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Contributed by Lily Yeh Jan, February 5, 2015 (sent for review January 3, 2015; reviewed by Eitan Reuveny)

TMEM16A (transmembrane protein 16) (Anoctamin-1) forms
a calcium-activated chloride channel (CaCC) that regulates a broad
array of physiological properties in response to changes in in-
tracellular calcium concentration. Although known to conduct anions
according to the Eisenman type I selectivity sequence, the structural
determinants of TMEM16A anion selectivity are not well-understood.
Reasoning that the positive charges on basic residues are likely
contributors to anion selectivity, we performed whole-cell recordings
of mutants with alanine substitution for basic residues within the
putative pore region and identified four residues on four different
putative transmembrane segments that significantly increased the
permeability of the larger halides and thiocyanate relative to that
of chloride. Because TMEM16A permeation properties are known to
shift with changes in intracellular calcium concentration, we
further examined the calcium dependence of anion selectivity.
We found that WT TMEM16A but not mutants with alanine
substitution at those four basic residues exhibited a clear decline
in the preference for larger anions as intracellular calcium was
increased. Having implicated these residues as contributing to the
TMEM16A pore, we scrutinized candidate small molecules from
a high-throughput CaCC inhibitor screen to identify two compounds
that act as pore blockers. Mutations of those four putative pore-
lining basic residues significantly altered the IC50 of these com-
pounds at positive voltages. These findings contribute to our un-
derstanding regarding anion permeation of TMEM16A CaCC and
provide valuable pharmacological tools to probe the channel pore.

calcium-activated channels | chloride channels | channel pharmacology |
TMEM16A | ion channel biophysics

The TMEM16 (transmembrane protein 16) family consists
of transmembrane proteins, of which at least two members,

TMEM16A and TMEM16B, are pore-forming subunits of calcium-
activated chloride channels (CaCCs) (1–4). TMEM16A and
TMEM16B channels serve a variety of functions in many cell types,
including secretory epithelia (5–8), gastrointestinal pacemakers (9),
sensory neurons and hippocampal neurons (10–13), urethral and
vascular smooth muscle (14, 15), and tumor cells (16). Hence, it is
important to understand how these channels work.
TMEM16A channels are activated by direct binding of in-

tracellular calcium ions (17–19) and open to conduct currents
with anion selectivity that follows an Eisenman type I sequence
(1, 3); however, the mechanism of permeation in TMEM16A
channels is not well-understood. Although binding of intracellular
calcium at physiological concentrations is known to catalyze the
passage of anions through the channel, the properties of the
resulting conductance are complex. A hallmark feature of CaCC
in multiple cell types, including Xenopus oocytes, is the presence
of two obvious conduction modes: a voltage-dependent or out-
wardly rectifying mode at lower concentrations of calcium and
a leak mode with Ohmic character at higher concentrations (20,
21). Whereas this phenomenon may reflect voltage-dependent

calcium sensitivity of CaCC, it may also indicate the existence of
multiple open states (20, 22–24). Indeed, Xenopus TMEM16A (3)
and mouse TMEM16B (25) appeared to adopt multiple distin-
guishable conductive conformations as intracellular calcium levels
increased after photolysis of caged calcium. Furthermore, the
identity of the permeating anions also seems to influence gating
behavior, because anions for which the channel shows preferred
selectivity also seem to facilitate CaCC activation in both Xenopus
oocytes (23) and cells heterologously expressing mouse TMEM16B
(26). Taken together, these findings suggest that the anion pore and
the calcium-dependent gating machinery may be tightly coupled to
one another, whereby increases in intracellular calcium may modify
chloride-binding properties in the pore. These observations further
raise the question of whether the molecular determinants of anion
selectivity may vary in different distinct open states that may be
occupied preferentially at various intracellular calcium levels. In
light of these considerations, it is intriguing that a recently published
crystal structure of a TMEM16 family protein from the Nectria
hematococcus fungus, although not showing obvious channel be-
havior itself, has a calcium-binding pocket in close physical prox-
imity to the fifth transmembrane helix, which harbors a residue
corresponding to K584 of TMEM16A and Q559 of TMEM16F
(27). This residue has been implicated to underlie the differences
in ion selectivity between the TMEM16A and TMEM16F chan-
nels, because the anion selectivity of TMEM16A is reduced by the
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K584Q mutation and the cation selectivity of TMEM16F is re-
duced by the Q559K mutation (28).
It is important to delineate the location and properties of the

