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Acid-sensing ion channels are ligand-gated cation channels,
gated by extracellular H*. H* is the simplest ligand possible,
and whereas for larger ligands that gate ion channels complex
binding sites in the three-dimensional structure of the proteins
have to be assumed, H* could in principle gate a channel by
titration of a single amino acid. Experimental evidence suggests
a more complex situation, however. For example, it has been
shown that extracellular Ca*>* ions compete with H*; probably
Ca”* ions bound to the extracellular loop of ASICs stabilize the
closed state of the channel and have to be displaced before the
channel can open. In such a scheme, amino acids contributing to
Ca>* binding would also be candidates contributing to H* gat-
ing. In this study we systematically screened more than 40 con-
served, charged amino acids in the extracellular region of
ASICla for a possible contribution to H* gating. We identified
four amino acids where substitution strongly affects H" gating:
Glu®3, His”?/His”3, and Asp’®. These amino acids are highly con-
served among H™ -sensitive ASICs and are candidates for the
“H* sensor” of ASICs.

Acid-sensing ion channels (ASICs)? are cation channels that
are gated by extracellular H* (1, 2). A rise in the H™ concentra-
tion opens ASICs, and the continued presence of H* desensi-
tizes them. Desensitization has time constants from less than
100 ms in fish ASICs (3, 4) to several seconds in mammalian
ASIC2a (5).

ASIC subunits have a simple topology: short cytoplasmic
tails, two transmembrane domains (TM1 and TM2), and a large
(>350 amino acids) extracellular region (6). The recently deter-
mined crystal structure of a chicken ASIC1 deletion mutant (7)
reveals a trimeric arrangement, which is characterized by a high
degree of asymmetry in the hexahelical transmembrane region.
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This structure was obtained at acidic pH and most likely repre-
sents a desensitized-like conformation and therefore does not
allow direct identification of the H" sensor. The extracellular
region is composed of five subdomains, which are connected to
the membrane-spanning region via an apparently flexible wrist.
As predicted (8), this region is stabilized by cysteine bridges
formed by 14 conserved cysteines. The structure also confirms
electrophysiological experiments suggesting that the second
transmembrane domain (9-11) and a pre-TM1 domain (12,
13) contribute to the ion pore, although residues from TM1 also
line the pore.

In mammals, four asic genes code for at least six ASIC sub-
units (ASICla, 1b, 2a, 2b, 3, and 4) (2, 14), which assemble into
homo- or heterooligomeric channels. Among them, homo-
meric ASICla and ASIC3 are the most H" -sensitive (1, 15);
ASIC2b and ASIC4 cannot be activated by H™ under physio-
logical conditions (16, 17). ASICla and ASIC3 are half-maxi-
mally activated at pH 6.6. To serve as H" sensors under physi-
ological conditions, these channels cannot be much more
sensitive, because otherwise they would be chronically desensi-
tized by resting concentrations of H* (18, 19). For both chan-
nels, it has been shown that the apparent H™ affinity depends
on the extracellular concentration of Ca** (19, 20); low Ca**
concentrations increase apparent H affinity, and high Ca®"
concentrations decrease affinity. This behavior is readily
explained by a competition between Ca>" and H" for binding
to the channel. More specifically, it has been proposed that
there is a common Ca®" /H " -binding site at the outer entrance
to the ion pore and that H" would displace Ca*" from this
binding site, unblocking the ion pore (20). In this model the
Ca®" ion itself would be the gate. This model, although very
attractive, seems to be too simple. First, substituting a ring of
negative charges at the outer entrance to the ion pore relieves
open channel block by Ca>", yet neither constitutively opens
channels nor abolishes H* gating and Ca?* modulation of H"
gating (21). Second, detailed analysis of single channel events of
fish ASIC favored changes in allosteric conformations as the
gating mechanism (22). In summary, available evidence sug-
gests that there are two binding sites for Ca®>* in the large extra-
cellular region of ASICs: one at the outer entrance to the ion
pore mediating open channel block and another one whose
occupation stabilizes the closed state of the channel at low
(resting) H concentrations (21). Ca®>* has to be displaced from
both sites for channel opening.

The binding site for Ca®" at the outer entrance to the ion
pore has been identified in rat ASICla; it is constituted by
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Glu*®® and Asp**? (21). These two residues are conserved in all
known ASICs, except H" -insensitive rat ASIC4. In analogy to
most other Ca?"-binding proteins, it is very likely that acidic
amino acids (Glu or Asp) contribute also to the second Ca**-
binding site. Regarding the mechanism of the Ca>" dependence
of ASIC activation, it could be that H" activates the channel by
direct titration of the carboxylates of one or both Ca®"-binding
sites. Furthermore, it is unclear whether such protonation/
Ca®" unbinding is sufficient to open the channels or whether
H* has to bind somewhere else on the channel to trigger an
additional conformational change in an allosteric manner. In
the ASIC1 crystal structure, three pairs of acidic amino acids
within a suspicious acidic pocket were proposed to constitute a
crucial part of the H" sensor (7).

The purpose of the present work was to identify (¢) amino
acids contributing to the putative second Ca*>*-binding site and
(b) candidate amino acids contributing to allosteric changes
upon binding of H*. To this end, we systematically screened
charged residues within the extracellular region of ASICla. We
chose ASIC1la as a model and Xenopus oocytes as an expression
system because homomeric ASICla generates large current
amplitudes in Xenopus oocytes. Our study, however, did not
identify the three pairs of acidic residues identified on the basis
of the structure as important for H* gating of ASIC1. We rather
identified a few amino acids, clustered in the post-TM1 region,
that are crucial for H" gating of ASICla.

EXPERIMENTAL PROCEDURES

Electrophysiology—cDNAs for rat ASICla and ASIC2a have
been described previously (13, 23). Point mutations were intro-
duced by recombinant PCR using standard protocols with Pwo
DNA polymerase (Roche Applied Science). All of the PCR-de-
rived fragments were entirely sequenced.

Part of the ovaries of adult Xenopus laevis females were sur-
gically removed under anesthesia. Anesthetized frogs were
killed after the final oocyte collection by decapitation. Animal
care and experiments followed approved institutional guide-
lines at the Universities of Tiibingen and Wiirzburg.

