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Molecular basis of PIP2-dependent regulation of
the Ca2+-activated chloride channel TMEM16A
Son C. Le 1, Zhiguang Jia2, Jianhan Chen 2,3 & Huanghe Yang 1,4

The calcium-activated chloride channel (CaCC) TMEM16A plays crucial roles in regulating

neuronal excitability, smooth muscle contraction, fluid secretion and gut motility. While

opening of TMEM16A requires binding of intracellular Ca2+, prolonged Ca2+-dependent

activation results in channel desensitization or rundown, the mechanism of which is unclear.

Here we show that phosphatidylinositol (4,5)-bisphosphate (PIP2) regulates TMEM16A

channel activation and desensitization via binding to a putative binding site at the cytosolic

interface of transmembrane segments (TMs) 3–5. We further demonstrate that the ion-

conducting pore of TMEM16A is constituted of two functionally distinct modules: a Ca2

+-binding module formed by TMs 6–8 and a PIP2-binding regulatory module formed by TMs

3–5, which mediate channel activation and desensitization, respectively. PIP2 dissociation

from the regulatory module results in ion-conducting pore collapse and subsequent channel

desensitization. Our findings thus provide key insights into the mechanistic understanding of

TMEM16 channel gating and lipid-dependent regulation.
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Ca2+-activated chloride channels (CaCCs) are highly
expressed in many cell types where they play important
regulatory roles in neuronal firing, smooth muscle con-

traction, gastrointestinal motility, airway and exocrine gland
secretion, and tumor cell proliferation and migration1,2. As the
founding member of the transmembrane protein 16 (TMEM16)
family, TMEM16A proteins are the bona fide pore-forming
subunits of CaCC3–5. Aberrant upregulation of TMEM16A has
been found in various pathological conditions, including head
and neck squamous carcinomas, gastrointestinal stromal tumors,
breast cancer, asthma and chronic obstructive pulmonary dis-
ease2. Owing to its importance in physiology as well as its ther-
apeutic potential, there is an urgent need to understand the
molecular underpinnings of TMEM16A–CaCC activation and
regulation.

TMEM16A exhibits hallmarks of CaCCs, including Ca2+- and
voltage-dependent activation and nonselective anion perme-
ability3–5. Whereas it requires membrane depolarization for
activation under sub-micromolar cytosolic Ca2+, TMEM16A
becomes constitutively open under saturating Ca2+ concentra-
tions (above 1–2 µM). Structurally, TMEM16A channels adopt an
architecture of a “double-barreled” homodimer with each
monomer consisting of ten transmembrane (TM) helices with
cytoplasmic N− and C-terminal domains6–11 (Fig. 1a). TMs 3–8
of each monomer encompass a partially enclosed furrow that
forms the putative ion permeation pathway7–9,12,13. Interestingly,
the Ca2+-binding site is formed by highly conserved acidic resi-
dues from TMs 6, 7, and 86,7,9,14,15. This architecture suggests
that Ca2+ binding to the Ca2+-sensing TMs 6–8 directly gates ion
permeation in TMEM16A. Indeed, TM6 undergoes prominent
conformational changes upon Ca2+ binding to mediate channel
activation9. The precise region responsible for TMEM16A’s
voltage-dependence still remains elusive although the first intra-
cellular loop formed by the TM2–TM3 linker16 and TM617 were
implicated in voltage sensing.

In addition to Ca2+- and voltage-dependent activation, time-
dependent current decay or rundown is another hallmark of
CaCCs, which has been observed in both endogenous CaCCs18–20

and recombinantly expressed TMEM16A7,21,22. During pro-
longed stimulation by saturating Ca2+, TMEM16A–CaCC cur-
rent decreases over time, eventually leading to complete channel
desensitization (Fig. 1b). This phenomenon has been alternatively
referred to as “rundown”, “desensitization” or “inactivation” in
the literature; we will use desensitization and rundown inter-
changeably to describe the time-dependent TMEM16A current
decay in this work. This desensitized state was likely captured in
the recent Ca2+-bound TMEM16A structures, where the putative
ion permeation pore adopts a nonconductive collapsed config-
uration even though both Ca2+ binding sites were fully occupied
(Fig. 1a)7,9. While lack of permeant ions could contribute to this
nonconducting conformation as described in the C-type inacti-
vation observed in voltage-gated potassium channels23, these
observations are also indicative of a regulatory mechanism that
controls channel opening of TMEM16A in addition to Ca2+ and
voltage. Indeed, Ca2+-sensing calmodulin (CaM) was first sug-
gested to regulate channel activation and inactivation of
both TMEM16A and TMEM16B CaCCs24–26. However, this
hypothesis has been challenged, as purified TMEM16A alone
was sufficient to form Ca2+-activated chloride channels27.
Immunoprecipitation experiments also showed a lack of
TMEM16A–CaM interaction, and exogenous manipulations of
CaM exerted no effects on TMEM16A channel activation and
permeability14,21,27,28.

Phosphatidylinositol (4,5)-bisphosphate (or simply PIP2), an
important signaling lipid29 that also acts as a key regulator of
numerous ion channels30,31, was recently proposed to regulate

TMEM16A channel gating22,32–34. This hypothesis was further
bolstered by the observation that TMEM16F, a dual function
TMEM16 ion channel and lipid scramblase13,35, requires PIP2 for
its ion channel activity36. Despite these advances, the precise roles
of PIP2 in modulating TMEM16A channel gating are poorly
defined, and the structural determinants that govern this lipid-
dependent regulation of TMEM16A channel gating remain to be
elucidated.

In this work, we combine mutagenesis, electrophysiology, and
molecular modeling to demonstrate that PIP2 facilitates TME-
M16A’s channel opening via binding to a putative binding site
within TMs 3–5, herein referred to as the “PIP2 binding module”,
that is distinct from the Ca2+-binding site. Notably, the ion
permeation pore of TMEM16A is comprised of residues from
both the proposed “PIP2 binding module” of TMs 3–5 and the
“Ca2+ binding module” of TMs 6–8, where each controls channel
desensitization and Ca2+-dependent channel activation, respec-
tively. Binding of PIP2 to the basic residues in the regulatory
module stabilizes the open state of TMEM16A likely by impeding
the gradual collapse of the ion conduction pore. Taken together,
our results provide a structural framework to understand the
interplay between PIP2 regulation and Ca2+ activation during
channel gating in the TMEM16A–CaCC.

Results
PIP2 stabilizes TMEM16A’s open conformation under high
Ca2+. Under saturating intracellular Ca2+ concentration, the
fully open TMEM16A channels undergo desensitization over
time when recorded under inside-out configuration (Fig. 1b).
TMEM16A currents measured at −80 mV and +80 mV decayed
exponentially with identical rates to below detection limit within
4–5 min in 100 µM Ca2+ (Fig. 1b, c). The time it takes for the
channel to lose half of its initial current at −80 mV, denoted t1/2,
can be used to quantify the desensitization rate (Fig. 1c).

In addition to its important roles in a plethora of cellular
signaling processes29, PIP2 is also known to regulate many ion
channels and transporters31,37. Recent studies have revealed that
PIP2 modulates both endogenous and heterologously expressed
TMEM16A under low intracellular Ca2+ concentrations32–34. We
therefore tested whether exogenously applied diC8 PIP2, a water-
soluble short-chain analog of PIP2, could alter TMEM16A
desensitization under saturating intracellular Ca2+. Consistent
with a previous observation22, we found that diC8 PIP2
substantially attenuates TMEM16A desensitization in a dose-
dependent manner in the presence of 100 µM intracellular Ca2+

(Fig. 1d–f). The effective diC8 PIP2 concentration required to
maintain half of the initial current (EC50) following 5 min of
channel activation is ~3.95 µM, a value comparable to those
reported in other well-characterized PIP2-regulated ion channels
such as KCNQ and Kir channels38–40.

