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a b s t r a c t

The acid-sensing ion channel (ASIC) 1a is known to assemble as a homotrimer. Here, we used atomic
force microscopy to image ASIC1a, integrated into lipid bilayers, at pH 7.0 and pH 6.0. The triangular
appearance of the channel was clearly visible. A height distribution for the channels at pH 7.0 had
two peaks, at 2 and 4 nm, likely representing the intracellular and extracellular domains, respec-
tively. At pH 6.0 the 2-nm peak remained, but the higher peak shifted to 6 nm. Hence, the extracel-
lular domain of the channel becomes ‘taller’ after acidification.
� 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

Acid-sensing ion channels (ASICs) belong to the degenerin/epi-
thelial Na+ channel family of cation channels (reviewed in [1]).
They are activated by extracellular protons and are selectively per-
meable to Na+ ions. There are four ASIC genes, which produce six
subunit isoforms: ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3, and
ASIC4. These subunits assemble to form both homo- and hetero-
multimers with varying properties, including differential sensitiv-
ity to pH [2] and permeability to Ca2+ [3]. ASICs are found in all
vertebrates, and are responsible for acid-evoked currents in many
types of neuron in the peripheral and central nervous systems.
They are involved in physiological functions as diverse as nocicep-
tion, learning and memory, and in pathological conditions such as
ischemic stroke. Electrophysiological analysis of the human ASIC1a
endogenously expressed in HEK-293 cells [4], revealed that the
channel is inactive at pH 7.0 and maximally active at pH 6.0, with
half-maximal activation occurring at pH 6.45. Desensitization of
the channel is rapid, with a time constant for inactivation of the

proton-gated current, measured in whole-cell recordings, of about
1 s.

Each ASIC subunit spans the membrane twice, and the N- and C-
termini are intracellular (reviewed in [1]). The recent determina-
tion of the crystal structure of chicken ASIC1 at low pH showed
that the channel is a trimer [5], and this trimeric structure was
confirmed by atomic force microscopy (AFM) imaging of human
ASIC1a [6,7]. The availability of the crystal structure has encour-
aged speculation as to how proton binding to the channel is trans-
lated into channel gating [5], although so far there is no direct
structural information about this. In the current study, we have ta-
ken advantage of the ability of AFM to provide images of proteins
in their native environment to investigate the structure of human
ASIC1a before and after acidification. We show that acidification
causes a significant increase in the height of the channel above
the lipid bilayer in which it is integrated.

2. Materials and methods

2.1. Expression, solubilization and purification of ASIC1a

HEK-293 cells, stably transfected with human ASIC1a bearing a
C-terminal His8 tag, were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% (v/v) newborn calf serum,
100 units/ml penicillin, 100 lg/ml streptomycin, and 100 lg/ml
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Zeocin (Invitrogen, Paisley, UK) in an atmosphere of 5% CO2/air.
Protein expression and intracellular localization were checked by
immunofluorescence analysis of small-scale cultures. Cells were
fixed, permeabilized, and incubated with a rabbit polyclonal anti-
body against ASIC1a (Alomone, Buckingham, UK). This antibody
was raised against residues 469–488 of rat ASIC1; it also recog-
nizes human ASIC1a, as demonstrated previously by both immuno-
fluorescence and immunoblotting [6,7]. Primary antibody was
visualized using Cy3-conjugated goat anti-rabbit secondary anti-
body (Sigma, Poole, UK), and confocal laser scanning microscopy.

Solubilization and purification were performed as described
previously [7,8]. Briefly, a crude membrane fraction prepared from
the cells was solubilized in 1% (w/v) 3-[(3-cholamidopropyl)dim-
ethylammonio]-1-propanesulfonate (CHAPS), and the solubilized
material was incubated with Ni2+-agarose beads (Probond; Invitro-
gen). The beads were washed extensively with HEPES-buffered sal-
ine (HBS) containing 0.5% CHAPS and bound proteins were eluted
in the same buffer containing 500 mM imidazole. Samples were
analyzed by SDS–polyacrylamide gel electrophoresis. Proteins
were detected by silver staining or immunoblotting, using the rab-
bit polyclonal anti-ASIC1a antibody described above. A typical
yield of ASIC1a from 5 � 162 cm2 flasks of cells was about 1 lg.

