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I N T R O D U C T I O N

Permeation and gating properties in most ion channels 
have been traditionally considered to be independent, 
with the opening and closing of the ion channel (gating) 
as a separate process from ion entrance and passage in 
the channel pore (permeation). However, several studies 
on many ion channels have described interactions be-
tween permeation and gating, suggesting that these two 
processes are not always independent (Hille, 2001).

Ca2+-activated Cl channels (CaCCs) play important 
physiological functions, including regulation of cell ex-
citability, fluid secretion, and smooth muscle contraction 
and block of polyspermy in some oocytes (Frings et al., 
2000; Hartzell et al., 2005; Leblanc et al., 2005; Petersen, 
2005; Wray et al., 2005; Lalonde et al., 2008; Duran et al., 
2010; Berg et al., 2012; Huang et al., 2012a). Evidence 
that anions modify gating of endogenous CaCCs was re-
ported in several cell types. Indeed, partial replacement 
of Cl with other anions caused alterations in CaCC ki-
netics or conductance in lacrimal gland cells (Evans and 
Marty, 1986), parotid secretory cells (Ishikawa and Cook, 
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1993; Perez-Cornejo and Arreola, 2004), portal vein 
smooth muscle cells (Greenwood and Large, 1999), and 
Xenopus laevis oocytes (Centinaio et al., 1997; Kuruma 
and Hartzell, 2000; Qu and Hartzell, 2000). Moreover, 
Qu and Hartzell (2000) showed that the sensitivity for 
Ca2+ of CaCCs in Xenopus oocytes depended on the per-
meant anion, indicating that the permeant anion is able 
to affect channel gating.

The molecular identity of CaCCs has been controver-
sial for a long time, but there is now a general consensus 
that at least two members of the TMEM16 (anoctamin) 
gene family, TMEM16A/anoctamin1 and TMEM16B/
anoctamin2, encode for CaCCs (Caputo et al., 2008; 
Schroeder et al., 2008; Yang et al., 2008; Pifferi et al., 
2009; Stephan et al., 2009; Stöhr et al., 2009). TMEM16A 
is expressed in secretory cells, smooth muscle cells, and 
several other cell types (Huang et al., 2009, 2012a), in-
cluding supporting cells in the olfactory and vomerona-
sal epithelium (Billig et al., 2011; Dauner et al., 2012; 
Dibattista et al., 2012; Maurya and Menini, 2013) and mi-
crovilli of vomeronasal sensory neurons (Dibattista et al., 
2012). TMEM16B is expressed at the synaptic terminal of 
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M A T E R I A L S  A N D  M E T H O D S

Heterologous expression
Full-length mouse TMEM16B cDNA in pCMV-Sport6 mammalian 
expression plasmid was obtained from RZPD (clone identification: 
IRAVp968H1167D; NCBI Protein accession no. NP_705817.1). 
This is the retinal isoform with the same start site of the olfactory 
isoform used in Stephan et al. (2009) and contained exon 14 
(Ponissery Saidu et al., 2013; named exon 13 in Stephan et al. 
[2009]). 2 µg cDNA was transfected into HEK 293T cells using 
FuGENE-6 or X-tremeGENE 9 (Roche). Cells were cotransfected 
with 0.2 µg pEGFP-C1 (Takara Bio Inc.) for fluorescent identifica-
tion of transfected cells.

Electrophysiology
Electrophysiological recordings were performed in the whole-cell 
or inside-out patch-clamp configurations between 48 and 72 h 
from transfection, as previously described (Pifferi et al., 2006, 
2009; Cenedese et al., 2012). Patch pipettes, made of borosilicate 
glass (World Precision Instruments, Inc.) with a PP-830 puller 
(Narishige), had a resistance of 3–5 MΩ or 1–2 MΩ, respectively, 
for whole-cell or inside-out experiments. Currents were recorded 
with an Axopatch 1D or Axopatch 200B amplifier controlled by 
Clampex 9 or 10 via a Digidata 1332A or 1440 (Axon Instruments 
or Molecular Devices). Data were low-pass filtered at 4 or 5 kHz 
and sampled at 10 kHz. Experiments were performed at room 
temperature (20–25°C). The bath was grounded via a 1 or 3 M 
KCl agar salt bridge connected to an Ag/AgCl reference elec-
trode. A modified rapid solution exchanger (Perfusion Fast-Step 
SF-77B; Warner Instruments Corp.) was used to expose cells or 
excised membrane patches to different solutions.

In whole-cell recordings, one stimulation protocol consisted of 
voltage steps of 200-ms duration from a holding potential of 0 mV 
ranging from 100 to +100 mV (or from 200 to +200 mV), fol-
lowed by a step to 100 mV. A single-exponential function was 
fitted to tail currents to extrapolate the tail current value at the 
beginning of the step to 100 mV. The conductance, G, was cal-
culated as G = It/(Vt  Vrev), where It is the tail current, Vt is the 
tail voltage, 100 mV, and Vrev is the current reversal potential.

To estimate Vrev, channels were activated by a 200-ms pulse to 
+100 mV and then rapidly closed by application of hyperpolariz-
ing steps. Single-exponential functions were fitted to tail currents 
to extrapolate the tail current value at each voltage step. Tail cur-
rent values were plotted as a function of voltage, and the Vrev was 
estimated from a linear fit in a ±20-mV interval around Vrev.

In inside-out recordings, currents were recorded after the ini-
tial rundown, as described in Pifferi et al. (2009). Moreover, to 
allow the current to partially inactivate, patches were preexposed 
to the various Ca2+ concentrations for 500 ms before applying volt-
age protocols (Pifferi et al., 2009). Stimulation protocols con-
sisted of a 100-mV voltage step of 200-ms duration from a holding 
potential of 0 mV, followed by a step to 100 mV or by double 
voltage ramps from 100 to +100 mV and back to 100 mV at 
1-mV/ms rate, and the two I-V relations were averaged. The dose–
response curves were obtained by exposing the patches for one 
second to solutions with increasing free Ca2+ concentrations. Leak 
currents measured in nominally 0 Ca2+ solutions were subtracted.

