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The acid-sensing ion channels (ASICs) and epithelial sodium channels
(ENaC) are members of a superfamily of channels that play critical roles
in mechanosensation, chemosensation, nociception, and regulation of blood
volume and pressure. These channels look and function like a tripartite
funnel that directs the flow of Na™ ions into the cytoplasm via the channel
pore in the membrane. The subunits that form these channels share a com-
mon structure with two transmembrane segments (TM1 and TM2) and a
large extracellular part. In most vertebrates, there are five paralogous genes
that code for ASICs (ASICI-ASICS), and four for ENaC subunits alpha,
beta, gamma, and delta (o, B, v, and ). While ASICs can form functional
channels as a homo- or heterotrimer, ENaC functions as an obligate het-
erotrimer composed of a-B-y or B-y-6 subunits. The structure of ASIC has
been determined in several conformations, including desensitized and open
states. This review presents a comparison of the structures of these states
using easy-to-understand molecular models of the full complex, the central
tunnel that includes an outer vestibule, the channel pore, and ion selectivity
filter. The differences in the secondary, tertiary, and quaternary structures
of the states are summarized to pinpoint the conformational changes
responsible for channel opening. Results of site-directed mutagenesis stud-
ies of ENaC subunits are examined in light of ASIC1 models. Based on
these comparisons, a molecular model for the selectivity filter of ENaC is
built by in silico mutagenesis of an ASIC1 structure. These models suggest
that Na™ ions pass through the filter in a hydrated state.

Introduction

Acid-sensing ion channels (ASICs) are proton (H™)-
activated sodium channels [1]. In the human genome,
there are five paralogous ASIC genes that have been
assigned the symbols of ASICI, ASIC2, ASIC3,
ASIC4, and ASICS5 [2-7] (Table 1). The proteins
encoded by these genes represent subunits that form
trimeric ion channels composed of either identical (ho-
motrimeric) or different (heterotrimeric) subunits [1,8].
The five human ASIC subunits share 17-64% sequence
identity. ASICS is the most divergent member of the

Abbreviations

family and it forms an ion channel that is insensitive to
protons but is sensitive to bile acids. Therefore, it was
named as bile acid-sensitive ion channel (BASIC)
(Table 1) [9,10]. Homologs of ASICs are also found in
chordates and early vertebrates such as lamprey and
shark, but in contrast to most mammalian homologs,
these appear to be insensitive to protons [11,12].

In addition to ASICs, the human genome also includes
four other homologous genes named SCNNIA,
SCNNI1B, SCNNI1D, and SCNNIG [13-17]. The second

ASIC, acid-sensing ion channel; ENaC, epithelial Na* channel; P, open probability; TM, transmembrane domain.
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Table 1. Recommended and commonly used names of ASIC and ENaC paralogs in the human genome.

Gene name® Protein Name®

Short name® Other names

ASIC1 Acid-sensing ion channel 1

ASIC2 Acid-sensing ion channel 2

ASIC3 Acid-sensing ion channel 3

ASIC4 Acid-sensing ion channel 4

ASICH Acid-sensing ion channel 5

SCNN1A Epithelial sodium channel alpha subunit
SCNN1B Epithelial sodium channel beta subunit
SCNN1G Epithelial sodium channel gamma subunit
SCNN1D Epithelial sodium channel delta subunit

ASIC1 BNaC2

ASIC2 ASIC2a, BNC1, BNaC1, MDEG
ASIC3 TNaC1, DRASIC

ASIC4 BNaC4

ASICH INaC, BASIC

alpha-ENaC, ENaCA
beta-ENaC, ENaCB
gamma-ENaC, ENaCG
delta ENaC, ENaCD

@ Recommended by the HUGO Gene Nomenclature Committee. Previous gene names for ASIC paralogs 1-5 were ACCN2, ACCN1, ACCN3,

ACCN4, and ACCNS5.
® Recommended by the UniProt database.

In some articles, the species is noted by the addition of a single letter prefix. Examples: rBASIC and hENAC for proteins from rat and
human, respectively. The products of alternative mRNA splicing variants are specified by the addition of a single letter suffix. Examples:

ASIC1a and ASIC1b.

N in the abbreviation SCNNI1 was appended to mark
that these genes code for nonvoltage-gated sodium
channels. The proteins encoded by these genes repre-
sent a separate family named as epithelial sodium
channel (ENaC) family (Table 1). The human ENaC
subunits share 23-34% sequence identity among them-
selves and < 20% identity with ASIC subunits [18]. In
contrast to ASICs that can form functional homotri-
mers, ENaC activity can be reconstituted fully only as
a heterotrimer with an afy or a Sy composition
[17,19]. However, only mutations in the alpha, beta,
and gamma subunit genes lead to a hereditary disease
characterized by severe salt wasting named as multisys-
tem pseudohypoaldosteronism type I [18,20,21].

Analysis of the phylogeny of the ENaC subunits
traced the origin of these proteins to early vertebrates
but no direct ancestor could be identified in inverte-
brate genomes [18]. However, there are numerous
homologous proteins in invertebrates that represent
distinct families within the much larger ENaC/de-
generin superfamily [18,22-24].

ASICs are mainly expressed in the central and
peripheral nervous system, bone marrow, and gastroin-
testinal tract [7,25]. Gene knockout studies have
revealed that the ASIC gene products are involved in
diverse neural functions including synaptic plasticity,
mechanosensation, chemosensation, and perception of
pain (nociception) [7]. In contrast to ASICs, ENaC
subunits are expressed mostly in salt absorbing epithe-
lia with highest levels in the kidney, lung, colon, and
parts of the male and female reproductive tracts
[18,26,27]. The major functions of ENaC include Na™
reabsorption across high-resistance epithelia to main-
tain body salt and water homeostasis, regulation of

extracellular fluid (ECF) volume and blood pressure
(mainly in the kidney) [28], regulation of airway sur-
face liquid volume, and regulation of cilial transport
of gametes in the reproductive tract [18].

Both ASICs and ENaC are channels specific for
sodium ions. However, their functions differ in many
characteristics such as gating, ion selectivity, and
response rates. ASICs and ENaC are also highly per-
meable to Li* ions that are smaller than Na™
(Table 2) [1,29,30]. Under physiological conditions,
lithium is present as a trace element [31]. In cases
where lithium salts are used as a drug for the treat-
ment of bipolar affective disorder, the therapeutic
serum level is 0.5-1.0 mmol-L™" [32]. In the extracellu-
lar and intracellular fluids, Na™ and K™ ions are pre-
sent at much higher concentrations: 140-150 mm,
respectively. Thus, Li* ions do not a represent a com-
petitor for sodium ions. However, at pharmacological
doses, it is likely that Li* ions also pass through
ASIC- and ENaC-type channels.

Table 2. Radii of alkali metal ions, with and without a surrounding
water shell (hydrated form).

