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and ‡Apotheke der Universitätsklinik Freiburg, Freiburg, Germany

ABSTRACT TMEM16A (anoctamin 1, Ano1), a mem-
ber of a family of 10 homologous proteins, has been
shown to form an essential component of Ca2�-activated
Cl� channels. TMEM16A-null mice exhibit severe defects
in epithelial transport along with tracheomalacia and
death within 1 mo after birth. Despite its outstanding
physiological significance, the mechanisms for activation
of TMEM16A remain obscure. TMEM16A is activated on
increase in intracellular Ca2�, but it is unclear whether
Ca2� binds directly to the channel or whether addi-
tional components are required. We demonstrate
that TMEM16A is strictly membrane localized and
requires cytoskeletal interactions to be fully acti-
vated. Despite the need for cytosolic ATP for full
activation, phosphorylation by protein kinases is not
required. In contrast, the Ca2� binding protein calmod-
ulin appears indispensable and interacts physically with
TMEM16A. Openers of small- and intermediate-conduc-
tance Ca2�-activated potassium channels known to inter-
act with calmodulin, such as 1-EBIO, DCEBIO, or rilu-
zole, also activated TMEM16A. These results reinforce
the use of these compounds for activation of electrolyte
secretion in diseases such as cystic fibrosis.—Tian, Y., Kong-
suphol, P., Hug, M., Ousingsawat, J., Witzgall, R., Schreiber,
R., Kunzelmann, K. Calmodulin-dependent activation of the
epithelial calcium-dependent chloride channel TMEM16A.
FASEB J. 25, 1058–1068 (2011). www.fasebj.org
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Broadly expressed Ca2�-activated Cl� channels
(CaCCs) are of fundamental importance in many tissues, as
they control electrolyte secretion, neuronal excitability, and
smooth muscle contraction. CaCCs have been identified as
TMEM16A (1–3). TMEM16A (anoctamin 1, ANO1) be-
longs to a family of 10 TMEM16-proteins (TMEM16A-K,
ANO 1–10). TMEM16A has 8 putative transmembrane do-
mains (TMDs) and a p-loop between TMD 5 and TMD 6.
Along with multiple splice variants, several isoforms are
coexpressed in a tissue-specific manner, which provides a
Ca2�-activated Cl� conductance of distinct biophysical and
pharmacological features (4, 5). It has been shown that
alternative splicing of TMEM16A changes voltage depen-
dence and Ca2� sensitivity (4). Moreover, membrane expres-

sion, time dependence and amplitude of the current, Ca2�

dependence, and sensitivity toward inhibitors vary among
TMEM16 proteins. Preliminary data suggest that these pro-
teins can exist as heterooligomeric complexes (6).

TMEM16A shows common characteristics of the native
CaCCs, present in a large number of tissues and cell types
(1–3, 7, 8). We and others demonstrated the fundamental
importance of TMEM16A for Ca2�-dependent Cl� secretion
in a number of epithelial tissues (9–11). TMEM16A is
essential for Ca2�-dependent Cl� currents in airways, large
intestine, salivary gland, pancreatic gland, and hepatocytes
(9–11). Severe transport defects were detected in epithelial
tissues of TMEM16A-knockout mice, leading to reduced
saliva production and attenuated mucociliary clearance of
the airways (9, 10, 12). Thus, TMEM16A is essential for
proper development and hydration of the airways (13).
Knockout animals die early because of unstable airways and
because they cannot digest and absorb food. The outstand-
ing physiological significance of TMEM16A is further sup-
ported by its role in pacemaker cells, where it controls
smooth muscle contraction, and by its contribution to gen-
eration of acute nociceptive signals (3, 14–17). Moreover,
TMEM16A does also participate in fundamental cellular
mechanisms, such as regulation of the cell volume, and it
interferes with Escherichia coli �-hemolysin-induced shrinkage
of erythrocytes and subsequent hemolysis (18, 19).

Although it is clear that TMEM16A produces Cl�

currents on increase in [Ca2�]i, it is not known whether
[Ca2�]i binds directly to the channel. A string of nega-
tively charged glutamic acid residues in the first intracel-
lular loop could form a Ca2� binding pocket, but its role
for Ca2� binding remains unclear (20). The available data
do not explain the mechanism for activation of
TMEM16A by Ca2� and whether phosphorylation or
membrane trafficking is required. Here, we elucidated
the mechanisms for activation of TMEM16A and found
that both ATP and calmodulin are required. The present
results suggest a regulation of TMEM16A similar to that of
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gensburg, Universitätsstraße 31, D-93053 Regensburg, Ger-
many. E-mail: karl.kunzelmann@vkl.uni-regensburg.de

doi: 10.1096/fj.10-166884
This article includes supplemental data. Please visit http://

www.fasebj.org to obtain this information.

1058 0892-6638/11/0025-1058 © FASEB

www.fasebj.org


Ca2�-activated K� (SK) channels. Also, both types of
channels share pharmacological properties (21). Under-
standing the regulation of TMEM16A will allow the devel-
opment of novel classes of pharmaceutical compounds,
such as benzimidazolinones. Because both Ca2�-depen-
dent K� and Cl� channels are expressed in human
airways, in contrast to adult human colon, which does not
express Ca2�-activated Cl� channels, benzimidazolinones
are promising tools to reinstall Cl� secretion in airways in
cystic fibrosis (CF).