Both the full-length and the water-soluble short-chain diC8

PIP2 molecules can strongly impede TMEM16A desensitization.
The effect of full-length PIP2 on attenuating TMEM16A
desensitization, however, is much more sustained than that of
diC8 PIP2 upon removal from the cytosolic perfusion (Supple-
mentary Fig. 1a–c). This phenomenon is likely due to the different
acyl chain lengths of the PIP2 molecules. The water-soluble short-
chain diC8 PIP2 is more likely to be washed off the membrane
than FL PIP2, thus resulting in less sustained effect41–43.
TMEM16A also exhibits phosphoinositide specificity as PI(3,4,5)
P3 significantly attenuates desensitization while PI(4)P exerts
minimal effect on the channel, consistent with a recent study34

(Supplementary Fig. 1d). We further found that 2 mM MgATP,
but not Na2ATP, significantly slowed down TMEM16A
desensitization, presumably by promoting PIP2 synthesis through
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Mg2+-dependent phosphoinositide kinases44,45 (Supplementary
Fig. 1e). These results further establish the critical role of PIP2 in
controlling TMEM16A desensitization.

We next examined whether exogenous PIP2 can reactivate the
completely desensitized TMEM16A channels after prolonged
channel opening in saturating Ca2+. Intriguingly, application of
20 µM diC8 PIP2 in the presence of 100 µM Ca2+ yielded no
detectable recovery of channel activity (Supplementary Fig. 2a, b).
Interestingly, repeated treatments of the completely desensitized
TMEM16A channels with full-length PIP2 (10 µM) but not EGTA
solution can partially restore TMEM16A activity (Supplementary
Fig. 2c–e). These results suggest that under saturating Ca2+, the
fully-open TMEM16A likely enters an energetically stable
desensitized state that is recalcitrant to reactivation by Ca2+,
voltage, and exogenous PIP2.

TMEM16A requires PIP2 for opening under sub-micromolar
Ca2+. TMEM16A can adopt multiple open states depending on
intracellular Ca2+16,17. As it exhibits voltage- and time-
dependent activation under sub-micromolar Ca2+ range16,
we next examined how PIP2 may regulate TMEM16A in a more
physiologically relevant Ca2+ condition (0.25–0.50 µM). We
found that PIP2 depletion by poly-L-lysine (PLL, 100 µg/ml)46

results in almost complete inhibition of the channel, which is
rapidly reversed via exogenous diC8 PIP2 application (Fig. 2a–c)
in a dose-dependent manner with an EC50 of ~1.95 µM (Fig. 2d).
This result suggests that TMEM16A likely displays an apparently
high binding affinity for PIP2, which is further substantiated by
the observation that TMEM16A exhibits more sustained channel
activity under sub-micromolar Ca2+ (Fig. 2a and Supplementary
Fig. 7a).
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Fig. 1 PIP2 attenuates TMEM16A desensitization in saturating Ca2+. a Overall architecture of the homodimeric Ca2+-bound mouse TMEM16A with two
monomers colored in orange and gray, respectively (PDB 5OYB). The yellow surface depicts the solvent-accessible volume of the putative permeation pore,
which is in an apparently nonconductive state despite Ca2+ binding (red spheres). Green helices encompass the permeation pathway. b, c Representative
recording showing TMEM16A channel activity recorded using inside-out patch clamp under saturating 100 µM intracellular Ca2+ (black bar). Currents
were elicited by the voltage protocol shown in inset at a 5-s interval. t1/2 denotes the half decay time (see “Methods”); n= 23 independent recordings.
d, e Representative recording of TMEM16A under saturating 100 µM intracellular Ca2+ (black bar) in the presence or absence of 20 µM diC8 PIP2 (green
bar). Representative current traces at different time points in d are shown in e; n= 8 independent recordings. f diC8 PIP2 attenuates TMEM16A channel
desensitization in a dose-dependent manner. Ii and If are the initial and final current amplitudes during the 5-min application of Ca2+. g Dose-dependence of
diC8 PIP2 in retaining TMEM16A channel activity. The sigmoidal curve represents fit to the Hill equation. The half-maximal concentration (EC50) for diC8

PIP2 is 3.95 µM. n= 4 to 8 for each diC8 PIP2 concentration. Data are mean ± s.e.m. Source data are provided as a Source Data file
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To gain insights into the biophysical underpinnings of PIP2-
dependent regulation of TMEM16A under lower sub-micromolar
Ca2+, we applied stronger stimulations by increasing Ca2+

concentration or membrane voltage following PIP2 depletion-
induced desensitization. Strikingly, stimulating the desensitized
channels with higher Ca2+ (Supplementary Fig. 3a) or higher
membrane depolarization can restore channel activation (Sup-
plementary Fig. 4a). We thus tested how PIP2 depletion may alter
TMEM16A’s Ca2+- and voltage-dependent gating by measuring
the channel’s Ca2+ dose-dependent activation and voltage-
dependent activation. We found that PLL treatment indeed
reduces both the channel’s apparent Ca2+ sensitivity (Supple-
mentary Fig. 3b–d) and voltage sensitivity (Supplementary
Fig. 4b) as evidenced by the rightward shifts in the Ca2+-dose
response curve as well as the conductance–voltage (G–V) curve
(Supplementary Fig. 4c, d). Taken together, we conclude that PIP2
not only controls TMEM16A desensitization under saturating
Ca2+ but its binding is required for channel activation under sub-
micromolar Ca2+.

Identification of putative PIP2 binding residues in TMEM16A.
To uncover the molecular basis underlying regulation of TME-
M16A’s channel gating by PIP2, we sought to identify its PIP2
binding site(s) in TMEM16A. Previous functional and structural
studies have unambiguously demonstrated that basic lysine and
arginine residues at the membrane-cytosol interface usually form
the PIP2 binding sites via electrostatic interactions with the
phosphate headgroups and phosphodiester linkage phosphate of
PIP231,47–49. Neutralization of these residues should reduce the
channel’s PIP2 binding affinity, thereby accelerating channel
rundown. Guided by the atomic structures of a mouse
TMEM16A7,9, we conducted a systematic alanine mutagenesis
scanning of all basic residues located approximately between the
inner leaflet and the cytosol interface (Fig. 3a). By quantifying the
time required for TMEM16A to lose half of its initial current (t1/2)
in saturating 100 µM Ca2+ (Fig. 1c), we identified six basic resi-
dues whose neutralizations result in strongly enhanced desensi-
tization, including R451 and K461 in TM2–3 linker, R482 in
TM3, and K567, R575 and K579 in TMs 4 and 5 (Fig. 3a–c and
Supplementary Figs. 5 and 6). When mapped to the TMEM16A
structures7,9, these residues are clustered near the cytosolic
interface of TMs 3–5 (Fig. 3d). Notably, the R451A, K461A,
R482A, K567A, R575A, and K579A mutations also strongly
impair the effectiveness of exogenous PIP2 in maintaining the
open state of TMEM16A, consistent with their apparently

reduced PIP2 binding affinities (Fig. 3c and Supplementary
Fig. 6b–f). Under sub-micromolar Ca2+, these mutations also
pronouncedly accelerated spontaneous channel desensitization
compared with WT TMEM16A (Supplementary Fig. 7). These
results further support that the six basic amino acids from the
alanine scanning may serve as putative PIP2 binding residues.

To examine whether the observed mutational effects could
result from the allosteric disruption of channel gating indepen-
dent of PIP2 binding, we examined the Ca2+ sensitivity of these
putative PIP2 binding site mutations (Supplementary Fig. 8a–f).
In sharp contrast to their pronounced effects on channel
desensitization, mutations of the putative PIP2 binding residues
imposed no or minimal effects on the channel’s apparent Ca2+

sensitivity (Supplementary Fig. 8g, h). Based on the spatial
proximity of these residues as well as their mutational effects on
both TMEM16A desensitization and the effectiveness of PIP2 to
stabilize the channel’s open state, we thus hypothesize that R451,
K461, R482, K567, R575, and K579 identified from our
mutagenesis screen constitute a PIP2-binding site that regulates
channel gating in TMEM16A.

Validation of the putative PIP2 binding site. Molecular docking
followed by atomistic simulations in explicit membrane and water
(see “Methods”) confirms that a full-length PIP2 molecule can be
stably accommodated in the putative binding site. The docked
PIP2 has its acyl chains positioned in the dimer cavity and its
head group resided in the pocket concentrated with the positively
charged residues identified in our mutagenesis scanning (Fig. 4a).
The six putative PIP2 binding residues likely play differential roles
in PIP2 binding. The sidechains of R451 and K567 directly
coordinate PIP2 (Fig. 4a), forming stable salt–bridge interactions
with the 4′ or 5′-phosphate group of PIP2 with probabilities of
0.78 ± 0.27 and 0.97 ± 0.02, respectively, during atomistic simu-
lations (see “Methods” for details). Different from R451 and
K567, R482 resides in an unresolved short peptide in the C-
terminus of TM2–3 loop preceding TM37,9. Based on our ato-
mistic simulations, R482 has a relatively lower interaction prob-
ability of 0.60 ± 0.10 with PIP2, likely owing to the flexibility of
this region. Instead of interacting with the phosphate groups of
PIP2, R575 appears to form hydrogen bonds with the inositol ring
and the phosphodiester linkage of PIP2 with a high probability
(0.86 ± 0.08) (Fig. 4a).

