Dynamic modulation of ANO1/TMEM16A HCO3−
permeability by Ca2+/calmodulin
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Anoctamin 1 (ANO1)/transmembrane protein 16A (TMEM16A) is
a calcium-activated anion channel that may play a role in HCO3−
secretion in epithelial cells. Here, we report that the anion selectivity of ANO1 is dynamically regulated by the Ca2+/calmodulin complex. Whole-cell current measurements in HEK 293T cells indicated
that ANO1 becomes highly permeable to HCO3− at high [Ca2+]i.
Interestingly, this result was not observed in excised patches, indicating the involvement of cytosolic factors in this process. Further
studies revealed that the direct association between ANO1 and
calmodulin at high [Ca2+]i is responsible for changes in anion permeability. Calmodulin physically interacted with ANO1 in a [Ca2+]idependent manner, and addition of recombinant calmodulin to the
cytosolic side of excised patches reversibly increased PHCO3/PCl. In
addition, the high [Ca2+]i-induced increase in HCO3− permeability
was reproduced in mouse submandibular gland acinar cells, in
which ANO1 plays a critical role in ﬂuid secretion. These results
indicate that the HCO3− permeability of ANO1 can be dynamically
modulated and that ANO1 may play an important role in cellular
HCO3− transport, especially in transepithelial HCO3− secretion.

C

alcium-activated chloride channels (CaCCs) mediate a number of important physiological functions including sensory
transduction, regulation of vascular tone, and ﬂuid secretion (1).
In the secretory epithelium of airways and exocrine organs, such
as intestines, pancreas, and salivary glands, CaCCs control apical
efﬂux of anions, which is essential for the vectorial transport of
water and electrolytes in these organs (2, 3). Recently, members
of anoctamin (ANO; also known as TMEM16) family, in particular ANO1/TMEM16A and ANO2/TMEM16B, were shown to
function as CaCCs in the gut, trachea, salivary glands, and olfactory organs (2–6).
In general, Cl− channels have nonspeciﬁc anion selectivity and
permeate other anions in addition to Cl−. In fact, halide ions
larger than Cl−, such as I− and Br−, are more readily permeable
to most Cl− channels. For example, the anion selectivity sequence
of both endogenous CaCCs and heterologously expressed ANO1
is I− > Br− > Cl− > HCO3− > F− (3, 7). However, in physiological
conditions, the two most abundant anions that can be the charge
carrier of anion channels are Cl− and HCO3−. Although the
permeation and conduction mechanisms of Cl− via anion channels are fairly well characterized, those of HCO3− are poorly
understood. It has been demonstrated that a signiﬁcant proportion of transepithelial HCO3− transport is mediated by electrodiffusive pathways, suggesting that anion channels are involved
in this process (8–10). Up to this point, neither molecular nor
physiological experiments have demonstrated the presence of
bona ﬁde selective HCO3− channels. Therefore, it is generally
believed that nonspeciﬁc anion channels mediate electrodiffusive
HCO3− transport.
HCO3−, as a major component of the CO2/HCO3− buffer
system, is an indispensible ingredient in our body ﬂuids that
guards against toxic intracellular and extracellular ﬂuctuations
in pH (11). In addition, as a chaotropic ion, HCO3− facilitates
the solubilization of macromolecules in biological ﬂuids and
stimulates mucin secretion (11, 12). Indeed, recent progress
in epithelial pathophysiology has indicated that aberrant HCO3−
secretion is associated with a spectrum of diseases in the
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respiratory, gastrointestinal, and genitourinary systems, such as
cystic ﬁbrosis, pancreatitis, and infertility (10, 11, 13, 14). In the
present study, we provide evidence that Ca2+/calmodulin dynamically regulates the anion selectivity and HCO3− permeability of ANO1 by using integrated molecular and physiological
approaches. These results offer insight into how transepithelial
HCO3− transport is activated, in particular in response to cytosolic Ca2+ signaling, and offer a therapeutic strategy for the
treatment of diseases derived from aberrant HCO3− secretion.
Results
HCO3− Permeability of ANO1. CaCCs in native epithelial cells ex-