Atomic  lonic Mean Hydration number
radius radius® hydrated ion (Coordination

Atom  (A) (A) radius® (A) number)

Li 1.45 0.60 3.40 4

Na 1.80 1.02-1.07 3.80 5-6

K 2.20 1.38-1.46 4.17 6-7

Rb 2.35 ~1.64 8

Cs 2.60 ~1.73 8

Mean diameter of a water molecule was taken as 2.8 A.
@ Source: [93].
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This review focuses on comparisons of ASICI and
ENaC structure and function around the issues of the
structures of the central pore and the ion selectivity fil-
ter of the channels. After a summary of functional
comparisons between ASICs and ENaC, structural
models of ASICI are presented. Previous results of
ENaC site-directed mutagenesis studies are examined
in light of ASICl models. These comparisons
strengthen the view that the selectivity filter of ENaC
is shaped by residues in the TM2 homologous to
ASIC1 and that the changes in the conformation of
the TM segments influence the opening of the chan-
nels. The comparisons of the states of channels are
illustrated by easy-to-understand molecular models.

Functional comparisons of ASICs and
ENaC

ASICs have been named as ‘acid-sensing ion channels’
because their pores are opened to the passage of ions
in response to a rapid decrease in the pH of the envi-
ronment. In the central and peripheral nervous sys-
tems, wherein ASICs are located, protons (H') are
released both during normal synaptic transmission,
and various physiologic and pathologic events that
lead to acidosis [1]. As activation of ASICs is depen-
dent on the binding of protons to the channel sub-
units, ASICs have also been called as proton-gated
channels [1].

Figure 1 shows an example profile of activation of
rat ASIC1 in Xenopus oocytes by stepwise reduction
of the pH of the bath solution. At pH 7.4, the whole-
cell current remains stable and unchanged. Changing
the bath buffer to pH 6.7 generates a small inward
current that declines as rapidly as it is generated
(Fig. 1). After the current drops to the initial level, the
buffer is changed back to pH 7.4 for ~30s. At the
next step, the buffer is changed to a pH lower than
the previous step (Fig. 1). At each step of bath pH
reduction, the magnitude of the inward current
increases up to pH 5.1, but still the current immedi-
ately drops as rapidly as it increases (Fig. 1). This type
of assays of conductivity using stepwise reduction of
pH has been used to measure some kinetic parameters
of ASIC association with protons. For example, in the
experiment in Fig. 1, half-maximal activation of
ASIC1 is observed at pH 6.5, and maximal activation
is achieved at pH 5.1. The pH for half-maximal activa-
tion (pHsg) reflects the affinity of ASIC for protons
(i.e., the lower the value of pHs, the lower the affin-
ity; in other words, the lower the concentration of pro-
tons needed for activation, the higher is the affinity of
ASIC for protons). The value of pHs, for ASICs in

ASIC and ENaC type Na* channels: conformational states

mammals varies between 4.8 and 6.7 [1,33-35]. In
Xenopus, ASIC1 was found to have a higher pHso of
7.0 that has been ascribed to the physiology of the
frog that has a higher arterial pH [36]. It should be
noted that precise estimation of these values requires
rapid exchange of bath solution to expose the channels
to the full concentration of protons. Slow exchange of
solution may result in the determination of artifactu-
ally lower pHso values (i.e., higher proton concentra-
tions) necessary for activation [37].

The profile of pH-dependent current increase and
subsequent decrease has led to the understanding that
ASICs have at least three conformational states: (a) A
closed state at physiological pH; (b) An open state ini-
tiated by proton binding, as a consequence of solution
acidification; and (c¢) A desensitized state initiated by
the continuous presence of protons. The closed state is
distinct from the desensitized state, because in the
closed state (but not in the desensitized state), the
channel can be activated by a reduction of pH. ASICs
can recover from desensitization within a few seconds
after returning to pH 7.4 (Fig. 1) [1]. Repeated activa-
tion and desensitization of rat ASICI, but not of
ASIC2 and ASIC3, induces a gradually decreasing
response that was named tachyphylaxis [38,39].

The kinetics of proton activation and desensitization
differ between ASIC isoforms and splice variants. Pro-
ton sensitivity of ASIC homologs is observed in fishes,
but missing in jawless vertebrate lampreys [40] and
chordates [12]. ASIC2b, that is a splice variant of
ASIC2, is not activated by reduced pH [41].

In contrast to ASICs, ENaC is constitutively active,
meaning that the Na™ ions flow through it without a
requirement for an activating factor. Therefore, as
shown in Fig. 1, in heterologous cell systems that
express ENaC (e.g., Xenopus oocytes), the cells have
to be maintained in a bath solution that contains
amiloride to fully inhibit ENaC. Uninhibited ENaC
would result in flooding of the cell with Na™ ions fol-
lowed by water molecules that would move to main-
tain isotonicity. To assay ENaC activity, the bath
solution is changed to a solution without amiloride.
Immediately after changing the solution, inward cur-
rent increases and remains high until the solution is
changed again including amiloride (Fig. 1). Thus,
while ASICs are transiently activated, ENaC remains
fully active. In contrast to the three major states of
ASICs noted above, ENaC has two major states: 1)
Open and 2) Closed. The probability of ENaC being
in the open state is called ENaC open probability (P,)
[42].

The fact that ENaC is constitutively active raises
questions about the mechanisms of regulation of
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Fig. 1. A comparison of the conductivities of ASIC1 and ENaC expressed in Xenopus oocytes. The traces represent inward whole-cell
current measured by the two-electrode voltage clamp method. The major kinetic states are shown below the traces for each channel.
ASIC1 — Conductivity is activated by a reduction of pH and the channel is desensitized in the continuous presence of protons. The traces
were redrawn from part of the data in Fig. 1 of [37]. The pH of the bath solution was 7.4 prior to pH change. For activation, the pH of the
bath solution was changed to the pH indicated on top for 3.5 s, and then immediately changed back to pH 7.4 [37]. ENaC — The channel
was reconstituted by coexpressing human o, B, and ¥ ENaC subunits. The conductivity is activated by changing the bath solution to a buffer
without the inhibitor amiloride. The trace was redrawn from part of the data in Fig. 3 of [107]. The small drop after the peak of conductivity

at ~17 s represents sodium-dependent self-inhibition.

ENaC function. ENaC activity is regulated by a
diverse array of hormones, proteases, ions, and signal
transduction systems. These factors exert their effects
by modifying, directly or indirectly, two major param-
eters: (a) The density of ENaC in the membrane and
(b) The channel open probability [43,44]. The open
probability (P,) of ENaC is greatly decreased by exter-
nal Na™ and this response is called Na* self-inhibition
[45-50]. Thus, similar to the desensitization response
of ASIC, this Na™ self-inhibition response prevents
flooding of the cell with Na®. The self-inhibition
response can also be modulated by extracellular
protons [49]. In addition to external Na™, increased
concentration of internal Na™, [Na™];, also reduces
the P, of ENaC expressed in Xenopus oocytes [51].
The effect of enhanced [Na™]; on ENaC activity has
been called feedback inhibition of ENaC and involves
additional effects on surface expression, N-glycan
maturation, and proteolytic processing [52].

The H™ ions that bind to ASICs and Na™ that
binds to ENaC, exert allosteric effects on channel
activity as summarized above. Therefore, these

channels have also been called as ‘ligand-gated chan-
nels’. Similar to ENaC, ASICs are also inhibited by
amiloride; hence, in some databases, these families are
collectively called as ‘amiloride-sensitive channels’.