The follicular membrane was removed by digestion with col-
lagenase type II (Sigma; 1 mg ml™") for 60 —120 min. Synthesis
of cRNA, maintenance of X. laevis oocytes, and recordings of
whole cell currents were done as previously described (21). We
injected amounts of cRNA as indicated in Figs. 2 and 3. For
co-expression of wild-type ASICla and 2a, we injected equal
amounts (0.01 ng) of cRNAs of the two subunits. For co-expres-
sion of wild-type ASIC2a and mutant ASIC1a, we injected 0.01
ng of ASIC2a and 0.5 ng of mutant ASICla cRNAs. The bath
solution for two-electrode voltage clamp contained 140 mm
NaCl, 10 mm HEPES; concentrations of divalent cations (CaCl,
or MgCl,) were as indicated in the figure legends. HEPES was
replaced by MES buffer where appropriate. Because H™ affinity
of ASIC1 is modulated by extracellular Ca*>", we kept the Ca®"
concentration always constant (1.8 mm) between low pH acti-
vation and changed it only during low pH activation. This may
slightly affect the shape of the blocking curve and the IC,,
Holding potential was —70 mV. All of the measurements were
performed at room temperature (20-25 °C).
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Determination of Surface Expression—The hemagglutinin
(HA) epitope (YPYDVPDYA) of influenza virus was inserted in
the extracellular loop of ASICla, and surface expression was
determined as previously described (23). The oocytes were
injected with 1 ng of cRNA. Relative light units (RLUs)/s were
calculated as a measure of surface expressed channels. RLUs of
HA-tagged channels were at least 1000-fold higher than RLUs
of untagged channels. The results are from two independent
experiments with oocytes from two different frogs; at least six
oocytes were analyzed for each experiment and each condition.

Data Analysis—The data were analyzed with the software
IgorPro (WaveMetrics, Lake Oswego, OR). For each experi-
ment, the oocytes from at least two different batches of frogs
were used. For whole oocyte currents, pH response curves (for
H* activation and steady-state desensitization) were fitted with
a Hill function,

l =r+ (lmax - I’)/(] + (pHSO/[H+])a) (Eq 1)

where I is the maximal current, r is the residual current,
pH;, is the pH at which half-maximal activation is achieved,
and a is the Hill coefficient. Time constants characterizing
desensitization were determined with a mono-exponential
function.

The results are reported as the means * S.E. They represent
the means of 7 individual measurements on different oocytes.
Statistical analysis was done with the unpaired Student’s ¢ test.
For pH response curves, current peak amplitudes were normal-
ized to the largest peak amplitude of a recording. H™ activation
of ASICla undergoes tachyphylaxis (23). In our study, tachy-
phylaxis was variable among batches of oocytes as well as
among different mutant channels. To reduce the impact of
tachyphylaxis on the apparent EC,, of H" activation, we per-
formed recordings with increasing as well as decreasing con-
centrations of H*. We then took such a representative pair of
recordings and normalized the respective current peak ampli-
tudes by an empirical set of factors with the aim to minimize
differences among the two recordings. We then normalized all
recordings from that particular type of ion channel and batch of
oocytes with the same factors.

RESULTS

Mutational Screen of Acidic Amino Acids Identifies Two Res-
idues within the Post-TM1 Domain That Are Critical for H*
Activation—We first focused on acidic amino acids. By site-
directed mutagenesis, we replaced 31 conserved aspartates and
glutamates (Fig. 1) by asparagine and glutamine, respectively,
the chemically most similar nontitratable amino acids. We
expressed mutant channels in Xenopus oocytes and tested their
function by two-electrode voltage clamp. Because some muta-
tions might render channels more sensitive to H" activation,
we generally used a conditioning pH of 7.8. For each mutant
channel we determined the pH of half-maximal activation
(EC4) and the maximal peak current amplitude at saturating
pH. In addition, we determined the EC,, value with near phys-
iological concentrations of divalent cations (1.8 mm Ca** and
1.0 mm Mg>™) and with low concentrations of divalent cations
(0.1 mm Ca®>" and no Mg>") in the acidic solution. This tested
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—_— i T 18 i s cluster in this acidic pocket are
ASIC1a ..VCTERVQYY AASQLT-FPAVTLCNLNEFRFSQVSKNBIL YHAGEL LAL LNNRYETPDTQMADEKQL Asp??7-Asp®® Clu®®-Asp®®S and
ASIC2a ...ESSERVSYY E\VAQSLV- FPAVTLCNLNGFRFSRLTTNDL YHAGELLAL LDVNLQIPDPHLADPTVL P o SP p-,an
ASIC3  ...QVAERVRYY ESHQLT-FPAVTLCNINPLRRSRLTPNBLHNAGTALLGLDP-AE-———-—— HAAYL Glu*'?-Asp™®” (7). Of these six
ASIC4 . ..QAASLARGY) >AAPAPVAGFPAVTLCNINRFRHSAL SDADT FHLANLTGLPPKDRD- -~ - -~ - GHRA amino acids four were included in

145 w5, s R L 25 our screen (Fig. 1), at least one

1
ASIC1a EILQDKANFRSFKPKP-FNMREFYDRAGHDIRBMLLSCHFRGEACSAEDFKVVF
ASIC2a EALRQKANFKHYKPKQ-FSMLEFLHRVGHDL LYCKFKGQECGHQDFTTVF
ASIC3 RALGQPPAPPGFMPSPTFDMAQLYARAGHSLEBMLLDCRYRGOPCGPENFTVIF
ASIC4 AGLR-------- YPEP--DMVDILNRTGHOLABMLKSCNFSGHHCSASNFSVVY

215 * 2 265

I I
GKCYTFNSGODGRPRL GT
GKCYMFNSGEDGKPLLT GT
GQCYTFNSGAHGAELLTTPKGGA
GKCYTFN--ADPQSSLPSRAGGM

235“
ASIC1a GNGL M| LPVW G QIHS PFIDQLGFGVAPGFQTFVSCQEQRLIYLPSPHGTCNAVT
ASIC2a GNGLEIML LPIW GVEVQIHSQSEPPFIQELGFGVAPGFQTFVATQEQRLTYLPPPWGECRSSE
ASIC3 GNGLEIM LPIW G QIHSQDEPPAIDQLGFGAAPGHQTFVSCQQQQLSFLPPPWGDCNTAS

from each pair. None of these four
substitutions impaired H™ gating
of ASICla. Three substitutions
(E219Q, E238Q, and D407N) did
not alter apparent H™ affinity; only
D237N decreased affinity (Fig. 2).

