calcu-
lated using the COOR SEARCH function of the CHARMM c34
molecular mechanics software. Molecular graphics images
were produced using the Chimera package from the Resource
for Biocomputing, Visualization, and Informatics, University of
California, San Francisco (31).

Calculation of pK,—The ionization state of a residue is deter-
mined by the relative free energy of its protonated and unpro-
tonated forms. The method for estimating the pK, of the resi-
due consists in calculating the free energy of transfer AAG that
corresponds to the reversible work needed to protonate the side
chain in the protein compared with the work needed to proton-
ate the same side chain in an isolated peptide in bulk water (32).
The intrinsic pK,, values of Asp, Glu and His are 3.86, 4.07, and
6.10, respectively. The pK|, shift (relative to the intrinsic pK, of
the same amino acid isolated in solution) is given by Equations
1 and 2,

AAG

APKe= 53T

(Eq. 1)

where

AAG = (AGprotein(p) - AGprotein(u)) - (AGisoIated(p)
- AGisolated(u)) (Eq.2)

where p stands for the protonated and u for the unprotonated
state. The free energy difference AAG was estimated using a
continuum electrostatic approach in which the solvent and the
membrane are represented as a dielectric medium. The various
AG values are given by Equation 3,

1
AG =5 2.q.9(r.) (Eq.3)

where ¢(r,) is the electrostatic potential at the position of the
atomic charge ¢q,. The electrostatic potential ¢(r,), which is
determined by the charge distribution and the space-depen-
dent dielectric constant of the system, was calculated by solving
the Poisson-Boltzmann equation using the PBEQ module (33)
of CHARMM (34). The trimeric ASICla channel, modeled as
described above and with its bounded Cl™ ions, was embedded
in a low dielectric slab of 35 A thickness mimicking the mem-
brane and a 150 mu salt solution. Dielectric values of 2, 4, and
80 were attributed to the protein, membrane slab, and water
bulk, respectively. The molecular surface of the protein was
defined using a probe radius of 1.4 A. A grid spacing of 1.5 A was
used for the initial calculation of the electrostatic field, which
was refined by a subsequent run using a grid spacing of 0.5 A.
The Poisson-Boltzmann calculation was repeated for both the
protonated and unprotonated states of a residue in the protein
environment and isolated in solution (32, 35). The modeling
and calculations were performed within the Protein Modeling
Facility of the University of Lausanne.

Site-directed Mutagenesis and Expression in Xenopus Oocytes—
The original human ASICla cDNA construct was kindly pro-
vided by D. Corey. Point mutations and combined point muta-
tions were introduced by QuikChange (Stratagene). Mutations
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were verified by sequencing (Synergene Biotech, Zurich, Swit-
zerland). The ASICla cDNA was cloned into a vector contain-
ing 5'- and 3'-untranslated sequences of Xenopus B-globin.
Expression in Xenopus laevis oocytes was carried out as de-
scribed previously (36). Complementary RNAs were synthe-
sized in vitro. Oocytes were surgically removed from the ovar-
ian tissue of female X. laevis, which had been anesthetized by
immersion in 2 g liter ' MS-222 (Sandoz, Basel, Switzerland).
All experimental procedures on X. laevis were realized accord-
ing to the Swiss federal law on animal welfare, approved by the
committee on animal experimentation of the Canton de Vaud.
The oocytes were defolliculated, and healthy stage V and VI
Xenopus oocytes were isolated and pressure-injected with 100
nl of cRNA solution, and oocytes were kept in modified Barth
solution during the expression phase.

Electrophysiological Analysis—Electrophysiological mea-
surements were taken at 18 —30 h after cRNA injection. Macro-
scopic currents were recorded using the two-electrode voltage
clamp technique at a holding potential of —60 mV. Currents
were recorded with a Dagan TEV-200 amplifier (Minneapolis,
MN) equipped with two bath electrodes and analyzed with the
pCLAMP data acquisition package (Axon Instrument, Union
City, CA). The standard bath solution contained 110 mm NaCl,
2.0 mMm CaCl,, 10 mm Hepes-NaOH (or MES-NaOH for pH <
6.8), and pH was adjusted by NaOH to the values indicated.
Oocytes were placed in a recording chamber (500 wl) and per-
fused by gravity at a rate of 5-15 ml/min. The pH activation
curves were fit by using the following Hill equation: I = ./
(1 + (107 PH%%/10~ PH)"H) where I, is the maximal current,
pHx, is the pH at which half of the channels are opened, and 7,
is the Hill coefficient, using KaleidaGraph (Synergy software).
Steady-state inactivation curves were fit by an analogous equa-
tion. Data are presented as mean * S.E. Differences between
hASICla WT and mutants were analyzed by analysis of vari-
ance followed by Dunnett post hoc test (p < 0.05), on the entire
data set for SSIN and changes in maximal current amplitude
after the sulfhydryl reaction. Because there was some batch-to-
batch variability in the WT pHg, (pH of half-maximal activa-
tion), statistical analysis of activation parameters was carried
out on the ensemble of the dataset per experimental day or
oocyte batch (always including the WT and several mutants
and/or conditions), and a difference was only considered signif-
icant if it was significant on all tested days/oocyte batches. In
experiments with methane thiosulfonate (MTS) reagents, func-
tional parameters were measured before and after a 5-min incu-
bation with the reagent. In these experiments, the paired Stu-
dent’s £ test was used to determine significance of the effect of
MTS reagents. Propagated S.E. was calculated as the sum of the
relative individual S.E.

Reagents—MTS reagents were obtained from Toronto Re-
search Chemicals (Montreal, Canada), and other reagents were
from Sigma, Fluka, or Applichem.

RESULTS

Homology Modeling and pK, Calculation—Homology mod-
els of human ASICla (hASICla) were obtained using Modeler
(37) based on the two crystal structures, 2QTS (PDB code) at
1.9 A, and 3HGC at 3 A (25, 26). Both structures had been
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obtained from intracellularly truncated chicken ASIC1 constructs
at acidic pH and therefore most likely represent the inactivated
conformation. The models are structurally nearly identical to their
template as a result of a very high sequence identity (see “Experi-
mental Procedures” and supplemental Table S1). The 2QTS
structure has a higher resolution than 3HGC but represents a
nonfunctional channel, whereas the 3HGC structure was
obtained from a functional channel. The 3HGC structure pro-
vides a more realistic structure of the transmembrane regions
than the 2QTS structure; however, there are no major differ-
ences between the two structures with regard to the extracellu-
lar parts (26). Because of the higher resolution of the 2QTS
structure and the high similarity of both structures in the extra-
cellular part, we consider the 2QTS-based model a valid and
preferable basis for the computational approach. This study is
therefore based on the 2QTS-derived hASIC1a model. On the
basis of the nonprotonated hASICla model, including its chlo-
ride ion ligands, the pK, value of each of the two side chain
oxygen atoms of each Asp and Glu residue was calculated based
on its electrostatic interactions with all other atoms of the
model. Using the same approach, pK, values for His residues, as
well as the relative energy of the two possible forms of neutral
His, were calculated. This initial analysis yielded two pK, values
for each Glu and Asp residue, a pK, for His and the relative
energies of the two neutral forms of His residues. The pK, val-
ues of Asp, Glu, and His residues calculated based on the non-
protonated 2QTS- and 3HGC-derived models are indicated in
supplemental Table S2, and differences of pK, values between
the two models are discussed below (“Discussion”).

Because the pK, of a residue depends on the electrostatic
interactions with its protein environment, protonation of one
residue will likely affect the pK,, of neighboring residues. Our
calculations identified several pairs of acidic residues whose
pK, values are interdependent (supplemental Table S3). Fig. 14
displays the names of the different domains of ASIC subunits
(25). In the thumb-B-ball contact region, several acidic residues
with interdependent pK, values form an interacting network.
This region, which has previously been suggested to be critical
for ASIC activation (25), is shown in a close-up in Fig. 1B.