Structures of ASICs and ENaC

Determination of the sequences of the ASICs and
ENaC subunits revealed that these proteins, and their
homologs in invertebrates, share a common structure
whose most prominent features include two hydropho-
bic transmembrane (TM) segments in o-helical struc-
ture, a large extracellular segment (that represents
~ 70% of the sequence), and two short segments at the
amino (N) and carboxy (C) termini of the protein that
are located in the cytoplasm [18]. Here, the first
hydrophobic segment close to the N terminus will be
referred to as TM1 and the second segment close to
the C terminus will be referred to as TM2.

The first crystal structure of a protein in this
superfamily was reported in 2007 for chicken ASICI1
[53]. This structure revealed that ASICI is assembled
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as a trimer of three identical subunits that form a
funnel-like structure (Fig. 2). In this structure with a
central axis of symmetry, six hydrophobic a-helical
segments (three TMI1s and three TM2s belonging to
the three subunits) are bundled together forming the
base of the channel that holds the channel in the
membrane.

The first ASICI structure (PDB: 2QTS) represented
an inactive form of the channel. In 2009, a second
crystal structure was reported with a conformation
that showed minimal function (PDB: 4NYK) [54].
The dynamic transformations of ASIC1 between
closed—open-desensitized states present a challenge to
capture the channel at a specific conformation for
structural analysis. Many peptides found in the ven-
oms of various species, such as spiders and snakes,
act by binding to ion channels. Such peptides may fix
or stabilize a channel at a specific functional state
and may thus facilitate its structural analysis at a
specific conformation. Thus, venom toxin peptides
have been commonly used in the study of structure
and function of ion channels [55,56]. Chen et al. [57]
had already shown that the tarantula toxin psalmo-
toxin 1 (PcTx1) increases the affinity of ASICI to
protons, and binds to it with different affinities at
specific states. In 2012, two independent groups
reported the crystal structure of chicken ASICI in a
complex with psalmotoxin. In both structures,

Top view

ASIC and ENaC type Na* channels: conformational states

psalmotoxin was found to bind at the interface of
two subunits [58,59].

In 2014, Baconguis et al. [60] reported the crystal
structure of ASICI in a complex with a snake toxin
that stabilizes ASICI in an open conformation (PDB:
4ANTW) (Fig. 2). The structures of ASICI trimer in
both open and desensitized states show the same sec-
ondary structural domains. These domains have been
named as palm, knuckle, finger, and thumb domain in
analogy to hand anatomy as shown in Fig. 3. The
palm domain is composed of a B-sheet and the other
domains listed are composed of a-helical segments.
Next to the palm domain, there is an additional [-
sheet structure that has been called a B-ball (as if the
ball is inside the palm of the hand) [53]. To complete
the analogy to hand anatomy, the loops that connect
the palm domain to the TM helices are called the wrist
domain.

Currently, there is no crystal structure for other iso-
forms of ASIC or for ENaC. Our knowledge on other
channels homologous to ASICI1 is based mostly on
analyses of the structure and function of mutated
channels expressed in Xenopus oocytes. Prior to the
elucidation of the ASICI1 structure, studies were car-
ried out based on sequence-dependent structural pre-
dictions. As presented in the following sections of this
review, the results of these early studies can now be
understood better in light of the ASICI models. These

Side view

Fig. 2. The surface structure of ASIC1 trimer in the open conformation (PDB 4NTW). In the ‘Top view’, all three subunits are shown, each
in a different color. In the 'Side view’, only two subunits are shown to allow visualization of the tunnel in the center of the three subunits
modeled using cHexvis software [63] (yellow colored). The snake toxin that was bound to ASIC1 is not shown [60].
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Finger

Knuckle

TM helices

Fig. 3. The structures of the subunits A and B of ASIC1 (PDB
4ANYK). The third subunit C is not shown to allow visibility of the
other two subunits. For subunit A only the surface structure is
shown in transparent form to allow visibility of the two TM helices
of subunit B. The structure of subunit B is shown in cartoon mode
to emphasize the secondary structural domains of the chain.
Structural domains of ASIC1 were named as palm, knuckle, finger,
and thumb in analogy to hand anatomy [53]. The orientation shown
for the cartoon mode corresponds to left hand. The B-sheet at the
interface between the subunits is the ‘palm’ domain (not marked)
that is shown in greater detail in Fig. 6.

early studies greatly enhanced our understanding of
the structure—function dynamics of the channels and
the validity of their results is strengthened by their
compatibility with the ASICI models. Yet, there is
one issue where the elucidation of the ASICI structure
contradicted some previous studies and that is the
subunit stoichiometry of functional channels. Prior to
the resolution of ASICI1 structure, several studies had
suggested that ENaC may be assembled as a complex
of 4-9 subunits (reviewed in [42]). The report on the
trimeric structure of ASICI and subsequent modeling
and experimental studies led to a consensus working

|. Hanukoglu

model that ENaC is also a trimer [§8,18,42,61]. The
validation of this model awaits the elucidation of a
crystal structure for ENaC.

The central tunnel

The central axis of symmetry in between the three
ASIC1 subunits contains a tunnel that runs from the
extracellular top of the trimer to its bottom opening
toward the cytoplasm [48,60] (Fig. 2). There are sev-
eral software packages that have been designed to
develop models of the channels/tunnels/pores in ion
channels [62]. Baconguis et al. [60] have used the HOLE
software to visualize the central tunnel in both desensi-
tized and the open states of ASICI1. This tunnel runs
in between the three subunits and it has constricted
areas and large cavities that are called ‘vestibules’. The
shapes of these vestibules vary depending on the state
of the channel [58,60] (Fig. 4).

For this review, I used a recent software named CHEX-
vis to obtain a model of the central tunnel of ASICI
[63]. The central tunnels modeled for the desensitized
(4NYK) and the open-state (4NTW) structures are
shown in Fig. 4. The outlines of both models are essen-
tially the same as the models calculated by HOLE for the
two states [60]. Yet, the cHExvis model of the central
tunnel terminates at the narrowest part of the tunnel at
the bottom that corresponds to the position of the selec-
tivity filter (‘GAS belt’) (Fig. 4). The selectivity filter is
followed by the intracellular vestibule (Fig. 4). The HOLE
software model extends the tunnel further down to the
end of the intracellular vestibule [60].

The most significant difference between the central
tunnels of the two states of ASICI is that in the open
state (4NTW), the area marked as the extracellular
vestibule is vastly expanded relative to the desensitized
state (4NYK) (Fig. 4). The lower half of the extracel-
lular vestibule is located in between the TM helices,
and the upper half is in the extracellular portion of the
channel (Fig. 4). Thus, extracellular vestibule has also
been called as the outer vestibule as it is open to the
outside of the cell [64].

Fenestrations into the central tunnel

One of the most important questions about the function
of these channels is the route(s) of flow of ions from the
extracellular fluid into the central tunnel that ends with
the opening of the pore at the cytoplasmic side. The lar-
gest openings (fenestrations) into the central tunnel are
located in between the subunits at the level of the extra-
cellular vestibule (Fig. 5). Because of the large size of
these openings, the strongest flow of extracellular fluid
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Fig. 4. The shapes of the central tunnel in the desensitized (4NYK)
and open-state (4NTW) structures of ASIC1. The shapes of these
two tunnels were modeled using cHexvis software [63]. The end-
point of the tunnel in the membrane was manually selected. The
models were generated by PyMOL. Note that cHexvis tunnel
terminates at the narrowest part of the tunnel at the bottom that
corresponds to the position of the selectivity filter. cHexvis was
programmed to end a tunnel after the last constriction when the
radius of the pore monotonically increases. The structure of the
intracellular vestibule matches these criteria; therefore it is not
shown as part of the tunnel.

probably proceeds via these fenestrations into the extra-
cellular vestibule and from there down to the pore of the
channel located in the phospholipid bilayer in between
the TM2 helices as noted below.