hibit distinct features according to intracellular Ca2+ levels. At
submaximal cytosolic Ca2+ levels of ∼1 μM [Ca2+]i, CaCCs elicit
strong outward rectiﬁcations and time-dependent activation,
whereas at higher [Ca2+]i, the current-voltage (I-V) relationship
becomes linear and the time dependency disappears (15, 16). As
shown in Fig. S1, whole-cell current measurements of hANO1
overexpressed in HEK 293T cells that had been stimulated with
400 nM and 3 μM free Ca2+-containing pipette solutions reproduced these characteristic features of CaCCs (17). The following three ﬁndings veriﬁed that the currents obtained in HEK
293T cells were mostly from transfected ANO1: (i) the currents
were inhibited by the ANO1/TMEM16A-inhibitor T16Ainh-A01
(18) (Fig. S1 A and B); (ii) the currents obtained in the control
cells transfected with mock vectors were negligible (Fig. S1 A
and B); and (iii) the permeabilities of ANO1 to cations were
minimal compared with that to chloride (Fig. S1C).
We next assessed the permeability of ANO1 to HCO3− by
replacing 150 mM extracellular Cl− with 130 mM HCO3− and 20
mM Cl− in whole-cell current measurements (Fig. 1). The
HCO3−/Cl− permeability ratio (PHCO3/PCl) was determined from
the shift of reversal potential (ΔErev) by using the Goldman–
Hodgkin–Katz equation (7, 19, 20). Because ANO1 has two
distinct kinetics depending on [Ca2+]i, HCO3− permeabilities
at both submaximal (400 nM) and higher (3 μM) [Ca2+]i
were analyzed. In current measurements with a 400 nM free
Ca2+-containing pipette, replacing the bath side with a 130 mM
HCO3−-containing solution induced a 21.4 ± 1.1 mV positive
shift in ΔErev, indicating that ANO1 was more readily permeable to Cl− than to HCO3− and that PHCO3/PCl was only 0.35 ±
0.02 (Fig. 1A). The protocol was repeated with pipettes containing 3 μM free Ca2+. Surprisingly, at 3 μM free Ca2+,
replacing the bath solution with 130 mM HCO3− induced
a negligible change in Erev (ΔErev = −0.9 ± 0.5 mV), indicating
that the HCO3− permeability of ANO1 was greatly increased
and was comparable to that of Cl− (PHCO3/PCl = 1.04 ± 0.02)
(Fig. 1B). The EC50 value of [Ca2+]i for PHCO3/PCl increase was
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0.91 μM in the Ca2+-ethylene glycol tetraacetic acid (EGTA)
solutions (Fig. 1C). The Ca2+-buffering capacity of EGTA may
be weakened at >1 μM free Ca2+ or affected by pH. However, the
EC50 value in the Ca2+-EGTA solutions was not different from
those buffered with multiple combinations of the high-afﬁnity
and low-afﬁnity Ca2+ chelators (Fig. S2 A and B). Furthermore,
direct measurments of Ca2+ concentrations using ﬂuorescent
probes conﬁrmed that the free Ca2+ concentrations of Ca2+-EGTA
buffers were within acceptable ranges of up to 10 μM (Fig. S2C).
In addition, the basic properties of the ANO1 Cl− channel measured with the pH-insenstive Ca2+ buffers BAPTA (for 400 nM
[Ca2+]i) and dibromo-BAPTA (for 3 μM [Ca2+]i) were comparable to those measured with the EGTA buffers (Fig. S2 D
and E). Therefore, to avoid possible confounding variables
derived from the use of different chelators at each Ca2+ concentration, we continued to use the Ca2+-EGTA buffer for
further experiments.
Experiments with the Ca2+ ionophore ionomycin revealed the
dynamic change of PHCO3/PCl induced by [Ca2+]i (Fig. 1 D and E).
In these experiments, the pipette solution contained 150 mM Cl−,
and the bath contained 130 mM HCO3−, 20 mM Cl−, and 1 mM
Ca2+. When ANO1 was stimulated with a submaximal-free Ca2+
concentration of 400 nM in the pipette, the resting membrane
potential (RMP) was 20.1 ± 0.1 mV, resulting in a PHCO3/PCl
value of 0.37 ± 0.01 (Fig. 1E). The addition of ionomycin (5 μM),
which induces higher Ca2+ signaling as conﬁrmed by the linear IV relationship (Fig. 1E, Right), decreased RMP to −0.7 ± 0.3 mV,
indicating that PHCO3/PCl increased to 1.03 ± 0.01. Notably, removing ionomycin dynamically reversed RMP to 20.0 ± 0.3 mV.
[Ca2+]i and a Cytosolic Factor Increase the Dielectric Constant of the
ANO1 Selectivity Filter. ANO1 and native CaCCs have been shown