Order of Protonation in ASIC1la—To identify Glu, Asp, and
His residues that are likely to be protonated at physiological pH,
the residues with the highest pK, values based on the 2QTS-
derived model were protonated in the model, and pK, values of
neighboring candidate residues were recalculated. By reiterat-
ing this process, the following residues with pK, > 8 were iden-
tified: Glu-63, Asp-78, Glu-79, Glu-97, Glu-177, Glu-238, Glu-
242, Glu-277, Glu-315, Asp-351, Asp-409, and Asp-434. On the
basis of a model in which the above-mentioned residues were
protonated, the pK,, of the remaining Glu, Asp, and His res-
idues were calculated, yielding an initial list of the order of
protonation. The residue with the highest pK, value was
then protonated in the model, and the pK, values of the
remaining candidate residues were recalculated, and so on,
yielding the theoretical protonation order at pH values <8
and >5 thatis shown in Fig. 1C. The pK, values of all Asp, Glu,
and His residues in the stepwise protonated model are shown in
supplemental Table S2. The analysis of the 2QTS-based model
yielded Glu and Asp, but not His residues with pK, values
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FIGURE 1. Calculation of pK, values in ASIC1a. A, extracellular part of human ASIC1a. One ASIC1a subunit is
shown in color, identifying different parts of ASIC subunits (red, transmembrane segments; yellow, palm;
orange, B-ball; blue, thumb; purple, finger; turquoise, knuckle) (25). B, view of the network of acidic residues on
the finger loop originating in B-ball strands 86 and 87 and the thumb helix a5. The residue Glu-97 is more
distant from the a5 helix than Asp-237 and Glu-238. The calculated pK,, values for these residues are as follows:
Glu-97,Glu-238, Asp-351 > 8, Asp-347 = 6.2, Glu-355 = 5.8,and Asp-237 < 5., pK,, values for residues with pK,,
values between pH 8 and 5, calculated as described in the text. D, Glu, Asp, and His residues in the extracellular
part of the human ASIC1a model; Asp and Glu, blue, pK, > 8; yellow, pK, < 8 and > 5; dark orange, pK, < 5; His
(all pK, < 5), pink. These residues are shown on one of the three subunits, which is colored as in A.

between 5 and 8. The pK, values of all His residues were <5.
ASICla activation (the process leading to channel opening)
occurs in the pH range of 6.5-5.5 (Fig. 2B). SSIN of ASICla
occurs in the pH range 7.4-7.0 (Fig. 3B). Therefore, residues
Glu-228 and Glu-418 with pK, of 7.4 and 7.2 are candidates for
inactivation pH-sensing, whereas the other residues with pK, >
5.5 shown in Fig. 1C may contribute to activation pH-sensing. A
potential limit of our approach is the fact that the calculation of
pK, values is based on the structure of ASIC in a conformation
that corresponds to its inactivated state. Therefore, some of the
calculated pK, values may be different from what they would
be in the closed or open state conformation. Considering the
uncertainty of the calculation, we selected residues with a wide
range of pK, values (between 8 and 5) as the residues that are
potential H™ sensors. Fig. 1D gives an overview of the different
classes of Glu and Asp residues as defined by the calculated pK,,
showing on the structure of one ASICla subunit (colored rib-
bon, the other two subunits of the trimer are in light gray) acidic
residues with calculated pK, > 8 in blue, with 8 > pK, > 5 in
yellow, and with pK, < 5 in dark orange. Fig. 1D also shows His
residues (pink), which all had a pK, < 5. Most residues with pK,
> 8 are located in interior parts of the protein where they are in
contact with other acidic residues. The residues with pK, values
<5 are mostly located on the protein surface, whereas Asp and
Glu residues with pK, between 5 and 8 are found in almost
every part of the protein. Many of the acidic residues with pK,
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between 5 and 8 are conserved in
ASICs, but not other epithelial Na™
channel/Degenerin family mem-
bers, as illustrated in supplemen-
tal Fig. S1. We tested the functional
importance of the predicted H™-
sensing residues with pK, < 8 and
>5. In addition, all 12 residues with
pK, > 8interact with other acidic res-
idues and thereby co-determine the
pK, values of these neighbor residues.
We therefore tested the function of
those residues with pK, > 8 whose
neutralization mutation has not
been characterized so far (Glu-97,
Glu-177, and Glu-277). For the
functional analysis, we mutated the
residues, expressed the mutant
ASICla channels in X. laevis
oocytes, and determined their func-
tional properties with electrophysi-
ological measurements.

pH Dependence of ASIC Acti-
vation—In a first set of experiments,
acidic residues were neutralized
individually, and thus Glu was
mutated to Gln, and Asp was
mutated to Asn. The mutant side
chains are neutral and cannot be
protonated. All mutants were func-
tional, and most of them expressed
similar acid-induced maximal peak
current amplitudes as ASICla wild type (WT, data not shown).
All mutants induced transient currents, which had similar
kinetics as ASICla WT. We expect that suppression of a pro-
tonation site by mutagenesis may in the simplest case decrease
the steepness of the pH-current relationship. ASIC activation is
a complex process that likely depends on coordinated confor-
mational changes in different parts of the protein. Therefore, it
is likely that the suppression of a protonation site also affects
the apparent affinity of the channel for protons, which for chan-
nel activation is characterized by the pH of half-maximal acti-
vation, pHy,. Fig. 2A shows traces of an activation curve mea-
sured from ASICla WT and the mutant E418Q), and Fig. 2B
plots the normalized current as a function of the stimulating pH
for ASICla WT and the two mutants E418Q and E355Q. Both
mutations decreased the steepness of the pH-current relation-
ship (Fig. 2B). The Hill coefficient (1) of the mutant E355Q but
not E418Q was significantly lower than that of ASICla WT
(Fig. 2C). The E235Q mutation induced a substantial increase
in the steepness, without changing pH., (Fig. 2, C and D). The
cause of the increased 7y, of this mutant, which was not found
with the mutation to Cys (not shown), is not clear. The Gln (but
not the Cys) introduced at position 235 may form a hydrogen
bond with Tyr-389 of the neighboring subunit and thereby
affect gating. The pH-current curve (Fig. 2B) shows that the
mutation E418Q shifted the activation curve to more acidic pH.
Significant acidic shifts of pH,, were observed for the mutants
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FIGURE 2. pH dependence of activation of neutralization mutants. A, representative current traces of oocytes expressing ASIC1a WT or E418Q obtained by
5-sacidification to the pH values indicated, at a holding potential of —60 mV. B, pH dependence of activation of WT ASIC1a (O) and the mutants E418Q (4 ) and
E355Q (A), n = 4-12. Currents are normalized to the peak current induced by the most acidic pH, pH, 5. The lines represent fits to the Hill equation (see
“Experimental Procedures”). G, Hill coefficient was obtained from fits to the Hill equation. D, pH value for half-maximal activation, pHs, obtained from fits to the
Hill equation, n = 5. *, different from WT, p < 0.05. Averaged data are represented as mean = S.E.