pore of TMEM16A channels. Whereas the TMEM16A pore has
been proposed to be between the fifth and sixth of either 8 (17, 19,
29) or 10 transmembrane segments (27) and several positively
charged residues were proposed to contribute to pore properties
(1, 2), whether and how these residues influence permeation re-
main unclear as the channel’s topological arrangement has come
into clearer focus using biochemical, biophysical, and structural
biological methods (17, 19, 27, 29). It is also important to identify
and characterize pharmacological modulators of the TMEM16A
channel pore. Of the channel blockers that have been identified,
some are of low potency [DIDS and tannic acid (30)] and/or
nonspecific [niflumic acid, anthracene-9-carboxylic acid, NPPB,
CaCC-inh001, and benzbromarone (6, 31–33)], whereas others
with potency in the low micromolar range (30, 34) seem to be only
partially effective (T16Ainh-001) in blocking the current (31), and
none have been conclusively shown to interact with the pore.
To address these questions, we used two approaches to examine

TMEM16A permeation behavior. First, reasoning that positively
charged residues are likely involved in conferring anion selectivity
to TMEM16A, we mutated all of the basic residues within the
putative pore region as well as several others previously queried by
Martinez–Torres and coworkers (35) for contribution to apparent
anomalous mole fraction effects and in helices shown to reside

nearby in the fungal TMEM16 crystal structure (27), and we
screened for those that prevented shifts in anion selectivity with
higher intracellular calcium. Second, we tested compounds iso-
lated from a high-throughput small molecule screen based on
iodide quenching of YFP fluorescence (2, 34, 36) to search for
pore blockers. From these compounds, we identified two with
voltage- and anion-dependent blocking properties that appeared
to display some preference for specific open states, because they
blocked the channel with greater potency at elevated intracellular
calcium. Here, we report that alanine substitution for four basic
residues caused not only alterations of anion selectivity but also,
shifted the concentration dependence of these pore blockers,
suggesting that the affinity between the pore and the blockers was
being affected by those mutations of putative pore-lining residues.

Results
By comparing the amino acid sequence of mouse TMEM16A
(National Center for Biotechnology Information accession no.
NP_848757.4) with the recent predictions of channel topology
(17, 19, 29) and the crystal structure of a fungal ortholog (27), we
identified seven basic amino acids in the putative pore region
that were also conserved in the highly similar TMEM16B channel
(National Center for Biotechnology Information accession no.
NP_705817.2). Based on 3D proximity in the crystal structure (27)
and previous studies on channel permeation (35), we considered
an additional five basic residues from transmembrane segments
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Fig. 1. Alanine scan of putative pore-lining basic
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posed topology of TMEM16A channel with basic
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viously implicated in permeation indicated at their
predicted locations. (B) Representative currents
recorded from voltage ramps from −80 to +80 mV in
whole-cell patch clamp in the constructs indicated.
Color coding indicates extracellular ion species (all at
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NaBr. Permeability ratios for all alanine mutants as
determined by solving the Goldman–Hodgkin–Katz
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comparison of WT TMEM16A in whole-cell mode
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***Significant difference (P < 0.001).

3548 | www.pnas.org/cgi/doi/10.1073/pnas.1502291112 Peters et al.