to permeate various anions (3, 7). Therefore, we examined
whether an increase in [Ca2+]i also affects the permeability of
other anions. Initially, the protocols used in Fig. 1E were repeated to measure I− permeability. In contrast to HCO3−, a bath
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Fig. 1. High [Ca2+]i increases the HCO3− permeability of ANO1.
Whole-cell currents were measured in HEK 293T cells transfected with pCMV-hANO1. (A) Representative traces of resting
membrane potential (RMP) measurements with a 400 nM free
Ca2+-containing pipette (Left) and the I-V relationship at the
indicated points (Right) are shown. Replacing the bath side with
a high HCO3−-containing solution (130 mM) induced a 21.4 ± 1.1
mV (n = 10) positive shift in ΔErev, indicating that PHCO3/PCl was
only 0.35 ± 0.02. (B) When measured with a 3 μM free Ca2+
-containing pipette, replacing the bath with a 130 mM
HCO3 − solution induced a negligible change in Erev (ΔErev =
−0.9 ± 0.5 mV, n = 14), indicating that the HCO3− permeability of ANO1 was comparable to that of Cl− (PHCO3/PCl =
1.04 ± 0.02). Endogenous Cl− and HCO3− currents (Mock), that
were negligible at both low and high [Ca2+]i, did not affect
the reversal potential. (C) The dose–response relationship of
[Ca2+]i and PHCO3/PCl (n = 5–14 at each point). (D and E) [Ca2+]iinduced changes in PHCO3/PCl were dynamically monitored by
using the Ca2+ ionophore ionomycin. Control cells transfected
with mock vectors did not exhibit any changes in RMP during
ionomycin treatment (D). When [Ca2+]i was initially clamped at
400 nM in ANO1-expressing cells, RMP equaled 20.1 ± 0.1 mV
(PHCO3/PCl = 0.37 ± 0.01, n = 5). Treatment with ionomycin (5
μM), which increases Ca2+ signaling, decreased RMP to −0.7 ±
0.3 mV (PHCO3/PCl = 1.03 ± 0.01). Removing ionomycin reversed
RMP to 20.0 ± 0.3 mV (E).

