THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 28, pp. 24996 -25006, July 15,2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Atomic Level Characterization of the Nonproton
Ligand-sensing Domain of ASIC3 Channels”

Received for publication, March 12,2011, and in revised form, April 21,2011 Published, JBC Papers in Press, May 17,2011, DOI 10.1074/jbc.M111.239558

Ye Yu*"', Wei-Guang Li*', Zhi Chen®', Hui Cao*, Huaiyu Yang®, Hualiang Jiang®?, and Tian-Le Xu

+943

From the *Institute of Neuroscience and State Key Laboratory of Neuroscience, Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences, Shanghai 200031, China, the *Drug Discovery and Design Center, State Key Laboratory of Drug Research,
Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai 201203, China, and the "Institute of Medical
Sciences, Shanghai Jiaotong University School of Medicine, Shanghai 200025, China

Acid-sensing ion channels (ASICs) are known to be primarily
activated by extracellular protons. Recently, we characterized
a novel nonproton ligand (2-guanidine-4-methylquinazoline,
GMQ), which activates the ASIC3 channel subtype at neutral
pH. Using an interactive computational-experimental ap-
proach, here we extend our investigation to delineate the archi-
tecture of the GMQ-sensing domain in the ASIC3 channels. We
first established a GMQ binding mode and revealed that resi-
dues Glu-423, Glu-79, Leu-77, Arg-376, Gln-271, and Gln-269
play key roles in forming the GMQ-sensing domain. We then
verified the GMQ binding mode using ab initio calculation and
mutagenesis and demonstrated the critical role of the above
GMQ-binding residues in the interplay among GMQ, proton,
and Ca®* in regulating the function of ASIC3. Additionally, we
showed that the same residues involved in coordinating GMQ
responses are also critical for activation of the ASIC3F79¢
mutant by thiol-reactive compound DTNB. Thus, a range of
complementary techniques provide independent evidence for
the structural details of the GMQ-sensing domain at atomic
level, laying the foundation for further investigations of endog-
enous nonproton ligands and gating mechanisms of the ASIC3
channels.

Acid-sensing ion channels (ASICs)* are proton-gated cation
channels (1-3), opening in response to extracellular pH reduc-
tion. To date, at least six ASIC subunits encoded by four dis-
tinctive genes (asicl, asic2, asic3, and asic4) have been identi-
fied (1, 2): 1a, 1b, 2a, 2b, 3, and 4. The first low pH crystal
structure of chicken ASIC1 has been resolved (4, 5), revealing
significant insights into many fundamental issues about these
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trimeric ion channels (6). Recently, we discovered a nonproton
ligand, 2-guanidine-4-methylquinazoline (GMQ) (see Fig. 1A4),
which activates ASIC3 channels under neutral pH conditions
(7). Remarkably, GMQ- and acid-induced (pH 5.0) currents
exhibit distinct kinetics. The acid-induced currents desensi-
tized rapidly, whereas the GMQ-evoked currents showed no
desensitization when GMQ was continuously present. Using
electrophysiological analysis of a series of ASIC3 channel
mutants, we demonstrated that the carboxyl-carboxylate inter-
action pair, Glu-79 —Glu-423, is crucial for sustained activation
of ASIC3 channels at neutral pH. Furthermore, using cysteine
substitution mutants, we showed that covalent modification at
E79C by DTNB, an Ellman’s reagent used to modify and quan-
titatively detect sulthydryl groups in proteins, was able to acti-
vate the channel, suggesting the importance of the Glu-79 res-
idue in channel gating (7). Although the key role of Glu-79 and
Glu-423 in GMQ-ASIC3 interactions has been elucidated, the
makeup of this nonproton ligand-sensing domain remains
largely unknown. In this study, taking advantage of computa-
tional approaches (8) and the available high resolution three-
dimensional structure of ASIC channels (4, 5), we aimed to
delineate the architecture of the nonproton ligand-sensing
domain as well as the GMQ binding mode in ASIC3 channels.
To achieve this, we employed diverse approaches including
electrophysiological recording, comprehensive mutagenesis,
homology modeling, in silico docking, and ab initio calcula-
tions. We uncovered the structural details at the atomic level,
which well explain the GMQ-ASIC3 interactions and shed new
light on the mechanisms of ASIC3 activation by nonproton
ligands.

EXPERIMENTAL PROCEDURES

Solutions, Drugs, Cell Culture, and Transfection—All of the
solutions and drugs were purchased and prepared as described
previously (7). All of the constructs were expressed in CHO
cells as described previously (7). In brief, CHO cells were cul-
tured in F-12 medium (1 mMm L-glutamine, 10% fetal bovine
serum, 50 units/ml penicillin, and 50 pg/ml streptomycin) at
37 °C in a humidified atmosphere (5% CO, and 95% air). Plas-
mid transfections were carried out using Lipofectamine™™
2000.