www.pnas.org/cgi/doi/10.1073/pnas.1502291112


3–9. These 12 residues are indicated on the channel schematic in
Fig. 1A [residue numbering as in splice variant ‘a’ (37) and helix
numbering as in ref. 27] and were each mutated to alanine to
assess their contributions to anion selectivity. When ramp pro-
tocols (from −80 to +80 mV) were applied to WT TMEM16A
channels transiently expressed in HEK293 cells at an intracellular
calcium concentration [Ca2+]i of 1.7 μM, whole-cell recording
yielded a nearly linear, nonrectifying current (Fig. 1B). When
extracellular chloride is replaced with chloride to bromide (Fig.
1B, red), iodide (Fig. 1B, blue), or thiocyanate (Fig. 1B, green),
a leftward shift in the reversal potential (ERev) takes place,
reflecting the higher selectivity of the channel for those ions
compared with chloride (Fig. 1B). By solving the Goldman–
Hodgkin–Katz voltage equation (see SI Extended Data Analysis),
we determined the permeability ratios over chloride for bromide
(PBr/PCl = 1.5 ± 0.1), iodide (PI/PCl = 2.9 ± 0.2), and thiocyanate
(PSCN/PCl = 5.6 ± 0.6) under these conditions. Using the same
recording conditions, we then tested mutants with alanine sub-
stitutions at the 12 residues shown in Fig. 1A, of which 11 showed
large enough currents for accurate measurements of voltage
shifts. We then plotted the permeability ratios from each mutant
for each ion and compared them with the WT (Fig. 1 C–E). From
these 11 residues, we identified 5 that produced significant shifts
in ERev with Br− and I− (P < 0.05 using one-way ANOVA).
Surprisingly, these residues are not localized to one membrane
domain but appeared to be found on several different putative
transmembrane segments; they included R511 from TM3, K599
from TM5, R617 from the TM5-6 linker, K641 from TM6, and
R784 from TM9. Three of these mutants also produced shifts
with SCN− that also reached statistical significance. As men-
tioned earlier, one mutant (R732A) appeared to strongly reduce

the current amplitude, such that chloride currents could not be
accurately separated from leak. When that mutant was exposed to
extracellular SCN−, a small apparent increase in current was ob-
served. It is possible that this mutant is modifying channel con-
ductance or channel expression; however, the inability to record
chloride currents rendered electrophysiological characterizations
difficult, and therefore, we did not study it further. To assess the
possibility that the observed shifts in permeability ratios might re-
sult from downstream effects of an allosteric effect on gating, we
tested the calcium sensitivity of the five mutants in inside-out
patches and found that, although four mutants (R511A, K599A,
R617A, and R784A) produced no significant effects on apparent
calcium sensitivity, K641A produced a strong leftward shift in
EC50 for calcium-dependent activation (94 nM compared with
966 nM for the WT) (Fig. S1); therefore, we excluded it from
additional analysis.
In one of the original studies to identify TMEM16A as a CaCC,

the selectivity of the Xenopus TMEM16A was dynamically mod-
ulated by the concentration of intracellular calcium, suggesting the
possibility that multiple open states might exist with differentiable
permeation properties (3). More recently, studies of TMEM16B
have shown that anion permeation seems to be linked with cal-
cium dependence (25, 26). To test the contribution of intracellular
calcium to the selectivity properties of TMEM16A, we performed
ramp protocols similar to those used at 1.7 μM [Ca2+]i (Fig. 1B)
but at lower (400 nM) (Fig. 2A) and higher (1 mM) intracellular
calcium (Fig. 2B). TMEM16A shows an outward rectifying or
voltage-dependent current at 400 nM [Ca2+]i and an Ohmic,
nonvoltage-dependent current at 1 mM [Ca2+]i, consistent with
known behavior. Permeability ratios were then calculated from
these recordings and plotted against those recorded for 1.7 μM
[Ca2+]i. We found that selectivity for larger anions was signifi-
cantly higher at the lowest concentration of calcium, whereas ra-
tios at 1.7 μM and 1 mM [Ca2+]i were indistinguishable (Fig. 2C).
At 400 nM [Ca2+]i, the permeability ratios of mutant channels
were comparable with those of the WT (Fig. 2D, PSCN/PCl). In
contrast, at 1 mM [Ca2+]i, alanine substitution for R511, K599,
R617, or R784 significantly increased the preference for thiocya-
nate ions over chloride (Fig. 2E), suggesting that these mutants
preferentially altered the permeation properties attributable to the
open state conferred by high intracellular calcium concentrations.
The recent crystal structure of a TMEM16 family member