solution rich in I− evoked a negative RMP of −27.4 ± 0.3 mV at
400 nM free Ca2+, suggesting that I− inﬂux is larger than Cl−
efﬂux (PI/PCl = 2.71 ± 0.03). Notably, ionomycin treatment increased RMP to −9.8 ± 1.4 mV, hence decreasing PI/PCl to 1.54 ±
0.07 (Fig. 2B). We further analyzed the changes in selectivity for
other anions by using the protocols used in Fig. 1 A and B.
Representative traces are shown in Fig. S3, and summarized
results are presented in Fig. 2C. At 400 nM free Ca2+, the permeability sequence of anions was I− > NO3− > Br− > Cl− >
HCO3− > F−. This permeability order was not altered at 3 μM
free Ca2+, except that HCO3− permeability was equal to or
slightly greater than that of Cl−. However, the intervals of the
relative permeabilities between anions became smaller and the
value of PX/PCl converged to 1 when [Ca2+]i was increased in
whole-cell patch clamp recordings. Interestingly, this ﬁnding was
not observed in excised patches. In outside-out (Fig. 2D and Fig.
S4) or inside-out (Fig. S5) patches, PX/PCl values at 3 μM or even
10 μM free Ca2+ were almost identical to those at 400 nM free
Ca2+. These results indicate that a cytosolic factor is involved in
the [Ca2+]i-induced alterations in ANO1 anion permeability.
To explore the mechanisms of permeability changes, we calculated the dielectric constant of the hypothetical anion selectivity ﬁlter of ANO1. Many anion channels, including CaCCs
and the cystic ﬁbrosis transmembrane conductance regulator
(CFTR), exhibit a so-called “lyotropic” or Hofmeister series of
ion selectivity. It has been suggested that the pore of these
channels has a large polarizable tunnel, where ion selectivity is
basically determined by the hydration energy of ions (7, 20).
Therefore, the channel is more permeable to large anions that are
more readily dehydrated. In this case, an important parameter
that governs the interaction between anions and the channel ﬁlter
is the dielectric constant (relative permittivity, e) (20, 21). Interestingly, e of ANO1 increased from 13 to 18 when [Ca2+]i was
increased in whole-cell recordings (Fig. S3G). However, in outside-out patches, e was constant (e = 12) regardless of changes in
[Ca2+]i (Fig. S4G). Taken together, these ﬁndings imply that
PNAS | January 2, 2013 | vol. 110 | no. 1 | 361
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Fig. 2. [Ca ]i and a cytosolic factor modulate the anion selectivity of ANO1.
(A and B) PI/PCl was monitored by using the protocols shown in Fig. 1 D and E.
Control cells transfected with mock vectors did not exhibit any changes in
RMP during ionomycin treatment (A). In ANO1-expressing cells, a bath solution rich in I− evoked a negative RMP of −27.4 ± 0.3 mV (PI/PCl = 2.71 ±
0.03, n = 4) at a free Ca2+ concentration of 400 nM. Treatment with ionomycin increased RMP to −9.8 ± 1.4 mV (PI/PCl = 1.54 ± 0.07), indicating that
I− permeability is also altered by high [Ca2+]i. (C and D) The anion selectivity
of ANO1 was examined by using the protocols shown in Fig. 1 A and B. (n =
5–6 per substitute anion). Representative traces of whole-cell and outsideout patch recordings are presented in Figs. S3 and S4, respectively. Note that
intervals of the relative permeabilities between anions became smaller and
that the value of PX/PCl converged to 1 when [Ca2+]i was increased in the
whole-cell recordings (C), but not in outside-out patch recordings (D).
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that alters the anion permeability of ANO1. Recently, it has
been shown that with no K (lysine) protein kinase-1 (WNK1)/
Ste20-related proline/alanine-rich kinase (SPAK) regulate the
HCO3− permeability of CFTR (19). However, this mechanism
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induced increase in PHCO3/PCl of ANO1. In addition, GST pulldown assays with diverse free Ca2+ concentrations revealed that
ANO1 physically interacts with calmodulin in a Ca2+-dependent
manner, being prominent at >1 μM free Ca2+ (Fig. 3 E and F).
Furthermore, the addition of recombinant calmodulin to the
cytosolic side of outside-out patches sufﬁciently increased
PHCO3/PCl at 3 μM free Ca2+ from 0.39 ± 0.04 to 0.97 ± 0.06 (Fig.
4 A–C). This result was more dynamically seen in the inside-out
patches. Addition and removal of recombinant calmodulin to the
bath (cytosolic side of inside-out patch) reversibly increased
PHCO3/PCl (Fig. 4 D and E) and reduced PI/PCl (Fig. S7). Taken
together, these ﬁndings indicate that calmodulin modulates
PHCO3/PCl in response to [Ca2+]i via a direct physical interaction
with ANO1.

C
on

Pi
Pipette:
C
Ca2+ 400 nM,
M Cl - 1
150
0 mM
M

ANO1

mRNA
(ralative to CA
ALM1)

B

Mock

I (nA)