Site-directed Mutagenesis—As described previously (7), the
c¢DNA of ASIC3 was subcloned into the pEGFPC3 vector. Each
mutant was generated with a QuikChange® mutagenesis kit.
Individual mutations were verified by DNA sequencing.
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Electrophysiology—Electrophysiological recordings were
performed using the conventional whole cell configuration
under voltage clamp as described previously (9). Briefly, mem-
brane currents were measured using a patch clamp amplifier
(Axon 700A, Axon Instruments, Foster City, CA) and were
sampled and analyzed using a Digidata 1320A interface and a
computer running the Clampex and Clamp-fit software. The
membrane potential was held at —60 mV throughout the
experiment under voltage clamp conditions. All of the experi-
ments were carried out at room temperature (23 * 2°C).
Except where otherwise indicated, all of the GMQ responses
were recorded at conditional pH of 7.4.

Homology Modeling for the Three-dimensional Model of
ASIC3 and ASIC1a—The recent crystal structure of ASIC1mfc
(Protein Data Bank code 3HGC; resolution, 3.0 A) (5) was
solved by molecular replacement using the EC domain of a
chicken AASIC1 (Protein Data Bank code 2QTS; resolution, 1.9
A) promoter as a search probe, and the EC domains of two
crystal structures (4, 5) are essentially identical. Thus, only the
high resolution x-ray crystal structure of AASIC1 (4) was used
as the template to construct the three-dimensional model of the
rat ASIC3. The sequence of rat ASIC3 was retrieved from Uni-
Prot (entry 035240). The three-dimensional model of ASIC3
(see Fig. 1B) was constructed using the homology module
encoded in Insight II (Molecular Simulations, Inc., San Diego,
CA) (10, 11). Briefly, the alignment of the target sequence with
the template was performed mainly using the method reported
by Jasti et al. (4). According to the secondary structure infor-
mation of the template, the sequence alignment was adjusted
manually to obtain a more reasonable alignment. Then the
coordinates of the structurally conserved regions of the tem-
plate were assigned to ASIC3. The loops that connect the struc-
turally conserved regions were generated de novo and selected
so as to avoid clashes with other atoms. Refined routines in the
homology module of Insight IT were used to adjust the positions
of the side chains. Finally, the constructed model was checked
and validated by the program Procheck (12). A similar
approach was used to construct the three-dimensional struc-
ture of the ASICla.

The model was created at neutral pH and optimized by
molecular dynamics (MD) simulations (13, 14). Because the
crystal structure of ASIC1 (Protein Data Bank code 2QTS) rep-
resents a desensitized conformation under acidic pH condition,
the homology model of ASIC3 based on this template may be
also desensitized. To obtain a stable and closed conformation of
ASIC3 at neutral pH, we employed an 8-ns MD simulation to
optimize the ASIC3 homology model. In this simulation, the
root mean square deviation profile of the protein tends to be
stable at 1 ns (see Fig. 1C). We also monitored the radius of the
channel pore. The radius fluctuation along the MD trajectory
also suggests that the channel tends to be in a closed state (see
Fig. 1D). In particular, in the initial conformation, the radius is
~1.8 A (a desensitized pore radius), and then it decreases grad-
ually to 1.0 A at 2 ns. Thereafter, the pore radius fluctuates ~1.2
A. Thus, the snapshot at 2.5 ns on the MD trajectory was
extracted as the structural model because the channel reached a
closed and stable state after such time scale MD simulations.

JULY 15,2011 +VOLUME 286+NUMBER 28

In Silico Docking—The docking program Glide (version 4.0;
Schrodinger, LLC, New York, NY) (15) was applied to dock
GMAQ into the potential binding site of ASIC3. For Glide dock-
ing, the protein structure was preprocessed using the protein
preparation and refinement components in the Glide docking
package. Then the grid for the protein was defined as an enclos-
ing box with 15 A in all three dimensions, which included all the
residues involved in the binding of the ligand. For the docking
runs, the standard precision docking mode was selected. All of
the procedures including protein preparation, refinement, grid
generation, and docking were performed using the default
Glide parameters. The top 10 poses with the best Glide-Score
for GMQ were saved as candidates. The tool of Glide pose
viewer was used to check and select the candidate poses. The
poses that interact with the correct residues were regarded as
reasonable binding conformations. The GMQ-ASICla com-
plexes were also prepared by using this docking paradigm.

Ab Initio and QM/MM Interaction Energy Calculations—All
of the ab initio calculations were carried out using the density
functional theory, a computational quantum mechanics
method (Gaussian 03; Gaussian, Inc., Pittsburgh, PA) (16), at
the level of B3LYP/6-31G(d). The interaction energy (AEP)
was obtained from the difference between the total energy of
the residue-ligand complexes and the sum of total energies of
the two monomers. The basis set superposition error was elim-
inated by means of the counterpoise method of Boys and Ber-
nardi (17). All of these calculations were carried out using the
Gaussian 03 suite of programs (16). All of the QM/MM calcu-
lations were carried out using the QM/MM protocol encoded
in Dmol3 of Discovery Studio, version 2.1, with a BLYP func-
tional parameter and an ultrafine basis of Dmol3. A natural
division had defined the ligand as the QM region and the ASIC3
channel as the MM zone.