275 2!!5

ASIC4  GSGLEIM LPTW QIHSQE, P‘r‘IHQLGFGVSPGFQTFVSCQKQRLTYLPQPHGNCRAES Moreover, for all four mutants
s, apgirent affinity was still shifted by
N P ! I
ASIC1a -MOSDFF- - SYSITAGRIDGETRYLVENC WMPGDAPYCTPEQ Ca”", although this ‘Sh.lft‘ was small
ASIC2a —MG:ﬁD FP--mmmmmmmmm o VYSITACRID IVENCN MPGDAPFCTPEQ for E238Q. Thus, this initial screen
ASIC3  -LBPDDFBPEPSDPLGSPRPRPSPPYSLIG A VARKCGCRMMHMPGNSPVCSPQQ did not support a crucial role in H*
ASIC4  KLREPELQG------------- YSAYSVSA AVLQRCHCRMVHMPGNETICPPNIYT } pporta cr o
q gating for any individual acidic pair.
365 4I}5 ..
% X% It was surprising that, although
ASIC1a YCVCEMPCNLTR SM IP R LARRFNRSEQY TGRNILY . h L
ASIC2a YCLCRTPCNL L ERKRFNKSEKYTSENTLY the selection of residues for our ini-
ASIC3  -CVCPNPCAT sm IP L YITENVLY tial screen had been very broad,
ASIC4  PCFCPTPCNL SMVKIP L YIRENFLV

Category I
Category IV/V

Category IV/V

FIGURE 1. Sequence alignment highlighting the amino acids substituted in this study. The amino acid
sequences of the extracellular regions of rat ASIC1a, 23, 3, and 4 are aligned. The numbering refers to ASIC1a.
Amino acids that have been exchanged in this study are marked by black asterisks; amino acids whose substi-
tution impaired H™ activation are highlighted by orange asterisks, and amino acids from the acidic pocket are
shown with mauve arrows. The extracellular loop of ASIC1a contains 56 aspartate or glutamate residues (blue
and Asp**? (orange arrowhead) mediate open channel block by Ca?* (21). 20 of the remaining
residues are completely conserved among ASIC1a, ASIC2a, ASIC3, and ASIC4 (category |). Five are conserved
among ASIC1a, ASIC2a, and ASIC3 (category Il), and a further seven are conserved only among ASIC1a and
ASIC3 (category IlI). Finally, 15 Asp or Glu residues are present in ASIC1a but not in ASIC3 (category V), and
seven exist exclusively in ASIC1 (category V). We engineered 31 ion channels carrying individual substitutions:
we substituted all category | and Il residues, five of seven category lll residues, and from category IV we
in our screen because ASIC3 also has a titratable amino acid, histidine, at this site. In addition,
the extracellular loop of ASIC1a contains seven His residues (green boxes), and 38 Lys or Arg residues (red boxes).
Two of the histidines are not conserved in ASIC3 and are therefore weak candidates for a conserved H* sensor;
we individually substituted the five remaining histidines to alanine or asparagine. Furthermore we individually
substituted by methionine all lysines and by glutamine all arginines that are conserved between ASIC1a and

boxes); Glu*?®

202

included Asp

ASIC3 (the one exception is Arg'”>).

whether apparent H™ affinity of a particular mutant channel
was still dependent on Ca>™ (19).

The results from this first set of experiments are summarized
in the left and right panels of Fig. 2. All single mutant chan-
nels could be activated by H" and most had maximal current
amplitudes that were comparable with or even larger than
wild-type ASICla. Several substitutions, clustered in the
post-TM1 region, reduced the current amplitude up to
2-fold (Fig. 2). Substituting Asp®*® with Asn resulted in
channels that were remarkable in two aspects. First, it
required much larger amounts of RNA to get robust currents
with this mutant. Second, H" sensitivity was no longer
dependent on extracellular Ca>" (p = 0.6; Fig. 2). The signif-
icance of these observations, however, is unclear because
when we substituted Asp®>® with Ala the mutant channel
expressed more readily and was activated by H" in a Ca®*-
dependent manner (p < 0.01; Fig. 2).

The crystal structure of ASIC1 revealed an acidic pocket in
the extracellular domain (7). Pairs of acidic amino acids that
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none of the mutations seriously
impaired H™ activation. We rea-
soned that Glu**® and Asp**? might
constitute a redundant Ca*>*-bind-
ing site that maintained the H* sen-
sitivity of mutant channels. To test
this hypothesis, we introduced all of
the above mentioned individual
mutations also into the ASICla-
E425G/D432C background, result-
ing in triple mutant channels, as
summarized in the middle and right
panels of Fig. 2. To measure E425G/
D432C currents of comparable size
as wild-type currents, we needed to
inject 5-10-fold more RNA (com-
pare color code in Fig. 2). In many
cases the introduction of individual
mutations into the double mutant
channel led to a further (up to 8-fold) reduction of the maximal
current amplitude. All of the mutants were, however, still
H*-sensitive, with two exceptions: triple mutant channels car-
rying substitutions at residues Glu®® (category II; see legend to
Fig. 2) or Asp’® (category I) did not produce reliable H" acti-
vated currents, even after injection of maximal amounts of
RNA (10 ng). A more detailed analysis of these mutants is
described below.

In addition to H* insensitivity of triple E63Q and triple
D78N channels, our screen revealed that H activation of triple
E79Q channels was insensitive to Ca>"; EC,, was identical with
physiological and low concentrations of divalent cations (Fig. 2,
right panel). A D78N/E79Q double mutant also showed no lon-
ger a dependence on Ca®" of its apparent H" affinity (not
shown), although both individual mutations did (Fig. 2, right
panel). Therefore, we also determined for the triple E79Q
mutant steady-state desensitization with physiological and low
concentrations of divalent cations. In this case, Ca®>" shifted the
concentration response curve by 0.2 pH units (not shown), sim-
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tributing to amino acid pairs in the
acidic cluster of ASICI1, does not

ASIC1a - wt 12 impair H* gating of ASIC1a. Substi-
E425GD432C T 10 tution of Glu®® and Asp”® in the
: —mmm E63Q [l o1z 3 p E425G/D432C background, how-
: - D78N [I] 8/6 4 ever, led to nonfunctional channels.
M E79Q [Il] H : 4rs  These two amino acids, therefore,
~mm  D107N [I] w ®12s  are candidates for amino acids
{E—  E123Q [1]] H 48 involved in H" gating.