from N. hematococcus fungus (27), albeit one ostensibly incapable
of conducting anions, presents an opportunity to put these func-
tional results into context on a hypothetical structural framework.
The four color-coded basic residues important for TMEM16A
anion selectivity are placed on the background of the nhTMEM16
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structure [Research Collaboratory for Structural Bioinformatics
(RCSB) Protein Data Bank ID code 4WIS] based on the sequence
alignment as proposed (27), on a cartoon representation of the
crystal structure backbone (Fig. 3A), and in a space-filling model
(Fig. 3B). It is likely that conformational differences exist between
this region of the TMEM16A channel and the snapshot of the
nhTMEM16 protein based on both the sequence variability and
the fact that the larger basic residues seem certain to render the
hypothetical structure to be energetically unfavorable as shown.
However, it is striking that these basic residues correspond to
residues that cluster near the outer mouth of a hydrophilic in-
vagination in the crystal structure (27). Consistent with previous
assertions of predicted channel topology (17, 19, 29), we propose
that this arc of basic residues is located at the outer mouth of
a pore and that increases in intracellular calcium likely cause con-
formational changes in this region so as to modify the permeation
properties of the anion pore.
To probe the properties of this channel further, we examined

the results from a high-throughput small molecule screen
(PubChem Assay ID code 588511) for compounds that inhibit
TMEM16A in such a way to indicate that they may interact with
the anion pore (SI Methods and Fig. S2). This study used a similar
methodology to previous screens, which took advantage of YFP
fluorescence quenching by halide ions to identify compounds
that perturb iodide influx through activated TMEM16A channels
(2, 34, 36). We selected 250 compounds for secondary validation,
of which we highlight the properties of two especially potent
channel blockers. These compounds [PubChem substance ID
(SID) 50085892, N-(5-nitro-1,3-thiazol-2-yl)-2-thiophenecarbox-
amide (NTTP) (Fig. 4A); PubChem SID 49642647, 1-hydroxy-3-
(trifluoromethyl)pyrido[1,2-a]benzimidazole-4-carbonitrile (1PBC)
(Fig. 4E)] blocked TMEM16A channels in the micromolar range
and were both mildly but distinctly voltage-dependent (Fig. 4 C
and G), suggesting that they inhibited the channel from within
the voltage field. When channels were exposed to 30 μM of ei-
ther blocker in 140 mM extracellular NaCl or 14 mM NaCl
(supplemented with sucrose to maintain solution osmolality) at
a constant membrane voltage of +60 mV, we found that the
washout of both blockers was strongly diminished in the presence
of the lower concentration of ions (Fig. 4 D and H), indicating
that interactions of these blockers with their binding site(s) were
strongly dependent on the presence of permeating ions. For the
first compound (NTTP), we found that both block and unblock
were well-fit by single exponential equations (Fig. 4I), where the
time constant (τ) of washout was significantly increased by
diminishing extracellular chloride. For the second compound
(1PBC), double exponentials were necessary to fit the time courses
of channel block and unblock on washout, and both the fast and
slow unblock time constants were significantly larger when extra-
cellular chloride level was reduced (consistent with this observa-
tion, the fast time constant of channel block was also significantly
smaller when chloride concentration was reduced) (Fig. 4 J and
K). These results, taken together, suggest that these two com-
pounds are likely pore blockers.
We then tested whether the concentration dependence of