Ionic solutions
The same solutions were used for whole-cell and inside-out re-
cordings, unless otherwise indicated. The standard extracellular 
solution contained (mM) 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 
glucose, and 10 HEPES, pH 7.4. The standard intracellular solu-
tion contained (mM) 140 CsCl, 10 HEPES, 10 HEDTA (or 5 
EGTA), pH 7.2, and no added Ca2+ for the nominally 0 Ca2+ solu-
tion, or various amounts of CaCl2, as calculated with the program 
WinMAXC (C. Patton, Stanford University, Stanford, CA), to 

photoreceptors (Stöhr et al., 2009; Billig et al., 2011; 
Dauner et al., 2013), in hippocampal cells (Huang et al., 
2012b), in the cilia of olfactory sensory neurons, and in 
the microvilli of vomeronasal sensory neurons (Stephan 
et al., 2009; Hengl et al., 2010; Rasche et al., 2010;  
Sagheddu et al., 2010; Billig et al., 2011; Dauner et al., 
2012; Dibattista et al., 2012; Maurya and Menini, 2013). 
Studies with knockout mice for TMEM16A or TMEM16B 
(Rock and Harfe, 2008; Billig et al., 2011) or knockdown 
of these channels further confirmed a reduction in 
CaCC activity (Flores et al., 2009; Galietta, 2009; Hartzell 
et al., 2009; Huang et al., 2012a; Kunzelmann et al., 
2012a,b; Pifferi et al., 2012; Sanders et al., 2012; Scudieri 
et al., 2012).

At present little is known about the structure-function 
relations for TMEM16A and TMEM16B. Bioinformatic 
models based on hydropathy analysis indicate that 
TMEM16 proteins have eight putative transmembrane 
domains (Caputo et al., 2008; Schroeder et al., 2008; 
Yang et al., 2008). In TMEM16A, the first putative intra-
cellular loop contains regions that are involved both in 
the Ca2+ and voltage dependence (Caputo et al., 2008; 
Ferrera et al., 2009, 2011; Xiao et al., 2011). In TMEM16B, 
some glutamic acids in the first putative intracellular loop 
contribute to voltage dependence (Cenedese et al., 2012). 
A recent study identified splice variants for TMEM16B 
and found that N-terminal sequences affect Ca2+ sensitivity 
(Ponissery Saidu et al., 2013).

A region located between transmembrane domains 5 
and 6 was proposed to form a reentrant loop exposed to 
the extracellular membrane side and to be part of the 
channel pore. Indeed, mutations of some basic amino 
acids in this region of TMEM16A, such as R621E, altered 
ion selectivity (Yang et al., 2008), although another study 
did not confirm the change in ion selectivity with this 
mutation (Yu et al., 2012). The same group proposed a 
different topology in which a reentrant loop is exposed 
to the intracellular membrane side of the membrane, 
also forming the third intracellular loop. Indeed, muta-
genesis of two amino acids in this region, E702 and E705, 
largely modified Ca2+ sensitivity of TMEM16A (Yu et al., 
2012). Experiments with chimeras between TMEM16A 
and TMEM16B support the finding that the third intra-
cellular loop is important for Ca2+ sensitivity (Scudieri 
et al., 2013). At present, no mutations significantly alter-
ing ion selectivity have been found (Yu et al., 2012).

Recent studies reported that anions modify gating of 
TMEM16A. Ferrera et al. (2011) showed that membrane 
conductance increased at all voltages when extracellu-
lar Cl was replaced with I or SCN. Xiao et al. (2011) 
found that voltage-dependent gating of TMEM16A was 
facilitated by anions with high permeability or by an 
increase in extracellular Cl. Here, we investigate how 
extracellular and intracellular anions affect gating in 
TMEM16B and show the presence of a strong coupling 
between permeation and gating.
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experiments in inside-out patches with different anions 
in the pipette solution, at the extracellular side of the 
membrane patch. Fig. 2 A shows currents activated at 
1.5 µM Ca2+ using voltage ramps from 100 to +100 mV, 
in the presence of the indicated extracellular anions. 
PX/PCl ratios were SCN (18.2) > I (7.1) > NO3

 (4.1) > 
Br (2.3) > Cl (1.0) > F (0.3) > gluconate (0.1).

The sequence of PX/PCl in inside-out patches was the 
same as that measured in whole-cell experiments, al-
though the value of PX/PCl for some anions was sig-
nificantly higher when measured in inside-out than in 
whole-cell recordings (see Discussion). Moreover, we com-
pared selectivity when anions were replaced at the extra-
cellular or intracellular side of inside-out patches and 
showed that for each internal or external anion PX/PCl 
was not significantly different (Fig. 2 B; data for intracel-
lular I, NO3

, and Br are from Pifferi et al. [2009]).
We plotted PX/PCl for extracellular anion substitution 

versus ionic radius (Fig. 2 C) or free energy of hydration 
(Fig. 2 D) of the test anion X. These plots show that 
PX/PCl increases with the ionic radius, with the exception 
of F and gluconate. On the other side, PX/PCl increases 
monotonically as the free energy of hydration decreases, 
indicating that the facility with which the anion enters 
the channel is related to its free energy of hydration.

Activation and deactivation kinetics
To characterize activation and deactivation kinetics in 
the presence of various anions, we analyzed the time-
dependent components in response to voltage steps in 
whole-cell recordings at 0.5 µM Ca2+. We measured the 
activation kinetics of currents in response to a voltage 
step to +100 mV from 0-mV holding voltage. The cur-
rent in Cl had an instantaneous component, related 
to the fraction of channels open at 0 mV, followed by  
a time-dependent component caused by the increase  
in channel opening at +100 mV. The time-dependent 
component was fit by a single-exponential function to 
calculate the time constant of activation, act. Fig. 3 A 
shows superimposed normalized currents from the 
same cell in Cl or with the indicated extracellular 
anion. No time-dependent component at +100 mV was 
observed when Cl was replaced with gluconate or F 
(not depicted). On average, act at +100 mV in the pres-
ence of 0.5 µM Ca2+ was 7.7 ± 0.4 ms in Cl, whereas it 
became slower with more permeant anions: 28 ± 3 ms in 
SCN, 14.8 ± 1.2 ms in I, 12.5 ± 1.0 ms in NO3

, and 
11.1 ± 1.4 ms in Br. The mean act is plotted as a func-
tion of PX/PCl in Fig. 3 C, showing that more permeant 
anions significantly prolonged the time course of activa-
tion, increasing the time necessary to respond to a de-
polarization compared with Cl.

To examine the deactivation kinetics, we calculated 
the time constant of current deactivation (deact) by fit-
ting with a single exponential function the tail currents 
obtained by a voltage step to 60 mV after a prepulse at 

obtain free Ca2+ in the range between 0.18 and 100 µM (Patton et al., 
2004). The intracellular solution with 1 mM Ca2+ contained (mM) 
140 NaCl, 10 HEPES, and 1 CaCl2, pH 7.2.