A

E

F

Fig. 3. Calmodulin is required for the high [Ca2+]i-induced increase in PHCO3/
PCl of ANO1. (A) The expression of the endogenous calmodulin (CaM) 1, 2,
and/or 3 gene(s) was inhibited by treatment with gene-speciﬁc siRNAs. Silencing of all three CaM genes reduced the protein expression of calmodulin
by 87 ± 5%. (A Inset) results of quantitative RT-PCR assays illustrate that
CaM2 is the major isoform expressed in HEK 293T cells. (B–D) Whole-cell
recordings were performed with a 3 μM free Ca2+-containing pipette. Silencing of all three CaM genes reduced the high [Ca2+]i-induced increase in
PHCO3/PCl of ANO1 (Control: 1.01 ± 0.05; siCaM 1,2,3: 0.59 ± 0.05). **P < 0.01.
(E and F) GST pull-down assays were performed with recombinant GST-calmodulin2 (CaM2) protein and cell lysates prepared from HEK 293T cells
expressing ANO1. The free Ca2+ concentrations in the binding buffer were
tightly controlled by using EGTA and CaCl2. ANO1 associates with calmodulin
in a Ca2+-dependent manner, in particular at free Ca2+ concentrations >1 μM.
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did not affect the Ca2+-induced activation process of ANO1
(Fig. S8E).
Lastly, pull-down assays and outside-out patch experiments
were performed with short peptides corresponding to the sequences of CBM1 and CBM2. In pull-down assays, treatment
with CBM1 or CBM2 peptide profoundly weakened the association between ANO1 and calmodulin via quenching the cytosolic
pool of calmodulin (Fig. 5E), indicating that CBM1 and CBM2
separately have calmodulin-binding activity. The independent
calmodulin-binding activity of CBM1 and CBM2 was also conﬁrmed with another Ca2+/calmodulin binding client mGluR5
(Fig. S9). Notably, depletion of free cytosolic calmodulin by
CBM1 or CBM2 peptide inhibited the Ca2+/calmodulin-induced
up-regulation of PHCO3/PCl (Fig. 5F and Fig. S10).
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ANO1 was demonstrated to mediate CaCC activity in mouse
salivary gland acinar cells (2, 3). Therefore, the high [Ca2+]i-induced regulation of ANO1 permeability to HCO3− was examined in mouse submandibular gland (SMG) acinar cells as
a model in vivo system. SMG acinar cells were harvested as
detailed in SI Materials and Methods. Immunoblotting with
an anti-ANO1 antibody revealed that ANO1 is abundantly
expressed in the SMG (Fig. 6A). Whole-cell currents measured
in single SMG acinar cells exhibited typical CaCC patterns at 400
nM and 3 μM free Ca2+, and these currents were fully inhibited
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0.89 ± 0.09 (Fig. 6 D–F), similar to the ﬁndings observed in HEK
293T cells expressing ANO1. In addition, RMP measurements
also revealed that ionomycin treatment dynamically increased
PHCO3/PCl from 0.38 to 0.97 (Fig. 6G). Therefore, high [Ca2+]i
up-regulates the HCO3− permeability of CaCCs in secretory
epithelial cells.
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Fig. 4. Supplementation of recombinant calmodulin in excised patches
sufﬁciently reproduced the high [Ca2+]i-induced increase in PHCO3/PCl of
ANO1. (A–C) In outside-out excised patches, the addition of puriﬁed calmodulin protein (CaM) in a 3 μM free Ca2+-containing pipette solution increased PHCO3/PCl from 0.39 ± 0.09 to 0.97 ± 0.06. (D and E) In inside-out
excised patches, the addition and removal of CaM in a 3 μM free Ca2+-containing bath solution (cytosolic side) reversibly increased PHCO3/PCl from 0.31 ±
0.02 to 0.94 ± 0.09. **P < 0.01.