E418Q and D347N (both with calculated pK, between 5 and 8)
and for E277Q (pK, > 8) as shown in Fig. 2D. These three
residues, as well as Glu-235, therefore contribute to activation.
No single mutation did completely disrupt pH gating of
ASICla.

pH Dependence of Steady-state Inactivation of Neutralization
Mutants—The SSIN represents the direct transition from the
closed to the inactivated state during prolonged exposure to
moderately acidic pH. For ASICla, the pH of half-maximal
inactivation (pHIng,) is ~7.2. Therefore, at pH more acidic
than pH 7.4, an increasing fraction of ASICla channels is in the
inactivated conformation from which they cannot be opened by
acidification. SSIN determines the fraction of channels that are
available for opening. To measure the pH dependence of SSIN,
we exposed ASICla-expressing oocytes during 55 s to the con-
ditioning pH in the range of 8.0 to 6.6, before switching to pH
6.0 for ASIC activation. Fig. 3A illustrates the protocol and
shows current traces from a representative experiment with
WT ASICla. Fig. 3B plots the normalized current as a function
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of the conditioning pH and shows the WT SSIN curve as well as
examples of mutants that shifted inactivation to more acidic or
more alkaline pH values. The summary of SSIN experiments in
Fig. 3C shows that E97Q and E277Q (calculated pK, > 8), as
well as E113Q, E315Q, and E355Q (pK,, between 5 and 8),
induced an alkaline shift of pHIn,,. Mutation of four residues
with pK, between 5 and 8, E418Q, E413Q, E254Q), and E235Q,
induced an acidic shift of pHIn,,. These residues are therefore
potential sensors for SSIN. The steepness of the SSIN curve was
not substantially affected by the mutations (data not shown).
Combination of Mutations of Potential pH-sensing Residues—
We combined selected neutralization mutations of residues
with pK, between 5 and 8 to test whether their effects were
additive, whether combination of several mutations may dis-
rupt gating, and whether it was possible to selectively affect
either activation or SSIN. Fig. 44 plots the pHy, of these double
(open bars), triple (gray), and quadruple (black) mutants and
compares them to the expected values if the shifts induced by
individual mutations were additive (filled triangles). Based on
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FIGURE 3. pH dependence of SSIN. ASIC currents were induced by 5-s acid-
ification to pH 6 (for some mutants to pH 5.5) after exposure for 55 s to the
conditioning pH. Control studies confirmed that the pHs, of WT ASIC1a does
not depend on the activation pH (pHIns, obtained with stimulation pH 6.0,
7.22 = 0.02, and with stimulation pH 6.0, 7.22 * 0.01, n = 8 each, direct
comparison). A, protocol used and representative current traces with ASIC1a
WT; conditioning pH indicated above open bars, pH-6 stimulation indicated
by filled bars. B, plot of pH 6-induced currents as a function of the conditioning
pH, of ASIC1a WT (O), the mutants E418Q (4 ), and E315Q (A). Currents are
normalized to the response with the most alkaline conditioning pH used. The
lines are fits to the Hill equation (see “Experimental Procedures”). C, pH for
half-maximal inactivation (pHIns,) of neutralization mutants, n = 8. *, differ-
ent from WT, p < 0.05. Averaged data are represented as mean = S.E.

the principle of mutant cycle analysis, additive effects of two
mutations are expected if they do not interact directly (38). The
D347N mutation that had shown the strongest acidic shift in
pH, was combined with either E418Q (acidic shift) or E355Q
(decreased ny;), yielding double mutant channels with the ex-
pected pH, for additive effects of the mutations (Fig. 4A4). Next,
we followed two different strategies of combining mutations
with potential effects on ASIC activation. First, we combined
the neutralization mutations that had shown an effect on pH,,
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D347N and E418Q, as well as E355Q, to which the E235Q
mutation was added, which had strongly increased 7,; in the
wild type background (Fig. 2C). The second strategy was the
combination of neutralization mutations in the thumb region
that had been suggested to be important for ASIC activation
(25), thus E344Q, D347N, and E355Q, to which E315Q was
added. The localization of these residues in the protein is shown
in Fig. 4B. As shown in Fig. 44, the pH,, values of the triple
mutants (gray bars) were as expected for an additive process, i.e.
corresponding to the summation of the shifts induced by the
individual mutations. The acidic shift by the quadruple muta-
tions was greater than expected from the sum of the individual
effects, suggesting an interaction between some of the mutated
residues. Most likely the residue that was additionally mutated
in the quadruple mutant interacts with other residues, thus
Glu-235 with D347N, E355Q), and/or E418Q and Glu-315 with
E344Q, D347N, and/or E355Q. The residue Glu-235 is located
on the finger loop that originates in the 36 and 37 strands of the
B-ball (Fig. 4B) and interacts with the a5 thumb helix (blue), on
which Asp-347 and Glu-355 are located. The mutation of Glu-
235 in the D347N/E355Q/E418Q background induced an
acidic shift of —0.47 pH units (Fig. 4A4), although this mutant
had no effect on pHy, in the WT background (Fig. 2D). The
Glu-315 residue is part of the a4 helix of the thumb and points
toward the a5 helix on which Glu-344, Asp-347, and Glu-355
are located (Fig. 4B). The E235Q/D347N/E355Q/E418Q mu-
tant that combines mutations of different domains of the chan-
nel (Fig. 4B) induced a stronger shift of pH, than the quadruple
mutant of the thumb region.

To generate mutants with changed SSIN, E413Q was com-
bined with either E418Q (acidic shift) or E355Q (alkaline shift),
resulting in pHIn,, values slightly less acidic than calculated
(Fig. 4C, open bars). We then combined the mutations that had
induced acidic shifts of pHIn,, on the WT background, E413Q,
E418Q, E235Q, and E254Q. This resulted in channels with
more acidic pHIng,. The contribution of the E235Q mutation
was smaller than expected, suggesting an interaction of Glu-
235 with the other mutated residues during SSIN.

Structural Coupling of Activation and Inactivation—We
observed with most single and combined neutralization muta-
tions, which changed pH-dependent gating, that they affected
both activation and SSIN. To analyze this relationship quanti-
tatively, we calculated for each mutant the difference pHIng, —
pHs,. In ASIC1a WT, A(pHIn,, — pH;,) equals ~1. In Fig. 4D
avertical line connects for each mutant pHIn,, and pH,, illus-
trating how the absolute values were changed relative to WT
(horizontal interrupted lines). Arrowheads in Fig. 4D indicate
the direction of significant shifts with regard to WT of pHg,
(filled arrowheads) and pHIng, (open arrowheads). In most sin-
gle mutants, the WT A(pHIn,, — pH;,) of ~1 was maintained
and was only substantially increased in E315Q, and decreased
in E413Q, E254Q, and E235Q. Some of the combined mutants
strongly increased A(pHIn,, — pHs,). Shifts of activation and
SSIN were, in most cases, in the same direction (mostly toward
more acid pH), and opposite shifts of pH,, and pHIn,, were
observed only for D347N/E355Q/E418Q and E344Q/D347N/
E355Q. Combinations of mutations generally increased the
A(pHIng, — pHy,) difference because they induced stronger
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FIGURE 4. pH dependence of channels containing several neutralization mutations. A, combinations of mutations affecting activation. pHs, values of
mutants containing several neutralization mutations as indicated (double mutants, open bars; triple mutants, gray bars, quadruple mutants, black bars) and
theoretical pHs, calculated as the sum of the individual differences in pHs, to WT (A). For comparison, the WT pHs,, is indicated by an interrupted horizontal line.
B, illustration of the position of different mutations that were used in the combined mutants. C, combinations of mutations affecting SSIN. pHIng, values of
mutants containing several neutralization mutations as indicated (double mutants, open bars; triple mutants, gray bars, quadruple mutants, black bars) and
theoretical pHins, calculated as the sum of the individual differences in pHIns, to WT (A). For comparison, the WT pHins, is indicated by an interrupted
horizontal line. D, difference between pHIns, and pHs, of single or combined mutations (upper panel, filled circles) and pHIns, and pHs, connected by a vertical
line (lower panel). Filled and open arrowheads indicate the direction of significant shifts relative to WT of pHs, and pHIns,, respectively. £, combined activation
and inactivation curves of ASIC1a WT and the mutants E254Q (small ApHIns, — pHso), D347N (affects exclusively activation), E413Q/E418Q (small ApHIng, —
pHso), and E235Q/D347N/E355Q/E418Q (large ApHIns, — pHso). Filled symbols indicate activation, and open symbols indicate SSIN; n = 7. Averaged data are

represented as means * S.E.