Channel pore at the end of the central tunnel

The pore of the ASICI channel, through which ions
flow, starts close to the extracellular side of the phos-
pholipid bilayer, and ends with an opening into the

ASIC and ENaC type Na* channels: conformational states
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Fig. 5. The largest fenestrations (yellow colored) in-between the
ASIC1 subunits in the open-state (4NTW). The fenestrations were
modeled using cHexvis software [63]. Two of the subunits at the
background are shown with their surfaces. The subunit at the front
is shown in cartoon mode. Note that the vyellow-colored
fenestrations are located above the TM helices and merge into
extracellular vestibule shown in Figs 2 and 4.

cytoplasm (Fig. 6). The three subunits that form a
channel have six transmembrane segments: three TM 1s
and three TM2s as noted above. The pore of ASICI is
formed by the three TM2s of the three subunits. The
three TM2 helices are tightly juxtaposed forming a tri-
angular structure, and the three TMI1 helices are
bound on the outside periphery of the TM2 bundle
(Fig. 6). The pore of ASICI is located in the center of
this TM2 bundle. In the desensitized conformation
(left side of Fig. 6), the center is blocked, while in the
open conformation (right side of Fig. 6), the center
has an opening through which ions flow into the intra-
cellular vestibule, and from there to the cytoplasm
(Fig. 6).

The narrowest part of the pore is called the ‘selectiv-
ity filter’ as its function is to permit selective passage
of ions. In ASIC1 and ENaC, the selectivity filter is
located in between the TM2 segments [60,65].
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(

Fig. 6. The structure of the ion-pore of ASIC1 as viewed from the cytoplasmic side of the membrane. The left panel shows models for
ASIC1 in the closed conformation (4NYK), and the right panel shows models for ASIC1 in the open conformation (4NTW). The top row of
the two images shows the surfaces of TM1 (yellow) and TM2 (red) helices of the two conformations. In the middle row, the TM1 helices
are shown in cartoon structure. The bottom row shows all six helices in cartoon mode. Note that only in the open conformation (4NTW), a
pore is clearly visible at the center of the structure. The pore is surrounded by only three TM2 helices. The three TM1 helices are located at
the periphery of the structure formed by the three TM2 helices.

Structural differences between assays. The crystal structures of ASICI present a static
conformational states picture at defined conditions from which it is difficult

to deduce possible dynamic alterations. However, com-
As noted above, ion conductivity of ASIC shows rapid parisons of ASIC structures in different functional
changes that can be measured by electrophysiological states may allow identification of specific structural
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changes associated with the functional differences.
Hence, this section presents a comparison between two
structures of ASICI that presumably represent its
desensitized state (PDB 4NYK) [54] and the open state
(PDB 4NWT) [60]. To compare the secondary, ter-
tiary, and quaternary structures of the desensitized
state (4NYK) and the open state (4ANWT), these two
structures were aligned using PyMol. The cartoon rep-
resentations of these alignments are shown in Fig. 7.
In the extracellular part of the two structures, the
beta-ball, and the thumb domains are almost entirely
superimposable. In the finger domain, two of three
helices are superimposable. In the knuckle domain, the
two helices are mostly overlapping (Fig. 7). In the
palm domain, the B-strands in the upper part of the
palm are superimposable, but in the lower part, short
segments of the two B-strands connected to the TM
helices are not superimposed and mark the beginning
of the structural differences (see the lowest part of the
palm domain in Fig. 7).

In contrast to the extracellular part, the transmem-
brane helices of the two states hardly overlap along their
entire lengths (Fig. 7). This comparison reveals that the
major conformational change between the desensitized
and open conformations is in the orientation of the TM
segments in the tertiary structure of the subunits.

The change in the orientation of the TM segments is
also associated with a change in the quaternary struc-
ture of the trimer. In the open conformation, as com-
pared to the desensitized state, the distance between the
subunits significantly increases in the wrist region above
the TM helices [60]. The first residue of the TM2 on the
extracellular side, Glu426, can be taken as an index of
this distance. In the desensitized state (4NYK), the dis-
tance between the Ca atoms of Glu426 of the TM2s is
154 A. In the open state (4NWT), this distance is
increased by 8 A t0 23.4 A. The expansion of the extra-
cellular vestibule in the open state (Fig. 4) is one result
of this change in the quaternary structure.

In contrast to the part embedded in the membrane,
hardly any difference is observed in the intersubunit
distance at the top of the channel. For example, the
distance between the Co atoms of Asnl44 (last residue
of the o2 helix in the finger domain) of the three sub-
units remains essentially the same in both states (62.7
versus 63.0 A). Thus, the transformation between the
two states appears to be associated with dynamic
changes around the pore formed by the TMs.

The differences in the alignments of two short
helices in the finger and knuckle domains indicate that
these two domains have partial flexibility. They are
both located in the peripheral regions of ASIC1 and
may be involved in interaction with other molecules.

ASIC and ENaC type Na* channels: conformational states

Knuckle
e |

Thumb

Palm domain

R\, U

AN

Transmembrane helices

Fig. 7. Alignments of two ASIC1 structures: desensitized (PDB
4ANYK, vyellow colored) and open (PDB 4NTW, red colored)
conformations. Only the a-helix (as a cylinder) and B-sheet (as a flat
ribbon) structures are shown; the loops are not shown to simplify
the image. The secondary structural domains (thumb, finger,
knuckle, and palm domains) are marked separately. The two
structures were aligned using PyMOL (version 1.7).

In two independent studies on ENaC, the knuckle
domain was shown to be involved in sodium self-
inhibition, suggesting that conformational changes
here may affect channel function [48,66]. Moreover,
the finger and knuckle domain sequences show high
variability among members of the degenerin/ASIC/
ENaC superfamily. It has been noted that these
regions may be responsible for the functional speci-
ficity of the channels [22,23].
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Who is pulling the strings of the TM segments?

In the extracellular part of ASIC, TM1 is connected to
the Bl strand, and TM2 is connected to the P12
strand. Both of these strands form part of the palm
domain B-sheet that is composed of seven strands
(Fig. 8). The palm domains of the three subunits sur-
round the central tunnel of the channel. Similar to the
palm of the hand, the palm domain can be bent. The
flexible parts of the palm domain that can be bent are
the two loops that connect Bl to B2 and B11 to P12
strands. These loops are also called as the 12 linker
and PB11-Pf12 linker. Part of the palm above these
loops is known as the upper palm domain and the part
below these loops is referred to as the lower palm
[60,67].

In the open conformation of ASICI, the bending
(flexing) of the B11-B12 loop affects two changes: the
vestibule on the extracellular side of the membrane
widens (see Fig. 4) and the B12 strand is tilted, leading
to a change in the angle of the TM?2 helices and opening
of the channel [60] (Fig. 6). Thus, a conformational
change in the palm domains can affect two important
aspects of the central tunnel: (a) constriction/expansion
of the outer vestibule, and (b) the tilting of the TM
helices that surround the pore of the channel [67].