Construction of the Three-dimensional Models of DTNB-
modified ASIC3—Covalent docking of DTNB to ASIC3 was
carried out using the Gold docking program (version 3.1; Cam-
bridge Crystallographic Data Center, Cambridge, UK) (18). A
covalent linkage between the sulfur atom of the TNB molecule
and the sulfur atom of residue Cys-79 in the mutated ASIC3
(E79C) was used to constrain the docking. Three TNB mole-
cules were covalently docked into the three chains of the
mutated ASIC3, respectively. The pose with the best Gold score
was retained for each chain. After alignment of the three chains
with covalently docked ligands, the predicted conformation of
DTNB-modified ASIC3 was constructed.

Molecular Dynamics Simulations—The constructed struc-
ture of ASIC3 was used as the starting structure for MD simu-
lations. A large dimyristoylphosphatidylcholine bilayer (19)
containing 512 lipid molecules was constructed by replicating
an equilibrated block with 128 dimyristoylphosphatidylcholine
lipids four times. Thirty-six lipids were subsequently removed
from the constructed bilayer to generate a suitable membrane
system into which the transmembrane (TM) domain of the
ASIC3 could be embedded. The protein/dimyristoylphosphati-
dylcholine system was then solvated in a bath of simple point
charge water molecules (20). Counter ions were subsequently
added to compensate for the net negative charge of the system.
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FIGURE 1. Structure of GMQ and homology model of ASIC3 channels. A, chemical structure of GMQ. B, stereo view of the three-dimensional structural model
of ASIC3 channels. The structure model is constructed on the basis of a homology model of ASIC3 (see “Experimental Procedures”) and shown in parallel to the
membrane layer. Domain organization of subunit A is highlighted with colors, whereas subunits B and C are displayed as gray lines. This figure and other
structural images in Figs. 2, 3, 4, 6, and 8 are made using PyMol. C and D, MD simulations of structural model of ASIC3. C, time dependence of the root mean
square deviation (RMSD) of the C, atoms from the initial homology model of ASIC3 in the MD simulation. D, time dependence of the channel pore radius during

the MD simulation.

The MD simulations were performed using the GROMACS
package (version 3.2.1) (13, 14) with constant number, pres-
sure, and temperature and periodic boundary conditions. A
modified GROMOSS87 force field (21) was employed for the
protein. To maintain the system at a constant temperature of
310 K, the Berendsen algorithm (22) was applied to couple pro-
tein and other molecules separately with a coupling time of 0.1
ps. All of the bond lengths including hydrogen atoms were con-
strained by the Linear Constraint Solver algorithm. Electro-
static interactions between charged groups at a distance less
than 10 A were calculated explicitly; long range electrostatic
interactions were calculated using the particle mesh Ewald
method (23) with a grid width of 1.2 A and a fourth order spline
interpolation. A cutoff distance of 10 A was applied for the
Lennard-Jones interactions. The whole system was minimized
using the steepest descent algorithm to reach the convergence
criterion. Afterward, the first 160-ps MD simulation was car-
ried out to heat the solvent molecules and ions to 310 K with
protein and ligand fixed. Then the second 20-ps MD simula-
tions were performed with the protein main chain and ligand
fixed. Subsequently, with the whole system relaxed except for
protein C_, atoms and ligand, the equilibration was completed
after the third 20-ps MD simulations. Finally, 8-ns MD simula-
tions were performed. All of the MD simulations were run on
the DAWNING 4000A at the Shanghai Supercomputer Center
(with 2,128 AMD OpteronTM CPUs). Preparation, analysis, and
visualization were performed on a 128-CPU Silicon Graphics
Origin3800 server.
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Data Analysis—The results are expressed as the means *
S.E. Statistical comparisons were made using Student’s ¢ test,
where p < 0.05 (*) or p < 0.001 (**) was considered significantly
different. Concentration-response relationships for GMQ acti-
vation of WT or mutated channels were obtained by measuring
currents in response to different concentrations of GMQ as
described previously (7). Briefly, a reference pH 5.0 was applied
first to each CHO cell, and 2 min later a single test concentra-
tion of GMQ was applied, and the response was normalized to
the reference pH 5.0-induced peak current. Each concentration
was tested on at least three CHO cells, and all of the results used
to generate a concentration-response relationship were from
the same group. The data were fit to the Hill equation: //1,,,, =
1/[1 + (EC,,/[Ligand])”, where [ is the normalized current at a
given concentration of GMQ, 1, is the maximum normalized
current, EC,, is the concentration of GMQ yielding a current
that is half of the maximum, and # is the Hill coefficient.