shifts in activation than in SSIN. These observations are illus-
trated in Fig. 4E for ASICla WT and selected mutants. None of
the mutants showed an overlap between the activation and
SSIN curve, which would identify a pH at which currents are
noninactivating and are called window currents. For the
E413Q/E418Q double mutant, the A(pHIn,, — pH,,) was
reduced relative to WT, and a small overlap of the activation
and SSIN curves might be expected. However, activation of this
mutant by stimulation of pH values between 6.8 and 6.5
induced inactivating currents similar to WT, proving the
absence of a window current (supplemental Fig. S2).
pH-dependent Gating of Cys Mutants after Reaction with
Charged Sulfhydryl Reagents—Glu and Asp side chains are neg-
atively charged in their deprotonated form and are neutral
when protonated. Therefore, regarding the charge of the side
chain, the neutralization mutations mimic the protonated form
of the original side chain. To obtain negatively charged side
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chains that cannot be protonated in the pH range used for ASIC
activation, we mutated selected residues to Cys and had them
react with the negatively charged methanethiosulfonate (MTS)
reagent 2-sulfonatoethyl methanethiosulfonate (MTSES) and
in control experiments with the positively charged 2-trimeth-
ylammonium-ethyl methanethiosulfonate (MTSET). Modifi-
cation by MTSES or MTSET changed at least one parameter of
pH-dependent gating in all 14 Cys mutants tested, indicating
that the engineered Cys residues are accessible and had been
modified by the applied MTS reagents (paired £ test, p < 0.05).
As a complementary approach of testing the accessibility of
acidic residues, we calculated their accessible surface based on
the 2QTS-based model. The relative accessible surface of acidic
residues is shown in supplemental Table S2 as percentage of the
surface of the isolated residue. The residues that we have
mutated to Cys and that were modified by MTSET and/or
MTSES had calculated accessible surfaces in the structural
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FIGURE 5. Effect of engineered Cys modification on ASIC1a activation and SSIN. A, pHs, of mutants to GIn or Asn (black bars) or Cys (green bars) or Lys
(orange, only with Glu-413 and Glu-418) and of Cys mutants modified by MTSES (blue), MTSET (red), or DMBE-MTS (purple). The WT unmodified pHs, value is
shown as an interrupted horizontal line. The MTS reagents were applied for 5 min at 1 mm. ASICT1a WT pHs, was slightly shifted by MTSES from 6.22 = 0.02 to
6.19 = 0.02, by MTSET from 6.26 + 0.02 to 6.22 + 0.02 (n = 12), and was markedly shifted by the uncharged DMBE-MTS (from 6.23 *= 0.01t0 6.11 = 0.02,n =
4). B, relative change of the pH 4.5-induced ASIC peak current by MTS reagent exposure. The ASIC1a WT peak current was not significantly affected by the
MTSET or MTSES exposure (current ratio after/before MTSES = 1.06 * 0.06, MTSET = 1.01 = 0.04, n = 12) but was decreased by DMBE-MTS (0.43 £ 0.05,n =
4). G, pHIng, values, bar colors as in A. The WT unmodified pHIns, value is shown as an interrupted horizontal line. ASIC1a WT pHIns, was not affected by MTS
reagents (pHIns, before MTSES = 7.14 *+ 0.00 and after MTSES = 7.14 = 0.01; before MTSET = 7.16 = 0.01 and after MTSET = 7.16 = 0.01, n = 4; pHIns, before
DMBE-MTS = 7.19 = 0.01 and after DMBE-MTS = 7.21 % 0.00, n = 4).*, different from unmodified WT (p < 0.05); #, different from DMBE-MTS-exposed WT (p <
0.05). Averaged data are represented as mean = S.E. D, residues in the proximity of the chloride ion-binding site. Each of the three subunits contains one
chloride ion-binding site, located between « helices 4 and 5. Shown is the one in subunit A. The different parts of subunit A are shown in blue (thumb), purple
(finger), orange (B-ball), and yellow (palm). Subunits Band Care shown in gray. The chloride ion is shown in pink. Two positively charged residues are positioned
close to the chloride ion, Arg-311 of chain A and Lys-211 of chain C. The two other residues in close proximity are Glu-315 and Leu-353, both on subunit A.

model of 0—41%. Differences by the functional MTS approach
and the computational approach might be explained by the fact
that MTS reagents were normally applied to the channel in its
closed state (at pH 7.4), whereas the structural model was
obtained from the crystal structure, which likely represents the
inactivated conformation.

In control experiments we exposed the WT and three
mutants, D347C, E413C, and E418C, to an uncharged MTS
reagent, methanesulfonothioic acid 3,3-dimethylbutyl ester
(DMBE-MTS), to distinguish between effects because of the
charge versus the size of the reagents. DMBE-MTS can, in
contrast to the charged MTS reagents, cross membranes.
DMBE-MTS affected the pH,, and the maximal peak current
amplitude of ASICla WT (see legend to Fig. 5). The effect of
DMBE-MTS on mutants is therefore compared with that on
WT after DMBE-MTS exposure (Fig. 5). The results of experi-
ments with MTS reagents are presented in Fig. 5 with the pH
dependence of activation in A, the relative changes in peak
current after MTS reaction in B, and the pH dependence of
SSINin C.

Modification of E315C by MTSET but not MTSES resulted
in a dramatic current decrease (Fig. 5B), which is not due to the
small acidic shift of pHs, (pH, s induces maximal current
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before and after exposure to the reagent), or the alkaline shift of
pHIn,,, which induces a reduction of the current amplitude of
~10% (data not shown). Because E315C is located distant from
the narrow ion pore, we consider it unlikely that its modifica-
tion affects channel conductance. In the absence of shifts in pH
dependence that would explain a current decrease of the
observed amplitude, the most likely explanation for the ob-
served current decrease is that the presence of the positive
charge of MTSET at this site reduces the efficiency of opening.
The Glu-315 residue is located on the lower thumb a-helix («4)
and points toward a5 (Fig. 4B and Fig. 5D). The Glu-315 side
chain is oriented toward the chloride ion present in the crystal
structure, whose binding site is formed by two positively
charged residues, Arg-311 of the same subunit and Lys-211 of a
neighboring subunit (Fig. 5D). The current decrease in E315C-
MTSET is therefore likely due to the repulsion between posi-
tively charged side chains.

Modification of the D347C mutant by either of the charged
sulthydryl reagents induced a strong acidic shift in pH,, and
decreased the maximal peak current, further confirming the
importance of this residue and suggesting that it is not the sign
of the charge but rather the increased polarity due to the pres-
ence of the charge or the increased size of the modified side
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FIGURE 6. Function of Glu-418. A, SSIN curve for ASICT1a WT (open circles), the mutants E418Q (black) and E418C unmodified (green), after modification by
MTSES (blue) and MTSET (red); n = 3. B, pH for half-maximal activation (pHs,) of Glu-418 mutants and MTSES-exposed (C-MTSES) and MTSET-exposed E418C
(C-MTSET), n = 6. The conditioning pH in these experiments was 7.7 for mutants with positively shifted pHIns,. C, pH for half-maximal inactivation (pHIns,) of
Glu-418 mutants and MTSES-exposed (C-MTSES) and MTSET-exposed E418C (C-MTSET), n = 7.*, different from WT, p < 0.05. Averaged data are represented as
mean = S.E. D, plot of hydrophobicity (39) of amino acid residues to which Glu-418 was mutated as a function of their van der Waals volume. pHIng, values are
indicated close to each residue. £, view of the area around Glu-418 in the hASIC1a model. Subunit A is shown in yellow (palm) and orange (B-ball), and subunit
B in pink, and subunit C (310 and B9 removed for visibility) in gray. Side chains of residues pointing toward the central axis are shown from bottom to top in

turquoise (Leu-77 and lle-420), cornflower blue (Glu-79 and Glu-418), pink (GIn-276 and GIn-278), orange (Arg-371), and dark blue (Glu-413).

chain that results in the observed functional changes. Exposure
to the uncharged MTS reagent DMBE-MTS induced an acidic
shift of pH,, of ~0.8 units (Fig. 54), which is even slightly stron-
ger than induced by the charged reagents, suggesting that it is
rather the increased size of the modified side chain than the
charge that induces the shift.