Despite its critical role in TMEM16A desensitization (Supple-
mentary Fig. 6f), K579 does not appear to directly coordinate
PIP2 (Figs. 4a and 5a). This highly conserved residue in the
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TMEM16 family (Supplementary Fig. 5), which is located in the
middle of TM5, has a very low probability (0.05 ± 0.07) in
interacting with the 1′-phosphate of PIP2. Instead, K579 forms a
stable salt–bridge interaction with the side chain of E564 in TM4
(Fig. 5a) as captured in the TMEM16A structures7,9. It is thus
likely that the profound effect of K579A on TMEM16A
desensitization stems from the conformational alterations of the
putative PIP2 binding site due to the disruption of this salt bridge.
Indeed, we found that alanine mutation of E564 also greatly
accelerated TMEM16A desensitization (Supplementary Fig. 9a).
Interestingly, this salt bridge is absolutely conserved in all
TMEM16 proteins as well as the recently identified TMEM16-
related mechano-/osmo-sensing OSCA/TMEM63 channels50–52

(Supplementary Fig. 9b, c), further implicating the functional
importance of this interaction in the TMEM16/
TMEM63 superfamily of membrane proteins. Similar to K579,
K461 residue in TM2–3 linker appears to be distally located from
the docked PIP2 (Fig. 5a) and thus is unlikely to coordinate PIP2.
We speculate that, analogous to K579A and E564A, K461A
mutation may allosterically alter the conformation of the PIP2
binding site, thereby indirectly disrupting PIP2 binding.

To further validate the PIP2 binding site, we tested whether
full-length PIP2 molecules could spontaneously bind to the
putative PIP2 binding site when randomly placed in the lipid
bilayer using atomistic simulation. We observed that a full-length
PIP2 molecule placed near the binding pocket could enter the

putative binding pocket and rebind spontaneously within 50 ns
(Fig. 4b and Supplementary Movie 1). The final configuration of
PIP2 from the rebinding simulation is strikingly similar to that
obtained from the docking and equilibration simulations (Fig. 4b).
However, no successful rebinding events were observed when
PIP2 was initially placed further away from the binding pocket
and separated by one or more POPC lipids. This is likely due to
the slow diffusion of phospholipid molecules within the lipid
bilayer53, as well as the slow binding of PIP2 to the relatively
narrow binding pocket. To circumvent this limitation, we
simulated PIP2-free Ca2+-bound TMEM16A in a pure POPC
membrane but with 20 copies of PIP2 head group randomly
placed in the bulk solvent. Remarkably, both binding pockets
became occupied by the PIP2 head groups within 200 ns of
simulation. As illustrated in Supplementary Fig. 10 and
Supplementary Movie 2, PIP2 head groups diffused rapidly
within the solution and reached the putative binding pocket from
over 80 Å away, forming stable contacts with the identified
putative PIP2 binding residues. Collectively, our computational
simulations and functional characterizations further validate the
putative PIP2 binding site as revealed by our alanine mutagenesis
scanning.

Distinct structural modules for PIP2 and Ca2+ binding. The
differential roles of the six putative PIP2 binding residues as well
as the functional importance of the highly conserved E564-K579
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salt bridge imply that the structural integrity of the putative PIP2
binding site is likely critical for TMEM16A desensitization. To
test this possibility, we studied the mutational effects of a highly
conserved proline (P566), which is located at TM4–5 linker
(Fig. 5a). Because P566 may confer rigidity to TM4–5 linker, we
hypothesize that increasing flexibility via an alanine mutation
would perturb the conformation of the putative PIP2 binding site,
thereby accelerating desensitization. We observed that the P566A
mutation profoundly enhances channel desensitization, con-
sistent with the role of P566 in stabilizing the channel’s open state
(Fig. 5d). Remarkably, despite its effect on channel desensitiza-
tion, P566A’s apparent Ca2+ sensitivity remains unaltered as
compared with that of WT, suggesting that this mutation acts on
TMEM16A channel gating independent of Ca2+ (Fig. 5f, g). As a
control, we also mutated P654, situated at the C-terminal cyto-
plasmic end of the Ca2+-binding TM6, to alanine and examined
its effects on TMEM16A’s Ca2+-dependent gating and desensi-
tization (Fig. 5a). The P654A mutation reduces the channel’s
apparent Ca2+ sensitivity (Fig. 5f, g), consistent with its role in
TMEM16A’s Ca2+-dependent activation9. Remarkably, P654A’s
desensitization remains unaltered in spite of its reduced Ca2+

sensitivity (Fig. 5d–g).
Similar to P566A, we found that mutations of two additional

residues within the putative PIP2 binding pocket, including D481,
which is adjacent to the putative PIP2 binding R482, and E564,
which forms a salt–bridge interaction with K579 (Supplementary
Fig. 9c), strongly enhance channel desensitization without
altering their apparent Ca2+ sensitivities (Fig. 5e–g and
Supplementary Fig. 11a, b, g). By contrast, alanine mutations of
key residues in the vicinity of the Ca2+ binding sites recently

identified as important for channel activation, including G640
and Q645 in addition to P6549,17, despite markedly altering their
Ca2+-dependent activation (Fig. 5a, g and Supplementary
Fig. 11d–f, h), exert no discernable effects on channel
desensitization (Fig. 5d, e).

As D481, E564, and P566 are located within the vicinity of the
putative PIP2 binding site whereas G640, Q645, and P654 are
located on TM6 near the Ca2+ binding site (Fig. 5a), their distinct
functional roles are suggestive of a structural segregation of
TMEM16A. The residues critical for channel desensitization are
exclusively located in the cytosolic portion of TMs 3–5 facing the
opposite side from the ion permeating “subunit cavity” (Figs. 3d
and 5a). By contrast, the Ca2+-binding acidic residues14,15 and
residues critical for Ca2+-dependent gating are confined within
TMs 6–89,17 (Figs. 3d and 5a). Intriguingly, our structural
analyses reveal that TMs 3–8 of TMEM16A appear to form a
pseudo twofold symmetric motif that encompasses the ion
permeation pathway (Fig. 5a, b), also known as the “subunit
cavity”6. Further confirming this observation, recent bioinfor-
matics analyses also signaled at a potential structural repeat
between TMs 3–5 and TMs 6–8 if only the transmembrane
segments are taken into account54. These results thus provide
evidence to support a two-module design of TMEM16A in which
the ion permeation pathway is constituted of residues from the
“PIP2-binding regulatory module” formed by TMs 3–5 and the
“Ca2+-binding module” formed by TMs 6–8 (Fig. 5b, c).

Ion permeation pore collapse causes TMEM16A desensitiza-
tion. The ion conduction pore of the recent Ca2+-bound
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TMEM16A structures appears to adopt an apparently collapsed
conformation7,9 (Fig. 1a). As the Ca2+ binding sites are fully
occupied whereas PIP2 was not present in these structures, we
hypothesize that TMEM16A undergoes desensitization via con-
stricting its ion permeation pore during prolonged activation
under saturating Ca2+ in addition to PIP2 dissociation. We thus
employed three different approaches in which we perturbed the
ion permeation pore and determined their effects on TMEM16A
desensitization.