RESULTS

Constructing Homology Model of ASIC3 at Neural pH—To
explore the structural basis underlying GMQ-ASIC3 interac-
tions, we first constructed a three-dimensional model of ASIC3
(Fig. 1B) at neutral pH based on the crystal structure of the
chicken ASIC1 channel (4) (Protein Data Bank code 2QTS)
using homology modeling and MD simulation approaches (see
“Experimental Procedures”). The quality of this homology
model was verified by the Ramachandran plot, in which 99.4%
of the residues are in the most favored region with no residues
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FIGURE 2. Potential binding sites of GMQ in the three-dimensional ASIC3 model. A, structure and key residues (displayed in sticks for emphasis) of potential
binding sites of GMQ. The potential binding sites were detected using cavity searching algorithm encoded in Discovery Studio®, version 2.1. GMQ was docked
into the potential binding site of ASIC3 using docking program Glide (version 4.0; Schrédinger). Band C, EC5, values of GMQ (means =+ S.E., n = 3-10) for point
mutations in Sites 3 (B) and 4 (C). In C, the WT EC,,, taken from B, is regraphed again for comparison. *, p < 0.05 versus WT ASIC3 (dashed line). D, examples of
GMQ-evoked (1 mm) currents at neutral pH in WT and mutated ASIC3 channels (as exemplified by T76l). Similar results were obtained in four other experiments.

in the disallowed region. The result of MD simulations indi-
cated that the three-dimensional model of the ASIC3 channel
became stable after 2.5 ns of simulation time, because the root
mean square deviation profile for carbon atoms exhibited a pla-
teau (Fig. 1C), and the pore radius converged to a low value (Fig.
1D). Accordingly, we used this optimized structural model of
ASICS3 for the following studies.

Specific Interactions between GMQ and the Cavity Lined by
Leu-77, Glu-79, GIn-269, GIn-271, Glu-423, and Arg-376—Us-
ing the three-dimensional structural model, we systemically
examined potential GMQ-binding sites in ASIC3 by combining
computational analysis, mutagenesis, and functional studies.
First, we identified four putative GMQ-binding sites using the
cavity searching algorithm as well as in silico (ligand-protein)
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docking (Fig. 2A). Site 1 has been previously implicated in pH
sensing in ASIC1 (4) and ASIC3 (7) and is located in the cleft
between the “thumb” and “finger” domains; site 2 is in the inter-
face of the three subunits, namely the cavity lined by Glu-79 and
Glu-423 in the palm domain (Figs. 24 and 3A); site 3 is in the
interface of any two subunits; and site 4 is formed by a cluster of
acidic residues in the post-TM1 and pre-TM2 regions (Fig. 2A4).
Using mutagenesis followed by functional analysis, we found
that many residues in these sites are crucial for the pH-depen-
dent gating of ASIC3 channels (7) (data not shown), consistent
with previous mutational studies in the ASIC1a channel (4, 24).
However, for GMQ-induced currents, amino acid mutations in
site 1 (7), site 3, and site 4 only slightly affected EC, value (Fig.
2,Band C; E63A and R64A even slightly decreased EC, values)
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FIGURE 3. The action of GMQ is determined by residues in the central cavity of the palm domain. A, structure and key residues in the palm domain. The
palm domains of subunits A, B, and C are colored yellow, pink, and blue (left panel), respectively. Only two of the three subunits are shown for clarity (right panel).
B, ECs, values and maximal currents of GMQ (means = S.E., n = 4-10) for point mutations. The values of E423A, E423D, E423L, E423Q, E423R, and E79A were
derived from previously published data (7), shown here as white bars for comparison. *, p < 0.05; **, p < 0.001 versus WT ASIC3 (dashed line). #, maximal currents
of GMQ were not normalized to /5 , because of the markedly reduced /5 , resulting from the mutation-induced steady-state desensitization at the neutral

pH. The WT EC,,, taken from Fig. 2B, is regraphed again for comparison.

and exerted little effects on the kinetics of GMQ-induced cur-
rents (Fig. 2D). In contrast, most mutations in site 2 signifi-
cantly affected the EC, values of GMQ (Fig. 3B), suggesting key
roles of these residues in GMQ binding.

A closer examination of site 2 revealed that it is made up of a
series of charged, polar, and hydrophobic residues, including
Glu-79, Glu-423, Arg-376, GIn-271, GIn-269, and Leu-77 (Fig.
3A). Mutations at these key residues resulted in increased EC,,
values and decreased maximal GMQ responses in mutated
channels (Fig. 3B). To establish the interaction specificity, we
performed more extensive mutations at residues (Fig. 44, i.e.
Asp-78, Arg-80, Glu-81, Leu-273, Lys-379, Glu-380, Glu-418,
and Val-425) adjacent to the core of site 2 cavity. These muta-
tions exerted less effects on the EC,, of GMQ (Fig 4B) when
compared with E423A, E79A, L77A, and R376A mutations (Fig.
3B). We noted that R80V and E418A mutations caused notice-
able increases, whereas E81A caused noticeable decreases of
EC, values of GMQ, which may be explained by allosteric
effects because of their proximity to Glu-79 or Glu-423. There-
fore, it is likely that residues Glu-423, Glu-79, Leu-77, and Arg-
376 make up the core of the GMQ-binding site, whereas the
surrounding residues play a role in stabilizing the conforma-
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tions of this site. These data, together with the previous finding
that modification of the introduced cysteine residue by DTNB
or covalently linked GMQ (a GMQ dimer) is able to activate the
ASIC357°€ channels (7) at neutral pH, collectively suggest that
specific interactions at the site 2 cavity lined by Glu-79, Glu-
423, Leu-77, Arg-376, GIn-269, and GIn-271 are important for
the GMQ-induced channel gating.