MATERIALS AND METHODS

Cell culture, cDNAs, and transfection

HEK 293 and Calu-3 cells were grown in DMEM (Gibco,
Karlsruhe, Germany) supplemented with 10% FBS at 37°C in
a humidified atmosphere with 5% CO2. Cells were plated on
fibronectin- and collagen-coated coverslips and cotransfected
with cDNA encoding either mTMEM16A, hTMEM16A, hSK4,
or empty pcDNA3.1 vector (mock) along with P2Y2 receptor
and CD8. Transfections were carried out using Lipofectamine
2000 (Invitrogen, Karlsruhe, Germany) according to the
manufacturer’s protocol.

Patch clamping

At 2 or 3 d after transfection, transfected cells were identified
by incubating the cells 1–2 min with Dynabeads CD8 (Invit-
rogen). Coverslips were mounted on the stage of an inverted
microscope (IM35; Carl Zeiss, Jena, Germany) and kept at
37°C. The bath was perfused continuously with Ringer solu-
tion at the rate of 5 ml/min. For fast whole-cell patch
clamping, pipettes were filled with intracellular-like “physio-
logical” solution containing 30 mM KCl, 95 mM potassium
gluconate, 1.2 mM NaH2PO4, 4.8 mM Na2HPO4, 1 mM
EGTA, 0.758 mM calcium gluconate, 1.034 mM MgCl2, 5 mM
d-glucose, and 3 mM ATP (pH 7.2), with an input resistance of
2–4 M�. Experiments were conducted as described earlier (9).

Ussing chamber experiments

After isolation, mouse tracheas were immediately put into
ice-cold buffer solution. Tracheas were opened longitudinally
and mounted into a perfused micro-Ussing chamber with a
circular aperture and a diameter of 0.95 mm. Luminal and
basolateral sides of the epithelium were perfused continu-
ously at a rate of 5 ml/min with solution containing 145 mM
NaCl, 0.4 mM KH2PO4, 1.6 mM K2HPO4, 5 mM d-glucose, 1
mM MgCl2, 5 mM HEPES, and 1.3 mM Ca gluconate (pH 7.4)
that was heated to 37°C. Experiments were carried out under
open-circuit conditions. Values for transepithelial voltages (Vte)
were referred to the serosal side of the epithelium. Transepithe-
lial resistance (Rte) was determined by applying short (1 s)
current pulses (�l�0.5 �A) and after subtracting the resistance
of the empty chamber using Ohm’s law.

ReAsH labeling and electron microscopy

HEK293 or COS-7 cells were transiently transfected using
DEAE dextran/chloroquine (22). After 3 d, cells were incu-
bated for 1 h at 37°C with 450 nM resorufin arsenical hairpin
binding reagent (ReAsH; Invitrogen) and 12.5 �M 1,2-ethan-
edithiol (EDT; Fluka, Buchs, Switzerland); the cells were then

washed twice briefly with 500 nM 2,3-dimercapto-1-propanol
(BAL; Fluka), incubated in 500 nM BAL for 20 min at 37°C,
washed again 3 times with HBSS, and fixed with 2% glutaral-
dehyde overnight. Cells were blocked for 30 min in 50 mM
glycine, 10 mM KCN, 20 mM aminotriazole, and 0.001%
H2O2, and were washed with new buffer containing 1 mg/ml
of diaminobenzidine. Photoconversion was performed by
exposing the cells at 4°C to a 585-nm light source. Finally, the
cells were washed again and embedded in Durcupan (Fluka).
Thin sections (50 nm) were analyzed in a Zeiss EM 902
transmission electron microscope equipped with a cooled
CCD digital camera (TRS, Moorenweis, Germany).

Western blot analysis, immunoprecipitation

Protein was isolated from transfected HEK293 cells in lysis
buffer containing 50 mM Tris-HCl, 150 mM NaCl, 100 mM
DTT, 0.2% Triton X-100, 5 U/ml of benzonase, and 1%
protease inhibitor cocktail (Sigma-Aldrich, Taufkirchen, Ger-
many). Prior to the addition of 1–5 �g of the primary
antibody, protein lysates were precleared with protein A
agarose beads (Pierce, Rockford, IL, USA). Incubation with
primary antibodies was performed 3 h at 4°C, and the
protein–antibody complex was immobilized by the addition
of 25 �l of protein A agarose beads for 1 h at 4°C. The beads
were washed in PBS, and then boiled in 1� loading sample
buffer for Western blot analysis using 10% SDS-PAGE. The
protein was transferred to a polyvinylidene difluoride mem-
brane (GE Healthcare, Munich, Germany) using semidry
transfer (Bio-Rad, Munich, Germany). Membranes were in-
cubated with first antibodies (dilution from 1:500 to 1:1000)
overnight at 4°C. Proteins were visualized using a horseradish
peroxidase (HRP)-conjugated secondary antibody (dilution
1:10,000) and ECL detection kit (GE Healthcare); the protein
bands were detected by FujiFilm LAS-3000 (FujiFilm, Tokyo,
Japan).

Immunocytochemistry

HEK293 cells were grown on glass coverslips and washed 3
times in PBS. Cells were fixed with methanol at �20°C for 5
min and incubated with primary antibodies at 4°C overnight.
Monoclonal rabbit anti-mouse TMEM16A antibody was used
as first antibody. For immunofluorescence, cells were incu-
bated with secondary AlexaFluor 488 goat anti-rabbit IgG for
1 h at room temperature and counterstained with Hoe33342
(Sigma-Aldrich). Immunofluorescence was detected using an
Axiovert 200 microscope equipped with an ApoTome and
AxioVision software (Carl Zeiss).