First, we examined the effect of SCN− on TMEM16A
desensitization. SCN− has two distinct permeation characteristics
in CaCCs55: SCN− is a larger anion with higher permeability than
Cl− due to its lower hydration energy; SCN− has stronger
interaction with the pore, which enhances its occupancy with the

pore. When replacing the majority of Cl− from both the
intracellular and extracellular solutions with SCN−, we found
that TMEM16A undergoes significantly slower desensitization
(Fig. 6a). This result is suggestive of a possibility that the stronger
interaction between the large anion SCN− and the ion
permeation pore could partially prevent pore collapse, thereby
slowing down channel desensitization. Similarly, we observed that
Br−, which is more permeable than Cl−12, also considerably
reduced TMEM16A desensitization albeit less pronounced
than SCN−, presumably owing to Br−’s smaller size compared
with SCN−(Supplementary Fig. 12). By contrast, replacing
the majority of the permeating Cl− with the impermeant
methanesulfonate (MES−)56 did not alter TMEM16A desensiti-
zation. As diC8 PIP2 dose-dependently attenuates TMEM16A
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desensitization, likely by stabilizing the open conformation of the
pore (Fig. 1f, g), we hypothesize that SCN− will further enhance
the effects of diC8 PIP2. We thus tested the dose-dependent
effects of diC8 PIP2 on TMEM16A desensitization and found that
SCN− indeed enhances the ability of diC8 PIP2 to maintain
TMEM16A channel activity as observed by the leftward shift in
the diC8 PIP2 EC50 curve (Fig. 6b). These results suggest that
larger and more permeable anions likely interfere with the ion
permeation pore to attenuate TMEM16A desensitization.

Second, we examined the effect of intracellular niflumic acid
(NFA), a classical CaCC blocker57, on TMEM16A desensitiza-
tion. While the exact NFA binding site in TMEM16A has not
been established, the ability of NFA to block CaCCs from both
sides of the membrane13,58,59 suggests that NFA likely interacts
with the ion permeation pore. NFA is known to block
TMEM16A without modifying its Ca2+-dependent channel
gating57. By blocking TMEM16A’s channel activity with
saturating 300 µM NFA in the presence of 100 µM Ca2+ for
5 min, we detected a significant amount (~15%) of functional
TMEM16A channels following NFA washout (Fig. 6c, d). This
residual channel activity stands in contrast to the nearly
complete loss of channel activity without NFA under saturating
Ca2+ (see Fig. 1b, c). To eliminate the possibility that the
observed residual TMEM16A activity is due to the lack of ion
permeation during NFA application, we replaced most of
intracellular Cl− with the impermeant MES−. Distinct from
NFA blockade, MES− did not preserve functional TMEM16A
channels after prolonged activation by saturating Ca2+

(Supplementary Fig. 13). Thus, NFA blockade of the pore but
not the lack of ion permeation is responsible for attenuating
TMEM16A desensitization. It is tempting to postulate that NFA
might act on TMEM16A via a “foot-in-the-door” mechanism60

to stabilize the ion conduction pore.

Lastly, we directly altered the pore properties by mutating P591
in TM5 and I637 in TM6, two pore-lining residues that are
located in the middle of the membrane and are distal from the
Ca2+ binding site and our proposed putative PIP2 binding site
(Fig. 6e). Both P591A and I637F mutations largely reduce
TMEM16A desensitization under saturating Ca2+ (Fig. 6f and
Supplementary Fig. 14a, b). Consistent with its location within
the permeation pathway and its role as an important activation
gate residue17,61, I637F alters TMEM16A’s ion selectivity
in addition to enhancing its apparent Ca2+ sensitivity (Supple-
mentary Fig. 14c, e, f, h–j). P591A, on the other hand, displays no
detectable change in its ion selectivity but has an enhanced Ca2+

sensitivity (Supplementary Fig. 14d, f, g, i, j).
Taken together, these three lines of functional evidence from

experiments testing the effects of altering the ion permeation pore
corroborate our hypothesis that pore collapse is likely the
structural underpinning of TMEM16A desensitization under
saturating Ca2+ (Figs. 1a and 7).

Discussion
Combining electrophysiology with intensive structure-guided
mutagenesis, we identify the molecular mechanism underlying
the multifaceted role of PIP2 in modulating TMEM16A.
Strengthened by our computational studies, our studies unravel a
regulatory mechanism of TMEM16A channel gating by which
PIP2 binds to a putative binding site located near the cytosolic
interface of TMs 3–5 to stabilize the open state of the permeation
pathway of TMEM16A.

We herein propose a simplified “two-module” model of the ion
permeation pore to explain the mechanism of how PIP2 may
regulate TMEM16A channel gating in a structural context
(Figs. 5c and 7). We posit that binding of Ca2+ to the
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“Ca2+-binding module” of TMs 6–8 provides the primary
impetus to open the channel pore, mainly through, but not
limited to, the conformational changes of TM69,17 (Fig. 7).
Binding of PIP2 to the “regulatory module” of TMs 3–5 enables
the stabilization of the open pore conformation of TMEM16A in
a wide range of Ca2+. On the one hand, sub-micromolar Ca2+

and voltage promote TMEM16A to enter a partial open state with
bound endogenous PIP2 (O1-PIP2). Depletion of PIP2 rapidly
converts the O1-PIP2 state to a transient desensitized state (D1)
that can either be reversed back to the O1-PIP2 by exogenous PIP2
or be overcome by more Ca2+ or depolarizing voltage to adopt a
fully open state (O2) (Fig. 7). On the other hand, following
prolonged Ca2+ activation, dissociation of PIP2 from the fully
open channel plays a pivotal role in the destabilization of the
open pore conformation that is accompanied by a slow transition
of the channel into an energetically stable desensitized (D2) state,
which is resistant to reactivation by Ca2+, voltage, and exogenous
PIP2. Our functional characterizations using the large anion
SCN−, the CaCC blocker NFA, and pore mutations suggest that a
“pore collapse” mechanism may underlie this high Ca2+-induced
desensitization in TMEM16A. This collapsed, nonconducting D2

state was likely captured in the recent Ca2+-bound TMEM16A
structures in which the channel’s steric gate adopts an apparently
constricted conformation that precludes ion permeation7,9. Taken
together, our findings illuminate a critical structural framework
for the mechanistic understanding of lipid-dependent modulation
of channel gating in TMEM16 ion channels.

Notably, the ion permeation pathway of TMEM16A is estab-
lished by residues from both the Ca2+-binding module and the
PIP2 regulatory module, both of which appear to form a structural
repeat54 (Fig. 5a–c). This unique structural feature implies that
Ca2+ and PIP2, by binding to their modules, exert direct effects on
the channel pore, thereby controlling TMEM16A gating and
desensitization, respectively. In light of their evolutionarily con-
served structures7,9,62, we anticipate that this principle of dual
regulation of TMEM16A by Ca2+ and PIP2 could potentially be
generalized to other members of the TMEM16 family, including
the Ca2+-dependent scramblase TMEM16F36. Interestingly, the

salt bridge between E564 and K579 within our proposed regulatory
PIP2 module of TMEM16A is absolutely conserved among all
TMEM16 members as well as the newly discovered mechano- or
osmo-sensitive OSCA50,51 and TMEM63 channels (Supplementary
Fig. 9b, c). Given the high similarity in their transmembrane
regions, we speculate that these evolutionarily- and structurally-
related transport proteins might utilize similar conformational
transitions during gating, even though they sense different phy-
siochemical stimuli and permeate structurally distinct substrates.

In both nonexcitable and excitable cells, TMEM16A–CaCC can
be activated by intracellular Ca2+ following receptor-mediated
activation of phospholipase C (PLC). Our current study together
with previous reports22,32 strongly support the notion that PLC-
induced PIP2 hydrolysis not only leads to TMEM16A channel
activation via the IP3 signaling pathway, but concomitantly the
subsequent reduction in plasma membrane PIP2 concentration
could provide a negative feedback to turn off TMEM16A. We
believe that this built-in PIP2-dependent “brake” allows fine-
tuning of TMEM16A–CaCC’s activities during Ca2+ signaling.
Further studies are needed to interrogate the physiological rela-
tionship between TMEM16A and PIP2 and whether this auton-
omous regulatory mechanism exists in other TMEM16 proteins.

Methods
Constructs and mutagenesis. Mouse TMEM16A7,12,14 (mTMEM16A, NCBI:
NP_001229278, lacking isoform c of EAVK segment) tagged with a C-terminal
eGFP or mCherry (in an N1 or a PUNIV vector) was used for all experiments.
Single point mutations were generated using QuikChange site-directed mutagen-
esis kit (Agilent). Primers for PCR were purchased from IDT DNA Technologies
(Supplementary Table 1). All mutant constructs were subsequently confirmed by
Sanger sequencing from Genewiz.