Baconguis and Gouaux determined two crystal
structures of PcTx1-bound ASICI with crystals grown
at two pH values, high (pH 7.25) and low (pH 5.5).
As noted above, these two conditions are associated
with the nonconducting desensitized state, and with
H™ activation, respectively. Comparison of these two
structures led to the conclusions that the upper palm
domain remains stable but the lower palm domain
conformation shows major differences between the two
conditions. These differences were ascribed to rear-
rangements in the conformations of residues located in
the flexible B1—B2 linker and the B11-B12 linker [58].

Site-directed mutagenesis studies (carried out years
before the report on the structure of ASICI in the
open state) indeed showed that mutation of residues in
the B1-B2 and B11-B12 linker regions strongly affect
desensitization gating of ASICI1 [36,40,68].

The sequences of most of the strands in the palm
domain are conserved across ASIC/ENaC families
[18]. This raises the question of whether this domain
plays a role in the gating of ENaC as in ASICI. The
sodium self-inhibition response of ENaC results in a
reduction of the open probability of ENaC. This is a
ligand-gating response similar to the proton desensiti-
zation of ASICI [45]. Alanine mutagenesis of charged
residues in segments of ENaC subunits (homologous
to the P12 strand and the B11-B12 linker regions of
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Fig. 8. The palm domains of subunits A and B of ASIC1 in the
open conformation (4NTW) and the tunnel in the center of the
trimer (see Fig. 2). The palm domain is composed of B-strands that
make up a PB-sheet [53]. In all three subunits, B1 strand is
connected to TM1 and B12 strand is connected to TM2. Note that
the palm domains are located at the interior part of the ASIC1
trimer, while knuckle, finger, and thumb domains are located at the
periphery of the trimer (compare with Fig. 3). The third palm
domain of subunit C (that is not shown) is located behind the
central tunnel.

ASIC1) was also shown to decrease sodium self-inhibi-
tion response [48,69]. Thus, these studies provided evi-
dence that segments of ENaC homologous to the $12
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strand and the B11-f12 linker play critical roles in
channel gating similar to that in ASICI.

The name ‘acid-sensing ion channel’ (ASIC) raises
questions about where protons bind and how they
activate ASIC. To answer such questions, most stud-
ies have employed site-directed mutagenesis of speci-
fic residues that have suspected roles based on the
properties of the residues (such as the charge of the
R-group) and their location in the resolved structure
of ASICI. In the first structure of ASICI, Jasti et al.
[53] had identified an acidic pocket between the fin-
ger and thumb domains. However, when Paukert
et al. mutated six of the acidic residues (Asp and
Glu) in this pocket of rat ASIC1 to Asn or Gln,
they observed that none of these substitutions
impaired H "-dependent activation. Altogether, Pauk-
ert et al. mutated 31 charged residues conserved in
ASIC1-ASIC4 and observed that no single mutant
blocked H7-dependent activation. Only triple
mutants including Glu63 and Asp 78 eliminated pro-
ton gating [70]. It is possible that the mutants had
no effect, because of the similarity of the mutated
residues (Asp to Asn and Glu to GIn). A further
examination of these residues by mutating them to
Ala, thereby substituting just a methyl group instead
of the charged group might have yielded different
results. As noted above, ENaC has a sodium self-
inhibition response that is a gating response similar
to the desensitization of ASIC. We searched for resi-
dues responsible for this response by alanine mutage-
nesis of conserved charged residues in human ENaC
subunits, and identified single residues whose mutage-
nesis reduced or eliminated the response [48,69]. It
should be noted that these residues were located at
the interface between subunits or in the central vesti-
bule [48]. In such studies of site-directed mutagenesis,
it is essential to include additional analyses to verify
that the mutations have not caused general structural
damage or inhibited cell surface expression of the
channel.

Liechti et al. [71] systematically screened for charged
residues that may be involved in proton binding and
concluded that ASIC proton gating is dependent on
protonation of many sites in ASIC. A study using
computerized modeling has identified four pairs of
residues (Asp238—Asp350, Glu220-Asp408, Glu239-
Asp346, and Glu80-Glu417) as proton-binding sites of
ASIC1 [72]. Two of these pairs are located in the palm
domain, and the other two partly in the thumb
domain. Schuhmacher et al. took a different approach
to identify the segments of ASIC2 responsible for pro-
ton gating. As noted above, a splice variant of rat
ASIC2 (named ASIC2b) was found to Dbe
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nonresponsive to pH drop. So, they attempted to iden-
tify to proton-sensitive segments by constructing chi-
meras between pH sensitive ASIC2a and insensitive
ASIC2b and analyzing the responses of the chimeras.
They concluded that large segments of the ASIC extra-
cellular part are necessary to reinstate proton sensitiv-
ity [41].

In another innovative approach to identify the resi-
dues involved in proton gating, Li et al. examined
the structure—function of lamprey ASIC1 that does
not respond to protons. They showed that replace-
ment of only two residues in the lamprey ASIC1 with
residues found in the rat ASIC1 was sufficient to
convert the lamprey ASIC1 into an H-activated
channel [40]. The full magnitude of response was
achieved by the replacement of four residues with
their rat counterparts: R64, H73, L77, and L85 (rat
sequence numbering). As the authors point out, the
fact that the proton activation response was reinsti-
tuted by changing two nonionizable residues (L77
and L8Y5), indicates the wild-type lamprey ASICI has
a proton sensor, and that the substitutions reduced
the rate of desensitization making the response detect-
able. Most importantly, the two residues that affected
such drastic changes are located in the Bl-strand and
B1-PB2 linker region, the importance of which was
noted above.

In 2009, two independent laboratories showed that
mutations of strictly conserved residues Tyr72, Pro287,
and Trp288 (numbering of the residues correspond to
the ASICI1 structure) to Gly/Ala abolished the pH
activation of ASICI, raising the hypothesis that the
aromatic pair is essential for proton-gating of ASICs
[73,74]. To understand the effects of these mutations,
the positions of the residues are shown in Fig. 9.
Tyr72 is located at the end of TMI, and Pro287 and
Trp288 are located in a beta-turn between the B9-
strand and the thumb domain that has two helices
(Fig. 3). P287 and W288 in this B-turn are tethered to
Y72 by interactions between the R-groups of the resi-
dues. Mutation of the aromatic residues to a residue
with a nonaromatic R-group greatly reduced or abol-
ished ASIC activation by a drop in pH. To examine
whether the structure of this B-turn region undergoes
changes, I superimposed the desensitized state (4NYK)
and the open-state (4NWT) structures using three Co
atoms of the three residues (Y72, P287, and W288) as
tethers for superimposition using Discovery Studio
Visualizer. In this comparison, the B-turn region, its
conformation, and its distance from Tyr72 at the end
of TMI1 showed nearly identical positions. Thus,
apparently this region does not show a change in these
two states.
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An alternative possibility for the effect of the
nonaromatic mutations is that the mutations cause a
major change in ASICI structure. Aromatic residues
commonly appear in pairs in proteins and the 7w
interactions between the R-groups of these residues are
involved in the stabilization of tertiary and quaternary
structures and inner core regions of proteins [75,76]. In
the present case, the m-stacking is T-shaped that is a
most favorable interaction. One of the studies did not
examine if the mutations affected surface expression,
and the second showed differences in surface expres-
sion relative to wild-type. A cursory examination of
the ASIC1 structure (Fig. 9) suggests that the break-
age of the n-m interactions between the end of TM1
(Y72) and the B-turn may adversely affect the thumb
domain stability with general adverse consequences.
Nonetheless, these extensive studies are important for
drawing attention to the importance of the linkage
between the TM1 and thumb domain which in turn is
in contact with the finger domain.