Cl in the extracellular solution was substituted with other an-
ions by replacing NaCl on an equimolar basis (unless otherwise 
indicated) with NaX, where X is the substituted anion. The con-
trol extracellular solution (140 mM Cl) used in Fig. 4 contained 
(mM) 140 NaCl, 2.5 K2SO4, 2 CaSO4, 1 MgSO4, and 10 HEPES, 
pH 7.4. For the 11 mM Cl and 1 mM Cl solutions, NaCl was re-
placed on an equimolar basis with Na-gluconate or sucrose. The 
osmolarity was adjusted with sucrose. In the extracellular solu-
tions containing NaF, divalent cations were omitted. When NaF 
was tested in the presence of 1 mM Ca2+ at the intracellular side of 
inside-out patches, no current was measured, probably because of 
the insolubility of CaF2. When the patch pipette contained SCN, 
I, and Br, a 1 M KCl agar salt bridge was used to connect the 
Ag/AgCl wire to the recording solutions. Applied voltages were 
not corrected for liquid junction potentials. All chemicals were 
purchased from Sigma-Aldrich, except K2SO4 from Carlo Erba 
and CaSO4 from J.T.Baker.

Data analysis
Data are presented as mean ± SEM, with n indicating the number 
of cells or patches. Statistical significance was determined using 
paired or unpaired t tests or ANOVA, as appropriate. When a sta-
tistically significant difference was determined with ANOVA, a 
post hoc Tukey’s test was used to evaluate which data groups 
showed significant differences. P-values <0.05 were considered 
significant. Data analysis and figures were made with Igor Pro soft-
ware (WaveMetrics). For the sake of clarity in the figures, the ca-
pacitative transients of some traces were trimmed.

R E S U L T S

Anion selectivity of TMEM16B
To determine the selectivity of TMEM16B to anions, we 
measured currents in the presence of various extracel-
lular anions by replacing 140 mM NaCl in the Ringer 
solution with the Na salt of other anions. Fig. 1 A shows 
representative whole-cell recordings at 0.5 µM Ca2+ in 
the presence of Cl, after replacement of Cl with the 
indicated anions, and in Cl after wash out. Steady-state 
I-V relations are plotted in Fig. 1 B. To obtain a better 
estimate of Vrev, we also measured tail currents (Fig. 1, C 
and D). When Cl was replaced with gluconate, the out-
ward currents decreased and Vrev shifted to positive val-
ues, revealing a lower permeability of gluconate than 
Cl. On the contrary, in the presence of SCN, I, 
NO3

, and Br, the outward currents were larger than 
those measured in Cl and Vrev shifted to negative val-
ues, indicating a higher permeability of the substituted 
anions than Cl. Permeability ratios (PX/PCl) were SCN 
(3.0) > I (2.6) > NO3

 (2.3) > Br (1.7) > Cl (1.0) > F 
(0.5) > gluconate (0.2). Fig. 1 (E and F) shows that the 
selectivity of TMEM16B estimated both from permea-
bility ratios (PX/PCl) and from chord conductance ra-
tios (GX/GCl) had the same sequence: SCN > I > NO3

 > 
Br> Cl > F > gluconate.

To obtain a direct comparison of selectivity in whole-
cell and inside-out configurations, we also performed 
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Figure 1. Extracellular anion selectivity in whole-cell recordings. (A) Representative whole-cell voltage-clamp recordings obtained 
with an intracellular solution containing 0.5 µM Ca2+. Voltage steps of 200-ms duration were given from a holding voltage of 0 mV 
to voltages between 100 and +100 mV in 20-mV steps followed by a step to 100 mV, as indicated in the top part of the panel. 
Each cell was exposed to a control solution containing NaCl (black traces) and NaX, where X was the indicated anion, followed by 
wash out in NaCl (gray traces). (B) Steady-state I-V relations measured at the end of the voltage steps from the cells shown at the 
left (A) in control (squares), NaX (circles), or after wash out from the NaX solution (triangles). (C and D) Representative record-
ings from two cells at 0.5 µM Ca2+ obtained with a voltage protocol consisting of a prepulse to +100 mV from a holding voltage of 
0 mV, followed by voltage steps between 60 and +70 mV (C) or 60 and +20 mV (D) in 10-mV steps. Only current recordings every 
20 mV are shown in C. I-V relations measured from tail currents in Cl (squares) or in the indicated anion (circles) are shown on the 
right of each cell. (E) Mean permeability ratios (PX/PCl) calculated with the Goldman-Hodgkin-Katz equation (n = 11–14). (F) Mean 
chord conductance ratios (GX/GCl) measured in a 40-mV interval around Vrev per each anion (n = 4–14). Error bars indicate SEM.
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G G z V V= + −( ) { }max // exp ,1 1 2 F/RT

 
(1)

where G is the conductance, z is the equivalent gating 
charge associated with voltage-dependent channel 
opening, V is the membrane potential, V1/2 is the mem-
brane potential producing half-maximal activation, F is 
the Faraday constant, R is the gas constant, and T is the 
absolute temperature. Gmax was evaluated for each cell 
from a global fit of G-V relations in control, after anion 
substitutions, and after wash out.

In a first set of experiments, we decreased the extra-
cellular Cl concentration from 140 to 11 mM or 1 mM 
by replacing Cl with equimolar concentrations of the 
less permeant anion gluconate, in the presence of  
1.5 µM Ca2+ (Fig. 4, A and B). Fig. 4 C shows that the de-
crease of [Cl]o produced a rightward shift of the G-V 
relation. From a global fit of G-V relations with the 
same Gmax and equivalent gating charge (z), V1/2 signifi-
cantly changed from +79 ± 13 mV in 140 mM Cl to 
+187 ± 14 mV in 11 mM [Cl]o. When Cl was further 
decreased to 1 mM, V1/2 was +205 ± 17 mV, which was 
not significantly different from the V1/2 value in 11 mM. 

+100 mV. Fig. 3 B shows superimposed normalized 
currents from the same cells of Fig. 3 A. In the pres-
ence of 0.5 µM Ca2+, the mean deact at 60 mV was 4.6 ± 
0.3 ms in Cl, whereas it became faster with less per-
meant anions (2.3 ± 0.5 ms in F and 1.9 ± 0.2 ms in 
gluconate) and slower with more permeant anions 
(23.3 ± 4.8 ms in SCN, 9.3 ± 1.4 ms in I, 7.5 ± 0.5 ms 
in NO3

, and 5.8 ± 0.9 ms in Br). The mean deact is 
plotted as a function of PX/PCl in Fig. 3 C, showing that 
the deactivation kinetics prolonged as a function of 
permeability ratios.