Cell culture and transfection. HEK293T cells, authenticated and tested negative
for mycoplasma by Duke Cell Culture Facility (ATCC CRL-11268), were grown in
DMEM supplemented with 10% FBS (Sigma), 1% penicillin and streptomycin
(Gibco), and supplied with 5% CO2 at 37 °C. Cells grown on poly-L-lysine (PLL,
Sigma) and laminin (Sigma) coated coverslips placed in a 24-well plate (Eppendorf)
reaching 40–60% confluency were transiently transfected using X-tremeGENE 9
DNA transfection reagent (Sigma) at a 1:2 (m:v) DNA:transfection reagent ratio.
Typically, 200 ng of TMEM16A DNA was used for each well of a 24-well plate to
yield sufficient channel expression for recordings.
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Electrophysiology. All electrophysiology recordings were carried out at room
temperature within 24–48 h after transfection. Inside-out patch clamp recordings
were performed on cells expressing fluorescently-tagged TMEM16A channels
(mCherry or eGFP) with glass electrodes pulled from borosilicate capillaries (Sutter
Instruments). Pipettes were fire-polished using a microforge (Narishge) and had a
resistance of 2–3MΩ. After formation of gigaohm seal, inside-out patches were
excised from cells expressing TMEM16A constructs of interest. The pipette solu-
tion (external) contained (in mM): 140 NaCl, 5 EGTA, 10 HEPES, 2 MgCl2,
adjusted to pH 7.3 (NaOH), and the bath solution (internal) contained 140 mM
NaCl, 10 mM HEPES, adjusted to pH 7.3 (NaOH). Internal free Ca2+ solutions
(<100 µM) were made by adding CaCl2 at concentrations calculated using WEB-
MAXC online software (http://maxchelator.stanford.edu/webmaxc/webmaxcE.
htm) to an EGTA-buffered solution containing (in mM): 140 NaCl and 10 HEPES,
5 EGTA, adjusted to pH 7.3 (NaOH). Free Ca2+ concentrations of EGTA-buffered
Ca2+ solutions were subsequently measured by a spectrometer using the ratio-
metric Ca2+ dye Fura-2 (ATT Bioquest), and using a Ca2+ standard curve gen-
erated from a Ca2+ calibration buffer kit (Biotum). Solutions containing 100 µM
Ca2+ or more were made by directly adding CaCl2 into a solution containing (in
mM): 140 NaCl and 10 HEPES, pH 7.3 (NaOH).

Application of the intracellular solution to excised inside-out patches was
performed using a pressurized perfusion apparatus (ALA-VM8, ALA Scientific
Instruments) in which the perfusion outlet was directly positioned in front of the
pipette tip containing the excised membrane patch. TMEM16A channels were
activated by focal perfusion of solutions containing the desired Ca2+

concentrations to the cytoplasmic side of the excised patches.
For the rundown protocol in saturating Ca2+, current responses were elicited by

voltage steps of −80 mV and +80 mV lasting 100 ms each at an inter-sweep
interval of 5 s, and the membrane was held at 0 mV. Steady state currents measured
at −80 mV or +80 mV voltage steps were used for analysis.

For Ca2+ concentration-dependent recordings, the membrane was held at +60
mV, and TMEM16A’s outward currents were elicited by perfusion of EGTA-
buffered Ca2+ solutions of various free Ca2+ concentrations. Quasi-steady state
currents were measured for each Ca2+ application and normalized to the peak
current elicited by 100 µM Ca2+ to construct the dose-dependent curve.

For phosphoinositide experiments, diC8 PI(4)P, diC8 PI(4,5)P2, diC8 PI(3,4,5)P3
(Echelon Biosciences or Cayman Chemical Company), and full-length brain PI
(4,5)P2 (Avanti) were first dissolved in water to generate stock solutions of 5 and
0.5 mM for diC8 lipids and full-length lipids, respectively. All lipid stock solutions
were kept at −80 °C for long-term storage. On the day of recordings,
phosphoinositide lipids were diluted in recording solutions containing desired free
Ca2+ concentrations, sonicated on ice for 5–10 min, and loaded into the
pressurized perfusion chamber. All phosphoinositide-containing solutions were
used within 2 h.

For PIP2-mediated rescue experiments in sub-micromolar Ca2+, inside-out
patches from cells expressing mTMEM16A were perfused with the desired sub-
micromolar Ca2+ and +80 and −80 mV steps lasting 200 ms each were applied to
elicit outward and inward currents, respectively. The inter-sweep interval was 5 s
and the membrane was held at 0 mV. Channel activity was measured for 20–30 s to
establish a baseline. Membrane PIP2 depletion was then induced by ~15–20-s
application of Ca2+-free (5 mM EGTA) solution containing 100 µg/ml PLL or a
solution with sub-micromolar Ca2+ solution containing 100 µg/ml PLL to induce
desensitization. diC8 PIP2-containing solutions with the desired sub-micromolar
Ca2+ were then applied to rescue channel activity. Steady state currents at the end
of each +80-mV depolarization step were used for analyses.

To probe the effects of PIP2 depletion on the voltage-dependent activation of
TMEM16A, a two-step procedure was used to construct G–V relationships. First,
using inside-out patches, we obtained maximal channel activation of TMEM16A
(under 100 µM Ca2+) using a voltage step protocol consisting of +120 mV
depolarization step and −60 mV repolarization step, the tail current from which
was used to calculate the Gmax. To assess the effects of PLL, the membrane patch
was first treated with PLL (100 µg/ml) for 15–17 s before 100 µM Ca2+ was applied
to obtain the Gmax. Subsequently, the voltage-dependent activation of TMEM16A
was quickly obtained by applying sub-micromolar Ca2+ concentrations of 0.255
and 0.387 µM Ca2+ using an I–V protocol in which the membrane was held at
−60 mV, and voltage steps from −120 to +120 mV were applied to elicit channel
opening. In both control and PLL-treated conditions, the tail currents measured at
the −60-mV repolarization step in response to various voltages under 0.255 or
0.387 µM Ca2+ were normalized to the tail current measured at −60 mV under
100 µM Ca2+ to obtain the G/Gmax–V curves.

For experiments with SCN−, both the extracellular (pipette) and intracellular
(perfusion) solutions were symmetric in permeant ions (Cl− and SCN−) and
contained either 140 mM Cl− (control) or 28 mM Cl− and 112 mM SCN−(SCN−).
All intracellular solutions also contained 100 µM Ca2+. In experiments testing the
effects of SCN− on TMEM16A’s PIP2 sensitivity, internal and external solutions
were symmetric and contained 28 mM Cl− and 112 mM SCN−, and the internal
solution contained 100 µM Ca2+ with various concentrations of diC8 PI(4,5)P2
(0.1, 1, 2, 5, 20, and 100 µM). The normalized currents measured at 5 min were
used to construct the dose-dependent curves showing effects of SCN− on
TMEM16A’s PIP2 sensitivity.

For reversal potential measurements, inside-out configuration was used for
rapid exchange of the intracellular solution (bath solution). First, TMEM16A

channels were activated in which the pipette solution and perfusion solution
(symmetric 140 mM Cl−) both contained (in mM): 140 NaCl, 5 EGTA, 10 HEPES,
adjusted to pH 7.3 (NaOH) and osmolarity of ~300 (D-mannitol). The intracellular
solution (perfusion) also contained 100 µM Ca2+ to activate TMEM16A, and
inward and outward currents were elicited by a repeated ramp protocol from −100
to +100 mV. Intracellular solution was then replaced by perfusion with a solution
(low 14 mM NaCl) containing (in mM): 14 NaCl, 5 EGTA, 10 HEPES, adjusted to
pH 7.3 (NaOH), 100 µM Ca2+ and osmolarity of ~300 (adjusted with D-mannitol).
The reversal potential (Erev) was determined as the membrane potential at which
the current was zero. The shift in Erev was calculated by subtracting the Erev of
intracellular 14 mM NaCl from the Erev measured in symmetric 140 mM NaCl.

All electrophysiology recordings were low-pass filtered at 5 kHz (Axopatch
200B) and digitally sampled at 10 kHz (Axon Digidata 1550 A) and digitized by
Clampex 10 (Molecular Devices).

Data analysis. All offline data analysis was performed using Clampfit, Microsoft
Excel, and MATLAB (MathWorks). To quantify the extent of rundown in satur-
ating Ca2+, 100 µM Ca2+-elicited currents measured at −80 or +80 mV were
normalized to the peak current amplitude, and the half-decay time (t1/2) was
calculated by fitting the channel current decay with a curve using a custom-written
MATLAB script.