The answer to the heading of this section ‘“Who is
pulling the strings of the TM segments? would not
be complete without mentioning the intracellular seg-
ments (‘tails’) of ASIC and ENaC. The ASICI mod-
els are based on engineered constructs with partial N
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and C termini connected to the TM1 and TM2 seg-
ments, respectively. Mutations of residues at the N
and C termini of the TMs have demonstrated that
these intracellular segments may also influence both
the function and ion selectivity of ENaC [77]. More-
over, the movement of the N- and C-tails by intracel-
lular factors and cytoskeletal elements may influence
the conformation of the TM2 and hence the channel
function [18,78].

The selectivity filters of ASIC and
ENaC

The selectivity filter of an ion channel is the narrowest
part of the channel pore through which ions pass selec-
tively. The atomic and ionic radii of alkali metals increase
with the atomic number: Li*<Na"<K"<Rb"<Cs"
(Table 2). ASIC/ENaC family of channels are selective
for Na™ (ionic radius ~ 1.0 A) over K * (ionic radius ~1.5
/O%) [1,29,64]. The selectivity of ENaC is much higher than
that of ASIC as the permeability ratio of Na®™ /K™ is
> 100 for ENaC and in the range of 5-14 for ASICs [1].
This section summarizes our current knowledge on the
selectivity filter of ASIC and ENaC subunits in separate
subsections.

T™M2 T™M1

Fig. 9. The locations of the aromatic residues Tyr72 and Trp288 that connect between the C terminus of TM1 and the B-turn that is
connected to the thumb domain. (A) A cartoon view of the 4NTW model of ASIC1. The square marks the area magnified in B. Note that the
tethering of the B-turn to Tyr72 at the end of TM1 stabilizes the whole thumb domain. (B) Magnified view showing three residues in space-
filling model. Note that Tyr72 aromatic ring is at the end of TM1. Trp288 is located at the side of Tyr72. This orientation of the two aromatic
residues is called T-shaped conformation. Pro287 is on top of Tyr72. Colors: red, helix; yellow, sheet; and green, loop. Colors of atoms:

gray, C; red, O; and blue, N.
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Selectivity filter of ASIC1

In the open-state of ASIC1 (PDB 4NTW), the selectiv-
ity filter is located at the most constricted part, at the
bottom of the outer vestibule [60] (Fig. 8). The recent
structural models of ASICI1 trimer (4NYK and 4NTW)
have revealed that TM2 is not a continuous helix; it is
split into two parts (named as TM2a and TM2b) sepa-
rated by a stretch of three residues (Gly443-Alad44-
Ser445 in chicken ASICI, abbreviated as GAS) that are
in an extended configuration (Figs 5 and 8). Amazingly,
the second part of the helix (TM2b) is positioned as an
extension of the first part of the helix (TM2a) of the
neighboring subunit. In other words, TM2a helix is spa-
tially followed and extended by the TM2b helix of the
neighboring subunit [60].

The selectivity filter of ASIC1 is formed by nine
amino acid residues to which each subunit contributes
three residues (G-A-S) that are in an extended configu-
ration in between the two parts of TM2 (Fig. 10). In
ASICI sequences from nearly all vertebrate species, the
G-A-S sequence is strictly conserved. Baconguis ez al.
[60] have named this as the ‘GAS belt’ and GAS motif
of ASICI and suggested that a similar discontinuous
TM2 is present in other ASIC/ENaC family members.

In the GAS belt, the carbonyl oxygens of Gly443 of
all three subunits face the pore (Fig. 10). Thus, these
oxygens with negative potential contribute to the attrac-
tion of positively charged ions into the channel pore.

To complement the structural models of ASICI, Li
et al. identified the narrowest part of the channel by
measuring the rates of modification of cysteines substi-
tuted for residues along the pore, using thiol-specific
reagents. Based on their findings, they suggested that
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D433 serves as the gate in the closed state, and G443
of the GAS belt is part of the selectivity filter in the
open conformation [79].

Selectivity filter of ENaC

In each ENaC subunit, there is a strictly conserved
tripeptide motif homologous to the ASICI G-A-S
motif, but the sequences of the motifs differ between
subunits. In the homologous region, the consensus
sequence for the o, B, and y ENaC subunits are GSS,
GGS, and SCS, respectively. These sequences are
100% identical in 20 species that have been examined
[18]. The delta ENaC subunit orthologs are less con-
served and show two major variants in different spe-
cies: GAS and GSS. To facilitate references to these
consensus sequences, Table 3 presents the numbers for
each amino acid of the consensus sequence for the
three species that have been used in such studies. To
visualize the selectivity filter of ENaC, I generated a
model for the filter of ENaC by in silico mutagenesis
of ASICI structure (Fig. 11). Despite the differences in
the sequences, the structure of the ENaC selectivity fil-
ter in this model is highly similar to that of ASICI1
(Fig. 10). The different side chains of the residues pro-
ject on the outer site of the selectivity filter. Because of
the different consensus sequences, studies on each sub-
unit are reviewed separately below:

oENaC sequence GSS

The first comprehensive examination of the role of the
conserved residues in the aENaC pore was carried out

c

Fig. 10. The 'GAS belt’ selectivity filter of chicken ASIC1 that is composed of Gly443, Ala444, and Ser445 of the three ASIC1 subunits
(PDB 4NTW). Both the stick and CPK models show the top view from the extracellular side of the membrane. These three residues are
located at the extended structure between the two parts of the TM2 (see Figs 4 and 7) [60]. Atom colors: C, green; N, blue; O, red. The
dashed lines mark the distance between the carbonyl oxygen atoms of Gly443.
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Table 3. The amino acid residue numbers for the conserved selectivity filter sequences of four ENaC subunits in commonly studied

species.?

ENaC subunit o B Y )

Consensus Gly-Ser-Ser Gly-Gly-Ser Ser-Cys-Ser Gly-Ala-Ser
Human G560-S561-S562 G531-G532-S533 S540-C541-S542 G537-A538-S539
Mouse (587-S588-S589 (G529-G530-S531 S546-C547-S548 -

Rat (G587-S588-S589 (G529-G530-S531 S541-C542-S543 -

? The homologous sequence in chicken ASIC1 is G443-A444-S445.