Constructing GMQ Binding Mode Using in Silico Docking—
Next, a putative GMQ binding mode in the site 2 cavity lined by
residues around Glu-79 and Glu-423 of the palm domain was
formulated by using in silico (ligand-protein) docking simula-
tion (see “Experimental Procedures”). This GMQ binding
mode predicts that the guanidinium group of GMQ binds to a
small pocket consisting of Glu-423 ), GIn-269 ), Glu-E423,,,
GIn-271,), and Arg-376,),, and the 4-methylquinazoline
group resides in a relatively large pocket composed of Arg-
376y, Arg-376z, Gln—271(C), Gln—271(B), Leu-77 4y, Leu-77 g,
and Glu-79,, (Fig. 54, where (), () and ¢, indicate the three
subunits) In particular, the guanidinium group of GMQ inter-
acts with the side chains of Glu-423 ., and Glu-423,, through
H-bonding and/or electrostatic interaction, respectively; the
side chains of Arg-376, form typical cation-7 interactions

VOLUME 286+NUMBER 28-JULY 15,2011
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A and B are colored yellow and pink, respectively. B, ECs, values of GMQ (means =+ S.E., n = 3-23) for point mutations. *, p < 0.05; **, p < 0.001 versus WT ASIC3
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comparison. The WT EC,,, taken from Fig. 2B, is regraphed again for comparison.
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for the charge-assisted H-bond. B, summary of the ab initio calculations of AE*" based on the proposed GMQ binding mode. AEP represents interaction energy
with basis set superposition error correction. C, correlation between the GMQ-ASIC3 interaction energies and their corresponding EC;, values of GMQ in the
WT and mutated ASIC3 channels. The interaction energies were calculated using QW/MM hybrid methods encoded in Dmol3 of Discovery Studio®, version 2.1.

A natural division had defined the ligand as the QM region and the ASIC3 channel as the MM zone.

with the quinazoline ring; the side chains of Leu-77 ,, and Leu-
77 i, interact with the benzene ring of GMQ through hydro-
phobic interactions; the methyl group of GMQ contacts with
the side chain of A378 4 through hydrophobic interaction; and
the side chain of Glu-79,, forms a charge-assisted H-bond
(-C=0-+H H-bond) (25) with a hydrogen atom of the benzene
ring.

Testing GMQ Binding Mode Using ab Initio Calculation and
Mutagenesis—We then tested the GMQ binding mode in the
ASIC3 channels using a combination of site-directed mutagen-
esis, electrophysiological assays, and ab initio calculations of
residue-GMQ interaction energies (AE<"; see “Experimental
Procedures”). Consistent with the mode prediction, the EC,,
values of GMQ-induced currents of E423A, E423D, E423L,
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E423Q, and E423R mutant channels were all increased, because
these mutations abolished the H-bonding and/or electrostatic
interactions of GMQ with Glu-423 ., and/or Glu-423,, (Figs.
3B and 5A) (7). Moreover, the AESY between Glu-423 ., and
GMQ decreased in E423Q, E423D, E423L, and E423R muta-
tions, as compared with the WT channel (Fig. 5B). Similarly, the
interaction between Glu-423,, and GMQ was fully abolished
by E423D and E423L mutations as indicated by the AE<* values
(Fig. 5B). Additionally, L77A mutation increased the ECg,
value, probably because of the reduced hydrophobic interac-
tion between L77A and GMQ. Also, interrupting the cation-m
interaction by R376A mutation increased the EC,,, while main-
taining the cation-7 interaction in R376K mutation had no
effect on EC,, (Figs. 3B and 5A), which is consistent with the ab
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FIGURE 6. Analysis of GMQ-interacting residues in different ASIC subunits. A, amino acid sequence alignment of different ASIC subunits of the region
corresponding to residues in ASIC3 that interact with GMQ. The key amino acids involved in forming the GMQ-binding site in ASIC3 are marked by black arrows.
The black boxes indicate that although the key residues involved in shaping the GMQ-binding site are highly conserved, the amino acids adjacent to these
residues are not conserved among various ASIC subunits. B, conserved residues (black labels) involved in shaping the GMQ-binding site and the adjacent
nonconserved residues (green labels). Residues are displayed as sticks for emphasis. C, structural superimposition of ASIC3 (azure) with ASIC1a (golden) after 2.5
ns of MD simulations at neutral pH. D, same as C, highlighting variations in the positions of key residues involved in shaping the putative GMQ-binding site in
ASIC3 (azure) as compared with that of ASIC1a (golden). E, distinctive orientation of GMQ docked into the snapshots of ASIC3 (azure) and ASIC1a (golden) after