For quantification of Ca2+ dose-dependent concentrations (EC50), normalized
Ca2+-induced currents were fit into a nonlinear regression curve fit of four
parameters with the equation:

I
Imax

¼ 1

1þ EC50½ �
Ca2þ½ �

� �H ð1Þ

where I/Imax denotes current normalized to the max current elicited by 100 µM
Ca2+, [Ca2+] denotes free Ca2+ concentration, H denotes Hill coefficient, and EC50

denotes the half-maximal activation concentration of Ca2+.
The permeability ratio PCl/PNa was calculated using the

Goldman–Hodgkin–Katz equation:

Erev ¼
RT
F

ln
PNa Na½ �oþPCl Cl½ �i
PNa Na½ �iþPCl Cl½ �o

ð2Þ

where ΔErev is the measured shift in reversal potential (in mV); PNa and PCl are the
relative permeabilities of TMEM16A toward Na+ and Cl−, respectively; [Na]o and
[Na]i are external and internal sodium concentrations, respectively; [Cl]o and [Cl]i
are external and internal chloride concentrations, respectively; F is the Faraday’s
constant (96,485 Cmol−1), R is the gas constant (8.314 J mol−1), and T is the
absolute temperature (298.15 K at 25 °C).

In current rescue experiments by diC8 PIP2 under sub-micromolar Ca2+, PIP2-
mediated current rescue ratio was calculated by

diC8 PIP2 rescue ratio ¼ IPIP2 � IPLL
IBaseline � IPLL

ð3Þ

where IBaseline is the steady state current before PLL application, IPLL is the steady
state current during PLL treatment, and IPIP2 is the peak current following PIP2
application.

The normalized G/Gmax–V curves were fit with a Boltzmann equation:

G
Gmax

¼ 1

1þ e
�zFðVm�V50 Þ

RT

ð4Þ

where G/Gmax is the normalized channel conductance, z is the number of
equivalent gating charges, Vm is the membrane voltage, V1/2 is the voltage at which
G/Gmax is 0.5, F is the Faraday’s constant, R is the gas constant, and T is the
absolute temperature.

Molecular docking and atomistic simulations. The cryo-EM structure of mouse
TMEM16A in the Ca2+-bound state (PDB 5OYB) was used in all molecular
docking and atomistic simulations. The sequence in the cryo-EM structure has four
additional residues (448EAVK451) compared with the construct used in the current
experimental studies. This segment was included in all simulations to minimize any
unnecessary disruption of the origin cryo-EM structure. Several short loops in
cytosolic domain (T260-M266; L467-F487, L669-K682) are absent and they were
rebuilt using the ProMod3 tool with Swiss-PBD server. The backbone of missing
residues was first modeled with the Swiss-PDB fragment library, and the side
chains were then constructed from a rotamer library63. The N− and C-terminal
segments (M1-P116 and E911-L960) as well as a long loop in the cytosolic domain
(Y131-V164) are also absent in the cryo-EM structure. These regions are pre-
sumably dynamic and thus not included in simulations. The residues before and
after the missing part were capped with either an acetyl group (for N-termini) or a
N-methyl amide (for C-termini). To minimize the effects of missing residues on the
cytosolic domain, the backbone of structured parts of the cytosolic domain (E121-
E129, L165-R219, K228-L231, S243-T257, G267-L283, D452-S466, P890-R910)
was harmonically restrained with a force constant of 1 kcal/(mol.Å2) during all
simulations described below.

Three sets of atomistic simulations were performed, all involving Ca2+-bound state
of TMEM16A. In the first set, the full−length PIP2 molecule was first docked into the
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putative binding site identified from mutagenesis scanning using Autodock Vina64.
Briefly, docking was carried out over a search space of 29 × 32 × 57Å covering the
putative PIP2 binding site formed by the intracellular portions of TMs 3, 4, 5, and
TM2–3 linker. The docked structure was then used to initiate multiple atomistic
simulations in explicit membrane and water to examine the stability of PIP2 in the
proposed binding site and atomistic details of PIP2-TMEM16A interactions. The
TMEM16A structure (with or without PIP2) was first inserted in model POPC lipid
bilayers and then solvated in TIP3P water using the CHARMM-GUI web server65. The
second and third sets of simulations involved the Ca2+-bound, but PIP2-free state
TMEM16A. In the second set, 5% of randomly chosen POPC molecules were replaced
with full−length PIP2 molecules, to examine spontaneously rebinding of PIP2. In the
third set of simulations, 20 diC2 PIP2 molecules (head group) were randomly placed in
solution, to explore possible binding sites of PIP2 head group alone. All final solvated
systems were neutralized and 150mM KCl added. The final simulation boxes contain
about ~600 lipid molecules (POPC and/or PIP2) and ~70,000 water molecules and
other solutes, with a total of ~316,000 atoms and dimensions of ~150 × 150 × 135 Å3.
The CHARMM36m all-atom force field66 and the CHARMM36 lipid force field67

were used. PIP2 parameters were adopted from a previous study68. All simulations
were performed using CUDA-enabled Amber1469. Long-range electrostatic
interactions were described by the Particle Mesh Ewald (PME) algorithm with a cutoff
of 12 Å. Van der Waals interactions were cutoff at 12 Å with a smooth switching
function starting at 10 Å. The lengths of hydrogen-containing covalent bonds were
constrained using SHAKE and the MD time step was set at 2 fs. The temperature was
maintained at 298 K using the Langevin dynamics with a friction coefficient of 1 ps−1.
The pressure was maintained semi-isotopically at 1 bar at both x and y (membrane
lateral) directions using the Monte Carlo barostat method70,71.

All systems were first minimized for 5000 steps using the steepest descent
algorithm, followed by a series of equilibration steps where the positions of
heavy atoms of the protein/lipid were harmonically restrained with restrained
force constants gradually decreased from 10 to 0.1 kcal/(mol.Å2). In the last
equilibration step, only protein heavy atoms were harmonically restrained, and
the system was equilibrated 10 ns in under NPT (constant particle number,
pressure, and temperature) conditions. All production simulations were
performed under NPT conditions. Three independent 400-ns simulations for the
PIP2-bound state of TMEM16A in pure POPC bilayers. For spontaneously
binding simulations, four simulations of 200–700 ns were performed PIP2-free
TMEM16A in either mixed POPC-PIP2 bilayers or in a POPC membrane with
free, soluble PIP2 headgroups. Snapshots were saved every 50 ps for analysis. For
analysis of PIP2-TMEM16A contacts, only 100–400 ns trajectories were
included. Salt–bridge interactions between PIP2 and basic residues in the
putative TMEM16A binding site were considered formed whenever the
minimum distance between any atom of the ammonium (Lys) or guanidinium
(Arg) moieties and oxygen atoms in 1-/4-/5- phosphate group was no >5 Å. The
pore profile of the putative ion permeation pathway was calculated using
program HOLE72. The PMF of water was calculated directly from the histograms
of water distribution along the membrane normal. The 3D water density
distribution near the ion permeation pathway was calculated using a cubic grid
with a resolution of 0.5 Å.

Structure and sequence analysis. PDB coordinate files were downloaded from
the Protein Data Bank website https://www.rcsb.org/. All figures were generated in
Pymol software (Schrödinger, Inc.). Sequence alignment was performed in UniProt
online software (https://www.uniprot.org/align/).

Statistical analysis. All statistical analyses were performed in Prism software
(GraphPad). Two-tailed Student’s t-test was used for single comparisons
between two groups (paired or unpaired), and one-way ANOVA was used for
multiple comparisons. Comparisons yielding p-values < 0.05 are considered to
be statistically significant. Data in summary graphs are represented as mean ±
standard error of the mean (SEM), and each data point represents an inde-
pendent recording experiment. Symbols *, **, ***, and **** denote statistical
significance corresponding to p-value <0.05, <0.01, <0.001, <0.0001,
respectively.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
Data supporting the findings of this manuscript are available from the corresponding
author upon reasonable request. A reporting summary for this article is available as
a Supplementary Information file. The source data underlying Figs. 1b–d, f, g, 2, 3a, c,
5d–g, 6a–d, f, and Supplementary Figs. 1–4, 6–9a, 11–14 are provided as a Source
Data file.

Received: 21 February 2019 Accepted: 2 August 2019

References
1. Hartzell, C., Putzier, I. & Arreola, J. Calcium-activated chloride channels.