Materials and statistical analysis

All compounds [ionomycin, 1-ethyl-2-benzimidazolinone (1-
EBIO), riluzole, cytochalasin D, BIM, dynasore, okadaic acid,
phalloidin, STO-609, KN93, KN62, KT5720, IBMX, forskolin,
trifluoroperazine, calmodulin, ATP, BAPTA-AM, U0126,
apyrase, and dasatinib] were from Sigma-Aldrich or Merck
(Darmstadt, Germany). Peptides were synthesized by Davids
Biotechnologie (Regensburg, Germany); sequences are as fol-
lows: CAM-BD 1, NH2-VRKYFGEKVGLYFA-COOH; CAM-BD 2,
NH2-LLSKRRKCGKYGITSLLA-COOH. AO1 was generously
provided by Sygnature Chemical Services Ltd. (Nottingham,
UK). The anti-hTMEM16A was a generous gift from Prof. van de
Rijn (Department of Pathology, Stanford University, Stanford,
CA, USA). All cell culture reagents were from Gibco/Invitrogen.
Student’s t test (for paired or unpaired samples as appropriate)
and ANOVA were used for statistical analysis. Values of P 	 0.05
were accepted as significant.
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RESULTS

TMEM16A is strictly membrane localized and is
regulated by cytoskeletal components

It is believed that Ca2�-dependent Cl� currents are
activated through an increase in intracellular Ca2� and
binding to TMEM16A or an associated protein. How-
ever, this has not been proven, and alternatively, the
current may be activated by exocytosis of TMEM16A
and insertion into the plasma membrane. This has
been proposed for the exocrine pancreas (23). We
examined localization of TMEM16A when overex-
pressed in HEK293 and Cos-7 cells, using immunocyto-
chemistry and electron microscopy. TMEM16A appeared
clearly membrane localized in immunohistochemistry of
HEK293 cells (Fig. 1A). This was confirmed by high-
resolution electron microscopy using ReAsH labeling (see
Materials and Methods). The images clearly indicate a
strict membrane localization of TMEM16A in overex-
pressing HEK293 cells (Fig. 1B). No ReAsH labeling was
observed in mock-transfected control cells (Fig. 1C). Sim-
ilar staining was observed in Cos-7 cells after expression of
TMEM16A (Supplemental Fig. S1).

Activation of TMEM16A in HEK293 cells was exam-
ined using whole-cell patch-clamp recordings. We ex-

pressed both human and mouse TMEM16A, which
produced similar whole-cell Cl� conductances. While
no currents were observed in HEK293 control cells,
large whole-cell Cl� currents were activated by the Ca2�

ionophore ionomycin (1 �M) in TMEM16A-expressing
cells (Fig. 1D, E). Notably, whole-cell baseline currents
were enhanced in TMEM16A-expressing cells, even in
the absence of ionomycin, and both enhanced baseline
conductance and ionomycin-activated conductance were
inhibited by 10 �M AO1, a specific inhibitor of Ca2�-
activated Cl� currents (24) (Fig. 1G). Interestingly, acti-
vation of currents was suppressed by depolymerizing or
stabilizing actin with cytochalasin D and phalloidin, re-
spectively (Fig. 1F, G). Maneuvers that inhibit exocytosis
or endocytosis (10 �M dynasore; 10 �M calmodulin-
dependent kinase inhibitor STO-609; siRNA for synapsin
1) had no effect (data not shown). Thus, membrane-
localized TMEM16A is activated by Ca2� in an actin-
dependent manner.

Phosphorylation is not a prerequisite for activation of
TMEM16A

As reported earlier, intracellular N and C termini of
TMEM6A carry a number of sites with consensus se-
quences for phosphorylation by protein kinases, such

Figure 1. TMEM16A is strictly membrane localized and is regulated by cytoskeletal components. A) Immunofluorescence of
TMEM16A expressed in HEK293 cells. B) High-resolution electron microscopy showing tetracysteine-tagged TMEM16A in
HEK293 cells using ReAsH technology (triangles). C) Electron microscopy of mock-transfected HEK293 control cells. D–F)
Original recordings of whole-cell currents and effects of ionomycin in mock-transfected cells (D) or cells overexpressing
mTMEM16A before (E) and after (F) treatment with cytochalasin D (10 �M/2 h). G) Summary of effects of ionomycin in
mock-transfected and mTMEM61A-expressing cells under control conditions and after incubation with a specific CaCC
inhibitor (AO1, 10 �M), cytochalasin D (cyto D; 10 �M), and phalloidin (1 �g/ml/2 h). Cells were voltage clamped from �50
to �50 mV in steps of 10 mV. Means 
 se; n � 8–14. Values in parentheses indicate n. Scale bars � 20 �m (A); 500 nm (B).
*P 	 0.05 for activation of whole-cell conductance by ionomycin; paired t test. #P 	 0.05 vs. control; ANOVA.
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as protein kinase A (PKA), protein kinase C (PKC),
calmodulin-dependent kinase (CAMK), casein kinase 2
(CK2), and extracellular regulated kinase 1,2 (Erk1,2)
(5). Moreover, the present results and a previous study
suggest that cytosolic ATP is required for full activation
of TMEM16A (18). Activation of TMEM16A by ionomy-
cin (1 �M) or stimulation of P2Y receptors with ATP
(100 �M) was unaffected in the presence of an
ATP-free pipette filling solution (�GIono�45
5.2 nS;
�GATP�50
5.7 nS), but it was abolished with apyrase
(2 U/ml) in the patch pipette (Fig. 2A–E). This
suggests that cytosolic ATP is required for complete