GMQ in ASIC3

2.5 ns of MD simulations at neutral pH.

initio calculated AE<® values (Fig. 5B). Furthermore, because
the E79A mutation abolishes the -C=O-+H H-bond, it
increased the EC,, value dramatically (Fig. 3B). However, the
E79Q mutation decreased the EC,,, whereas E79R had no sig-
nificant effect on EC,, (Fig. 3B). The effect of E79Q may be
attributed to the stabilization of the -C=0O-+H H-bond,
whereas the E79R mutation may have created a new cation-m
interaction between the cationic end of arginine and the ben-
zene ring of GMQ. In support of these explanations, AE"
between GMQ and the channel was increased or only slightly
decreased in the E79Q or E79R mutant, respectively, when
compared with the WT channel (Fig. 5B). In addition, the con-
tact of GMQ with GIn-271, GIn-269, and Ala-378 may not be as
important as the contact with Glu-423, Leu-77, Arg-376, or
Glu-E79 in determining the apparent GMQ affinity, because
mutations at these positions (Q269E, Q271A, Q271N, Q271E,
A378G, and A378V) only slightly increased or had no effect on
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the EC,, values (Fig. 3B). However, mutations at these positions
significantly altered the amplitude of GMQ-induced maximal
currents (Fig. 3B), suggesting an allosteric role of contacts
between GMQ and these residues in GMQ-induced channel
gating (see below and Fig. 6).

Although the agreement between ab initio calculations and
mutational analyses is encouraging, it may also be somewhat
fortuitous, because the calculated AE" values can only be used
to detect changes in the interaction energy between GMQ and
asingle amino acid. To further quantify the correlation between
the EC,, values and interaction energies, we performed an
additional QM/MM hybrid analysis (see “Experimental Proce-
dures”) for all mutations. Correlation analysis suggests that the
predicted interaction energy changes for the mutations corre-
late with the observed changes in EC, values (r = 0.69, n = 18,
t = 3.80, p < 0.01) (Fig. 5C), which further supports the pro-
posed GMQ binding mode (Fig. 54).

VOLUME 286+NUMBER 28-JULY 15,2011



Architecture of Nonproton Ligand-Sensing Domain in ASIC3

GMQ Binding Mode Explains ASIC3 Subunit Specificity—
The key residues forming the GMQ-binding site are highly con-
served among various ASIC subunits (Fig. 6A). Therefore, the
observed specificity of GMQ to ASIC3 over ASICla (7) cannot
be simply explained by the proposed GMQ binding mode. To
address this issue, we performed multi-sequence alignment and
MD simulations on both ASICla and ASIC3 channels at neutral
pH (see “Experimental Procedures”) and followed up with
mutational analysis. We noted that although the key residues
involved in GMQ binding are highly conserved, the amino acids
adjacent to these residues are unique in ASIC3 (e.g. Arg-80,
Glu-81, Phe-275, Ala-378, and Val-425; Fig. 6, A and B). MD
simulations revealed that ASIC1 and ASIC3 may adopt differ-
ent conformational transition pathways, because the structural
superposition between ASIC3 and ASICla showed that after
2.5-ns simulations, the conformation of ASIC3 was distinct
from that of ASICla (Fig. 6C), especially the steric dispositions
of the corresponding residues of the GMQ-binding site in
ASIC3 (Fig. 6D). After docking GMQ into the optimized chan-
nels (see “Experimental Procedures”), we found distinct inter-
action patterns for GMQ-ASIC3 and GMQ-ASICla (Fig. 6E).
These analyses led us to speculate that the subtle difference in
the amino acid sequence could confer the specificity of GMQ to
ASIC3 over ASICla. We chose to study six mutations (R80V,
E81A, F275L, A378G, A378V, and V425A) that we expected to
affect the GMQ effect. For most of these mutations, the changes
in the GMQ-induced maximal currents (Fig. 3B) were in good
agreement with model prediction. Notably, F275L markedly
affected both the maximal current and EC, value of GMQ (Fig.
3B), probably because of the significantly reduced constraint to
the shape of GMQ-binding site (Fig. 6B). Thus, given their close
positions to the core of GMQ-binding site, these nonconserved
residues may play a part in defining subunit specificity of GMQ
through stabilizing the spatial conformation of the GMQ-bind-
ing site.