Voltage dependence
To investigate the effect of anions on the voltage depen-
dence of channel activation in whole-cell recordings, we 
extended voltage steps from 200 to +200 mV to obtain 
a better estimate of voltage dependence (Fig. 4). The 
voltage dependence of steady-state activation (G-V rela-
tion) was analyzed measuring tail currents at the begin-
ning of a step to 100 mV after the prepulse voltage 
steps. The conductance was plotted versus membrane 
voltage and fit by the Boltzmann equation:

Figure 2. Anion selectivity in inside-out patches. 
(A) I-V relations in 1.5 µM Ca2+ obtained from a 
ramp protocol in inside-out membrane patches. In 
each patch, the pipette solution contained 140 mM 
NaCl or the Na salt of the indicated anion. Leak-
age currents measured in 0 Ca2+ were subtracted. 
(B) Comparison of mean permeability ratios (PX/
PCl) calculated with the Goldman-Hodgkin-Katz 
equation with different anions in the internal (n = 
5–6; data for intracellular I, NO3

, and Br are 
from Pifferi et al. [2009]) or external solution (n = 
6–12; as experiments shown in A). Error bars in-
dicate SEM. (C and D) Permeability ratios (PX/PCl), 
obtained from experiments as in A, plotted ver-
sus ionic radius (C) or free energy of hydration (D) 
of the extracellular anion. Ionic radius and free 
energy of hydration were taken from Table 1 of 
Smith et al. (1999).
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z value was not significantly different: 0.33 ± 0.04 and 
0.26 ± 0.01, respectively, in 0.5 and 1.5 µM Ca2+.

To investigate whether the leftward shift of the G-V 
relation was specific to SCN or was present also with 
other anions more permeant than Cl, we performed 
experiments changing the external anion from Cl to 
NO3

 in the presence of 1.5 µM Ca2+ (representative 
recordings not depicted). A leftward shift of the G-V re-
lation was observed also with NO3

, and the mean V1/2 
significantly changed from +52 ± 16 mV in Cl to 101 ± 
18 mV in NO3

 (n = 6), as shown in the right columns 
of Fig. 5 I. Thus, V1/2 decreased in the presence of SCN 
or NO3

, indicating that more channels can be acti-
vated by depolarization in the presence of some anions 
more permeant than Cl.

Ca2+ dependence
To investigate whether different anions modify the Ca2+ 
dependence of TMEM16B activation, we measured 
dose–response relations. The best technique to mea-
sure the Ca2+ dependence of TMEM16B is to use ex-
cised inside-out patches because channels can be 
activated by several [Ca2+]i in the same patch and the 
leakage current in the absence of Ca2+ can be subtracted 
from each measurement. However, as we have previ-
ously shown, the current induced by TMEM16B pres-
ents a rundown in activity in inside-out patches (Pifferi 
et al., 2009), limiting the number of recordings that can 
be compared on the same patch. For this reason, we 
measured currents activated by various [Ca2+]i at only 
two voltage steps of +100 or 100 mV, as shown in 
Fig. 6 A. Currents in the presence of each extracellular 
anion were measured at the end of each voltage step by 

The mean z value was 0.29 ± 0.02 (n = 10). Similar re-
sults were obtained when [Cl]o was reduced by partial 
substitution with sucrose: V1/2 changed from +70 ± 19 mV 
in 140 mM Cl to +209 ± 23 mV in 11 mM Cl and +199 ± 
23 mV in 1 mM Cl, confirming that the shift was 
caused by [Cl]o reduction rather than the presence of 
gluconate (Fig. 4 D).

These results show that V1/2 increased when extracel-
lular Cl was reduced by substitution with gluconate or 
with sucrose, indicating that fewer channels can be acti-
vated by depolarization when the external Cl concen-
tration is reduced. The opposite trend, consisting of a 
leftward shift of the G-V relation at a given [Ca2+]i, was 
observed when Cl was partially replaced by the more 
permeant anion SCN (Fig. 5). Indeed, in the presence 
of 0.5 µM Ca2+ (Fig. 5, A–C) or 1.5 µM Ca2+ (Fig. 5, 
D–F), the substitution of Cl with SCN produced a left-
ward shift of the G-V relations. Upon a further increase 
of Ca2+ concentration to 13 µM (Fig. 5, G and H), the 
substitution of Cl with SCN caused an almost com-
plete activation of the current at all membrane poten-
tials in all of the experiments, preventing the possibility 
to numerically estimate V1/2, which was shifted to very 
negative potentials << 200 mV (Fig. 5, G and H).

Data from several cells at 0.5 or 1.5 µM Ca2+ are sum-
marized in Fig. 5 I, in which mean V1/2 values are shown. 
At 0.5 µM Ca2+, the mean V1/2 significantly changed 
from +195 ± 19 mV in Cl to +11 ± 35 mV in SCN (n = 4). 
At 1.5 µM Ca2+, the mean V1/2 significantly changed 
from +84 ± 20 mV in Cl to 189 ± 20 mV in SCN (n = 9; 
in some experiments with SCN at 1.5 µM Ca2+, in which 
the current was fully activated and V1/2 could not be 
evaluated, we considered V1/2 = 250 mV). The mean 