activation of TMEM16A, and it could be required for
phosphorylation of the channel. Therefore, we ap-
plied ionomycin after inhibition of various kinases
for which potential phosphorylation sides have been
detected in TMEM16A. Cells were stimulated in the
presence of inhibitors of CAMKII (KN93, KN62),
PKC (BIM), PKA (KT5720), or CK2 (TBB), or in the
presence of IBMX and forskolin, which increase
intracellular cAMP (Fig. 2B). None of these treat-
ments changed activation of TMEM16A by ionomy-
cin. In contrast, the CAMKII inhibitor KN62 even
augmented Ca2�-activated Cl� currents, similar to

Figure 2. Activation of mTMEM16A requires ATP but not phosphorylation by protein kinases. A, D) Original recordings of
whole-cell currents activated by ionomycin (1 �M; A) or ATP (10 �M; D) in mTMEM16A-expressing HEK293 cells, in the
presence or absence of apyrase in the patch pipette. B) Summary of whole-cell conductances activated by ionomycin in the
presence of apyrase (1 U/ml), after inhibition of CAMKII by KN93 (10 �M) or KN62 (10 �M) or after incubation with BIM (1
�M; inhibition of PKC), KT5720 (10 �M; inhibition of PKA), TBB (10 �M; inhibition of CK2), and stimulation with
IBMX/forskolin (I/F, 100 �M/2 �M; activation of PKA). Dashed line indicates activation by ionomycin under control (con)
conditions (absence of inhibitors). C) Summary of effects of ionomycin (1 �M) on cells expressing human wild-type
(wt)TMEM16A or an mTMEM16A mutant in which 2 putative Erk1,2 phosphorylation sites have been eliminated. E) Summary
of whole-cell conductances activated by ATP (10 �M) in the presence of apyrase in the patch pipette (1 U/ml), U0126 (10 �M;
inhibition of Mek1,2), KN62 (10 �M; inhibition of CAMKII), and BIM (1 �M; inhibition of PKC). Dashed line indicates
activation by ionomycin under control conditions. F) Summary of the effects of ATP (100 �M) on cells expressing human
wtTMEM16A or an hTMEM16A mutant in which 2 putative Erk1,2 phosphorylation sites have been eliminated. Cells were
voltage clamped from �50 to �50 mV in steps of 10 mV. Means 
 se; n � 6–14. Values in parentheses indicate n. #P 	 0.05
vs. control or wt; ANOVA.
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what has been reported for smooth muscle cells (25,
26). Moreover, the broad nonspecific kinase inhibi-
tor staurosporine (5 �M, 2 h) and the phosphatase
2A inhibitor okadaic acid (10 nM, 2 h) had no effect
on channel activation (data not shown). All inhibi-
tors used in the present study have been demon-
strated to exert their expected actions at the concen-
trations used in the present report: KN63 inhibited
CaCCs in CFPAC cells; BIM prevented the epithelial
Na� channel ENaC from inhibition by PKC; KT5720
and TBB inhibited activation of CFTR; and U0126
attenuated P2Y2-induced inhibition of ENaC. Finally,
siRNA knockdown of CAMKII� and CK2 did not
inhibit TMEM16A (data not shown).

Expression of the double-mutant S967A/S970A-
TMEM16A (Erk1,2-mut) that lacks two consensus se-
quences for Erk1,2 in the C terminus did not change
activation of TMEM16A by ionomycin but reduced recep-
tor-mediated activation by ATP (10 �M) (Fig. 2C, F).
Since the MEK inhibitor U0126 did not inhibit receptor-
dependent activation of TMEM16A, stimulation of P2Y2
receptors may activate Erk1,2 and TMEM16A in a MEK-
independent manner, (18, 27). Nonetheless, Erk1,2 phos-
phorylation is not absolutely essential for channel activa-
tion, as high [Ca2�]i levels (application of ionomycin)
activate TMEM16a in an Erk1,2-independent fashion.
Typically, ion channels that are regulated by calmodulin
and the cytoskeleton are often controlled by phosphati-
dylinositols, such as PIP3 and PIP2 (28). However, we
found that neither siRNA knockdown of the phosphatase
and tensin homologue (PTEN), which hydrolyzes PIP3 to
PIP2, nor inhibition of the PI3-kinase by wortmannin (1
�M; n�8) compromised activation of TMEM16A by iono-
mycin (data not shown). Thus, it remains unclear how
ATP is involved in regulation of TMEM16A.