GMQ Binding Mode Explains Interplay among H*, Ca’*",
and GMQ—In a previous study, we demonstrated a dynamic
interplay between GMQ and extracellular protons and Ca®" in
regulating ASIC3 channel activation (7) and suggested that the
GMQ-binding domain may constitute a multifunctional sensor
(26) that integrates diverse cellular signals (e.g. mild acidosis or
reduction of extracellular Ca*>"), which may be attained under
pathophysiological conditions (27-31). As an additional step to
validate the GMQ binding mode, we measured GMQ responses
under pH 7.0 or Ca®* -free conditions and compared the chan-
nel activities among WT and various ASIC3 mutants with
altered GMQ-binding residues. As expected, most mutations at
the GMQ-binding residues, especially the alterations at the
Glu-423 position, markedly reduced the enhancing effect of
mild acidosis or reduced extracellular Ca*>* (Fig. 7). We noted
that amino acid mutations on some residues of the nonproton
ligand-sensing domain resulted in either increased (e.g. Q271A,
Q271E, Q271N, Q269A, and R376K) or decreased (e.g E79A,
E423A, and E423Q) currents in the absence of Ca*>* (Fig. 7D),
suggesting that the nonproton ligand-sensing domain is also
involved in mediating Ca®>*-free solution-induced sustained
currents. Together, these results support that the residues
involved in GMQ binding can also sense mild acidosis or
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directly interact with extracellular Ca®>" (4). Thus, changes of
extracellular pH and Ca®>* may modulate the GMQ response
through altering the conformation of the nonproton ligand-
sensing domain in ASIC3 channels.

GMQ Binding Mode Explains DTNB-induced ASIC3
Activation—Finally, we tested the GMQ binding mode by using
DTNB, which has been previously shown to lock the mutant
ASIC3%7°€ channels in an open state (7). If residues involved in
shaping the GMQ-binding site are essential for activating
ASIC3 channels independent of acidosis, mutations at these
residues would affect the DTNB-induced channel gating.
Indeed, a further molecular covalent-docking test (see “Exper-
imental Procedures”) suggested that Glu-423, Arg-376, and
GlIn-271 (Fig. 84), which bind GMQ), might be important for
coordinating the docking of DTNB to ASIC3%7?“. Mutations at
these three sites significantly reduced DTNB-induced
ASIC3E79€ activation (Fig. 8B), strengthening the notion that
covalent activation of ASIC3*7°“ channels requires specific
interactions between side chains of TNB and residues involved
in forming the nonproton ligand-sensing domain (7).

DISCUSSION

This study combines computational analyses and mutagen-
esis/functional evaluations of ASIC3 channels to reveal the
architecture of the nonproton ligand-sensing domain and
detailed structural information about the ligand-ASIC3 inter-
actions. Using homology modeling and MD simulations fol-
lowed by functional testing of selected mutants, we show that
GMAQ binds specifically to the cavity made up of residues Glu-
423, Glu-79, Leu-77, Arg-376, GIn-271, and GIn-269, to enable
sustained activation of ASIC3 channels at neutral pH. Then
using in silico docking and ab initio calculation, combined with
mutational analysis, we proposed and characterized the GMQ-
ASIC3 interaction mode. Whereas our data identified key
determinants essential for mediating GMQ-ASIC3 interac-
tions, there are at least three alternative explanations for the
data observed here. First, GMQ most likely binds specifically to
a cavity around Glu-79 and Glu-423 to activate the ASIC3
channel. Second, mutation-induced reduction of the actions of
GMQ could result from allosteric effects if the cavity lined by
Glu-79 and Glu-423 is proximate to the “real” GMQ-binding
site. Third, it is also possible that the cavity around Glu-79 and
Glu-423 represents just one of multiple GMQ-binding sites.

We favor a direct and specific interaction between the GMQ
and the cavity lined by Glu-79 and Glu-423 for the following
reasons. First, a covalent linkage between GMQ or TNB and
Cys-79 is sufficient to activate ASIC37°“ channels, whereas
GMQ dimer or DTNB treatment on WT or ASIC3%#*3¢ chan-
nels does not induce channel gating (7). Here, we extend this
previous finding by showing that additional mutations at a cav-
ity around Glu-79 and Glu-423 reduce the potency of covalent
modification-induced channel gating (Fig. 8B). These results
strongly suggest that stimulation of the cavity around Glu-79
and Glu-423 is both necessary and sufficient for ASIC3 channel
gating. Second, we found that mutations at the residues located
at the core of the putative GMQ-binding site reduced the
apparent affinity of GMQ and abolished the maximal potency
of GMQ on ASIC3 channels (Fig. 3B). However, mutations at
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FIGURE 7. Potentiation of GMQ-evoked current by mild acidosis (pH 7.0) or removal of extracellular Ca>* is determined by GMQ-interacting residues.
A, representative current traces showing the GMQ-induced current at pH 7.0 or 7.4 recorded from WT or the E423A mutant of ASIC3 channels. B, GMQ-induced
(1 mm) currents (means * S.E,, n = 4-6) at pH 7.0 or 7.4 in CHO cells expressing various mutant channels. ¥, p < 0.05; **, p < 0.001; GMQ (pH 7.0) versus GMQ
(pH 7.4). &, p < 0.05; &&, p < 0.001; GMQ responses (pH 7.0) in mutated versus WT channels. C, representative current traces showing the GMQ-induced (1 mm)
sustained current in a Ca®"-free standard solution (pH 7.4) recorded from WT or the E423A mutant of ASIC3 channels. D, GMQ-induced (1 mm) currents
(means = S.E.,, n = 5-9) in Ca®"-free solution (with 5 mm EGTA) in CHO cells expressing various mutant channels. ¥, p < 0.05; **, p < 0.001; GMQ + Ca®>*-free
versus Ca® " -free. &, p < 0.05; &&, p < 0.001; GMQ responses (Ca>*-free) in mutated versus WT channels. For data normalization in B and D, a reference acidic
solution (pH 5.0) was applied first to each CHO cell, and 2 min later, a test mixed solution composed of GMQ and pH 7.0 or Ca®"-free solution was applied, and
the sustained current was normalized to the reference pH 5.0-induced peak current. GMQ-induced currents in ASIC3¥7°* mutant were normalized to the
currents induced by pH 5.0 following a preconditioning pH 9.0 (to restore steady-state desensitization of ASIC3¥79* mutant at pH 7.4).