Annu. Rev. Physiol. 67, 719–758 (2005).
2. Pedemonte, N. & Galietta, L. J. Structure and function of TMEM16 proteins

(anoctamins). Physiol. Rev. 94, 419–459 (2014).
3. Caputo, A. et al. TMEM16A, a membrane protein associated with calcium-

dependent chloride channel activity. Science 322, 590–594 (2008).
4. Yang, Y. D. et al. TMEM16A confers receptor-activated calcium-dependent

chloride conductance. Nature 455, 1210–1215 (2008).
5. Schroeder, B. C., Cheng, T., Jan, Y. N. & Jan, L. Y. Expression cloning of

TMEM16A as a calcium-activated chloride channel subunit. Cell 134,
1019–1029 (2008).

6. Brunner, J. D., Lim, N. K., Schenck, S., Duerst, A. & Dutzler, R. X-ray structure of
a calcium-activated TMEM16 lipid scramblase. Nature 516, 207–212 (2014).

7. Dang, S. et al. Cryo-EM structures of the TMEM16A calcium-activated
chloride channel. Nature 552, 426–429 (2017).

8. Paulino, C. et al. Structural basis for anion conduction in the calcium-
activated chloride channel TMEM16A. Elife 6, e26232 (2017).

9. Paulino, C., Kalienkova, V., Lam, A. K. M., Neldner, Y. & Dutzler, R.
Activation mechanism of the calcium-activated chloride channel TMEM16A
revealed by cryo-EM. Nature 552, 421–425 (2017).

10. Jeng, G., Aggarwal, M., Yu, W. P. & Chen, T. Y. Independent activation of distinct
pores in dimeric TMEM16A channels. J. Gen. Physiol. 148, 393–404 (2016).

11. Lim, N. K., Lam, A. K. & Dutzler, R. Independent activation of ion conduction
pores in the double-barreled calcium-activated chloride channel TMEM16A. J.
Gen. Physiol. 148, 375–392 (2016).

12. Peters, C. J. et al. Four basic residues critical for the ion selectivity and pore
blocker sensitivity of TMEM16A calcium-activated chloride channels. Proc.
Natl Acad. Sci. USA 112, 3547–3552 (2015).

13. Yang, H. et al. TMEM16F forms a Ca2+-activated cation channel required for
lipid scrambling in platelets during blood coagulation. Cell 151, 111–122 (2012).

14. Tien, J. et al. A comprehensive search for calcium binding sites critical for
TMEM16A calcium-activated chloride channel activity. Elife 3, e02772 (2014).

15. Yu, K., Duran, C., Qu, Z., Cui, Y. Y. & Hartzell, H. C. Explaining calcium-
dependent gating of anoctamin-1 chloride channels requires a revised
topology. Circ. Res. 110, 990–999 (2012).

16. Xiao, Q. et al. Voltage- and calcium-dependent gating of TMEM16A/Ano1
chloride channels are physically coupled by the first intracellular loop. Proc.
Natl Acad. Sci. USA 108, 8891–8896 (2011).

17. Peters, C. J. et al. The sixth transmembrane segment is a major gating
component of the TMEM16A calcium-activated chloride channel. Neuron 97,
1063–1077 e4 (2018).

18. Wang, Y. X. & Kotlikoff, M. I. Inactivation of calcium-activated chloride
channels in smooth muscle by calcium/calmodulin-dependent protein kinase.
Proc. Natl Acad. Sci. USA 94, 14918–14923 (1997).

19. Reisert, J., Bauer, P. J., Yau, K. W. & Frings, S. The Ca-activated Cl channel
and its control in rat olfactory receptor neurons. J. Gen. Physiol. 122, 349–363
(2003).

20. Kuruma, A. & Hartzell, H. C. Bimodal control of a Ca(2+)-activated Cl(-)
channel by different Ca(2+) signals. J. Gen. Physiol. 115, 59–80 (2000).

21. Yu, K., Zhu, J., Qu, Z., Cui, Y. Y. & Hartzell, H. C. Activation of the Ano1
(TMEM16A) chloride channel by calcium is not mediated by calmodulin. J.
Gen. Physiol. 143, 253–267 (2014).

22. De Jesus-Perez, J. J. et al. Phosphatidylinositol 4,5-bisphosphate, cholesterol,
and fatty acids modulate the calcium-activated chloride channel TMEM16A
(ANO1). Biochim. Biophys. Acta 1863, 299–312 (2018).

23. Hoshi, T. & Armstrong, C. M. C-type inactivation of voltage-gated K+
channels: pore constriction or dilation? J. Gen. Physiol. 141, (151–160 (2013).

24. Tian, Y. et al. Calmodulin-dependent activation of the epithelial calcium-
dependent chloride channel TMEM16A. FASEB J. 25, 1058–1068 (2011).

25. Jung, J. et al. Dynamic modulation of ANO1/TMEM16A HCO3(-) permeability
by Ca2+/calmodulin. Proc. Natl Acad. Sci. USA 110, 360–365 (2013).

26. Yang, T., Hendrickson, W. A. & Colecraft, H. M. Preassociated apocalmodulin
mediates Ca2+-dependent sensitization of activation and inactivation of
TMEM16A/16B Ca2+-gated Cl- channels. Proc. Natl Acad. Sci. USA 111,
18213–18218 (2014).

27. Terashima, H., Picollo, A. & Accardi, A. Purified TMEM16A is sufficient to
form Ca2+-activated Cl- channels. Proc. Natl Acad. Sci. USA 110,
19354–19359 (2013).

28. Yu, Y., Kuan, A. S. & Chen, T. Y. Calcium-calmodulin does not alter the anion
permeability of the mouse TMEM16A calcium-activated chloride channel. J.
Gen. Physiol. 144, 115–124 (2014).

29. McLaughlin, S., Wang, J., Gambhir, A. & Murray, D. PIP(2) and proteins:
interactions, organization, and information flow. Annu. Rev. Biophys. Biomol.
Struct. 31, 151–175 (2002).

30. Logothetis, D. E. et al. Phosphoinositide control of membrane protein function: a
frontier led by studies on ion channels. Annu. Rev. Physiol. 77, 81–104 (2015).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-11784-8 ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:3769 | https://doi.org/10.1038/s41467-019-11784-8 | www.nature.com/naturecommunications 11

https://www.rcsb.org/
https://www.uniprot.org/align/
www.nature.com/naturecommunications
www.nature.com/naturecommunications


31. Suh, B. C. & Hille, B. PIP2 is a necessary cofactor for ion channel function:
how and why? Annu. Rev. Biophys. 37, 175–195 (2008).

32. Ta, C. M., Acheson, K. E., Rorsman, N. J. G., Jongkind, R. C. & Tammaro, P.
Contrasting effects of phosphatidylinositol 4,5-bisphosphate on cloned
TMEM16A and TMEM16B channels. Br. J. Pharm. 174, 2984–2999 (2017).

33. Pritchard, H. A., Leblanc, N., Albert, A. P. & Greenwood, I. A. Inhibitory role of
phosphatidylinositol 4,5-bisphosphate on encoded calcium-activated chloride
channels in rat pulmonary artery. Br. J. Pharm. 171, 4311–4321 (2014).

34. Yu, K., Jiang, T., Cui, Y., Tajkhorshid, E. & Hartzell, H. C. A network of
phosphatidylinositol 4,5-bisphosphate binding sites regulate gating of the
Ca2+− activated Cl− channel ANO1 (TMEM16A). BioRxiv 625897 (2019).

35. Suzuki, J., Umeda, M., Sims, P. J. & Nagata, S. Calcium-dependent
phospholipid scrambling by TMEM16F. Nature 468, 834–838 (2010).

36. Ye, W. et al. Phosphatidylinositol-(4, 5)-bisphosphate regulates calcium gating
of small-conductance cation channel TMEM16F. Proc. Natl Acad. Sci. USA
115, E1667–E1674 (2018).

37. Hansen, S. B. Lipid agonism: the PIP2 paradigm of ligand-gated ion channels.
Biochim. Biophys. Acta 1851, 620–628 (2015).

38. Lopes, C. M. et al. Alterations in conserved Kir channel-PIP2 interactions
underlie channelopathies. Neuron 34, 933–944 (2002).

39. Li, Y. et al. KCNE1 enhances phosphatidylinositol 4,5-bisphosphate (PIP2)
sensitivity of IKs to modulate channel activity. Proc. Natl Acad. Sci. USA 108,
9095–9100 (2011).

40. Suh, B. C., Inoue, T., Meyer, T. & Hille, B. Rapid chemically induced changes
of PtdIns(4,5)P2 gate KCNQ ion channels. Science 314, 1454–1457 (2006).