Calmodulin is essential for activation of TMEM16A

A number of studies report activation of endogenous
Ca2�-dependent Cl� currents by CAMKII (8, 29 –31),
However, we did not find that CAMKII is essential for
activation of TMEM16A overexpressed in HEK 293
cells (Fig. 2). In contrast, when calmodulin was inhibited
by trifluoperazine (10 �M) or the highly specific inhibitor

J-8 (50 �M), activation of TMEM16A by both ionomycin
and ATP was largely suppressed (Fig. 3). This calmodu-
lin and ATP dependence of TMEM16A is reminiscent
of Ca2�-dependent KCNN4 potassium channels,
which also require both factors for complete activa-
tion (32–34). Calmodulin binds to the intracellular C
terminus of KCNN4 channel and acts as a Ca2�

sensor to control channel assembly and surface ex-
pression of KCNN4 (35).

Using a Web-based prediction program (Calmod-
ulin Target Database; Mitsu Ikura Laboratory, On-
tario Cancer Institute, University of Toronto, To-
ronto, ON, Canada), we identified two putative
calmodulin binding domains (CAM-BD1, CAM-BD2)
located in the intracellular N terminus of TMEM16A
(Fig. 4A). In fact, calmodulin could be coimmuno-
precipitated using a TMEM16A antibody, while
TMEM16A was coimmunoprecipitated by a CAM
antibody in lysates from TMEM16A-expressing cells
(Fig. 4B). No coimmunoprecipitation was observed
with protein A agarose beads only. TMEM16A is
expressed in different splice forms, which are char-
acterized by amino acid inserts (segments a– d) in the
N terminus and the intracellular loop (Fig. 4A) (1).
The putative CAM-BD1 overlaps with segment b of
the splice form abc-TMEM16A. We expressed the
different splice forms in HEK293 cells; however,
coimmunoprecipitation and detection by Western
blot were unsuccessful with ac-TMEM16 (data not
shown), although ac-TMEM16A and abc-TMEM16A are
comparably expressed at the plasma membrane (Supple-
mental Fig. S2B). To further examine the role of these
putative calmodulin binding domains, we perfused the
cytosol via the patch pipette with short peptides corre-
sponding to the sequences of CAM-BD1 and CAM-BD2.
In the presence of CAM-BP1, activation by ionomycin of
human and mouse TMEM16A was inhibited, while CAM-
BP2 had no effect (Fig. 4C–E). These results suggest that
CAM-BP1 may bind to calmodulin, thereby interfering
with activation of TMEM16A.

Further attempts to confirm interaction of CAM
with the N terminus of TMEM16A were unsuccessful,
since 2 N-terminal truncations of TMEM16A (M266-
16A and M350-16A) annihilated membrane expres-

Figure 3. Calmodulin is essential for activation of mTMEM16A. A, B) Original recordings of whole-cell currents activated by
ionomycin (Iono, 1 �M; A) or ATP (10 �M; B) in mTMEM16A expressing HEK293 cells in the presence of the CAM inhibitor
trifluoperazine (TFP, 5 �M). C–E) Summary of whole-cell conductances activated by ionomycin (C, E) or ATP (D) under control
conditions and in the presence of TFP (C, D) or the specific calmodulin inhibitor J-8 (50 �M; E). Means 
 se; n � 5–12. Values
in parentheses indicate n. #P 	 0.05 vs. control; unpaired t test.
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sion of the protein (Fig. 4F and Supplemental Fig
2A). Notably, truncation of the C terminus had no
effect on channel activation by ionomycin, but atten-
uated receptor-mediated activation by ATP, probably
due to elimination of the Erk1,2 sites (Fig. 4F, G).
When we expressed the splice form ac-TMEM16A, we
found that a Cl� current was still activated by iono-
mycin, albeit the whole-cell conductance was slightly
attenuated when compared to abc-TMEM16A. Thus,
the putative CAM-BD1 supports Ca2�-dependent ac-
tivation of the channel, but it is not essential for the
function of TMEM16A (Fig. 4F).

TMEM16A requires Ca2�, ATP, and calmodulin for
full activation

In cell-attached patches of TMEM16A-expressing HEK293
cells, we detected activation of current noise after puriner-
gic stimulation with ATP, which was not observed in
control (mock-transfected) cells (Fig. 5A). However, we

were unable to resolve single-channel activity, probably
due to the very small single-channel conductance. When
membrane patches were excised inside-out after stimula-
tion of TMEM16A-expressing cells, the channel noise
disappeared within seconds, and removal of Ca2� from
the bath (cytosolic side) had no effect (Fig. 5B, top trace).
In contrast to TMEM16A, Ca2�-dependent K� channels
(KCNN4, SK4) were readily detectable in excised inside-
out patches and were inhibited by removal of cytosolic
Ca2� (Fig. 5B, bottom trace). We measured the conduc-
tance of excised membrane patches from ATP-stimulated
and TMEM16A-expressing cells immediately after exci-
sion, and 1 or 2 min after removal from the whole cell.
When excised into Ca2�-free Ringer solution, the mem-
brane conductance of the patch was small right after
excision (Fig. 5C). In contrast, when excised into a
Ca2�-containing Ringer solution, an outwardly rectifying
current was detected that inactivated within a minute after
excision, suggesting rapid rundown of TMEM16A cur-
rents (Fig. 5D).