— I — [E)::;: :::llll : : ::: Mutationql Screen ?fBﬂSi?Aﬁ’{iﬂO
—I B30 iV el o A?ld:i Identified a Pair olefttdmes
- — £219 [1] T - e within the Post-TMI1 Domain That
._— B335 ] e s I Crucial for HY Activation—Be-
- D227N [1] aia  sides acidic amino acids, basic
— I E228Q [I] amino acids are candidate targets
- E235Q [I] J— for protonation and could therefore
—— D237N [I] | contribute to an allosteric mecha-
- £235C 1] = i nism of H* gating of ASICs. With

e E242Q [1] — ae e
- Sm— R = o 1ts_ pK Value? around 6, h1§t1d1ne isa
- S £254Q (1] : o7 prime candidate to constitute a sen-
é = I G358 il T e e 1 S == sor for H™ activation of ASICla

D298N [il]

sre  under physiological conditions. We

4110 considered also lysine and arginine

r
D301N i) 1
E313Q[l] ] :

418 residues because their more basic

E342Q7i] Fi

D355N [il]

D355A[I] | n.a.

E373Q 1] —F—

E396Q [1] -

85, pK values could be shifted toward
the physiological range, depending
on their local environment within

517

o the channel protein. We individu-

E401QTI] G— i

w7 ally substituted five conserved histi-

D407N [1] :

w14 dines (Fig. 1) by alanine or aspara-

D411N[I] —1—

s/s  gine. Furthermore we individually

E416Q 1] i

1417 substituted methionine for all

i

E]
a

E419Q [1]

'8 lysines, which are conserved be-

ASIC1a-X
( single mutant channels )

ASIC1a - E425GD432C - X
{ triple mutant channels )

ngcRNA/ococyte <01m =201-0503 >05-10mm

FIGURE 2. Effect of substituting acidic candidate residues. Left panel, bars represent means =+ S.E. of peak
currentamplitudesinduced by saturating H* concentrations. Test solutions contained 1.8 mmCa®* and 1.0 mm
—70 mV. The bars to the left represent wild-type channel or mutant channels carrying the
indicated single substitutions. The bars to the right represent E425G/D432C double mutant channel or triple
mutant channels carrying E425G/D432C plus the indicated additional substitution. The labels I-IV indicate the
degree of conservation of respective residue among ASIC subtypes. n.d., not determined. Right panel, symbols
and bars represent means *+ S.E. of pH values for half-maximal H* activation. The numbers of recordings from
different oocytes are indicated on the left side for 0.1 mm Ca®™ and on the right side for 1.8 mm Ca%*/1.0 mm
Mg?". The gray bars represent EC,, values for the wild type (light gray, 0.1 mm Ca"; dark gray, 1.8 mm Ca”*/1.0
mm Mg?"). An explanation of the color code and symbols is given at the bottom.

MG*™; Vioiq =

ilar to wild-type ASIC1a. Thus, evidence that Glu”® is involved
in Ca®>" binding was not conclusive.

Acidic amino acids from the acidic pocket (7) were unsuspi-
cious also as triple mutants: the triple E219Q, D237N, and
E238Q substitutions decreased the apparent H™ affinity; how-
ever, several other substitutions resulted in the same behavior
(Fig. 2), and a decrease in H™ affinity by itself does not imply a
crucial role in H* gating. Triple D407N had a slightly increased
H™ affinity, which is unexpected if Asp*®” forms a pair with
Glu*'? that is important for H" gating. Moreover, the apparent
affinity was shifted by Ca>" for all four triple mutants.

So far, our mutational screen showed that individual substi-
tution of any conserved acidic amino acid, including those con-
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O @ single mutants
{#  triple mutants

®¢ 1E8mM[Ca],
0<$ 04mM[Ca],

tween ASICla and ASIC3, and glu-
tamine for all arginines, which are
conserved between ASICla and
ASIC3 (the one exception is Arg'”®)
yielding a total of 20 mutants. The
results of the functional analysis of
these mutant channels are summa-
rized in Fig. 3. Among these
mutants, only K211M was insensi-
tive to H" activation.

The crystal structure revealed
that Lys®'' reaches deeply into a
neighboring subunit to bind a Cl™ ion that is buried within the
extracellular loop of ASIC1 (7). The Cl™ ion may have a role in
assembly and gating of ASICs (7). To distinguish between these
possibilities, we determined expression of this mutant at the
oocyte surface. We inserted an HA epitope into the extracellu-
lar loop of ASIC1a wild type and of the K211M mutant and used
a monoclonal anti-HA antibody and a luminescence assay to
compare the surface expression of HA-tagged channels. This
assay revealed that surface expression of the K211M mutant
was significantly (p = 0.04) reduced compared with wild-type
channels (Fig. 4). The observed reduction in surface expression
by about 25%, however, cannot explain the dramatic reduction
in current amplitude, suggesting that K211M has a predomi-
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Substitution of His”? in ASIC2a
renders this channel H* -insensitive

(24), suggesting that it could be
12 involved in the pH sensor of ASICs.

6 It is not the sole determinant of

ASIC2a H™ sensitivity, however

(24). His”® of ASICla corresponds

to His”? of ASIC2a. Substitution of
His”® by Ala in our screen resulted

in H" -sensitive channels (Fig. 3), as

previously found by others (24);

maximal current amplitude of this

mutant was, however, reduced

5-fold. In contrast to ASIC2a,

ASICla has another His residue,

His”?, immediately adjacent to His™.

Individual substitution of His”* by
Ala resulted in functional chan-

nels; in contrast, combined substi-

tution of His”> and His”® by Asn

produced mutant channels that

could no longer be activated by H™

(Fig. 3). The more conservative

substitution of these two His resi-

dues by the basic amino acid lysine

resulted in ion channels that were
still sensitive to H* activation,

however, with dramatically re-
duced amplitude (not shown).

These findings confirm that His”*/

His”® could be an element of the

H™ sensor; in contrast to ASIC2a,

in ASICla this crucial element

would be constituted of two

redundant His residues.