Figure 3. Activation and deactivation 
kinetics in whole cell with various extra-
cellular anions. (A and B) Normalized 
single traces from whole-cell currents 
in the presence of extracellular NaCl 
or the Na salt of the indicated anion in 
0.5 µM Ca2+. Voltage protocol similar 
to Fig. 1 (C and D), with a voltage step 
to +100 mV (A) from a holding volt-
age of 0 mV and followed by a step to 
60 mV (B). Trace in gluconate in A is 
not shown because at the test potential 
there is a negligible time-dependent 
component. (C) Current activation and  
deactivation were fitted with a single 
exponential (fit not depicted for clarity). 
Mean activation time constants (act) 
at +100 mV and deactivation time con-
stants (deact) at 60 mV were plotted 
versus permeability ratios (n = 8–14; 
*, P < 0.05; **, P < 0.01, paired t test 
with Cl). Error bars indicate SEM.
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To further investigate how external SCN modifies 
the Ca2+ dependence of TMEM16B compared with 
Cl, we measured dose–response relations in whole-
cell recordings at different voltages and compared the 
results with values measured with voltage ramps in in-
side-out patches (Fig. 7). The whole-cell configuration 
has the advantage of allowing the comparison of record-
ings with different extracellular anions in the same 
cell but has the disadvantage that different [Ca2+]i val-
ues have to be tested on different cells. To compare 
currents from different cells, current densities were 
calculated by dividing current amplitudes by the cell 
capacitance. Fig. 7 A shows whole-cell currents at vari-
ous [Ca2+]i in external Cl or SCN. In each cell, at a 
given [Ca2+]i, both inward and outward currents in 
SCN significantly increased with respect to those in Cl. 
Dose–response relations in whole-cell were analyzed 
by measuring tail currents at the beginning of the step 
to 100 mV after prepulses ranging from 100 to 
+100 mV in steps of 20 mV. Mean conductance densi-
ties in the presence of external Cl or SCN were cal-
culated, plotted versus [Ca2+]i, and fit at each voltage 
by the Hill equation:

taking the mean current between 150 and 190 ms, nor-
malized to the maximal current at the same voltage and 
plotted versus [Ca2+]i (Fig. 6 B). Data were fitted by the 
Hill equation:

 I I K/ / ,max /=     +( )+ +Ca Cai
n

i
n nH H H2 2

1 2  (2)

where I is the current, Imax is the maximal current, K1/2 is 
the half-maximal [Ca2+]i, and nH is the Hill coefficient.

Mean K1/2 values at +100 mV were lower for anions 
more permeant than Cl but increased for less perme-
ant anions (Fig. 6, B, C, and E). At 100 mV, the mean 
K1/2 value for SCN was smaller than the value in Cl, 
whereas there was no significant difference for values 
between the other anions and Cl (Fig. 6 C). Moreover, 
we observed a significant increase for Hill coefficient 
values (nH) both at 100 and +100 mV for NO3

, I, 
and SCN compared with Cl (Fig. 6 D). These results 
indicate that, at +100 mV, a lower [Ca2+]i is sufficient to 
activate 50% of the maximal current in the presence of 
external anions more permeant than Cl, whereas a 
higher [Ca2+]i is required for less permeant anions.

Figure 4. Changes of voltage dependence in whole cell when extracellular Cl was substituted with less permeant gluconate or 
sucrose. (A) Representative whole-cell voltage-clamp recordings at 1.5 µM Ca2+. The same cell was exposed to a solution containing 
NaCl (black traces), Na-gluconate (green and blue traces), and back to NaCl (gray traces). Voltage steps of 200-ms duration were  
given from a holding voltage of 0 mV to voltages between 200 and +200 mV in 40-mV steps, followed by a step to 100 mV. 
(B) Steady-state I-V relations measured at the end of the voltage steps from the cell shown at the left (A) normalized to the control value 
at +200 mV. Control values are represented by black squares, wash out by gray triangles, and 11 mM and 1 mM Cl, respectively, by 
the green and blue circles. (C) Normalized conductances calculated from tail currents at 100 mV after prepulses between 200 
and +200 mV plotted versus the prepulse voltage for the experiment shown in A. Symbols as in B. Lines are the fit to the Boltzmann 
equation (Eq. 1). (D and E) Mean V1/2 values in the presence of gluconate (D; n = 10) or sucrose (E; n = 3) at the indicated [Cl]o 
(**, P < 0.01, Tukey’s test after ANOVA for repeated measurements). Error bars indicate SEM.
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710 Permeation and gating of TMEM16B/anoctamin2

activated with voltage ramps with Cl (Fig. 7 E) or SCN 
(Fig. 7 F) in the patch pipette.

Normalized dose–response relations were fit with  
the Hill equation (Eq. 2 and Fig. 7 G). Fig. 7 (H and I) 
shows that K1/2 and nH values at different voltages were 
similar in inside-out and in whole-cell configurations, 
further confirming that external SCN increased the 
apparent Ca2+ affinity at all voltages compared with Cl 
and increased nH at some positive voltages.

To determine whether SCN modifies channel gating 
also from the intracellular side, we measured the volt-
age dependence of activation in whole-cell recordings 
in the presence of SCN instead of Cl at 0.5 µM Ca2+ 
(Fig. 8 A). G-V relations showed that V1/2 was 0.4 ± 11 mV 
in intracellular SCN (n = 11; z = 0.33 ± 0.01), whereas 
it was +195 ± 19 mV in intracellular Cl (Fig. 8, B and C; 
for Cl data from Fig. 5 I).

 
G G K=     +( )+ +

max // ,Ca Cai
n

i
n nH H H2 2

1 2
 

(3)

where G is the conductance density, Gmax is the maximal 
conductance density, K1/2 is the half-maximal [Ca2+]i, 
and nH is the Hill coefficient.

The comparison between dose–response relations at 
+100 and 100 mV in external Cl and SCN is illus-
trated in Fig. 7 B. At +100 mV, K1/2 was 1.2 µM in Cl 
and decreased to 0.4 µM in SCN. Fig. 7 C shows that K1/2 
slightly decreased as a function of voltage from 7.6 µM 
at 100 mV to 1.2 µM at +100 mV in Cl and from 
1.1 µM at 100 mV to 0.4 µM at +100 mV in SCN. The 
Hill coefficient in Cl was not voltage dependent, with 
a value of 1.1 at both 100 and +100 mV, whereas in 
SCN nH was 2.2 at 100 mV and 3.5 at +100 mV (Fig. 7 D). 
Similar results were obtained from experiments in the 
inside-out configuration. Currents at various [Ca2+]i were 

Figure 5. Changes of voltage dependence in whole cell when extracellular Cl was substituted with more permeant anions. (A, D, and G) 
Representative whole-cell voltage-clamp recordings at the indicated [Ca2+]i. The same cell was exposed to a solution containing NaCl 
(black traces), NaSCN (red traces), and back to NaCl (gray traces). Voltage steps of 200-ms duration were given from a holding volt-
age of 0 mV to voltages between 200 and +200 mV in 40-mV steps, followed by a step to 100 mV, as indicated in the top part of A. 
(B, E, and H) Steady-state I-V relations measured at the end of the voltage steps from the cell shown at the left (A, D, and G, respec-
tively) in control (squares), NaSCN (circles), and after wash out (triangles). (C and F) Normalized conductances calculated from tail 
currents at 100 mV after prepulses between 200 and +200 mV plotted versus the prepulse voltage. Symbols as in B and E. Lines 
are the fit to the Boltzmann equation (Eq. 1). (I) Mean V1/2 values at 0.5 µM Ca2+ (n = 4) or 1.5 µM Ca2+ (n = 9 in Cl, 6 in NO3