these two pore blockers was altered by the mutations determined
to be important for anion selectivity. When increasing concen-
trations of drug NTTP were applied to WT TMEM16A, the IC50
at +80 mV was 32.9 μM (Fig. 5 A and B). When the same
compound was applied to the four mutants, the concentration
dependence was significantly shifted. For R617A and R784A
mutant channels, the drug blocked at much lower concen-
trations (4.3 and 10.0 μM, respectively). Conversely, R511A and
K599A mutant channels yielded shallower and slightly right-
shifted concentration dependence curves for this drug, with IC50 at
41.4 and 43.7 μM, respectively. When increasing concentrations of
drug 1PBC were applied, the IC50 for WT channels was 13.1 μM
(Fig. 5 C and D). Again, R617A and R784A conferred greater
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small molecule screen. (A) Structure of TMEM16A inhibitor (PubChem SID
50085892) NTTP. (B) Representative currents recorded from voltage ramps
from −80 to +80 mV in whole-cell patch clamp for TMEM16A in NaCl bath
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potency to the drug compared with the WT (IC50 of 2.2 and 5.8
μM). Notably, whereas R511A shifted the IC50 rightward for this
drug as well (28.9 μM), K599A appeared to completely abolish
block, because we were unable to observe any change in current
amplitude up to 30 μM compared with bath solution alone. This
finding could reflect either an inability of the drug to interact with
the mutant channel or a loss of the drug action in blocking the-
mutant channel pore, because the drug potency could be affected
by a direct effect of the mutant channel conformation on the
blocker binding site or an indirect effect on the blocker caused by
altered pore properties. Because the TMEM16A channel pore
appears to have multiple possible conductive conformations, we
also examined the blocking properties of the two compounds of
interest on WT channels with varying calcium concentrations (Fig.
S3). These drugs seemed to block progressively more effectively at
increasing calcium levels, with a mild effect exhibited by NTTP
(IC50 = 54.0, 32.9, and 23.7 μM, respectively) and a more marked
effect displayed by 1PBC (IC50 = 30.9, 13.1, and 8.6 μM, re-
spectively) at 400 nM, 1.7 μM, and 1 mM intracellular calcium.
This observation suggests that 1PBC may have some preference
for the high calcium open state.

Discussion
To study the mechanism by which anions traverse the membrane
through TMEM16A channels, we identified basic residues im-
portant for anion selectivity as well as pharmacological tools to
probe that conductance pathway. By placing these four basic
residues onto their corresponding positions of a recent crystal
structure of a fungal TMEM16 family member (27), we found
that they cluster around the outer mouth of a suggested pore
region from that structure. Although the mechanism by which
anions permeate the pore requires additional investigation, it is
tempting to speculate that the presence of the positively charged
side chains of these residues might preferentially promote flux of
the smaller and more electronegative chloride ions given that the
crystal structure is in its calcium-bound and presumably, fully
active state (27), where chloride ions tend to flow best. These
results are also consistent with previous findings that permeant
ions influence the gating process (25, 26). If the open state of the
pore at low Ca2+ is more selective to thiocyanate, as shown in
Fig. 2 D and E, then the concentration of intracellular calcium

necessary to reach the maximal open probability for the thiocy-
anate ion would seem to be less as a result, which is reported in
refs 25 and 26. Interestingly, a physiological role for the preference
for thiocyanate may exist for these channels, where thiocyanate
may be transported across the apical membrane of airway epithelial
cells through CaCCs and converted to OSCN− by a combination of
oxidases, such as Duox and lactoperoxidase, as an innate immunity
defense mechanism against pathogens (38). On the same note,
iodide ions are also strongly selected for over chloride, which may
be relevant for ensuring proper thyrocyte function in humans and
rats (39).
In addition to identifying key residues for anion selectivity, we

also identified pore blockers with potency that was affected by
mutations at these basic residues. These two compounds were
both identified from a high-throughput small molecule screen for
TMEM16A inhibitors, and both seem to block in the low mi-
cromolar range. Of four residues important for anion selectivity,
alanine substitution for R617 and R784 actually increased blocker
potency, whereas alanine substitution for the other two basic
residues seemed to weaken or abolish channel block by these
compounds. Our results are consistent with the possibility that
these drugs may block the permeation pore, such that mutations
that reduce chloride interaction with the putative pore-lining basic
residues may reduce electrostatic or steric repulsion on a drug in
its binding site. R511A and K599A, however, may, in fact, be part
of the binding site itself, because both of these mutants produce
significant losses in blocker potency compared with WT channels.
Although it is not yet possible to know exactly where the voltage
field would be in this channel, the observation that the drugs
blocked the pore at ∼10% of the electric field from the extracel-
lular face is consistent with the projected locations of these resi-
dues to the external mouth of the subunit cavities of the
nhTMEM16 crystal structure (27).
In conclusion, we have shown that basic residues in the pu-

