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A B S T R A C T

Recently there has been a flurry of interest in the regulation of the homo-dimeric calcium-activated chloride
channel ANO1 (also known as TMEM16A) by phosphatidylinositol (4,5)-bisphosphate (PI(4,5)P2). These recent
studies show that upon Ca2+ binding, PI(4,5)P2 cooperates to maintain the conductive state of ANO1. PI(4,5)P2
does so by binding to sites or modules on the protein’s cytosolic side. These findings add a new function to the PI
(4,5)P2 repertoire and a new dimension to ANO1 gating.

1. Introduction

The ANO1 anion channel (also known as TMEM16A) controls a
mesmerising number of important physiological functions [1–7]. Ele-
vation of cytosolic Ca2+ concentration opens ANO1 to conduct Cl−

ions, but relatively little is known about other pathways that regulate
the channel. Recently, considerable attention has become focussed on
ANO1 regulation by phosphatidylinositol (4,5)-bisphosphate (PI(4,5)
P2) [8–14]. PI(4,5)P2 is a low-abundance phospholipid in the inner
leaflet of the plasma membrane that has a remarkable number of cel-
lular functions including regulation of cytoskeletal organization,
membrane trafficking, and ion channel gating [15–18]. While the role
of PI(4,5)P2 in cation channel regulation is well-known, there is rela-
tively little information about its role in anion channel gating.

Studies aimed at understanding gating and regulation of ANO1 were
given a tremendous boost in 2008 by its cloning [19–21] followed in
2017 by cryo-EM structure determinations [22–24]. The structures re-
veal dimers with each subunit consisting of 10 transmembrane seg-
ments with the dimer interface formed in large part by the C-termini of
the subunits. Each monomer has a hydrophilic pore surrounded by
transmembrane helices TM4-7 (Fig. 1). The large cytoplasmic and ex-
tracellular vestibules narrow to form a constricted pore with a radius of
∼ 1 Å near the cytoplasmic side of the membrane. Structural analysis,
which confirmed earlier mutagenesis and patch clamp studies, revealed
the presence of two Ca2+ ions coordinated by sidechain oxygens of
glutamic and aspartic acid residues located in a hydrophilic pocket si-
tuated close to the cytosolic end of the pore. A comparison of apo and
Ca2+-bound structures suggested that Ca2+ binding induced a major

conformational change of the cytoplasmic half of TM6 [22–25]. At the
same time, binding of Ca2+ reduces the electronegative field within the
narrow neck of the pore because the binding pocket is situated in the
pore wall [26]. The helix rearrangement sandwiches Ca2+ ions between
TM6, TM7, and TM8 and at the same time opens the permeation
pathway. From this finding, one might fantasize that Ca2+ binding
stabilizes an open conformation of ANO1, but the mechanisms are
certainly more complicated because high Ca2+concentrations also
cause open channels rapidly to inactivate. Indeed, the pores of Ca2+-
bound cryo-EM structures are too small to conduct Cl− ions and
probably represent inactivated conformations. Surprisingly, application
of a water-soluble analog of PI(4,5)P2 (diC8-PI(4,5)P2) to inside-out
excised patches nearly abolishes Ca2+-induced inactivation, whereas
depletion of PI(4,5)P2 from the plasma membrane using Danio rerio
voltage-sensitive phosphatase decreases ANO1 activity [11,12]. PI(4,5)
P2 could likely be the cofactor necessary to maintain the conductive
state of ANO1.

2. PI(4,5)P2 helps ANO1 gating to evade Ca2+-induced
inactivation

ANO1 is gated by physiological intracellular Ca2+ concentrations
(0.1–5 μM) in a voltage-dependent manner. Under this condition, re-
petitive depolarisations activate a current that reaches a steady plateau
without decaying. However, simultaneous activation of the depolar-
ization-activated phosphatase to dephosphorylate PI(4,5)P2 rapidly
induces current decay (Fig. 2A). This phenomenon is reversed by
shutting off the phosphatase by holding cells at negative voltages,
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providing that ATP is present in the intracellular solution [11,12].
Presumably, under these conditions PI(4,5)P2 is re-synthetized to re-
store its membrane content. Similarly, when ANO1 is activated in ex-
cised inside-out patches exposed to low Ca2+, PI(4,5)P2 fully rescues
channels that have previously been stripped of PI(4,5)P2 using poly-
lysine [11,12]. The effect of PI(4,5)P2 is greatest at lower Ca2+ con-
centrations and decreases with depolarization. However, the ability of
PI(4,5)P2 to regulate ANO1 at high intracellular Ca2+ (i.e. 100 μM) is
different. Under this condition, fully active ANO1 channels rapidly in-
activate, but inactivation is prevented when PI(4,5)P2 is provided along
with high intracellular Ca2+ (Fig. 2B). Surprisingly, PI(4,5)P2 is unable
to rescue channels previously inactivated by high Ca2+ [11,12].
Somehow high Ca2+ induces a profound inactivated state, presumably
in a process that involves removing PI(4,5)P2.