binding and regulation of ANO1 HCO3− permeability. However,
the I317A+I762A ANO1 mutant exhibited no signiﬁcant difference from the wild-type ANO1 in the [Ca2+]i sensitivity of
ANO1 Cl− currents, indicating that the I317A+I762A mutation
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Fig. 5. Calmodulin-binding motifs (CBMs) of ANO1. (A and B)
Two putative calmodulin-binding motifs (CBM1 and CBM2) of
hANO1/TMEM16A (ac isoform) that belong to the Ca2+-dependent 1-8-14 motif were identiﬁed by a computational
search. These motifs were highly conserved among vertebrate
ANO1 proteins (B). (C) GST pull-down assays were performed
with recombinant GST-calmodulin2 (CaM2) protein and cell
lysates prepared from HEK 293T cells expressing the wild-type
and mutant ANO1s. ANO1-calmodulin binding intensities at
2+
1 μM free Ca were decreased by the I371A and/or I762A
mutations, in which critical hydrophobic residues at position 1
or 14 of the CBMs were abolished. (D) Effects of the I317A and/
or I762A mutation(s) on PHCO3/PCl of ANO1 were analyzed in the
whole-cell conﬁguration by using a 3 μM free Ca2+-containing
pipette. Measurement conditions and representative traces are
shown in Fig. S8 A–D. The I317A mutation in CBM1 and I762A
mutation in CBM2 additively reduced PHCO3/PCl. (E) GST pulldown assays were performed with short peptides corresponding to the sequences of CBM1 and CBM2. CBM1 or CBM2
peptide independently weakened the association between
ANO1 and calmodulin at 1 μM free Ca2+. (F) The effects of
CBM peptides on the Ca2+/calmodulin-induced up-regulation
of ANO1 PHCO3/PCl were analyzed in outside-out patches by using a 3 μM free Ca2+-containing pipette. Detailed measurement
conditions and representative traces are shown in Fig. S10.
CBM1 or CBM2 peptide independently inhibited the calmodulin-induced up-regulation of PHCO3/PCl. *P < 0.05, **P < 0.01.
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Discussion
In this study, we provide molecular and physiological evidence
that ANO1 anion selectivity is dynamically modulated by Ca2+/
calmodulin. When measured in whole-cell conﬁgurations, PHCO3/
PCl and the dielectric constant of hypothetical anion selectivity
ﬁlter increased in response to elevated [Ca2+]i (Fig. 2 and Figs. S3
and S4). Given that changes in the PHCO3/PCl and anion selectivity
were not observed in excised patches, we hypothesized that
electrostatic alterations in the selectivity ﬁlter are not directly
induced by Ca2+; instead, these alterations may require a cytosolic
factor. Further experiments revealed that calmodulin is both
necessary and sufﬁcient to induce changes in the anion selectivity
of ANO1 (Figs. 3–6).
Calmodulin participates in diverse critical cellular functions
such as cytoskeletal organization, cell division, and regulation of
membrane receptors and transporters (23, 24). These effects of
calmodulin can be mediated by either Ca2+-dependent or -independent interactions with target proteins. Increases in [Ca2+]i
promote interactions between calmodulin and target proteins
that have Ca2+-dependent CBMs (24). ANO1 possesses two 1-814-type Ca2+-dependent CBMs that contain conserved hydrophobic residues and positively charged amino acids within the
motif. Consequently, pull-down assays revealed a direct interaction
between calmodulin and ANO1 at high free Ca2+ concentrations
(Fig. 3). The dissociation constant (Kd) of Ca2+-calmodulin binding is estimated to be ∼1 μM (25, 26), which is similar to the EC50
of PHCO3/PCl modulation (Fig. 1C) and afﬁnities of ANO1calmodulin association (Fig. 3 E and F) in the present study,
indicating that ANO1 associates with the Ca2+-bound form of
calmodulin. Therefore, at [Ca2+]i > 1 μM, Ca2+/calmodulin
binds to ANO1 and affects the polarizability of its anion ﬁlter.
This alteration in polarizability eventually causes changes in the
364 | www.pnas.org/cgi/doi/10.1073/pnas.1211594110

Fig. 6. High [Ca2+]i increases the HCO3− permeability of CaCCs
in mouse submandibular gland (SMG) acinar cells. (A) SMG
acinar cells were freshly isolated and immunoblotted by using
anti-ANO1/TMEM16A antibody. Protein samples from HEK
293T cells transfected with pCMV-hANO1 and mock plasmids
were used as positive and negative controls, respectively. (B
and C) Whole-cell current recordings of CaCCs in SMG acinar
cells were performed with pipettes containing 400 nM or 3 μM
free Ca2+. I-V curves were obtained by applying ramp pulses
(0.2 mV/ms) or step pulses (voltage interval; 20 mV, duration;
0.5 s) from −100 to +100 mV. At 400 nM [Ca2+]i, an outwardly
rectifying and time-dependent Cl− current was generated, and
this current was inhibited by T16Ainh-A01 (10 μM). When [Ca2+]i
was increased to 3 μM, the current became linear and timeindependent. (D–F) PHCO3/PCl of CaCC in SMG acinar cells was
examined by using protocols shown in Fig. 1 A and B. An increment in the pipette free Ca2+ from 400 nM to 3 μM increased PHCO3/PCl. A summary of multiple experiments with
indicated numbers are presented in F. (G) PHCO3/PCl was dynamically monitored in SMG acinar cells by using the protocols
shown in Fig. 1E. Treatment with ionomycin (5 μM) decreased
RMP from 19.6 to 0.7 mV, indicating that PHCO3/PCl was increased from 0.38 to 0.97.