B well as the makeup of the binding site well explains ASIC sub-
unit selectivity (Fig. 6) and sensitivity of the GMQ response to
mild acidosis and extracellular Ca*>* decrease (Fig. 7). The pre-
vious demonstration of a synthetic nonproton ligand (7) and
the present elucidation of the specific binding domain involved
in the nonproton ligand sensing should shed new light on future
investigations of the endogenous nonproton ligands and gating
mechanisms of ASIC3 channels.

ASICs are membrane-embedded trimeric complexes (4, 5)
activated by the reduction of extracellular pH (1-3, 32). As the
simplest ligand possible, whether H" gates ASICs by titration of
asingle or multiple polar residues remains controversial (24). In
recent years, multiple putative pH sensors have been proposed
(4,7,8,24,33-43), e.g the residues located in the cleft between

E79CS-S-TNB )
\4

I max ©f DTNB (normalized)

o

s ae> >
&
FIGURE 8. DTNB-induced ASIC3%7°¢ channel activation at neutral pH is
determined by GMQ-interacting residues. A, residues involved in DTNB-
induced ASIC3¥7°< channel activation. Water-mediated (red balls, green
dashed line) and Na™-mediated (gold ball, red dashed line) contacts with Arg-
376, Glu-423, and GIn-271 established by the E79C-S-S-TNB complex. B, nor-

malized maximal currents induced by DTNB in mutant channels (means =
S.E.,n=4-6).** p < 0.001 versus ASIC357°C channels (dashed line); *, little or
no response to DTNB at up to 4 mm for 5 min.

the known pH sensors or residues adjacent to the putative

GMQ-binding core did not affect or only slightly reduced the
action of GMQ (Fig. 4B) (7). Finally, the GMQ binding mode as
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the thumb and finger domains (4); residues around Glu-79 and
Glu-423 in the palm domain (4, 7, 40); a cluster of acidic resi-
dues in the post-TM1 and pre-TM2 regions (Glu-63, His-72/
His-73, and Asp-78 of ASIC1a) (24, 41). Because multiple pro-
ton-binding sites and multiple domains are involved in ASIC
gating during acidosis, elucidation of a pore-opening mecha-
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nism of ASICs is substantially challenging. In addition to the
putative pH sensors located on the extracellular domain, a
number of studies provide evidence for the existence of at least
three additional protonation sites involving residues in post-
TM1 and pre-TM2 regions (24, 41), TM domains, and even
intracellular domains (37, 42, 43). For all these known pH-sens-
ing residues, only residues located in the cavity lined by Glu-79
and Glu-423 in the palm domain participate in the GMQ-in-
duced channel gating (Fig. 3) (7), arguing for more specific roles
of the palm domain in addition to its role as a pivotal module for
transiting proton-induced conformational changes in the ASIC
channel (4, 40). Furthermore, it is interesting to know whether
the proposed GMQ-binding site also plays a dominant role in
the acid-induced channel gating, if so, and how GMQ interac-
tion with just a single pH sensor causes ASIC3 activation.

In summary, the present identification of the detailed atomic
level GMQ binding model, together with the identification of
nonproton ligands (7, 26), the availability of high resolution of
crystallographic structures (4, 5), and the MD simulation meth-
odology (44 —47), provide a unique opportunity to refine our
understanding of the structure and function of ASICs.
Although the complexity of the ASICs presents a formidable
challenge to theoretical studies, it is encouraging to note that
many simulation studies from other families of ion channels
have also yielded valuable information consistent with high res-
olution structural data (8, 45—47). Thus, the delineation of the
architecture of nonproton ligand-sensing domain in ASIC3
channels at the atomic level represents a significant advance-
ment in understanding the gating mechanisms of ASICs.
Furthermore, given the emerging implications of ASIC3
channels in multiple sensory dysfunctions including nocice-
ption (48), this detailed structural information lay the foun-
dation for conducting rational drug design and developing
effective analgesics.
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