Glutamate Residues in the Palm Region Are Involved in SSIN—
Modification of E413C induced charge-dependent acidic shifts
of small and large amplitude of pH,, and pHIn,,, respectively
(Fig. 5, A and C). Both pH,, and pHIn,, were more affected by
MTSET than by MTSES modification, and the MTSET effects
were qualitatively reproduced by the mutation to Lys, but not
by modification of E413C by DMBE-MTS, suggesting that the
observed effect is due to the introduced positive charge.

The mutation of Glu-418 to Cys induced an acidic pHy, shift
relative to WT, which was not affected by modification (Fig.
5A). Although sulthydryl modification of this Cys residue did
not further change pHy, it did however increase the maximal
peak current amplitude by ~2-3-fold (Fig. 5B). Fig. 6A shows
that the E418C mutation dramatically shifted the SSIN pH
dependence to more alkaline values, leading to substantial inac-
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tivation at pH 7.4. The sulfthydryl modification partially re-
versed this shift, thereby releasing channels from inactivation
and increasing the maximal peak current amplitude. Exposure
to the uncharged DMBE-MTS induced an acidic shift of —0.16
units (Fig. 5C, as compared with —0.46 by MTSET), suggesting
that the size of the MTS reagent is less important than its charge
or hydrophilicity for the shift of pHIn,,. The acidic shift of the
SSIN curve by DMBE-MTS was still sufficient to increase the
maximal peak current amplitude of E418C (Fig. 5B). The sulf-
hydryl modification of the engineered Cys residue at position
418 affected only slightly activation (Fig. 54) but in contrast had
a strong effect on SSIN pH dependence (Fig. 5C). To obtain
more information about how the side chain at position 418
affects activation and SSIN, we have mutated Glu-418 to resi-
dues of different size and hydrophobicity and have measured
the pH dependence of the mutant channels. All mutations that
changed pHj,, shifted it to more acidic values, and for the new
mutants the shifts were smaller than that induced by the muta-
tion to Cys (Fig. 6B). There was no apparent relation between
the shift in pH,, and the properties of the amino acid side chain
at position 418.
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ASIC1a pH Dependence

The pHIn, was shifted to more alkaline values by mutation
to Ala, Cys, Val, Met, and Lys and was similar to WT or more
acidic for the other mutations tested (Fig. 6C). This figure
shows that there was a graded shift in pHIn, by different muta-
tions, which likely depends on the physicochemical properties
of the replacing side chain. Fig. 6D plots the hydrophobicity
(39) of the replacing amino acid residues as a function of their
side chain van der Waals volume. The diagonal line in Fig. 6D
separates residues that showed a pHIn,, of around 7.45 from
the other residues, illustrating that residues inducing an alka-
line shift were rather hydrophobic and small, and residues
inducing an acidic shift were, except for Phe, hydrophilic or
charged.

As illustrated in Fig. 6E, Glu-418 and Glu-413 are localized in
a densely filled structure that is formed by the B-sheets of the
lower palm domains of all three subunits and is located just
above the “central cavity” (25, 26). From these -sheets, several
layers of residues, pointing from each of the three subunits
toward the central axis of the channel, can be distinguished.
From bottom to top, these are two hydrophobic residues (L77
and 1420, turquoise in Fig. 6E), the acidic residues Glu-79 and
Glu-418 (light blue), two polar residues (Q276 and Q278,
magenta), and two residues of opposite charge (R371, orange,
and E413, dark blue). Glu-418 forms a pair with Glu-79 (calcu-
lated pK, > 8), and it is therefore expected that all mutations of
Glu-418 will affect the protonation state of Glu-79. As the crys-
tal structure corresponds to the inactivated state conformation
of ASICla, we hypothesize that during inactivation the palm
domains of the ASIC subunits move toward each other, con-
sistent with the steric effects of Glu-418 mutations and modi-
fication and the charge effect of Glu-413 (repulsion between
MTSET-modified E413C and Arg-371). For Glu-79, located
adjacent to Glu-418, it has been shown in ASIC3 that when
mutated to Cys it can be modified by MTSET in the closed state
but not the inactive state conformation of the channel (40),
consistent with a movement that changes its accessibility.
E418C of ASIClain contrast is also accessible in the inactivated
state of ASICla, because in our experiments the sulfhydryl
reaction was efficient at pH 7.4, where the channel is inacti-
vated (Fig. 6A4). Mutation of Glu-418 to the large, hydrophilic
Lys shifted the pHIng, to a more alkaline value. The G418K
mutant did therefore not show the same correlation between
amino acid properties and pHIn,, as the other mutants of Glu-
418 (Fig. 6D). The Lys residue introduced at position 418 likely
formed a salt bridge with Glu-79, thereby reducing the repul-
sion between the acidic residues (i.e. Glu-79 and Glu-418) of
different subunits and favoring inactivation. Mutation of Glu-
418 to small, hydrophobic residues likely enlarged the hydro-
phobic zone at the bottom of this conical structure (Fig. 6E) and
removed a constraint in its hydrophilic part, favoring the move-
ment toward the central vertical axis and thereby favoring inac-
tivation and leading to the observed shifts in pHIn,,,.

In the closed and open conformation, the palm domains of
different subunits are likely farther away from each other than
in the crystal structure, consistent with the observation that
modification of E418C has no steric or charge effects in the
context of activation. The different dependence for activation
and inactivation on the Glu-418 side chain suggests that the
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palm domain adopts the conformation of the crystal structure
only in the inactivated state.

DISCUSSION

In this study, we used a Poisson-Boltzmann continuum
approach to calculate the pK, values of acidic amino acid side
chains of ASICla from its crystal structure and to identify res-
idues with pK, values within the pH range at which channel
gating occurs. We have tested the functional relevance of these
residues by neutralizing them one at a time and measuring the
pH dependence of activation and inactivation of the mutant
channels. This combined approach identified a number of
acidic residues that are potential pH sensors for ASIC gating.
The combination of mutations generally increased the pH shift
observed, although pH-dependent gating was preserved in all
mutant channels. Many mutations affected both activation and
inactivation, suggesting a strong structural link between these
two processes. An extended analysis of Glu-418 of the palm
region allowed us to deduce conformational changes that likely
occur in this region during ASIC gating.