Figure 4. Calmodulin physically interacts with mTMEM16A and controls channel activity. A) N-terminal putative calmodulin
binding domains CAM-BD1 and CAM-BD2 and location of the alternatively spliced sequences (a–d). B) Coimmunoprecipitation
of TMEM16A and calmodulin in hTMEM16A-overexpressing HEK293 cells. Top panels: overexpressed TMEM16A (input 16A,
110 and 150 kDa; anti-hTMEM16A antibody) and coimmunoprecipitated calmodulin (IP CAM, 18 kDa; anti-hCAM antibody).
Bottom panels: endogenous calmodulin expressed in HEK293 cells (input CAM; 18 kDa) and coimmunoprecipitated
hTMEM16A (IP 16A; 110, and 150 kDa). C) Activation of whole-cell currents by ionomycin (iono; 1 �M) in hTMEM16A-
expressing HEK293 cells in the absence or presence of a peptide with the amino acid sequence of the putative calmodulin
binding domain CAM-BP1 in the patch pipette filling solution. D, E) Summary of the ionomycin-activated whole-cell
conductances in human (D) or mouse (E) TMEM16A-expressing HEK293 cells. CAM-BP1 but not CAM-BP2 inhibited activation
of whole-cell conductances by ionomycin. F) Summary of ionomycin-activated whole-cell conductances in cells expressing the
splice forms abc-TMEM16A or ac-TMEM16A (16Aabc, 16Aac) or N- and C-terminal truncations of hTMEM16A (M266-16A,
M350-16A, V897X-16A). G) Summary of ATP-activated whole-cell conductances in cells expressing wtTMEM16A or C-terminally
truncated V897X-TMEM16A. Cells were voltage clamped from �50 to �50 mV in steps of 10 mV. Means 
 se; n � 5–20. Values
in parentheses indicate n. con, control. #P 	 0.05; ANOVA.
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We speculated that cytosolic factors, such as ATP or
calmodulin, might get lost during membrane excision
and therefore added ATP (3 mM) to the bath solution
(cytosolic side), which increased the current noise and
slightly enhanced the conductance of patches from
TMEM16A-expressing cells, but not from mock-trans-
fected cells (Fig. 6). Further addition of calmodulin (1
�g/ml) increased the channel noise and activated a
membrane conductance in patches from TMEM16A-
expressing cells but not from control cells. Thus ATP

and calmodulin may be required to keep TMEM16A
channels active (Fig. 6).

TMEM16A and SK4 share pharmacological properties

Benzimidazolinones such as 1-EBIO are well-known
activators of Ca2�-dependent K� channels and en-
hance the affinity of K� channels for Ca2�/calmodulin
(36, 37). Since both SK4 and TMEM16A require CAM

Figure 5. Fast rundown of mTMEM16A
currents. A) Single-channel noise was
activated by purinergic stimulation
with ATP in cell-attached recordings
from mTMEM16A-expressing HEK293
cells, but not in mock-transfected cells
(Vc��30 mV). B) Lack of channel noise
in excised inside-out membrane patches
from cells expressing mTMEM16A (top
trace). Excised membrane patch from
an SK4-expressing cell exhibits current
noise that was inhibited by removal of

Ca2� from the bath solution (cytosolic side). C, D) Current-voltage relationships obtained from membrane patches at
different time points after excision into a Ca2�-free bath solution (C), or bath solution containing 1 mM Ca2� (D). An
outwardly rectifying current is observed immediately after excision into Ca2�-containing bath solution (D) that quickly
inactivated. Cells were voltage clamped from �50 to �50 mV in steps of 10 mV. Means 
 se; n � 6–9. Values in parentheses
indicate n. #P 	 0.05; unpaired t test.

Figure 6. Activation of mTMEM16A requires ATP and calmodulin. A) Current recordings in inside-out excised membrane
patches from TMEM16A and mock-transfected HEK293 cells (Vc��30 mV). Current noise was small after excision of the patch
in a Ca2�-containing bath solution (con), but it was activated in excised patches from mTMEM16A-expressing cells by adding
ATP (3 mM) or calmodulin (1 �g/ml) together with ATP to the cytosolic side (right panel). In contrast, no current is activated
in an excised membrane patch from a mock-transfected cell (left panel). B, C) Current-voltage relationships measured in
excised membrane patches obtained from mock-transfected (B) and mTMEM16A-expressing (C) cells, indicating current
activation by ATP and calmodulin in mTMEM16A-expressing cells. Cells were voltage clamped from �50 to �50 mV in steps
of 10 mV. Means 
 se; n � 7–9. Values in parentheses indicate n. #P 	 0.05; unpaired t test.
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and ATP to be activated, we examined whether benz-
imidazolinone compounds are also able to activate
TMEM16A. In excised mouse tracheas, 1-EBIO (50 �M)
activated a small and rather steady Cl� secretion and
augmented ATP-activated short-circuit currents, appar-
ently by activating both luminal TMEM16A and basolat-
eral SK4 channels (Fig. 7A, B). Notably, in the presence of
the CFTR inhibitor CFTRinh172 (5 �M), 1-EBIO still
augmented ATP-induced Cl� secretion (Fig. 7B). In
whole-cell patch-clamp experiments with human airway
epithelial (Calu-3) cells, 1-EBIO and the related com-
pound S0011198 increased whole-cell currents. However,
in these cells, SK4 channels were activated by the benz-
imidazolones and hyperpolarized the membrane voltage,
since Calu-3 cells do not express TMEM16A and do not
have CaCCs (5) (Fig. 7C, D and Supplemental Fig. S3C).
When expressed in HEK293 cells, TMEM16A was acti-
vated by 1-EBIO (50 �M) and riluzole (50 �M), another
known opener of SK4 channels (38). Moreover, the
related compound 5,6-dichloro-1-ethyl-1,3-dihydro-
2Hbenzimidazol-2-one (DCEBIO; 1 �M) also activated
TMEM16A (�G�23.1
4.2 nS; n�5). In summary, both
luminal Ca2�-activated TMEM16A and basolateral SK4
K� channels are activated by the same compounds.
Therefore, benzimidazolinones may be ideal drugs for the
treatment of the lung disease CF, which is characterized

by defective CFTR-dependent Cl� secretion and dehydra-
tion of the airways (39–41).