permeation pattern of ANO1 observed in the present study
(Fig. 2).
Interestingly, it has been suggested that ANO channels may
have multiple anion selectivity. For example, Xenopus ANO1 has
been shown to have multiple open states that differ in kinetics
and anion selectivity (5). It will be interesting to see whether the
Ca2+/calmodulin-induced change of anion permeability shown in
the present study is associated with different open states of
ANO1. In a previous study, ANO2/TMEM16b in mouse olfactory
neurons showed a time-dependent change in anion selectivity
during intracellular calcium signaling evoked by photorelease of
caged Ca2+, although its physiological signiﬁcance was not fully
understood (30). Because mammalian ANO2s have a high homology with ANO1 and retain the two CBMs, it is expected that
HCO3− permeability of ANO2 would also be dynamically regulated by Ca2+/calmodulin.
An intriguing ﬁnding to add is that calmodulin is not associated with the rectiﬁcation behavior of ANO1. In excised patches,
although a high free Ca2+ concentration did not affect PX/PCl, it
clearly induced a linear I-V relationship of ANO1 currents
similar to that observed in whole-cell measurements (Figs. S4
and S5). This result suggests that increases in [Ca2+]i itself, but
not calmodulin, are responsible for the high [Ca2+]i-induced
change in the rectiﬁcation pattern of ANO1. In fact, it has been
assumed that a calcium-binding site is located within the membrane electric ﬁeld of CaCCs and facilitating calcium binding to
the channel at a positive voltage is attributable to the linear I-V
relationship at high [Ca2+]i (1, 5, 27).
ANO1 has several splice variants. Protein segments that are
alternatively expressed are termed a (116 residues), b (22 residues), c (4 residues), and d (26 residues) (28). Tian et al. (29)
suggested that calmodulin increases the activity of ANO1/
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gland cells (32, 33). Furthermore, salivary HCO3− secretion in
humans is greatly increased during chewing, which induces vagal
cholinergic activation (34). In the apical microdomain of secretory epithelial cells where IP3 receptors and CaCCs are clustered
(2, 35), [Ca2+]i is estimated to be increased by physiological
stimuli to levels as high as 50 μM (36, 37). These results, taken
together, suggest that an increase in ANO1 PHCO3/PCl would be
a major mechanism of epithelial HCO3− secretion in response to
cytosolic calcium signals. It is important to mention that CaCCs
are also expressed in the apical membrane of respiratory and
pancreatic epithelia (3), in which defective CFTR-mediated
HCO3− secretion causes cystic ﬁbrosis and chronic pancreatitis
(13, 19). Further identiﬁcation of the critical mechanisms and
components involved in ANO1-mediated HCO3− secretion is expected to provide a pharmacologically suitable target for treating
diseases caused by aberrant HCO3− secretion.
Materials and Methods
Procedures and materials for cell culture, isolation of mouse SMG cells,
electrophysiology, quantitative PCR, and pull-down assay are fully described in
SI Materials and Methods. The results of multiple experiments are presented
as means ± SEM. Statistical analysis was performed by using Student’s t tests
or analysis of variance followed by Tukey’s multiple comparison test as
appropriate. P < 0.05 was considered statistically signiﬁcant.
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TMEM16A in an experiment by using ANO1 with abc segments.
In their study, a calmodulin-binding site that does not belong to
the 1-8-14 type is mapped to a region that overlaps segment
b and this region is responsible for the calmodulin-induced increase in current amplitude. However, the ANO1 protein used
in the present study only has segments a and c and does not
contain segment b, and its Ca2+ sensitivity is not affected by
ablation of calmodulin-binding sites (Fig. S8E). Interestingly,
segment b is absent in the ANO1 expressed in many tissues
where HCO3− secretion plays an important role, such as the
lungs, colon, and salivary glands (3, 28). These results imply that
calmodulin-induced modulation of anion selectivity has a more
central role in the regulation of ANO1, especially in HCO3−secreting epithelia.
Epithelial cells in respiratory, gastrointestinal, and genitourinary systems secrete HCO3−-containing ﬂuids, which include
saliva, pancreatic juice, intestinal ﬂuids, airway surface ﬂuid, and
ﬂuids secreted by reproductive organs (11). HCO3− is an essential ingredient in these ﬂuids and plays critical roles. For
example, in cystic ﬁbrosis, aberrant HCO3− secretion leads to
altered mucin hydration and solubilization, resulting in a thick
mucus that frequently blocks ductal structures of the internal
organs (31). However, the precise mechanisms explaining how
anion channels mediate epithelial HCO3− secretion in response
to physiological stimuli remain elusive in most circumstances.
We demonstrated that a dynamic increase in the ANO1
HCO3− permeability was induced by cytosolic calcium signals in
SMG acinar cells and in model cells (Fig. 6). Cholinergic stimulation, which evokes an increase in [Ca2+]i, is known to induce
HCO3− secretion via Cl− channels in rat and human salivary