41. Gamper, N. & Rohacs, T. Phosphoinositide sensitivity of ion channels, a
functional perspective. Subcell. Biochem. 59, 289–333 (2012).

42. Rohacs, T., Chen, J., Prestwich, G. D. & Logothetis, D. E. Distinct specificities
of inwardly rectifying K(+) channels for phosphoinositides. J. Biol. Chem.
274, 36065–36072 (1999).

43. Rohacs, T. et al. Specificity of activation by phosphoinositides determines lipid
regulation of Kir channels. Proc. Natl Acad. Sci. USA 100, 745–750 (2003).

44. Zhang, X., Jefferson, A. B., Auethavekiat, V. & Majerus, P. W. The protein
deficient in Lowe syndrome is a phosphatidylinositol-4,5-bisphosphate 5-
phosphatase. Proc. Natl Acad. Sci. USA 92, 4853–4856 (1995).

45. Huang, C. L., Feng, S. & Hilgemann, D. W. Direct activation of inward
rectifier potassium channels by PIP2 and its stabilization by Gbetagamma.
Nature 391, 803–806 (1998).

46. Hille, B., Dickson, E. J., Kruse, M., Vivas, O. & Suh, B. C. Phosphoinositides
regulate ion channels. Biochim. Biophys. Acta 1851, 844–856 (2015).

47. Hansen, S. B., Tao, X. & MacKinnon, R. Structural basis of PIP2 activation of
the classical inward rectifier K+ channel Kir2.2. Nature 477, 495–498 (2011).

48. Whorton, M. R. & MacKinnon, R. Crystal structure of the mammalian GIRK2
K+ channel and gating regulation by G proteins, PIP2, and sodium. Cell 147,
199–208 (2011).

49. Rosenhouse-Dantsker, A. & Logothetis, D. E. Molecular characteristics of
phosphoinositide binding. Pflug. Arch. 455, 45–53 (2007).

50. Yuan, F. et al. OSCA1 mediates osmotic-stress-evoked Ca2+ increases vital
for osmosensing in Arabidopsis. Nature 514, 367–371 (2014).

51. Zhang, M. et al. Structure of the mechanosensitive OSCA channels. Nat.
Struct. Mol. Biol. 25, 850–858 (2018).

52. Jojoa Cruz, S. et al. Cryo-EM structure of the mechanically activated ion
channel OSCA1.2. Elife 7, e41845 (2018).

53. Vaz, W. L., Clegg, R. M. & Hallmann, D. Translational diffusion of lipids in
liquid crystalline phase phosphatidylcholine multibilayers. A comparison of
experiment with theory. Biochemistry 24, 781–786 (1985).

54. Medrano-Soto, A. et al. Bioinformatic characterization of the Anoctamin
Superfamily of Ca2+-activated ion channels and lipid scramblases. PLoS ONE
13, e0192851 (2018).

55. Qu, Z. & Hartzell, H. C. Anion permeation in Ca(2+)-activated Cl(-)
channels. J. Gen. Physiol. 116, 825–844 (2000).

56. Kleene, S. J. Origin of the chloride current in olfactory transduction. Neuron
11, 123–132 (1993).

57. Ni, Y. L., Kuan, A. S. & Chen, T. Y. Activation and inhibition of TMEM16A
calcium-activated chloride channels. PLoS ONE 9, e86734 (2014).

58. Romanenko, V. G. et al. Tmem16A encodes the Ca2+-activated Cl− channel
in mouse submandibular salivary gland acinar cells. J. Biol. Chem. 285,
12990–13001 (2010).

59. Le, T., Le, S. C. & Yang, H. Drosophila Subdued is a moonlighting
transmembrane protein 16 (TMEM16) that transports ions and
phospholipids. J. Biol. Chem. (2019).

60. Yellen, G. The moving parts of voltage-gated ion channels. Q. Rev. Biophys.
31, 239–295 (1998).

61. Le, T. et al. An inner activation gate controls TMEM16F phospholipid
scrambling. Nat. Commun. 10, 1846 (2019).

62. Alvadia, C. et al. Cryo-EM structures and functional characterization of the
murine lipid scramblase TMEM16F. Elife 8, e44365 (2019).

63. Schwede, T., Kopp, Jr, Guex, N. & Peitsch, M. C. SWISS-MODEL: an automated
protein homology-modeling server. Nucleic Acids Res. 31, 3381–3385 (2003).

64. Trott, O. & Olson, A. J. AutoDock Vina: improving the speed and accuracy of
docking with a new scoring function, efficient optimization, and
multithreading. J. Comput. Chem. 31, 455–461 (2010).

65. Lee, J. et al. CHARMM-GUI input generator for NAMD, GROMACS, AMBER,
OpenMM, and CHARMM/OpenMM simulations using the CHARMM36
additive force field. J. Chem. Theory Comput. 12, 405–413 (2016).

66. Huang, J. et al. CHARMM36m: an improved force field for folded and
intrinsically disordered proteins. Nat. Methods 14, 71 (2016).

67. Klauda, J. B. et al. Update of the CHARMM all-atom additive force field
for lipids: Validation on six lipid types. J. Phys. Chem. B 114, 7830–7843
(2010).

68. Wu, E. L., Qi, Y., Song, K. C., Klauda, J. B. & Im, W. Preferred orientations of
phosphoinositides in bilayers and their implications in protein recognition
mechanisms. J. Phys. Chem. B 118, 4315–4325 (2014).

69. Salomon-Ferrer, R., Gotz, A. W., Poole, D., Le Grand, S., and Walker, R. C.
Routine Microsecond Molecular Dynamics Simulations with AMBER on
GPUs. 2. Explicit Solvent Particle Mesh Ewald. J Chem Theory Comput 9,
3878–3888 (2013).

70. Chow, K.-H. & Ferguson, D. M. Isothermal-isobaric molecular dynamics
simulations with Monte Carlo volume sampling. Comput. Phys. Commun. 91,
283–289 (1995).

71. Åqvist, J., Wennerström, P., Nervall, M., Bjelic, S. & Brandsdal, B. O.
Molecular dynamics simulations of water and biomolecules with a Monte
Carlo constant pressure algorithm. Chem. Phys. Lett. 384, 288–294 (2004).

72. Smart, O. S., Neduvelil, J. G., Wang, X., Wallace, B. A. & Sansom, M. S. P.
HOLE: a program for the analysis of the pore dimensions of ion channel
structural models. J. Mol. Graph. Model. 14, 354–35 (1996).

Acknowledgements
We thank Dr L.Y. Jan (UCSF) for the initial support of this project, M. Young (Duke) for
help with data analysis, Y. Sun (Duke) for help with PIP2 docking, and Dr S-Y. Lee (Duke)
for critical comments on the manuscript. This work was supported by grants NIH-R00-
NS086916 (H.Y.), NIH-DP2-GM126898 (H.Y.), NIH-R01-HL142301 (J.C.), the Whitehead
Foundation (H.Y.), and the American Heart Association Pre-Doctoral Fellowship (S.C.L.).

Author contributions
H.Y. conceived and supervised the project. H.Y. and S.C.L. designed the research. S.C.L.
performed all electrophysiology experiments, molecular biology, and data analysis. Z.J.
performed docking and computation under the guidance of J.C. S.C.L., Z.J., J.C. and H.Y.
wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-11784-8.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Peer review information: Nature Communications thanks Hailong An, Paolo Tammaro
and the other anonymous reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-11784-8

12 NATURE COMMUNICATIONS |         (2019) 10:3769 | https://doi.org/10.1038/s41467-019-11784-8 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-019-11784-8
https://doi.org/10.1038/s41467-019-11784-8
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Molecular basis of PIP2-dependent regulation of the Ca2+-activated chloride channel TMEM16A
	Results
	PIP2 stabilizes TMEM16A’s open conformation under high Ca2+
	TMEM16A requires PIP2 for opening under sub-micromolar Ca2+
	Identification of putative PIP2 binding residues in TMEM16A
	Validation of the putative PIP2 binding site
	Distinct structural modules for PIP2 and Ca2+ binding
	Ion permeation pore collapse causes TMEM16A desensitization

	Discussion
	Methods
	Constructs and mutagenesis
	Cell culture and transfection
	Electrophysiology
	Data analysis
	Molecular docking and atomistic simulations
	Structure and sequence analysis
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Additional information