DISCUSSION

Activation of membrane-localized TMEM16A

In the present study, we examined the mechanisms for
activation of the novel Ca2�-activated Cl� channel
TMEM16A and identified pharmacological properties
that allow interfering with the activity of this highly
relevant channel. The data demonstrate that TMEM16A
is membrane localized and is activated by Ca2� in an
actin-dependent manner. Notably, a contribution of the
actin cytoskeleton to activation of endogenous CaCCs in
epithelial cells has been suggested earlier (42). We found
no evidence for a role of exocytosis in activating
TMEM16A, and thus confirm earlier data from pancreatic
acinar cells, showing exocytosis-independent activation of
ion channels due to spatial distribution of cytosolic Ca2�

(43). Similar to other epithelial ion channels, anchoring
of TMEM16A to the cytoskeleton and to membrane PIP2
may be essential to maintain channel activity (44, 45). A
regulatory link between endogenous CaCCs, actin cyto-

Figure 7. Pharmacological activation of TMEM16A and SK4 channels. A) Transepithelial voltage measured in Ussing chamber
recordings from mouse trachea. 1-EBIO (1 mM) increases transepithelial voltage and augments subsequent negative voltage
deflection induced by application of luminal ATP (100 �M). B) Summary of the calculated equivalent short-circuit currents
activated by ATP, 1-EBIO, or simultaneous application of both. ATP-activated transport was significantly enhanced by 1-EBIO.
Even after inhibition of CFTR Cl� channels by the compound CFTRinh172 (CFTRinh; 5 �M), 1-EBIO still augmented
ATP-induced Cl� secretion. C) Activation of whole-cell currents and hyperpolarization of the membrane voltage of Calu3 cells
by different concentrations of the homologue of 1-EBIO, S0011198. D) Comparison of the concentration-dependent
hyperpolarizing effects of 1-EBIO and S0011198 in Calu-3 cells. E) Activation of whole-cell currents by 1-EBIO (1 �M) and
riluzole (50 �M) in mTMEM16A-expressing HEK293 cells. F) Summary of the whole-cell conductances activated by 1-EBIO and
riluzole in mTMEM16A-expressing HEK293 cells. Cells were voltage clamped from �50 to �50 mV in steps of 10 mV. Means 

se; n � 6–28. *P 	 0.05 for augmentation of currents by 1-EBIO and riluzole; paired t test. #P 	 0.05 for augmentation of ATP
effect by 1-EBIO; unpaired t test.
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skeleton, and actin-bound annexin IV has been detected
earlier in colonic carcinoma cells (29).

CAMKII, calmodulin, and ATP

Initial studies demonstrated activation of TMEM16A by
an increase in cytosolic Ca2�, but they did not present
evidence for a requirement of cytosolic ATP (2, 3). We
found that the presence of the ATP-cleaving enzyme
apyrase in the pipette solution largely reduced channel
activity, suggesting a requirement of ATP for full acti-
vation of TMEM16A. Some properties of TMEM16A are
clearly different from those found for endogenous
CaCCs in epithelial cells. First, TMEM16A expressed in
HEK293 and FRT cells (6) is partially active at basal
intracellular Ca2� concentrations, while endogenous
CaCCs are closed under control conditions. Second,
CAMKII inhibited TMEM16A currents expressed in
HEK293 cells, but it activates endogenous CaCCs in
colonic, airway, and pancreatic epithelial cells (8, 29–
31). Notably, regulation of CaCCs by CAMKII is cell-
type dependent, and inhibition of CaCCs by CAMKII
has been described for smooth muscle cells (25, 26).
Preliminary experiments also indicate that overex-
pressed TMEM16A is inhibited by CAMKII, while acti-
vation of endogenous CaCCs in CFPAC-1 cells is CAMKII
dependent (data not shown). However, CFPAC-1 cells ex-
press TMEM16A endogenously, and siRNA knockdown of
TMEM16A inhibits CaCCs, indicating that TMEM16A is a
crucial component of the endogenous CaCCs. It is, there-
fore, likely that the cellular environment and/or addi-
tional auxiliary proteins determine CAMKII-dependent
regulation (5).

The present data demonstrate that calmodulin is one
of the auxiliary proteins necessary for activation of
TMEM16A. According to the present data, the putative
site for calmodulin binding overlaps with segment b of
the splice form abc of TMEM16A (Fig. 4A). We found
reduced activity of ac-TMEM16A compared with abc-
TMEM16A, which is actually different from the results
of a previous study (4). This discrepancy remains
unexplained. However, in preliminary experiments, we
found that intracellular Ca2� itself triggers inactivation
of the channel, and inactivation of ac-TMEM16A occurs
at lower [Ca2�]i than for abc-TMEM16A (unpublished
data). Also, it appears possible that Ca2� and calmod-
ulin have more than one binding site. In overexpress-
ing cells, additional accessory proteins may still be
missing to produce a “complete” chloride channel
complex. In preliminary experiments, we performed
2-hybrid screening using the split ubiquitin system in
order to identify additional interacting partners, and
identified the Ca2�-binding protein S100A11. However
siRNA knockdown of S100/A11 did not change TMEM16A
currents.