) for 
Cl, SCN, or NO3

 (**, P < 0.01 paired t test). Error bars indicate SEM.
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Figure 6. Ca2+ sensitivity in inside-out patches with various extracellular anions. (A) Each row shows current traces from the same 
inside-out patch with the indicated anion in the pipette. The cytoplasmic side was exposed to [Ca2+]i ranging from 0.18 to 1 mM. 
Voltage steps of 200-ms duration were given from a holding voltage of 0 mV to +100 mV, followed by a 200-ms step to 100 mV. 
Leakage currents measured in 0 Ca2+ were subtracted. (B) Dose–response relations of activation by Ca2+ obtained by normalized 
currents at 100 or +100 mV, fitted to the Hill equation (Eq. 2). Black lines are the fit to the Hill equation in external Cl. (C) Com-
parison of the mean K1/2 values at 100 or +100 mV in the presence of various anions (n = 5–13; **, P < 0.01 comparison with Cl by 
Tukey’s test after ANOVA). (D) Comparison of the mean nH values at 100 or +100 mV in the presence of various anions (n = 5–13; 
**, P < 0.01 comparison with Cl by Tukey’s test after ANOVA). (E) Mean K1/2 values at +100 mV plotted versus permeability ratios. 
Error bars indicate SEM.
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712 Permeation and gating of TMEM16B/anoctamin2

D I S C U S S I O N

In this study, we have provided evidence that, in the 
TMEM16B channel, permeant anions modulate the ki-
netics of current activation and deactivation, as well as 
the voltage and apparent Ca2+ sensitivity. Indeed, extra-
cellular anions more permeant than Cl prolonged 
both act and deact at low Ca2+, shifted V1/2 toward more 
negative values, and decreased K1/2, favoring the chan-
nel’s opening. In contrast, extracellular anions less per-
meant than Cl shortened deact, shifted V1/2 toward 
more positive values, and increased K1/2, contributing 
to channel closure. Moreover, a decrease of extracellu-
lar Cl by replacement with sucrose also shortened deact 
(not depicted) and shifted V1/2 toward more positive 
values, favoring the closed state of the channel. Overall, 
these results indicate that the most permeant anions 

Moreover, we measured dose–response relations for 
Ca2+ in inside-out patches in the presence of SCN in 
the bathing solution (Fig. 8 D). The comparison be-
tween dose–response relations at +100 and 100 mV in 
intracellular Cl and SCN is illustrated in Fig. 8 E. At 
+100 mV, K1/2 was 2.2 ± 0.1 µM in Cl and decreased 
to 0.85 ± 0.06 µM in SCN; at 100 mV, K1/2 was 6.4 ± 
0.4 µM in Cl and 3.3 ± 0.3 µM in SCN. The Hill co-
efficient in Cl was not voltage dependent, with a value 
of 1.41 ± 0.06 at 100 mV and 1.4 ± 0.3 at +100 mV, 
whereas in SCN nH was 1.90 ± 0.06 at 100 mV and 
2.2 ± 0.2 at +100 mV. These results show that not only 
extracellular, but also intracellular SCN affects gating 
of TMEM16B by producing a leftward shift of the volt-
age dependence and an increase of the apparent affin-
ity for Ca2+.

Figure 7. Comparison of Ca2+ sensitivity in whole-cell and inside-out patches. (A) Whole-cell recordings obtained with various [Ca2+]i in 
extracellular Cl or SCN. The same cells were recorded in Cl or SCN for each [Ca2+]i. Voltage protocol as in Fig. 1 A. (B) Comparison 
of dose–responses in Cl or SCN at 100 and +100 mV in whole cell obtained from conductance density calculated from tail currents 
plotted versus [Ca2+]i (n = 3–5). Lines are the fit to the Hill equation (Eq. 3). (C and D) Mean K1/2 and nH values from whole-cell record-
ings plotted versus voltage. (E and F) Currents in an inside-out patch activated by voltage ramps at the indicated [Ca2+]i in symmetrical 
Cl (E) or in extracellular SCN (F). Leakage currents measured in 0 Ca2+ were subtracted. (G) Comparison of dose–responses in Cl 
or SCN obtained by normalized currents at 100 or +100 mV, fitted to the Hill equation (Eq. 2). (H and I) Mean K1/2 and nH values 
from inside-out patch recordings plotted versus voltage (n = 6–7). Error bars indicate SEM.
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several reasons, including the loss of some intracellular 
factor after patch excision, such as calmodulin, and/or 
ion accumulation effects caused by restricted ion diffu-
sion altering the ion concentration gradient. If SCN or 
other anions entering the cell accumulated at the intra-
cellular side of the membrane, the concentration gradient 
between the intracellular and extracellular side would 
decrease, producing a less negative Vrev value. The differ-
ences we observed are consistent with anion accumula-
tion at the intracellular surface membrane in whole cell, 
whereas the continuous flow of solutions containing Cl 
in inside-out membrane patches is likely to prevent or 
reduce the possibility of anion accumulation at the in-
tracellular side of the membrane. In addition, we cannot 
exclude a difference induced by effects after patch exci-
sion. Jung et al. (2013) reported that the anion selectiv-
ity of TMEM16A is dynamically regulated by the 
Ca2+–calmodulin complex, whereas the effect of Ca2+–
calmodulin on selectivity of TMEM16B has not been  
investigated yet. In any case, despite the difference in 
some values of permeability ratios, we obtained the same 
sequence for anion permeability ratios measured with 
different patch-clamp configurations, confirming that 
the permeability ratio sequence for TMEM16B follows 
the Hofmeister sequence or lyotropic sequence, in 
which anions with lower dehydration energy (lyotropos) 
have higher permeability compared with anions with 
higher dehydration energy (Wright and Diamond, 1977; 
Zhang and Cremer, 2006). As previously pointed out, “the 
relationship between anion permeability and anion energy 
of hydration supports the notion that anion dehydration 

and Cl itself favor the open state of TMEM16B. Fur-
thermore, we investigated the effect of replacing Cl 
with SCN at the intracellular side of the channel and 
found similar gating modifications as from the extracel-
lular side.