Detailed Analysis of the Amino

Acids That Are Critical for H"
Activation—OQOur screen identified

— N Asicta-wt 1
— e R64Q ] 6
D — s H72A[IN] 6 6
: Ml H73A[] 6 5
: { H72NH73N 1117
: I R99Q[] 6 6
| R160Q[I] 6 .
: g H163N[]] 5 5
I R190Q [I] 6 6
: K211M I} 6 10
. - K211R[l] 6 6
: —Emmm K211H [l 6 6
- K211D [I] 6
D — e K21ME[ll] 6 6
— e K246M [I] & 6
— e H250N [I] 5 4
— I R309Q[I] & 6
—~— e R315Q [l] 13 9
— e R324Q[l] s 6
I H327N[I] 5 5
I K341M [II] 6 5
—— e K354M [Il] 5 4
e R369Q [I] ¢ 6
— I K372M [I] 5 5
— e K378M [I] 6 5
— I K382M [I] 6 6
: —mm  K386M [I] 10 8
- K390M [I] 5 6
i K391M [I] 6 6
w— e K394M [I] 10 7
- — K421M[l] 8 8
ASIC1a-X ® 1.8 mM [Ca™],
( single mutant channels ) o 0.1 mM [Ca™],
ngcRNA/oocyte <01m 201-053 >05-10mm

FIGURE 3. Effect of substituting basic candidate residues. Left panel, bars represent means = S.E. of peak
current amplitudes induced by saturating H* concentrations for wild-type channel or mutant channels carry-
ing the indicated single substitutions. Test solutions contained 1.8 mmCa?" and 1.0 mMMg?"; V, ;g = —70 mV.
The labels I-ll indicate the degree of conservation of respective residue among ASIC subtypes. Right panel,
symbols and bars represent means =+ S.E. of pH values for half-maximal H* activation. The numbers of record-
ings from different oocytes are indicated on the left side for 0.1 mm Ca?* and on the right side for 1.8 mm
Ca?*/1.0 mm Mg?*. The gray bars represent EC, values for the wild type (light gray, 0.1 mm Ca**; dark gray, 1.8
mm Ca”*/1.0 mm Mg?*). An explanation of the color code and symbols is given at the bottom.

nant effect on gating rather than on assembly. To further inves-
tigate the role of Lys®'!, we replaced this residue also by Asp,
Glu, His, or Arg. In contrast to K211M, all of these substitutions
resulted in H" -sensitive channels that were, however, up to
10-fold less H™ -sensitive than wild type (Fig. 3). Thus, although
these results suggest a role for Lys*!" in gating of ASICla, they
show that a protonation/deprotonation cycle between a neutral
and a positively charged residue at position 211 cannot be cru-
cial for H" sensitivity.
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the following amino acid substitu-
tions that strongly impaired H"
activation: E63Q and D78N in the
E425G/D432C background and
the H72N/H73N double mutant.
All four amino acids cluster in a
post-TM1 region, where they are
highly conserved in ASICs. Fig. 5A
shows a sequence comparison of
the post-TM1 region of 19 ASICs
from different species; for com-
parison, the sequence of proton-insensitive BLINaC (25), a
channel closely related to ASICs, is also shown. The
sequences were assigned to one of two groups: proton-sen-
sitive (green) and proton-insensitive (red) ASICs. Proton
sensitivity correlates well with the presence of a His residue
at position 72/73 and a charged residue at positions 63 and
78. Exceptions are zASIC1.1 (4) that does not have a His
residue here and zASIC4.1 (4) that does neither have Glu®®
nor Asp”®; for zZASIC4.1 we have, however, recently shown
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FIGURE 4. The K211M mutant is present on the oocyte surface. Surface
expression of HA-tagged ASIC1a and ASIC1a-K211M (means = S.E.) is shown.
Untagged ASIC1a served as a control (first column). The results are expressed
as RLUs/oocyte/s.n = 16; *, p < 0.05.
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that the amino acids at these two positions are crucial for its
activity (26).

In the top part of Fig. 5B, we show for comparison represent-
ative current traces of single substitutions at the critical sites.
Wild-type ASICla rapidly activated and completely desensi-
tized within less than 10 s (time constant 7 = 1116 * 137 ms,
n = 9). Channels with individual substitutions at Glu®?, Asp”®,
His”?, or His”® behaved similarly, except that desensitization of
D78N was faster (1 = 506 = 25 ms, p < 0.05, n = 4).

E425G/D432C double mutant channels are no longer
blocked by Ca®" but still show the typical transient ASIC cur-
rent (Fig. 5B) (21). As shown in the bottom panel of Fig. 5B, after
long H* stimulation washout of the acidic solution often
induced a small “off” current for E425G/D432C channels.
Introduction of the substitution E63Q or D78N into the
E425G/D432C background resulted in channels for which the
typical transient ASIC current was basically lost; the same was
true for the H72N/H73N mutant (Fig. 5B). Sometimes oocytes
expressing these channels showed a tiny transient inward cur-
rent at the beginning of the acidification, like in the example in
Fig. 5B, and there was always a small off current upon washout
of the acidic solution. Thus, these mutants still showed some
response to acid. One has to keep in mind, however, that 100-
fold more cRNA was injected for these mutants than for wild-
type ASIC1a. Therefore, we cannot exclude that the response to
acid of the oocytes expressing these mutants was an unspecific
effect caused by heavy overexpression of channels. In contrast
to substitution of Asp’®, substitution in the E425G/D432C
background of the directly adjacent Glu”® revealed currents
very similar to those through E425G/D432C channels (Fig. 5B).

We tested whether H insensitivity of these three mutants
was due to a lack of surface expression. Only for triple E63Q the
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surface expression was significantly reduced to about 40% of
wild-type levels (Fig. 5C); for triple D78N and H72NH73N sur-
face expression was only slightly reduced. Considering that we
injected equal amounts of mutant and wild-type cRNA for
determination of surface expression but 100-fold higher
amounts of mutant than wild-type cRNA for functional meas-
urements (Figs. 2 and 3), this result shows that H" insensitivity
of the mutants was not due to reduced surface expression.