3. Several PI(4,5)P2 binding sites exist on ANO1

PI(4,5)P2 could facilitate ANO1 gating by electrostatically attracting
Ca2+ to the channel or by directly altering gating, as has been shown
previously for certain potassium channels [15]. Guided by the Ca2+-
bound cryo-EM structure of mouse TMEM16A, Huanghe Yang’s lab [12]
performed an alanine scanning analysis of basic lysine and arginine
residues located in the vicinity of the plasma membrane inner leaflet.
To gauge PI(4,5)P2 sensitivity, they used the rate of channel inactiva-
tion induced by 100 μM Ca2+. They found that residues R451, K461,
R482, K567, R575, and K579 (numbering based on mouse ANO1 var-
iant a, lacking the EAVK segment) form a putative PI(4,5)P2 binding
site near the cytosolic interface of TMs 3–5. Accordingly, mutations in
the PI(4,5)P2 binding site were nearly insensitive to PI(4,5)P2 applica-
tion and the mutant channels inactivated faster than wild type channels
[12]. Ko and co-workers have confirmed that R486 (equivalent to R482
in [12]) in the first intracellular loop is part of a putative PI(4,5)P2
binding site [27].

In addition to this site identified by Le et al, other PI(4,5)P2 binding
sites have been found on ANO1. The Hartzell lab performed a glutamine
scanning analysis combined with patch clamp and molecular dynamics
simulation of lysine and arginine residues located within 10 Å of the

cytoplasmic membrane interface, including those residues located in
the cytoplasmic N-terminus predicted to interact with PI(4,5)P2 [14]. In
contrast to Le et al., they measured the stimulatory effect of 10 μM
diC8-PI(4,5)P2 on wild type and mutant ANO1 currents activated by
low (270 nM) Ca2+ in inside-out patches. This approach yielded three
putative binding sites: site A near the dimer interface, site B at the
cytoplasmic end of TM6, and site C in the short intracellular loop be-
tween TM2 and TM3. Of these sites, site A is close to the site located by
Le et al., and near a lipid-filled cavity at the dimer interface according
to the cryo-EM structure of TMEM16A. Interestingly, some of the re-
sidues in sites B and C identified as being important in regulation
channel amplitude in low Ca2+ by the Hartzell lab were not found by
the Yang lab to be important in regulating inactivation. This difference
may be explained if PI(4,5)P2 has different effects on the fully open and
partially open conformations of the channel as proposed by Le et al.
[12].

It appears that PI(4,5)P2 regulation may be a general feature of the
ANO family. There are 10 ANO genes in mammals and while two of
them (ANO1 and ANO2) are clearly Ca2+-activated Cl− channels,
others, notably ANO6, are phospholipid scramblases [28]. Previous
studies from the Jan lab have shown that ANO6 is regulated by PI(4,5)
P2 and they have identified a PI(4,5)P2 binding site in the N-terminus of
the protein [29]. The Hartzell lab found amino acids in the N-terminus
of ANO1 that alter PI(4,5)P2 effects when they are mutated [14], but
the molecular mechanisms by which these residues regulate the channel
remain uncertain because the cryo-EM structures do not fully model
this region of the protein. However, the multiplicity of PI(4,5)P2
“binding sites” raises interesting questions. Both structural and elec-
trophysiological data suggest that ANO1 apparently can adopt a
number of different conformations. Different conformational states
likely have different PI(4,5)P2 binding properties. Mutations that sta-
bilize different conformational states (such as K579 [12] or R579 [14]),
but do not directly coordinate PI(4,5)P2, could have profound effects on
the interpretation of assays that rely on channel function to assess PI
(4,5)P2 binding. This emphasizes the importance of melding electro-
physiological studies with structural, computational, and biochemical
approaches.