Similar mechanisms for activation of SK4 and
TMEM16A

Calmodulin regulation of TMEM16A is reminiscent of
Ca2�/calmodulin-dependent regulation of SK4 (KCNN4)

potassium channels. The open probability of SK4/IK1
channels is tightly regulated by cytosolic Ca2� concentra-
tions in the range between 100 and 1000 nM, although
typical Ca2� binding domains are not present in SK4. The
pronounced Ca2� sensitivity of SK4 is due to its high
affinity for calmodulin (32–34, 46–49). Activation of
SK4/IK1 by the benzimidazolinone 1-EBIO is well estab-
lished and is due to enhanced Ca2� sensitivity of the
CAM/SK4 channel complex (37, 50–52). 1-EBIO has also
been shown to activate apical Cl� channels of unknown
molecular identity in rabbit conjunctival epithelium and
intestinal epithelium (53, 54). However most studies
claim that activation of Cl� secretion by 1-EBIO is indi-
rect, by increasing the driving force due to activation of
basolateral SK4 channels (50, 55). In this regard, a
derivative of 1-EBIO, DCEBIO, was very potent in activat-
ing K� channels and on top activated an unknown apical
membrane Cl� conductance in monolayers of T84 colonic
carcinoma cells (56).

We found that 1-EBIO, DCEBIO, and riluzole acti-
vated TMEM16A. An exciting finding was that only low
concentrations of these compounds were required to
activate TMEM16A (Supplemental Fig. S3). While typ-
ically 0.1–1 mM of 1-EBIO is required to activate SK4,
TMEM16A was activated at concentrations as low as 1
�M. Despite the complex Ca2�-dependent regulation
of TMEM16A outlined above, activation by 1-EBIO,
DCEBIO, and riluzole was robust and was observed for
overexpressed TMEM16A as well as endogenous CaCCs
in CFPAC-1 cells (Supplemental Fig. S3).

Since benzimidazolinones activate both basolateral
SK4 and luminal TMEM16A channels, they could be
ideal compounds for the treatment of the lung disease
CF. As cAMP-dependent Cl� secretion is defective in
CF, Ca2�-dependent Cl� secretion may compensate for
the defect in CFTR-function. It will be exciting to
search for more potent activators of both TMEM16A
and SK4. Since pharmacological properties of Ca2�-
activated Cl� and K� channels appear to overlap con-
siderably (57), it will also be interesting to learn
whether pharmacological properties of TMEM16A are
altered by factors such as CAMKII, ATP, or histidine-
phosphorylation, as described for SK4 channels (59,
59). As TMEM16A is broadly expressed in a number of
tissues, it may become a highly relevant drug target in
the future.
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of colonic crypts. Pflügers Arch. 438, 437–444

53. Alvarez, L. J., Zamudio, A. C., and Candia, O. A. (2005) Cl-
secretory effects of EBIO in the rabbit conjunctival epithelium.
Am. J. Physiol. Cell Physiol. 289, C138–C147

54. Hamilton, K. L., and Kiessling, M. (2006) DCEBIO stimulates
Cl- secretion in the mouse jejunum. Am. J. Physiol. Cell Physiol.
290, C152–C164

55. Devor, D. C., Singh, A. K., Bridges, R. J., and Frizzell, R. A.
(1996) Modulation of Cl� secretion by benzimidazolones. II.
Coordinate regulation of apical GCl and basolateral GK. Am. J.
Physiol. Lung Cell. Mol. Physiol. 271, L785–L795

56. Singh, S., Syme, C. A., Singh, A. K., Devor, D. C., and Bridges,
R. J. (2001) Benzimidazolone activators of chloride secretion:
potential therapeutics for cystic fibrosis and chronic obstructive
pulmonary disease. J. Pharmacol. Exp. Ther. 296, 600–611

57. Saleh, S. N., Angermann, J. E., Sones, W. R., Leblanc, N., and
Greenwood, I. A. (2007) Stimulation of Ca2�-gated Cl� currents
by the calcium-dependent K� channel modulators NS1619
[1,3-dihydro-1-[2-hydroxy-5-(trifluo[zhy]romethyl)phenyl]-5-
(trifluoromethyl)-2H-benzi midazol-2-one] and isopimaric acid.
J. Pharmacol. Exp. Ther. 321, 1075–1084

58. Gerlach, A. C., Syme, C. A., Giltinan, L., Adelman, J. P., and
Devors, D. C. (2001) ATP-dependent activation of the interme-
diate conductance, Ca2�-activated K� channel, hIK1, is con-
ferred by a C-terminal domain. J. Biol. Chem. 276, 10963–10970

59. Wiwchar, M., Ayon, R., Greenwood, I. A., and Leblanc, N.
(2009) Phosphorylation alters the pharmacology of Ca2�-acti-
vated Cl channels in rabbit pulmonary arterial smooth muscle
cells. Br. J. Pharmacol. 158, 1356–1365

Received for publication August 26, 2010.
Accepted for publication November 11, 2011.

1068 Vol. 25 March 2011 TIAN ET AL.The FASEB Journal � www.fasebj.org

www.fasebj.org