Basis for pK, Calculations—The pK, calculations are based
on the initial chicken ASIC1 structure at a resolution of 1.9 A
(PDB code 2QTS (25)). We consider this structure the more
appropriate basis than the recently published structure of a
functional, less truncated channel, which has a resolution of
only 3 A (3HGC (26)). The pK,, values in the unprotonated
protein are provided for models based on either of the two
structures, 2QTS and 3HGC, in supplemental Table 2. For most
residues, similar pK, values were obtained from both structural
models, confirming the robustness of the computational ap-
proach. However, some residues would have been attributed to
a different pK, category based on the 3HGC model. Having
used the 2QTS-based pK, calculation to select potential pH
sensors, we need to take a closer look at residues that have a
higher pK, in the 3HGC-based than in the 2QTS-based calcu-
lation, because these are potential false-negatives of our com-
putational approach. One of the few obvious differences in the
extracellular domain between the 2QTS and 3HGC structure
concerns the loop just N-terminal of the a4 thumb helix, com-
prising acidic residues Asp-296, Asp-298, Asp-300, and Asp-
303. Because of the different orientation, the pK, values of Asp-
296, Asp-298, and Asp-300 are >8 when calculated based on
the 3HGC structure, whereas they are <5 in the calculation
based on the 2QTS structure. The human ASIC1a clone has an
Asp-Leu insertion with regard to the chicken ASIC1 structure
after position 297, and therefore this part of the human model is
not reliable. For this reason, and because this loop is not con-
strained in the structure and therefore the conformation
adopted in the 3HGC-based model appears somewhat unlikely,
we have not further analyzed these residues. The D303N muta-
tion has been analyzed and did not affect ASIC pH dependence
(Figs. 2 and 3). The other substantially positive shifts in the
3HGC, as compared with the 2QTS-based calculation, concern
the residues Asp-313, Asp-357, and Glu-427. Two of these res-
idues have been analyzed previously. The D357N mutation did
not shift pH,, in rat ASICla but required higher amounts of
cRNA for normal current expression (rASICla D355N (23)).
However, mutation of Asp-357 to Ala in hASICla induced an
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acidic shift of —0.6 units in pH,, (41), suggesting a potentially
important role of Asp-357 in the pH dependence of activation.
Mutation of Glu-427 to Gly was shown to result in an acidic
shift of pH,, of —0.15 units (rASIC1la E425G (20)), whereas the
mutation of Asp-313 has not been described so far. We
included it in the functional analysis and found no differences
to the WT pH dependence (Figs. 2 and 3). Therefore, as judged
from these controls, the choice of the 2QTS model as basis for
the pK, calculation did, except for possibly Asp-357, most likely
not lead to the missing of important residues.

Gonzales et al. (26) had soaked the crystals from which the
3HGC structure was obtained in a solution containing Cs* and
identified several Cs™ in the structure determined from this
crystal (PDB code 31J4). In the normal channel environment,
these sites may be occupied by cations. To test the influence of
the bound Cs™ ions on pK, values in their proximity, we placed
the Cs™ ions in the appropriate positions in the 3HGC-based
model and calculated the pK, values of surrounding Asp, Glu,
and His residues. As shown in supplemental Table S4, the Cs™
ions in the pore entry lowered the pK, values of the neighboring
residues Glu-63, Glu-427, Asp-434, and to a much lesser extent
His-70 and His-72. The presence of Cs™ 468 did not affect any
pK, values, whereas Cs™ 467 induced a small shift in the pK, of
Glu-219.

The pK, values calculated by the Poisson-Boltzmann
approach do not represent exact, absolute pK, values of these
residues, rather they give an estimate of the pK, value and pro-
vide the probable order of protonation of the different residues
within a protein (35). As discussed under “Results,” the fact that
the crystal structure corresponds to the inactivated conforma-
tion of the channel adds an uncertainty to the pK, calculation.
To compensate in part for these uncertainties, we have set the
range of pK, values for the selection for further functional anal-
ysis to values between 8 and 5, thus wider than the range of
gating pH of ASICla. Because all residues with pK, > 8 are
located in the proximity of other acidic residues and may at
least indirectly affect ASIC pH dependence, we have also
mutated and characterized those residues with pK, > 8 whose
neutralization mutants have not been described so far (Glu-97,
Glu-177, and Glu-277).

Interpretation of the Calculated pK, Values—With regard to
their contribution to ASIC gating, we can consider three cate-
gories of acidic residues as follows: (i) residues with side chains
that are protonated at pH = 7.4 and are therefore neutral in all
three conformational states of ASIC1a (closed, open, and inac-
tivated); (ii) those that are protonated in the pH range 7.4 to 5
and that are likely involved in pH-dependent gating; and (iii)
those that are not protonated at pH values as acidic as pH 5 and
therefore remain negatively charged in all three conformational
states.

The pK,, calculation yielded per subunit 12 acidic residues
with pK, > 8, 16 with a pK, between 5 and 7.4, and 39 Asp, Glu,
or His residues with pK, < 5, corresponding to the three above-
mentioned categories. Of the residues with pK, < 5, 22 are
located on the protein surface and have no substantial electro-
static interactions with other side chains, 4 form ion pairs with
positively charged side chains, and 5 interact with acidic resi-
dues. The pK, of these five residues, Glu-219, Asp-227, Asp-
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237, Asp-313, and Glu-375, fell to values below 5 after protona-
tion of neighboring residues. The eight remaining residues with
pK,, < 5 are located in the interior of the protein but have no
close interactions with other residues.

Residues of categories I and II and Glu-219, Asp-227, Asp-
237, Asp-313, and Glu-375 of category III are closely related
because of the following: 1) they are located in close proximity
to other acidic residues in the structure, and 2) their pK, value
depends on the presence of these neighboring acidic residues
and on their protonation state. Of these residues, only those of
category II are, theoretically, the real pH sensors. They are
unprotonated at pH 7.4 and are protonated by the acidification
thatleads to ASIC opening. The residues of category I and other
residues interacting with category Il residues (i.e. Glu-219, Asp-
227, Asp-237, Asp-313, and Glu-375) are closely involved and
similarly important for pH sensing because they co-determine
the pK, value of the pH sensors but are not the sensors
themselves.

Possible Bias of the pK, Calculation Because of Conforma-
tional Changes—Differences between the closed conformation
of the channel, relevant for the pK, values of Asp, Glu, and His
residues, and the inactivated crystal structure may have shifted
some of the calculated pK, values. Such changes likely concern
mainly residues that are found in proximity to the other acidic
residues in the crystal structure, for the following reason. Pro-
tonation neutralizes Glu and Asp residues and adds a positive
charge to a neutral His and therefore, by removing electrostatic
repulsion, favors closer contact among acidic side chains and
between acidic side chains and His residues. In the crystal struc-
ture of the inactivated and thus protonated ASIC, we would
expect as a consequence that protonated residues are close to
other Asp, Glu, or His residues.

Conformational changes will thus mainly affect residues that
are found in the crystal structure in close proximity of other
acidic residues. Such residues are part of categories I and II,
including the category III residues interacting with other
acidic side chains (Glu-219, Asp-227, Asp-237, Asp-313, and
Glu-375), but not other category III residues, which are not in
proximity of other acidic side chains. The calculated pK, values
of concerned residues would be based on a structure in which
acidic residues are closer to each other than they are in the
closed conformation and consequently would be shifted to
more alkaline values. The actual pK, values in the closed con-
formation would therefore be lower for residues that have
undergone conformational changes than the calculated pK,
values based on the inactivated conformation.

Identification of Residues That Are Involved in pH-dependent
Gating and May Be pH Sensors—The pK,, calculation yielded
for 16 acidic residues a pK, between 5 and 8, suggesting that
these residues may be protonated during an acidification that
activates and inactivates ASICla. The functional approach
showed that conservative mutation of eight of them affected
ASIC pH dependence. This confirms their functional relevance
and suggests that they may be pH sensors for ASIC gating. Of
these eight residues, Asp-347 is exclusively involved in activa-
tion; Glu-113, Glu-254, Glu-315, and Glu-413 play a role in
inactivation, and Glu-235, Glu-355, and Glu-418 participate in
both activation and inactivation. Several of these residues have

JOURNAL OF BIOLOGICAL CHEMISTRY 16325

0T0Z ‘8T Ae|y UO ‘suuesneT - Wniosuo) JVNS e Bio ogl-mmm woly papeojumoq


http://www.jbc.org/cgi/content/full/M109.092015/DC1
http://www.jbc.org/

Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2010/03/17/M109.092015.DC1.html

ASIC1a pH Dependence

TABLE 1

Summary of observed effects of neutralization mutation of acidic
residues with calculated pK, > 8 from the literature or this study

The abbreviations used are as follows: ¢, chicken; h, human; and r, rat.