Anion selectivity
The sequence of permeability ratios measured in whole-
cell recordings when extracellular Cl was replaced with 
other anions was SCN (3.0) > I (2.6) > NO3 (2.3) > 
Br (1.7) > Cl (1.0) > F (0.5) > gluconate (0.2). More-
over, the sequence of relative chord conductance fol-
lowed the same order. Both sequences are in agreement, 
for the corresponding anions, with measurements ob-
tained by Adomaviciene et al. (2013; see their Fig. 4) on 
TMEM16B and TMEM16A.

The order of anions in the sequence was the same 
when measurements were obtained both from whole-
cell and inside-out patches. However, permeability ratios 
in inside-out patches were SCN (18.2) > I (7.1) > 
NO3

 (4.1) > Br (2.3) > Cl (1.0) > F (0.3) > gluconate 
(0.1), showing larger differences among anions than in 
whole-cell recordings. Indeed, we measured a difference 
in Vrev when anions were exchanged in the whole-cell or 
inside-out configurations. For example, when external 
Cl was replaced with SCN, the mean Vrev in whole cell 
was 27 ± 2 mV, whereas in the same ionic conditions 
with SCN in the pipette, Vrev in inside out was 70 ± 1 mV. 
We measured a less negative Vrev in whole-cell than in 
inside-out recordings also with the other anions more 
permeant than Cl. This difference may be the result of 

Figure 8. Effect of intracellular SCN. (A) Whole-cell recordings at 0.5 µM Ca2+ with a standard intracellular solution containing Cl (same 
traces of Fig. 5 A) or SCN. Voltage steps as in Fig. 5. (B) Normalized conductances calculated from tail currents at 100 mV after prepulses 
between 200 and +200 mV plotted versus the prepulse voltage for the experiments shown in A. Lines are the fit to the Boltzmann equation 
(Eq. 1). (C) Mean V1/2 values in the presence of Cl (n = 4; same data of Fig. 5 I) or SCN (n = 11; **, P < 0.01 unpaired t test). Error bars 
indicate SEM. (D) Traces from an inside-out patch with SCN at the intracellular side. [Ca2+]i ranged from 0.18 to 100 µM. Voltage steps 
of 200-ms duration were given from a holding voltage of 0 to +100 mV, followed by a 200-ms step to 100 mV. Leakage currents measured 
in 0 Ca2+ were subtracted. (E) Dose–response relations of activation by Ca2+ obtained by normalized currents at 100 or +100 mV (n = 11), 
fitted to the Hill equation (Eq. 2). Black lines are the fit to the Hill equation in symmetrical Cl solutions.
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714 Permeation and gating of TMEM16B/anoctamin2

> Br (1.6) > Cl (1) > F (0.3) > aspartate (0.1) > gluta-
mate (0.05). Kinetics of current activation and deactiva-
tion were measured in the presence of 250 nM Ca2+. 
Activation kinetics increased about fourfold in SCN and 
about twofold in NO3

. Deactivation kinetics increased 
about threefold in SCN and about twofold in NO3

, 
whereas it decreased in F. As in previous studies, the ef-
fects on kinetics largely followed the order of the perme-
ability sequence, with anions with permeability ratios > 1 
producing larger effects. Also in this case, SCN efficacy 
was much larger than what was observed with the other 
more permeant anions, an effect consistent with the high 
permeability of SCN.

Although results from CaCCs on different cells are 
heterogeneous, all share the same property that act and 
deact were affected by extracellular permeant anions 
according with their permeability ratios, similarly to our 
results. deact was prolonged or shortened by anions 
more or less permeant than Cl, respectively. One im-
portant difference from our results is that we found that 
act for the TMEM16B current was prolonged by anions 
more permeant than Cl, whereas in the previous work 
on endogenous CaCCs, act was shortened (Evans and 
Marty, 1986; Perez-Cornejo and Arreola, 2004). This dif-
ference may be the result of the difference in channel 
proteins, as TMEM16A is most likely the CaCC expressed 
in lacrimal glands and in parotid acinar cells and/or by 
the [Ca2+]i. Indeed, we measured act at 0.5 µM Ca2+, a 
concentration at which the TMEM16B current induced 
by depolarization has a clear time-dependent compo-
nent, whereas as [Ca2+]i increases the time-dependent 
component decreases, and most current has an instanta-
neous change to the new level (Fig. 7 A). Thus, differences 
in act may be explained by different Ca2+ dependencies 
of the time-dependent component among CaCCs.

Voltage and Ca2+ dependence of activation
We measured the voltage-dependent activation of 
TMEM16B at low Ca2+ concentrations, showing that the 
substitution of both intra- and extracellular Cl with the 
more permeant SCN caused a leftward shift of the G-V 
relation. Also the Cl itself is affecting TMEM16B voltage 
dependence because its substitution with sucrose caused 
a shift of V1/2 to more positive values. Furthermore, dose–
response relations for Ca2+ showed that the sensitivity for 
Ca2+ depends on the permeant anion and that K1/2 at 
+100 mV decreases as a function of permeability ratios.

Also, these results can be compared with the small 
number of previous studies which have investigated the 
effect of permeant anions on endogenous CaCCs. Ishi-
kawa and Cook (1993) recorded in whole cell from 
sheep parotid secretory cells and measured the follow-
ing permeability ratios: SCN (1.80) > I (1.09) > Cl 
(1) > NO3

 (0.92) > Br (0.75). These authors analyzed 
current amplitudes and showed that both outward and 
inward currents increased when Cl was replaced with 

is the limiting step in permeation” (Dawson et al., 1999; 
Linsdell et al., 2000).

Activation and deactivation kinetics
We found that anions more permeant than Cl slowed 
both the activation and deactivation time constants at 
0.5 µM Ca2+. act at +100 mV was 7.7 ± 0.4 ms in Cl and 
almost doubled to 14.8 ± 1.2 ms in I. deact at 60 mV was 
4.6 ± 0.3 ms in Cl and also increased twice to 9.3 ± 1.4 ms 
in I. For anions less permeant than Cl, currents acti-
vated by depolarizing voltage steps lost any time depen-
dence; although the deact values were shortened in 
gluconate, deact at 60 mV decreased to 1.9 ± 0.2 ms.

These results can be compared with the limited num-
ber of previous studies investigating the effects of per-
meant anions on endogenous CaCCs. Although some 
differences in permeability sequences were reported in 
different cells, in each case there was a correlation be-
tween changes in kinetics and permeability ratios.