Presence of triple E63Q, triple D78N, and H72N/H73N on
the cell surface and absence of ASIC currents suggests that
these residues could be specifically involved in H* gating. For
E63Q and D78N we considered an involvement in Ca®* bind-
ing. To find more direct evidence for an involvement in Ca*"
binding we first combined the two individual substitutions to
yield mutant E63Q/D78N. Application of pH 4.0 to
ASIC1aE63Q/D78N-expressing oocytes induced robust (>10
pnA) transient inward currents (Fig. 64), showing that this
mutant channel was H"-sensitive. Second, we assessed
whether an increased Ca®>" concentration in the conditioning
solution could rescue triple E63Q and triple D78N channels
and render them H*-sensitive. This was not consistently the
case (not shown). Third, we introduced positive charges at posi-
tions 63 and 78 (mutants E63K and D78K). We reasoned that
the positive charge might repel Ca®", facilitating H* binding
also to single mutant channels. Both mutant channels were
functional and H ™" -sensitive (Fig. 6B). Apparent affinity for H"
of mutant E63K was indeed significantly (p < 0.05) increased by
about 0.15 pH units; full activation was reached already at pH
6.5 (Fig. 6B), a result expected for a channel with reduced Ca>"
affinity. In contrast, apparent H™ affinity of mutant D78K was
significantly (p < 0.01) decreased by more than 1 pH unit. In
summary, our more detailed analysis of amino acids Glu®® and
Asp”® shows that if Glu®® and Asp”® contributed to a Ca**-
binding site, this site would not be essential.

H™ -insensitive ASIC1a Mutants Contribute to Heteromeric
Channels with ASIC2a—W e then assessed whether H" -insen-
sitive mutant ASIC1la subunits still contributed to heteromeric
channels with ASIC2a and, if so, whether such heteromeric
channels would have altered H" gating. Heteromers between
ASICla and ASIC2a can be distinguished from homomeric
ASIC2aby an about 5-fold faster desensitization kinetics and an
increased H™ sensitivity (Fig. 7) (5). Co-injection of mutant
ASICla subunits with wild-type ASIC2a in all cases resulted in
H™-sensitive channels that desensitized significantly faster
than homomeric ASIC2a (Fig. 7A and Table 1), showing that all
mutant ASICla subunits successfully incorporated into a het-
eromeric complex. This allowed us to assess their effect on H™
gating. We reasoned that if substituted amino acids contributed
to Ca®" binding, H" should replace Ca*>* ions more easily in
these mutants, leading to increased apparent H™ affinity of het-
eromeric channels. In contrast, if substituted amino acids con-
tributed to allosteric changes upon proton binding, we
expected a reduced proton affinity.

H™ sensitivity of heteromeric channels containing E425G/
D432C was similar to heteromeric channels containing wild-
type ASICla (Table 1). Additional introduction of E63Q or
D78N, however, reduced H* sensitivity by up to 1 pH unit (Fig.
7B and Table 1). It was difficult to obtain complete concentra-
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A TMA

_— 63 72173 78

.+« LCVCTERVQYYFCYHHVTKLD- EVAASQLTFPAVTLCN. . . 1a-rat

.. ALVCTNRIQYYFLYPHVTKLD-EVAATRLTFPAVTFCN. .. 1-chicken

.. . ALVCVIDRVQFYFQYPHVTKLD-EVAAPLMTFPAVTFCN. . . 1.1-toadfish

.. .MYVCIDRIQFYLEYPHVTKLD-EITTPVMVFPAVTICN. . . 1.2-zebrafish
.. LCQVGDRVAYYLSYPHVTLLD-EVATTELVFPAVTFCN. .. 1b-rat

... LLQVVDRVIYYLQYDYVTLLD-ERNAKNMTFPAITLCN. .. 1.1-zebrafish
- - MYVCMDRVY YYFEFPHVTKLD-EVAAPNLTFPAVTFCN. . . 1.3-zebrafish

... LVESSERVSYYFSYQHVTKVD-EVVAQSLVFPAVTLCN. . . 2-rat
... LYQVAERVRYYGEFHHKTTLD-ERESHQLTFPAVTLCN. . . 3-rat
.. LYQAAKCAISYLEHPHVTALN-EEATPEMVFPAVTICN. . . 4.1-zebrafish

... CTWSSNRIRYLLSTPVHTKLH-MIWAKNL SFPAVTICN. .. ta-shark
... LYQVMDRIMYYLEYHHITALD-EMDSPFMY FPAVTLCN. . . 1b-shark
.. VLOSLDWVQYYLRYPCVTKQD-EVSTPLTVEPAVTLCN. . . 1-lamprey
o - ITWSGNRILYLMSYPAVTIKIN-MLWSHNLSFQAVTFCN. . . 1.2-toadfish
... VLESTERLAYFLSYPHVTSVD-AVVSGSLVFPAVTVCN. . . 2-zebrafish
... LSWSSNRLLYWLSFPSHTRVH-REWSRQLPFPAVTVCN. . . 2b-rat

.. LSWSSNRLLHWLSFPTYTRVH-TEWAKELAFPAVAICN. . . 2-toadfish

... LYQAASLARGYLTRPHLVAMDPAAPAPVAGFPAVTLCN. . . 4-rat
- . LYQATWSAATYLERPHLAALR-EETRRELTFPAITLCN. . . 4.2-zebrafish

L VWQIYSRLVNYFMWETTTSIEVQYVEKI-EFPAVTFCN. .. BLINaC-rat
B ASICla E63@ D78N E79Q
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FIGURE 5. Characteristics of channels with substitutions of residues
Glu®3, His”?/His”3, and Asp’. A, alignment of the amino acid sequences of
the proximal ectodomain of several ASICs. ASICs with their names in green are
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tion response curves at these low pH values, but heteromers
containing the ASICla triple E63Q and triple D78N mutants
still seemed to be more H" -sensitive than homomeric ASIC2a,
suggesting some contribution of the mutant subunits to H™
gating in the heteromeric complexes. H' sensitivity of hetero-
mers containing the H72N/H73N mutant was even more
reduced, not being significantly different from homomeric
ASIC2a channels (Table 1), suggesting that this mutant subunit
did not contribute to H™ gating. In summary, these results sug-
gest that Glu®?, Asp”®, and His”*/His’® contribute to allosteric
changes upon H " binding; they do not support a role in Ca*"
binding.

DISCUSSION

Amino Acids Contributing to the Second Ca’” -binding Site—
Several studies point to a critical role for extracellular Ca®>* in
gating of ASICs (19, 20, 22, 27, 28); Ca®>* bound to the extracel-
lular part of the channel is supposed to stabilize the closed state,
and unbinding of Ca®" is necessary for opening the channel.