2.2. Integration of ASIC1a into liposomes

1,2-Dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) and
brain L-a-phosphatidylserine (PS), obtained from Avanti Polar Lip-
ids (Birmingham, AL) as chloroform stocks, were mixed in the mo-
lar ratio of 3:1. The chloroform was evaporated under a stream of
nitrogen gas, and the lipids were dissolved in HBS containing 2%
CHAPS, to give a total lipid concentration of 2 mg/ml. A 100-ll
(200-lg) sample of solubilized lipid was mixed with 1 lg of puri-
fied ASIC1a (in a volume of 100 ll), and the resulting mixture was
dialysed against a large volume of detergent-free HBS at room tem-
perature for 3 days, with repeated changes of buffer.

2.3. AFM imaging of supported lipid bilayers containing ASIC1a

Proteoliposomes (2 ll) were allowed to adsorb to freshly-
cleaved 1 mm2 mica disks to form supported proteolipid bilayers.

After a 15-min incubation, the samples were washed and mounted
in the imaging chamber. Imaging was performed under fluid with
an NVB500 high-speed atomic force microscope (Olympus, Japan),
using tapping mode. The imaging buffer was 100 mM NaCl con-
taining 5 mM MES-NaOH at either pH 7.0 or pH 6.0. Small silicon
nitride cantilevers were used (BL-AC7EGS-A2, Olympus, Japan).
Each cantilever had a sharp probe that had been deposited using
electron beam deposition. The cantilevers had a resonant fre-
quency in water of 600–1,000 kHz and spring constants of 0.1–
0.2 Nm�1. Typical free oscillation amplitudes during imaging were
approximately 4 nm, and the amplitude set-point was typically
approximately 70% of this value.

3. Results

Immunofluorescence analysis of HEK-293 cells stably express-
ing ASIC1a bearing a His8 epitope tag at its C-terminus, using an
anti-ASIC1a antibody, revealed the presence of ASIC1a channels
in the transfected cells (Fig. 1A). The staining pattern indicated that
the channels were present both at the plasma membrane and in
internal membranes. A crude membrane fraction prepared from
the ASIC1a-expressing cells was solubilized in CHAPS detergent
(1% w/v), and ASICs were isolated through the binding of the
His8 tag to Ni2+-agarose beads followed by elution with 500 mM
imidazole. Both the membrane fraction and the isolated protein
were subjected to SDS–PAGE, silver staining, and immunoblotting
using the anti-ASIC1a antibody. A silver stain of the isolated frac-
tion (Fig. 1B, left panel) showed a single major band at a molecular
mass of 70 kDa, consistent with the expected size of the ASIC1a
subunit [9]. The anti-ASIC1a antibody also labeled a single band,
again at a molecular mass of 70 kDa (Fig. 1B, right panel). Hence,
the isolation procedure produced highly purified ASIC1a, as re-
ported previously [6,7].

Purified ASIC1a was integrated into liposomes (PC/PS; 3:1), and
the proteoliposomes were deposited onto mica to produce sup-
ported proteolipid bilayers. AFM imaging of these bilayers at pH
7.0 (Fig. 1C) revealed a smooth layer containing numerous small
particles, and occasional gaps. A section taken through two gaps
(Fig. 1D) revealed a height difference of about 5 nm, consistent
with the accepted thickness of a lipid bilayer [10]. Hence, the

Fig. 1. Isolation of ASIC1a and integration into lipid bilayers. (A) Immunofluorescence detection of ASIC1a in stably transfected HEK-293 cells. Cells were fixed, permeabilized
and incubated with rabbit polyclonal anti-ASIC1a antibody, followed by Cy3-conjugated goat anti-rabbit secondary antibody. Cells were imaged by confocal laser scanning
microscopy. Scale bar, 20 lm. (B) Isolation of ASIC1a from a membrane fraction of stably transfected cells. Samples were analyzed by SDS–polyacrylamide gel electrophoresis
and either silver staining (left-hand panel) or immunoblotting (right-hand panel), using rabbit polyclonal anti-ASIC1a antibody, followed by a horseradish peroxidase-
conjugated goat anti-rabbit secondary antibody. Immunoreactive bands were visualized using enhanced chemiluminescence. Arrowheads indicate molecular mass markers
(kDa). (C) Low-magnification AFM image of a supported lipid bilayer containing integrated ASICs at pH 7.0. Scale bar, 200 nm. Height range, 20 nm. (D) Section through the
bilayer shown in (C), taken at the position indicated by the dotted line. (E) Medium-magnification image of a bilayer at pH 7.0. Scale bar, 100 nm. Height range, 20 nm. (F)
Medium-magnification image of a bilayer at pH 6.0. Scale bar, 100 nm. Height range, 20 nm.
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