( aENaC - GSS )

Ser

Ser

C yENaC - SCS )

Gly Ser

Gl
Gly Y Ser

C BENaC - GGS )

Fig. 11. A model for the selectivity filter of ENaC based on the
ASIC1 structure (4NTW). This model was generated by in silico
mutagenesis of ASIC1 filter (see Fig. 10), using PyMOL. The triad
of residues indicated for each subunit is strictly conserved in
vertebrates [18]. Atom colors: C, green; N, blue; O, red.

by [30]. They mutated the last Ser (S589) of the GSS
motif of rat oENaC to Ala, Cys, and Asp and
expressed the mutated subunits with wild-type (WT)
and vy subunits. While the permeability ratio Ix/Ina
was 0.00 for the WT, for the S589A, S589C, and
S589D mutants, this ratio increased to 0.06, 0.21, and
0.32, respectively. The authors suggested that substitu-
tions of residues bigger than Ser enlarged ‘the pore at
selectivity filter’ [30]. In a later study, they examined a
greater number of mutants and suggested that aS589
side chain points ‘toward the interface between the
subunits’ [65].

Sheng et al. [80,81] systematically mutated each of
the residues from V569 to S592 in mouse o subunit to

Cys and observed that only aS589C mutation greatly
increased permeability to K™ followed by GS587C
mutation that had a smaller effect. Thus, these studies
established that the GSS motif of aENaC (homolo-
gous to the GAS motif of ASICI1) forms part of the
selectivity filter of ENaC.

The S589 residue of the mouse rat «ENaC is homol-
ogous to the S445 of chicken ASICI1. The R-group of
S445 is at the edge of the GAS motif and is adjacent
to the Gly of the GAS sequence in the neighboring
subunit (Fig. 10). Increasing the size of the side chain
of the residue located here would be expected to
enlarge the ‘the pore at selectivity filter’ just as Kellen-
berger et al. correctly predicted [65].

It should be noted that mutation of aS589 to residues
with side chains bigger than His (Leu, Met, Arg, Lys,
Phe, and Trp) reduced ENaC activity to nondetectable
levels, apparently as a result of a damage to the process
of ENaC transport to the membrane [65]. Recently, we
showed that alanine mutagenesis of conserved residues
at the interface between ENaC subunits significantly
reduces cell surface expression of ENaC [48,69]. As the
rat aS589 is at subunit interface, substitution of large
residues apparently prevents the formation of a trimeric
complex between ENaC subunits that is a prerequisite
for transport to the cell surface.

Mutation of the first residue of the GSS motif (rat
aG587) to alanine did not change the permeability of
rat ENaC to K™ ions [64]. In contrast, mutation of
mouse G587 to Cys was observed to increase perme-
ability to K [80]. The first residue of the motif is
located at intersubunit interface (Fig. 10). These
results suggest that the substitution of a residue with a
side chain larger than Ala may affect the width of the
filter and allow passage of bigger K ion.

Mutation of the second residue of the GSS motif
(2S588) to Ala also did not change the permeability of
rat ENaC to K" ions [64]. As seen in Figs 10 and 11,
the side chain of the Ala (a methyl group) in the GAS
motif protrudes in a direction opposite to that of the
center of the pore. Thus, mutation of this residue
would not be expected to affect directly channel pore
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size. The lack of an effect of these mutations indicates
that similar to the ASICI1 structure, the side chains of
these residues are not pointed in the direction of the
pore. Yet, mutations of these two residues slightly
reduced the permeability of Li* relative to Na™ [64].

PENaC sequence GGS

The consensus sequence for the selectivity filter of
BENaC is GGS in vertebrates [18]. Similar to the
results with aENaC, mutation of the second Gly (in
GGS) in mouse and rat BENaC (BG530) did not
change permeability to K™ ions [64,82]. Mutation of
the first Gly (BG529) to Ser or Cys significantly
increased permeability to K" ions [64,82]. Mutations
of the residues before and after the BENaC consensus
sequence GGS had no effect on K™ ion permeability
[64], further strengthening the view that ASIC1 model
applies to ENaC subunits as well (Fig. 11).

vENaC sequence SCS

The consensus sequence for the selectivity filter of
vENaC is SCS in vertebrates [18]. In a mutagenesis
study, Snyder et al. [83] mutated each of the residues
in a long stretch from S519 to C545 of human yENaC.
The only mutation that enhanced the permeability of
K™ was S542C that is in a position homologous to S
in the ASIC1 GAS motif. In addition, S540C mutation
reduced the permeability of Li™ [83]. In studies with
the rat YENaC, S541A and C542A mutations did not
change the permeability to K™ [64].

In a different line, Fyfe et al. generated chimeric
ENaC subunits combining parts of the rat o and B
and y and B subunits and replacing the TM2 and C
termini of the subunits. These chimeric ENaCs exhib-
ited different properties but were all impermeable to
K™ ions [84].

SENaC sequence GAS/GSS

The delta ENaC subunit shows maximal activity
when coexpressed together with the f and y subunits
[17]. Among vertebrates, the delta subunit sequences
show greater interspecies variability, as compared to
the o, B, and vy subunits. In primates (including
humans, chimp, gorilla, orangutan, gibbon, and rhe-
sus), the O&-ENaC selectivity filter motif is GAS
(identical to ASIC), but in other vertebrate species,
the most common motif is GSS. In Table 3, no
sequence is listed for the mouse and rat because in
the Muridae family of rodents the gene for the delta

ASIC and ENaC type Na* channels: conformational states

subunit apparently has been lost in some species
[18,85]. However, the genome sequences of other
rodents such as the guinea pig and the mole rat
have a 8-ENaC ortholog. The selectivity filter motif
has not been examined by site-directed mutagenesis.
In the human genome, there are several splice vari-
ants two of which has been extensively characterized
[86,87]. The longer variant has an extra 66 residue
segment at the N-terminal region. Within a trimer
composition of Sfy, both forms are activated by
external protons and have similar alkali ion selectivi-
ties [87].

The role of the DEG residue in ENaC and ASIC2

Over two decades ago, studies on the nematode
Caenorhabditis elegans mutants indicated that the
function of mechanosensitive ion channels is most
strongly affected by mutations at the start of the TM?2
segment of subunits encoded by deg-1, mec-4, and
mec-10 genes homologous to ASIC and ENaC families
[24,88]. A dominant mutation that causes neuronal
degeneration (Deg phenotype) in C. elegans was identi-
fied to be a result of Ala707 mutation to Val (A707V)
in the deg-1 gene [88]. The homologs of this residue
(Ala707) in other members of ENaC/degenerin family
is known as the DEG residue [18,89]. In ASICI, the
DEG residue is a glycine, but in all ENaC subunits,
the homologous position has a serine [18]. A compre-
hensive study by Snyder ef al. examined the role of the
DEG residue in human ENaC subunits by mutagenesis
and covalent modification of the residue. The results
of this study indicated that the DEG residue increases
the open probability (P,) of ENaC but does not
appear to be part of the selectivity filter, as mutation
of the residue did not alter the selectivity of ENaC for
Na™ [89]. Thus, they concluded that the DEG residue
is located in the extracellular (outer) vestibule.

Similar to the effect on ENaC, the mutation of the
DEG residue Gly430 in ASIC2 (MDEG) activated
ASIC2, but in contrast to the effect in ENaC, greatly
reduced the selectivity of the channel between Na™
and K™ [90,91].