Residue Species pHj;,-shift relative to WT Ref.
Glu-63 r <0.1¢ 23
Asp-78 r —0.3% 23
Glu-79 r +0.15 23
Glu-97 h +0.15 b
Glu-177 h <0.1 b
Glu-238 r <0.1 23
Glu-242 r —0.15 23
Glu-277 h —0.15° b
Glu-315 h <0.1 b
Asp-351 c <0.1¢ 25
Asp-409 r +0.2 23
Asp-434 r —-0.2 20

“ When this mutation was combined with the double mutation E425G/D432C (cor-
responding to Glu-427 and Asp-434 in hASICla), the H*-induced current was
completely suppressed.

® Data are from this study. All data are from mutation of Glu to Gln or Asp to Asn,
except for Asp-434, which was mutated to Cys. In data from Refs. 20, 23, values are
from the condition with 1.8 mm Ca®".

¢ Difference to WT pHs, is statistically shown (p < 0.05).

“ Strong decrease in Hill coefficient of activation was noted.

been mutated and studied previously for their role in activation
but not inactivation (23, 24). The supplemental Table S5 com-
pares our data with those of previous studies, showing that
pH;, values of this study correlate well with data obtained with
rat ASICla (23). In a study with ASIC2a, mutation D182N (cor-
responding to hASICla Asp-183) induced a substantial shift in
pHs, (24), which was not found in the context of hASICla.

As detailed above, category I and II residues and category III
residues that interact with titratable residues are closely related.
The functional analysis cannot distinguish between residues
that are pH sensors themselves or that influence pH sensing.
Therefore, we conclude that these residues that had a calcu-
lated pK,, between 5 and 8 and whose mutation affected activa-
tion and/or SSIN pH dependence are part of the pH-sensing
mechanism of ASICla, either as pH sensors or by affecting the
pK,, of neighboring pH-sensing residues.

Of the 12 residues for which we have calculated a pK, > 8,
several have previously been functionally investigated (20, 23,
25). Table 1 lists published shifts in pHy, relative to WT of
several mutants, as well as data from this study. Of the four
residues with pK, > 8 that have not been described previously,
Glu-315 is localized close to the Cl™ ion in the structure and
displayed, even after protonation of one oxygen, a pK,, of 6.4 on
its second side chain oxygen and was therefore mutated and
functionally characterized (Figs. 2 and 3). To complete the
series, we have mutated and characterized the three other res-
idues with pK, > 8, Glu-97, Glu-177, and Glu-277. Table 1
shows that most of these mutations induced pH;,, shifts of 0.1—
0.3 units, with the strongest effects observed by mutations of
Asp-78 and Asp-409.

Of the category Il residues interacting with other acidic res-
idues, several have been mutated and functionally analyzed by
Paukert et al. (23). The E219Q mutation did not affect pHy,
and D227N induced a shift of +0.2 pH units, and the D237N
and E375Q mutations induced shifts of —0.4 and —0.2 units in
pHs,, respectively (23).

In conclusion, we list here the Asp and Glu residues that we
consider as potentially important for pH sensing (including not
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only the sensors themselves), based on the literature and this
study, and fulfilling the following criteria: 1) they belong to
category I or II according to the pK, calculation (pK, > 5), to
the category Il residues that interact with other acidic residues
(Glu-219, Asp-227, Asp-237,and Glu-375), or have a pK, > 5in
the calculation based on the 3HGC model; and 2) their conserv-
ative mutation induces a statistically significant shift in pH,, or
a shift of at least 0.15 units where no statistical information is
available. These residues include the following: Asp-78, Asp-79,
Asp-227, Glu-235, Asp-237, Glu-242, Glu-277, Asp-347, Asp-
351, Glu-355, Asp-357, Glu-375, Asp-409, Glu-418, and Asp-
434. The localization of these residues in an ASIC1la subunit is
shown in Fig. 7A. Interestingly, most of these residues are either
located in the thumb-B-ball domain or in the palm.

We expected that addition of a constant negative charge by
mutation to Cys and the subsequent MTSES modification
would have the strongest effects on category I mutants, which
are in all conformational states protonated and therefore un-
charged. MTSES but not MTSET modification induced an
acidic shift in the pHy, of E315C, which may thus belong to
category I. Mutation of category III residues may affect pH-de-
pendent gating due to the removal of the negative charge. Asp-
107 belongs to category III and likely forms an ion pair with
Arg-160. Mutation of Asp-107 to Asn induced indeed an acidic
shift of pH,, (23).

Most of the neutralization mutations induced relatively
small changes in pHy, or pHIng, values in our study. This
finding is not unexpected, considering that many different
residues contribute to pH sensing. The strongest shifts due
to neutralization of a putative pH-sensing residue were
found with ~0.2 pH units for Asp-347 and Glu-418. For less
conservative mutations, shifts of higher amplitude (i.e. <0.7
units) were observed (Fig. 5).

Residues Involved in ASIC Gating—Fig. 7B and the sup-
plemental video show on a single ASICla subunit residues
whose mutation has affected ASIC pH dependence in this and
previous functional studies. For clarity, we use the numbering
of hASICla in the discussion of mutations in hASICla and
other ASIC subunits. The original numbering and the reference
of each of the cited mutations is presented in supplemen-
tal Table S6. So far, most studies have mainly analyzed ASIC
activation and much less SSIN. Mutations of residues of the a5
helix of the thumb (Asp-347, Asp-351, and Glu-355), of the
B-ball (B4-B5 loop, Arg-190; B7-B8 loop, Asp-253 and Glu-
254), and on the interacting finger loop that originates in the
strands 36 and B7 of the B-ball (Glu-235, Asp-237, and Glu-
238) affected ASIC activation (this work and see Refs. 23, 25,
42), consistent with the hypothesis of the paper of the first ASIC
structure (25) that the interaction between the thumb and the
B-ball is critically involved in the activation process. Further
confirming the importance of the thumb, residues at the lower
end of the thumb helix a5 (Asp-357, GIn-358, and Glu-359) also
affect ASIC activation when mutated (22, 41). We show here
that Glu-315 and Glu-355 in the thumb and Glu-235 and Glu-
254 on different loops originating in the 3-ball are involved in
SSIN. Replacement of the residues downstream of a4, down to
B10, and thus the short a4-a5 loop and the o5 helix of the
thumb as well as the loop connecting it to 810 on the palm, by
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FIGURE 7. Overview of residues important for ASIC gating and scheme of predicted conformational
changes. A, Asp and Glu residues, that are potentially important for pH sensation in ASIC activation (based on
pK, calculation and functional data from this and previous studies, as detailed in the text) are shown on an
ASIC1a subunit. B, residues shown in functional studies to affect ASIC1a pH dependence (see text), shown on
one ASIC1a subunit. His, Arg, and Lys, magenta; Asp and Glu, blue (pK, > 8), yellow (8 > pK_, > 5), orange (pK,
< 5); other residues, turquoise. This figure is also represented as a supplemental video. G, illustration of the
predicted conformational changes induced by acidification. The contours of the channel are indicated in gray,
and the vertical central axis is indicated by a black line. One subunit with its six subdomains is shown in color
(red, transmembrane segments; yellow, palm; orange, B-ball; blue, thumb; purple, finger; turquoise, knuckle),
and the contours of a second subunit are indicated by an interrupted gray line. During ASIC activation, the
thumb moves toward the B-ball (indicated by red arrows), leading to opening and subsequent inactivation.
Inactivation involves a movement of the palm domains toward the central vertical axis, as indicated by the blue
arrows. D, regions in an hASIC1a subunit are colored depending on their b-factor in the 2QTS PDB file: yellow for
high b-factor, orange for intermediate, and green for low b-factor.