In a previous study (21) two amino acids (Glu*>* and Asp**?)
were identified that might form a ring of negative charges
around the outer entrance to the channel pore and contribute
to a Ca®*-binding site that mediates open channel block by
Ca®"*. The first crystal structure of an ASIC confirms that
Asp*??, which is located well within TM2, faces toward the ion
pore (7) (Fig. 8); Glu**® resides at the N-terminal end of TM2
and points in the direction opposite of the ion pore (7). Because
the channel has to be unblocked to open, these two amino acids
may also contribute to H gating. Combined substitution of
Glu**® and Asp*®? results in channels that are still gated by H,
albeit with slightly changed characteristics (21). Hence,
although this Ca®>*-binding site may contribute to H™ gating, it
is dispensable for H" gating of ASICla.

With the aim of identifying amino acids contributing to the
postulated second Ca2+-binding site, in the present study, we
performed a comprehensive screen of conserved acidic amino
acids in the extracellular loop of ASIC1a, which are candidates
to contribute to a Ca®>*-binding site. We found that single sub-
stitutions of two amino acids (Glu®® and Asp”®) in ASICla,
which already contains substitutions of Glu*** and Asp*®* (tri-
ple mutant channels), render the channel largely H*-insensi-
tive (Figs. 2 and 5). This H* insensitivity was not due to reduced
surface expression of the mutated channels (Fig. 5), suggesting

H"-sensitive, and those with their names in red have been reported insensi-
tive. The crucial amino acids identified in this study are highlighted in bold
green. Conserved amino acids are written on a gray background. For compar-
ison, the sequence of proton-insensitive BLINaC is shown at the bottom. B,
representative current traces of ASIC1a, ASICTa-E63Q, ASICTa-D78N, and
ASIC1a-E79Q (upper row) and, for comparison, of the respective channels car-
rying in addition the double substitution E425G/D432C and of ASIC1a H72N/
H73N (bottom row); channels were activated with a saturating H* concentra-
tion. Note that, following prolonged activation, removal of the acidic solution
induces a small transient inward current for all ion channels carrying the dou-
ble substitution E425G/D432C. In contrast, the transient H" activated current
was dramatically reduced or absent for triple E63Q, triple D78N, and ASIC1a
H72N/H73N (amount of cRNA injected per oocyte was as indicated in Fig. 2
and 3). H" activation of triple E79Q was unaffected. The dashed lines repre-
sent zero current level. C, surface expression of HA-tagged ASIC1a, triple
E63Q, triple D78N, and ASIC1a-H72N/H73N (mean = S.E.). Untagged ASIC1a
served as a control (first column). The results are expressed as RLUs/oocyte/s.
n=14-16;**,p <0.01.
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FIGURE 6. Substitution of Glu®® or Asp”® by basic amino acids affected pH
sensitivity of ASIC1a. A, representative current trace of ASIC1a-E63Q/D78N
double mutant channel. B, top, representative current trace of ASIC1a-E63K
and ASIC1a-D78K mutants. Bottom, pH response curve for H' activation of
ASIC1a, ASIC1a-E63K, and ASIC1a-D78K. Conditioning pH was 7.4. The pHs, of
activation were 6.54 = 0.03 for ASIC1a (n = 12), 6.69 * 0.06 for ASIC1a-E63K
(n =7),and 5.43 = 0.09 for ASIC1a-D78N (n = 9), respectively.

a specific effect on gating. These results are consistent with the
idea that Glu*?® and Asp®*? contribute to H* gating and suggest
that also Glu®® and Asp”® are involved in H* gating. Glu®® and
Asp”® are highly conserved among ASICs (Fig. 54). Our study
shows that individual substitution of these amino acids does
not strongly affect H" gating. Similarly, substitution of Asp”® in
ASIC3 has no effects on gating of this ASIC (29). But we show
that combined substitution of Asp”® and Glu***/Asp**?
severely impairs H" gating. Substitution of the adjacent Glu”
did not have such an effect, demonstrating the specificity of the
effect; Glu”® seems to be specifically involved in desensitization
(29). Two recent studies confirm the importance of Glu®® and
Asp”®: combined substitution of amino acids at the positions
corresponding to Glu®® and Asp”® causes a dramatic reduction
of peak current amplitude of H™ -sensitive zASIC4.1 (26), and
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FIGURE 7. Point mutations in ASIC1a change the pH sensitivity of hetero-
meric ASIC2a/1a. A, top, representative current traces of homomeric ASIC2a,
ASIC1a, and heteromeric ASIC2a/1a. Bottom, representative current traces of
heteromeric ASIC2a/ASIC1a where the ASIC1a subunit contained the indi-
cated amino acid substitutions. Conditioning pH was pH 7.4 and testing pH
was pH 4.0. B, pH dependence of activation. Conditioning pH was pH 7.4.

TABLE 1

Properties of heteromers between ASIC2a and different ASIC1a
variants

The data are the means * S.E. for the number # of individual oocytes indicated in
parentheses. pH values at which channels were half-maximally activated or desen-
sitized (pH,,,) were obtained from a fit to the Hill function. n.d., not determined. For
statistical analysis of T 4., mutants and 2a were compared; for statistical analysis
of pHy, 2a/la-H72N/H73N was compared with 2a/la and 2a/la-t(riple)-
E63Q(D78Q) with 2a/1a-E425G/D432C, respectively.

pHso
Tdes/MS
Activation Desensitization
la 720 =130 (8) n.d. n.d.
2a 2830 + 280 (10) 3.8 = 0.1 (10 6.55 = 0.03 (9)
2a/la 730 = 50 (9) 5.3 0.1 (10 6.68 * 0.04 (10)
2a/la-H72N/H73N 6.68 * 0.04 (5)

2a/1a-E425G/D432C
2a/la-t-E63Q 920 + 80 (12)*
2a/la-t-D78N 880 = 60 (11)”
“p < 0.01 (unpaired ¢ test).
b p <0.05.