The roles of the acidic residues in TM2

The distal part of the TM2 segments close to the cyto-
plasm includes three highly conserved acidic residues
(Asp and Glu) in both ASICs and ENaC [18]. To
examine the role of these residues, Langloh et al.
mutated the three residues in human o-ENaC to basic
residues (ES68R, E571R, and D575R) and expressed
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these in Xenopus oocytes together with wild-type B
and v subunits. They observed that amiloride-sensitive
current was significantly reduced by the mutations but
Na® /K" permeability was not affected [92]. In the
ANTW model of ASICI, the first Glu (E450) in
chicken ASICI1 protrudes into the intracellular vesti-
bule. If in ENaC, the homologous residue E568 has a
similar position, then its mutation to a basic residue
would indeed be expected to hinder the smooth flow
of Na™ ions from the pore into the cytoplasm.

Na* versus K* selectivity in a hydrated
state

As noted above, both ASIC and ENaC are selective
for Na* ions, though to different degrees (see the
beginning of this section). In aqueous solutions, the
alkali metal ions Li*, Na*, and K* are surrounded
by a shell of water molecules. The number of water
molecules in a shell (called as the ‘hydration’ or ‘coor-
dination’ number) ranges from 4 to 8 depending on
the size of the alkali metal (Table 2) [93]. This raises a
question whether the ions pass through the selectivity
filter of channels enveloped within a hydration shell or
in a dehydrated state as singular ions.

Molecular mechanisms of ion selectivity have been
investigated extensively for voltage-gated sodium and
potassium channels that are expressed in neurons and
muscle cells and their prokaryotic homologs [94-100].
The main a-subunit of voltage-gated ion channels are
composed of four domains (as in voltage-gated Na™
channel, Nav) or four homologous subunits (as in
voltage-gated K* channel, Kv, and in prokaryotic
NavAb) [98,101-103]. These four domains or subunits
have a common structure composed of six transmem-
brane segments that have been named as S1-S6 [101].
The first four TM segments (S1-S4) form the voltage
sensing domain, and the channel pore is formed by the
S5 and S6 segments in between which there is a loop
called pore-loop or P-loop [101,102].

Despite the structural homology between the Na™
and K" channels, the mechanisms of their ion selectiv-
ity are very different. The narrow selectivity filter of Kv
is lined with oxygens of carbonyl and side-chain hydro-
xyl groups. The K™ ions that approach the mouth of
this pore are drawn into it by the negative potential of
the oxygens and pass through the narrow selectivity fil-
ter in a dehydrated state. The pore cannot accommo-
date hydrated ions and the ‘snug-fit’ (tight-fit) of the
K™ ions in the pore is considered as one of the factors
responsible for the selectivity for K* over Na™ [96].

In contrast to K* selective channels, the selectivity
filter of the NavAb is large, and it is thought that
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Na™ ions pass through it in a hydrated form
[97,98,100]. Molecular dynamics simulations of NavAb
indicate that hydrated K™ ions cannot fit through the
narrow portion of the pore as a consequence of two
properties of the pore, its size and the protruding
charge of Glul77 [104]. Similarly, in contrast to Kv-
type channels, the selectivity filters of ASIC and ENaC
are large. The GAS motif of the ASIC selectivity filter
outlines an equilateral triangle with a length of 6.4 A
per side and with carbonyl oxygens at the vertices
(Fig. 10). This triangle defines a circumscribed circle (a
circle which passes through all three vertices of a trian-
gle) with a radius of 3.7 A. Figure 12 presents a com-
parison of the sizes of hydrated Na® and K™ ions. As
previously noted [60], the estimated radius of hydrated
Na™ ion (3.8 A) could fit tightly into the ASIC GAS
‘belt’” but a hydrated K™ ion could not. Thus, it
appears that the Na™ ions pass through the filter in a
hydrated state. Moreover, in contrast to the K™ chan-
nels, in the ASIC structure, there does not appear to
be a mechanism for the ‘dehydration’ or ‘desolvation’

r=3.8A

r=42A

Fig. 12. Radii of hydrated Na* and K* ions. The figure shows only
one molecule of water associated with the alkali metal ion. The
number of water molecules that surround the ion can be 5 to 7
(see Table 2). Thus, the full diameter of the hydrated ion should be
2x the length of the radius shown for each ion. The mean
diameter of water molecule was taken as 2.8 A. Note that, in
aqueous solution, the positively charged ions are associated with
the oxygen atom that carries a negative potential.

540 The FEBS Journal 284 (2017) 525-545 © 2016 Federation of European Biochemical Societies


http://www.rcsb.org/pdb/search/structidSearch.do?structureId=4NTW

|. Hanukoglu

of Na™ ions (i.e., stripping of the water molecules sur-
rounding the Na™ ion), during their passage via the
filter.

Lithium is the smallest alkali metal ion (Table 2).
The permeability of ASIC and ENaC to Li" is higher
than Na™ [13,29,105,106]. Thus, the order of selectiv-
ity for alkali metal ions for ASIC and ENaC is
Li">Na"»K™. Some authors have commented that
this ion size-dependent order of permeability may be
an indication that the channel selects ions based on
the ‘size of the completely dehydrated ion’. Yet, it
should be noted that the sizes of both hydrated and
dehydrated cations follow the same order:
Li*<Na*<K™ (Table 2). With our current knowledge
of the ASICI structure, it has been hypothesized that
the pores of these channels have been shaped to allow
passage of hydrated ions and not dehydrated ions
[58,60].

As noted, ENaC is much more selective for Na™ as
compared to K*. It is possible that this stringency
reflects a tighter structure of the ‘GAS belt’ filter in
ENaC as modeled in Fig. 11. The answer to this and
many other questions about ENaC structure—function
versus ASIC awaits the resolution of the crystal struc-
ture of ENaC.

Conclusions

The resolution of the crystal structures of ASICI tri-
mer in desensitized and toxin-bound open forms has
greatly increased our understanding of ASIC- as well
as ENaC-type channels. This review presented a com-
parison of the structures of these states using easy-to-
understand molecular models of the full complex, the
central tunnel that includes an outer vestibule, the
channel pore, and ion selectivity filter. The differences
in the secondary, tertiary, and quaternary structures of
these states were summarized to pinpoint the positions
of conformational changes responsible for channel
opening. In contrast to potassium channels wherein
dehydrated K" ions pass through a narrow selectivity
filter, in ASIC, the filter is large and allows passage of
hydrated Na™ ions but not larger hydrated K ions.
Studies on ENaC structure and function mainly by
site-directed mutagenesis of conserved sequences pro-
vide solid evidence that the trimeric structure and the
selectivity filter model of GAS belt of ASIC apply to
ENaC as well. Much of the studies on ENaC selectiv-
ity and function were performed prior to the elucida-
tion of the structure of ASIC. The results of earlier
studies on the expression of mutagenized ENaC sub-
units were re-examined in light of ASICI structures.
Based on these comparisons, a molecular model for

ASIC and ENaC type Na* channels: conformational states

the selectivity filter of ENaC was built by in silico
mutagenesis of an ASIC1 structure.

Many details about the structure and function of these
channels still remain to be answered. These include the
structural loci that are responsible for ionic regulation,
conformational changes in the vestibules in the central
tunnel, and molecular mechanisms of the gating of the
channels. The studies reviewed here show a convergence
of the results of independent approaches using crystallo-
graphic studies, and in vitro expression of mutated chan-
nels. The past achievements summarized here
demonstrate that the combination of both static atomic
structures and dynamic functional assays of especially
mutated channel subunits are essential to advance our
understanding of the functions of these channels.
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