ASIC1a pH Dependence

Lys-105, Asn-106, and Asp-107,
profoundly affect the pH depen-
dence of ASIC activation and SSIN
when mutated (15, 23), and cleavage
by trypsin at Arg-145 on «2 also
shifts the pH dependence of both
activation and inactivation (36). In
the palm, above the central cavity,
Asp-78 on B1 points downward,
whereas its neighboring residue
Glu-79 points upward, parallel to
the adjacent Glu-418 on B12. Glu-
413 points down toward them from
the loop connecting 811 and B12.
Glu-418 and Asp-78 are involved in
activation (this work and see Ref.
23), and we show here the impor-
tance of Glu-413 and Glu-418 in
SSIN. The residue corresponding to
Glu-79 in ASIC3 has been shown to
induce an alkaline shift in SSIN
when mutated (40).

Because His residues have an
intrinsic pK, value of ~6.1, His res-
idues were initially proposed to con-
tribute to pH sensing in ASICs, and
it was found that mutation of His-72
of ASIC2a, corresponding to His-73
of ASICla, resulted in nonfunc-
tional channels (44). In the study on
ASIC2a His-72, it was not investi-
gated whether the mutant protein
was made and was expressed at the
cell surface, and therefore the loss of
function may be due to other causes
than a defect in pH sensing. In
ASICla, Paukert et al. (23) showed
that single mutations of His residues
did not affect pH dependence for
residues His-72, His-163, His-250,
and His-327, whereas the noncon-
servative H73A mutation shifted
the pHy, by —0.5 units, confirming
the importance of this residue. A
second His residue, His-72, is lo-
cated next to His-73 in the ASICla
sequence. Double mutation of these
residues suppressed ASIC current

the corresponding ASIC2a sequence (corresponding to resi-
dues 323-370 in hASIC1a), resulted in a channel with the same
low pH,, (~4) as ASIC2a (41). The residue Trp-287 is part of
the second loop connecting the thumb with the palm. At the
lowest position of the loop, Trp-287 points down on Tyr-71 at
the extracellular end of the first transmembrane segment.
Mutation of Trp-287 or Tyr-71 also affected ASIC pH depen-
dence (43). The finger is located at the uppermost part of the
extracellular domain, and its main part contains three short
a-helices, al—a3. Three residues in the a1 helix of the finger,
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but not expression at the cell surface (23). We calculated pK,,
values <5 for all His residues. His-72 and His-73 are located on
top of the first transmembrane helix, next to Tyr-71 that inter-
acts with Trp-287 of the loop between the thumb and the palm,
and they are part of a domain that is highly important for ASIC
function (23, 43). His-73 is oriented toward and interacts with
Asp-78 of a neighboring subunit (for this reason the interaction
is not obvious on Fig. 7B that shows a single subunit). Asp-78
has been shown to play a role in pH dependence (23). In our
model, the Asp-78 side chain oxygen pointing toward His-73
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has a pK, of 8.1 and is therefore protonated at physiological pH.
This precludes an additional protonation of His-73, which had
even without protonation of Asp-78 a pK, of only slightly above
5. However, the functional data, the structure, and our calcula-
tion agree that one of these two residues must be protonated to
stabilize the conformation and that mutation of either of the
two residues will affect the protonation state of the other resi-
due and may thereby affect ASIC pH dependence.

His-163 is located in a zone where the finger, 3-ball, and
upper palm domains interact with each other. Although its
mutation to Asn did not affect ASIC pH dependence (23), we
recently observed that its mutation to Cys and subsequent sulf-
hydryl modification almost completely suppressed ASIC cur-
rent, suggesting that His-163 is important for ASIC function,
although likely not as pH sensor (46).

Activation and Inactivation Are Structurally Coupled—The
pH dependence of ASIC1la WT is steeper for inactivation than
for activation (n,; = 10.1 = 0.2 for SSIN and 2.9 * 0.0 for
activation), which may indicate that more residues participate
ininactivation than in activation. Another important difference
is the time scale at which activation and inactivation occur. The
time constant of activation of ASICla has been measured from
excised patches and is around 6 ms at pH 6 (45), whereas the
time constant of SSIN for ASICla at pH 7.05 is ~80 s, thus
10,000 times slower than activation (15). After opening, ASICla
channels enter the inactivated state via open channel inactiva-
tion, which has a time constant of ~1 s at pH 6.0 in whole-cell
measurements (17) (~0.4 s in excised outside-out patches)*
thus still 100 (or 40) times slower than activation. Despite the
different kinetics and steepness of pH dependence of activation
and SSIN, these two processes are not only functionally coupled
but also depend to a considerable extent on the same residues.
In this study, we were not able to uncouple these two processes
by selectively combining mutations. Together, these observa-
tions suggest that the same parts are involved in activation and
inactivation. The amplitude of the effects of mutations suggests
a slightly more important role of the thumb and B-ball region
for activation and of the palm domain for inactivation.

Hypothesis on ASIC Gating—The pK,, calculation and the
functional data suggest that in the closed conformation the
thumb is located farther away from the B-ball and the finger
than it is in the crystal structure, due to the repulsion of nega-
tively charged residues. As discussed above, it is likely that
in the closed and in the open conformation the palm domains of
different subunits are more distant from each other than what
they are in the crystal structure. The results presented in this
work, together with previous studies, provide strong evidence
that ASIC gating does not depend on the protonation and dep-
rotonation of only a few pH-sensing residues but that many
different residues in each subunit contribute to pH sensing for
ASIC gating.

Fig. 7C illustrates the conformational changes of the ASIC
protein during activation and inactivation, based on the avail-
able functional information. Upon acidification to pH values
that activate the channel, the protonation of negatively charged

4S. Kellenberger, unpublished data.
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residues on a5 (Asp-347 and Glu-355) and possibly on the
B6-B7 B-ball-finger loop (Glu-235) allows the approaching of
the thumb toward the B-ball (red arrows in Fig. 7C). This move-
ment induces channel opening by a mechanism that involves in
addition the finger and the palm domain. These conformational
changes are likely transmitted to the channel gate via the palm
and by the interaction between Trp-287 and Tyr-71 of the first
transmembrane segment (42, 43). At this point, Asp-78 and
His-73 may also contribute to the transmission of the signal
(23). Inactivation follows either channel activation or occurs
directly from the closed conformation and depends on residues
in the finger, thumb, and $-ball and involves movement of the
palm domains toward the central vertical axis of the channel as
indicated by the blue arrows in Fig. 7C. These predicted confor-
mational changes are consistent with an estimate of the inher-
ent flexibility of the ASIC protein (42) and with the b-factors of
the different parts of the ASIC subunits. A recent study esti-
mated the inherent flexibility of the different parts of the ASIC
protein by normal mode analysis and suggested that proton
binding induces collective motions between thumb and finger
and a rotational movement of the extracellular domain (42). An
estimate of the flexibility or uncertainty in the position of the
different atoms in a structure is provided by the b-factor in the
PDB file. Fig. 7D shows an ASICla subunit, in which the regions
with highest b-factors (thus highest flexibility) are shown in
yellow, those with intermediate values in orange, and the
regions with the lowest b-factors in green. According to the
b-factors, the finger and the transmembrane domains have
the highest flexibility, the upper palm and a part of the 3-ball
are the least flexible domains, and the other domains are of
intermediate flexibility. From this information, it is conceiv-
able that rigid body movements can occur in the upper parts
of the extracellular domain, and due to the flexibility, the
movements in the extracellular regions closer to the mem-
brane are less predictable.

In conclusion, this combined computational and mutational
analysis identifies new ASICla residues involved in pH-depen-
dent gating that likely contribute to pH sensing. Together with
previous studies, it provides evidence that ASIC gating depends
on protonation of many different sites in the protein. Most
parts of the extracellular domain participate in both activation
and inactivation. The functional analyses suggest that the
thumb/finger/B-ball region has a more important role in acti-
vation, and the palm domain is mostly critical for inactivation.
The approach applied here should be relevant to the study of
the mechanisms of the pH dependence of other proteins.
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