4. How can PI(4,5)P2 prevent ANO1 inactivation and exactly how
does it participate in ANO1 gating?

While ANO1 gating requires Ca2+ binding to the Ca2+ pocket, high
Ca2+ concentrations could trigger depletion of PI(4,5)P2 to induce
ANO1 inactivation as has been suggested for ANO6 [29]. Inactivation
could be caused by pore collapse as suggested by the Ca2+-bound cryo-
EM structures showing a pore with a radius smaller than that of Cl−

ions [22–24]. Indirect evidence from the Yang lab gathered using
highly permeant anions, pore blockers, and pore mutants suggest that
an occupied pore inactivates slower than an empty pore probably by
precluding pore collapse [12]. A direct interaction of PI(4,5)P2 with the
gating machinery of ANO1 was suggested by molecular dynamics si-
mulations. The simulation suggests that binding of PI(4,5)P2 to sites A
and B/C induces a rotation of the cytoplasmic half of TM6 that dilates
the conduction pathway ∼30%, but still smaller than a Cl− ion [14].
Co-incidentally, the Ca2+-bound structure of ANO1 shows that the
cytoplasmic end of TM6 adopts a straight conformation and forms one
side of the channel pore. The fact that PI(4,5)P2 alters the conforma-
tional state of the Ca2+ bound structure suggests that PI(4,5)P2 acts by
inhibiting Ca2+-induced pore collapse and that the cooperative action
of PI(4,5)P2 and Ca2+ stabilize the conducting conformation. Further
analysis is necessary to determine if pore collapse is prevented by ro-
tation of TM6.

Fig. 1. Homo-dimeric structure of Ca2+-bound ANO1. The structure with two
independent subunits (maroon and dark cyan) is shown in the plane of the
membrane. The dimer interface formed by the apposition of the two C-terminus
is perpendicular to the membrane. Ten transmembrane domains per monomer
are depicted. TM6 indicated by light blue arrow rotates from TM4 towards TM8
upon Ca2+ binding to reach a straight conformation. The anion permeation
pathway with large vestibules at both ends within each monomer is revealed by
water molecules (grey). The Ca2+ pocket, located towards the intracellular side
almost in contact with the permeation pathway, houses two Ca2+ ions (red
spheres).
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5. Paradigm shift of ANO1 structure and gating: modular
architecture and cooperative gating

From these studies a new, clearer picture of ANO is starting to
emerge: a modular structure of the pore and a gating mechanism that
depends on the cooperative action of PI(4,5)P2 and Ca2+. Le et al found
that channels with mutations in the PI(4,5)P2 binding site displayed
rapid inactivation but unchanged apparent Ca2+ sensitivity [12]. Sur-
prisingly, mutating residues near the Ca2+ binding pocket decreased
the apparent Ca2+ affinity but did not change inactivation. This result
led to the idea that two modules control the anion permeation pathway:
a PI(4,5)P2 binding regulatory module (TM3-TM5) responsible for in-
activation and a Ca2+ binding gating module (TM6-TM8) responsible
for channel activation (Fig. 3A). These modules are arranged around
the pore but they obviously do not operate in isolation. Le at al. [12]
show that with wild type ANO1, PI(4,5)P2 alters the Ca2+ sensitivity of
the channel and that inactivation may be induced by a Ca2+-dependent
dissociation of PI(4,5)P2 from the regulatory module. In this structural
scenario, gating would depend on direct binding of PI(4,5)P2 and Ca2+

to their respective modules (Fig. 3B). Under resting Ca2+ conditions
ANO1 directly interacts with PI(4,5)P2 via a complex set of binding
sites. A sudden Ca2+ increase will rapidly activate ANO1 by occupying
the Ca2+ pocket. Sustained activation will depend on both binding of PI

(4,5)P2 and Ca2+ sitting in the hydrophilic pocket. The combined ac-
tions of PI(4,5)P2 and Ca2+ will ensure an open state by holding the
cytoplasmic end of TM6 from collapsing the pore and by partially
neutralizing the electronegative field in the narrowest section of the
pore. Structural information about different conformational states of
ANO1 together with molecular dynamic simulations will help resolve
these remaining questions about ANO1 gating.
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