)
)
1660 + 110 (14)* 4.0 + 0.1 (10)

990 + 100 (11)* 5.3 + 0.1 (11)
43+0.1(12)" 6.82 * 0.05(7)"

(

(

(
6.93 + 0.01 (14)
(
4.5+ 0.04 (11)* 6.58 + 0.02 (10)*

substitution of Asp”” in rat ASIC2a (corresponding to Asp”® in
rat ASIC1a) abolishes H* sensitivity of this ASIC (30).
Because individual substitution of Glu®® and Asp”® did not
impair H™ gating of ASICla, comparable with the individual
substitution of Glu**® and Asp*®?, it was possible that Glu®® and
Asp”® contributed to a second Ca® " -binding site that is redun-
dant to the Glu***>-Asp®? site and that therefore is also dispen-
sable for H* gating. Only the combined elimination of both
Ca®"-binding sites would render ASICla H"-insensitive, as
observed in our study. This conclusion is not supported by the
crystal structure, however (7). In the three-dimensional struc-
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FIGURE 8.Scheme illustrating the position of the identified amino acids within the three-dimensional structure of the channel. A, ribbon diagram of the
trimeric chicken ASIC1 structure (Protein Data Bank entry 2QTS) with subunits colored differently. The extent of the lipid bilayer is indicated by the thick lines.
B, close-up view of the region that is highlighted in A by the rectangular box. Subunits are color coded as in A, and functionally important residues identified in
this study are shown with their side chain in ball-and-stick representation and are labeled for one subunit with residue numbers corresponding to rat ASIC1a.
The intersubunit contacts between the side chains of His”> and Asp”® are indicated by a dashed line. His”? has been modeled into the structure by replacing the
Pro present at this position in chicken ASIC1 (7) and optimization of its side chain to avoid steric overlap. Similarly, Glu®® has been introduced at the position of
Asn®“, C, view onto the TM domain of trimeric ASIC1 roughly perpendicular to the lipid bilayer. Polar residues within the helices together with the mutated His”?

in the loop between TM1 and 31 are shown.

ture, the residues corresponding to Glu®® and Asp”® (Asn®* and
Asp”®) are not in close contact with each other (7) (Fig. 8),
making it unlikely that they contribute to a common Ca®*-
binding site. Asn®* is at a similar height as Asp**® (correspond-
ing to Asp*®? in ASIC1a) within the transmembrane domains
(Figs. 1 and 8) with a variable spacing between the side chains
ranging from under 7 A to over 11 A (7) because of the asym-
metry in the TM region. It is not inconceivable that these resi-
dues directly interact with each other because only small rota-
tions in the TM helices would be required.

Based on the presence of a negatively charged depression in
the crystal structure of ASIC1, named the acidic pocket, it has
been proposed that acidic amino acids that form three pairs of
carboxylic acid-carboxylate groups within the acidic pocket are
primary sites for H" sensing in ASICs (7). The negatively
charged side chains of these residues could coordinate a Ca®"
ion in the closed state of the channel and upon protonation of
one of the two carboxylates from each pair both side chains
could come in close contact to form an acidic residue pair in the
desensitized conformation (7). This is an attractive model;
however, the crystal structure does provide only indirect evi-
dence for it. Because our study eliminates the possibility that
any individual pair in the acidic pocket is crucial for H* gating,
it has to be assumed that these pairs are redundant and that only
a combined substitution of more than one pair will render an
ASIC H*-insensitive. Future studies will show whether this is
the case.

Amino Acids Involved in Allosteric Gating of ASIC1a—The
most clear-cut effect in our study was the H™ insensitivity of the
H72N/H73N double mutant. The most parsimonious explana-
tion is that His”> and His”® constitute the switch on which H*
act to open ASIC1a; they may be the H" sensor. H insensitiv-
ity of the H72N/H73N mutant, its presence on the cell surface,
and its contribution to heteromeric channels without apparent
contribution to H* gating of these channels are all characteris-
tics consistent with this interpretation. Consistent with this
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Finger

Closed Open

FIGURE 9. Scheme illustrating the hypothetical gating mechanism of
ASICs. Only one subunit with its five subdomains is shown. The details are in
the text. The scheme is based on a scheme proposed by Jasti and colleagues
(7).

interpretation is also that His”® is essential for H* gating of
ASIC2a (24).

In the desensitized state of the channel, the side chain of
His”® is in close contact (average distance of ~3.2 A, with indi-
vidual values ranging from 2.9 to 3.5 A) with Asp”® of an adja-
cent subunit (7). Taking into account the low pH of 5.6 during
crystallization this interaction presumably represents an ion
pair. Because the neighboring Glu”® undergoes strong confor-
mational changes during desensitization (29), it is unlikely,
however, that a similar contact is made also in the closed con-
formation. Perhaps His”® gets protonated upon channel open-
ing and rotates during desensitization to electrostatically inter-
act with Asp”®. Because His”> can be substituted without loss of
channel function (Fig. 3), it seems that in ASICla His”* can
largely take over its function, pointing to substantial structural
flexibility in this region (Fig. 8).

These results suggest the following model for H gating of
ASICs that is illustrated in Fig. 9. A drop in the pH leads to the
protonation of His”?, inducing a conformational change. This
conformational change displaces Ca>" ions from (at least) two
different Ca®*-binding sites and the channel opens. One Ca**-
binding site is located at the outer mouth of the ion pore, and
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the other one may be formed by amino acids from the acidic
pocket. Two of the acidic pairs observed in the crystal structure
mediate interactions between the thumb and the finger
domains (7) (Fig. 9), and it has been proposed that the thumb
domain moves during gating (7). His”? is located in the edge
strand (B1) of one of the B-sheets at the base of the palm
domain (7) (Fig. 8), which is adjacent to the thumb. Perhaps the
palm moves relative to the thumb to assist or even to trigger the
movement of the thumb (Fig. 9).

Some of the acidic amino acids involved in Ca®>" binding
probably get titrated upon unbinding of Ca>", and displacing
Ca®" from its binding sites may be sufficient to open the chan-
nel (20, 21); this could explain H* gating of zASIC1.1, which
lacks the critical His (Fig. 54). For ASICla and ASIC3, currents
induced by removal of Ca®" are very tiny (20, 21), however,
excluding that Ca®" release alone is sufficient for full activation
of these channels. Possibly, protonation of the critical His is
necessary for the regular maximal activation of most ASICs.
Finally, protonated His”> would rotate to make a salt bridge
with Asp”®, stabilizing the desensitized state of the channel. In
summary, whereas the role of Glu®® remains uncertain, our
results suggest a crucial role for the intersubunit His”-Asp”®
pair in H™ gating of ASICs.
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