tative pore region are strong determinants of anion selectivity in
the TMEM16A CaCC. These residues seem to underlie a more
chloride-friendly open state of the channel adopted with greater
calcium concentrations than those required to minimally activate
the channel, consistent with previous observations (3). We have
also identified two pore blockers that seem to interact in the
region of the channel containing the basic residues important for
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Fig. 5. Alanine mutants that alter anion selectivity also affect potency of pore blockers. (A) Representative currents recorded from voltage ramps from −80
to +80 mV in whole-cell patch clamp for TMEM16A in NaCl bath solution with increasing concentrations of blocker NTTP as indicated. (B) Concentration–
response curves are plotted for NTTP for TMEM16A and alanine mutants that alter anion selectivity. (C) Representative currents recorded from voltage ramps
from −80 to +80 mV in whole-cell patch clamp for TMEM16A in NaCl bath solution with increasing concentrations of blocker 1PBC as indicated. (D) Con-
centration–response curves are plotted for 1PBC for TMEM16A and alanine mutants that alter anion selectivity.
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anion selectivity, implicating this region as the likely pore. These
two compounds along with the existing body of pharmacological
modulators of this channel will be useful for additional structural
and functional characterization of the TMEM16A channel and
its family members.

Methods
Cell Culture and Molecular Biology. HEK293 cells were maintained in DMEM
(Gibco) supplemented with 10% (vol/vol) FBS and 0.1% penicillin-streptomycin
at 37 °C and 5% CO2. Transfections were performed in the same media
without antibiotics with Fugene6 (Promega) as per the manufacturer’s
instructions 24–48 h before recording. mTMEM16A was cloned into pEGFP-N1
(Clontech), and represents the splice variant-a of the gene (37). Site-directed
mutagenesis was performed using the Quickchange Kit with Pfuturbo
Polymerase (Agilent).

Electrophysiology. Twenty-four to forty-eight hours after transfection, HEK293
cells were lifted from their culture dishes with 0.05% trypsin-EDTA and plated
onto poly-L-lysine–coated coverslips. After allowing the cells to settle for at
least 1 h, coverslips were transferred to a recording chamber on a Nikon-
TE2000 Inverted Scope, and cells were visualized with an Andor Clara Camera
with Metamorph software (Molecular Devices) to confirm transfection using
eGFP. Whole-cell patch-clamp recordings were performed using borosilicate
capillary glass electrodes (Sutter Instrument) polished to a tip resistance of
3–5 MΩ. Inside-out patch-clamp recordings used electrodes polished to a re-
sistance of 2–3 MΩ. Data were acquired using an Axopatch 700B Patch-Clamp
Amplifier and Digidata 1440 Digitizer with pClamp10 software (Molecular
Devices). All experiments were performed at room temperature (22–24 °C).

Solutions. Whole-cell electrophysiology recordings were performed using
a standard bath solution containing 140mMNaCl, 10mMHepes, 5mMEGTA,

pH 7.2 (NaOH). For extracellular bi-ionic experiments, NaCl was replaced with
140mMNaBr, NaI, or NaSCN.When lower concentrations of extracellular ions
were necessary, 140 mM NaCl was replaced by 14 mM NaCl and 252 mM
sucrose to preserve isotonic osmalarity. Whole-cell intracellular solutions
contained 140 mM NaCl, 10 mM Hepes, and 2 mM MgCl2, pH 7.2 plus 5 mM
EGTA, which had been previously titrated to the desired free calcium con-
centration with Ca(OH)2. Calcium concentrations were estimated before
titration using a CaBuf prediction software from Guy Droogmans, De-
partment of Physiology, Katholieke Universiteit Leuven, Leuven, Belgium,
and confirmed using Fura dyes and a calcium calibration kit (Invitrogen);
1 mM Ca2+ intracellular solution was generated by omitting EGTA and
adding 1 mM CaCl2 directly to calcium-buffer free solution. For inside-out
patch clamp recordings, the extracellular bath solution was supplemented
with 2 mM MgCl2 for the pipette solution, whereas a series of intracellular
solutions with varying concentrations of calcium was generated as described
for the whole-cell internal solution. For drug block recordings, drugs
(Chembridge) were added to bath solution at the highest concentration
used (30 μM) and then, diluted to the desired concentration.

Data Analysis. All data were analyzed using pClamp10, Microsoft Excel, and
Graphpad Prism software. Detailed descriptions of our data fitting are in SI
Extended Data Analysis.
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