Evans and Marty (1986) reported the following se-
quence of permeability ratios for CaCCs in isolated cells 
from lacrimal glands when Cl was replaced with some 
extracellular anions: I (2.71) > NO3

 (2.39) > Br 
(1.59) > Cl (1) > F (0.18) > isethionate (0.11) = meth-
anesulfonate (0.11) > glutamate (0.05). The same au-
thors investigated current kinetics at 0.5 µM Ca2+ and 
showed that replacement of extracellular Cl with the 
two most permeant anions in these cells, I or NO3

, 
led to significant alterations of both act at +20 mV and 
deact at 60 mV. The value of act in Cl was 241 ± 53 ms 
and was shortened 0.91 and 0.83 times in I and NO3

, 
respectively. The value of deact was 170 ± 45 ms in Cl 
and increased 1.54 and 1.38 times in I and NO3

, re-
spectively. Other anions such as Br, isethionate, meth-
anesulfonate, or glutamate did not significantly modify 
current kinetics, indicating that “the more permeant 
the anion, the greater was its effect on channel kinetics” 
(Evans and Marty, 1986).

Greenwood and Large (1999) studied the effects of ex-
tracellular anions on the deactivation kinetics of CaCCs 
in smooth muscle cells isolated from rabbit portal vein 
with the perforated patch-clamp technique. The se-
quence of permeability ratios was: SCN > I > Br > Cl 
>> isethionate. The same authors reported that deact was 
prolonged by the external anions SCN, I, and Br, 
which were more permeant than Cl, whereas it was ac-
celerated by the less permeant anion isethionate. Indeed, 
deact was 97 ± 7 ms in Cl, 278 ± 19 ms in SCN, 157 ± 
37 ms in I, and 67 ± 5 ms in isethionate, showing a strong 
correlation between permeability ratios and changes in 
kinetics of deactivation, suggesting that gating is linked 
to permeability.

In another study, Perez-Cornejo and Arreola (2004) 
obtained whole-cell recordings from acinar cells dissoci-
ated from rat parotid gland and measured the following 
permeability ratios: SCN (4.3) > I > (2.6) > NO3

 (2.0) 
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How are permeant anions modifying gating in these 
channels? Greenwood and Large (1999) first suggested 
that the slower deactivation measured with more perme-
ant anions could be explained if the more permeant 
anion favors the channel open state, for example by in-
creasing the mean open time, possibly with a mechanism 
similar to the “foot in the door,” originally observed in 
potassium channels (Armstrong, 1971) and afterward 
confirmed in various other ion channels, where the most 
permeant ions stabilized the open conformation (Yellen, 
1997). Our results could be explained by this mecha-
nism, as the most permeant anions also produce an in-
crease in the apparent open probability.

Overall, we found that permeant anions affected the 
voltage dependence and the apparent Ca2+ affinity but 
not the voltage sensitivity, as measured by the equiva-
lent gating charge z. However, it is likely that permeant 
anions play a more complex role in addition to an in-
crease in open probability. We observed that the substi-
tution of Cl with SCN both at the extracellular and 
intracellular side produced a shift of the G-V relation 
toward more negative values, an increase of the appar-
ent Ca2+ affinity, but also a reduction in the voltage de-
pendence of the apparent Ca2+ affinity (Fig. 7, C and H), 
and an increase of the Hill coefficient at positive volt-
ages. These results could suggest that more permeant 
ions can bind with higher affinity than Cl to an alloste-
ric binding site (inside or outside the pore) that may 
control the gate of the channel.

Interestingly, the effect of permeant anions on gating 
is not novel for Cl channels because it is well known 
that anion occupancy of the pore is strictly coupled to 
fast gating in CLC Cl channels. For these channels, the 
movement of the permeating anion in the pore contrib-
utes to the voltage dependence of the channel opening 
(Pusch et al., 1995; Chen and Miller, 1996; Pusch, 1996). 
However, the ion selectivity sequence for CLC Cl chan-
nels, Cl > Br > I, is very different from that for 
TMEM16B, and there is no evidence for sequence con-
servation patterns among CLC and TMEM16 families 
(Duran et al., 2010), indicating that the molecular 
mechanisms underlying the effect of permeant anions 
on gating may be rather different.

Recent work showed that the TMEM16A channel can 
be gated by direct binding of Ca2+ to the TMEM16A 
protein, rather than by binding to an accessory Ca2+-
binding protein or through phosphorylation (Yu et al., 
2012, 2014; Terashima et al., 2013). Moreover, mutation 
of two glutamic acids, E702 and E705, greatly modified 
the Ca2+ sensitivity of the channel and contributed to 
the revision of the topology of the channel (Yu et al., 
2012), a topology which received further support by results 
obtained with chimeric proteins between TMEM16A 
and TMEM16B (Scudieri et al., 2013). Yu et al. (2012) 
also obtained data consistent with amino acids 625 to 
630 contributing to an outer vestibule at the extracellular 

SCN, remained similar in I, and decreased both with 
NO3

 and Br. Thus, the conductance changes followed 
the order of the permeability sequence. Perez-Cornejo 
and Arreola (2004) measured G-V relations in the pres-
ence of anions more permeant than Cl, fit the normal-
ized conductance with the Boltzmann equation, and 
reported that G-V relations were shifted toward more 
negative voltages with respect to the value in Cl. The 
shift was larger for anions with higher permeability ra-
tios. Anions with permeability ratios < 1 were not tested. 
Qu and Hartzell (2000) compared dose–response for 
Ca2+ in inside-out patches from Xenopus oocytes, in the 
presence of Cl or SCN at the intracellular side. By fit-
ting the data with the Hill equation, they found that at  
0 mV, the Ca2+ concentration producing 50% of the max-
imal current was 279 nM in Cl, whereas it decreased 
about twofold, 131 nM, in SCN, indicating that a lower 
[Ca2+]i is sufficient to open the channels in the presence 
of the more permeant anion SCN compared with Cl. 
These results show that anions more permeant than Cl 
favor channel opening, whereas less permeant anions 
favor channel closure, in agreement with our results.

TMEM16A and TMEM16B
After the discovery that TMEM16A and TMEM16B are 
CaCCs, some studies reported the effect of some perme-
ant anion on TMEM16A, whereas this is the first study on 
TMEM16B. Xiao et al. (2011) obtained whole-cell re-
cordings from HEK 293 cell expressing the TMEM16A(ac) 
isoform and showed that replacement of extracellular 
Cl with NO3

 or SCN shifted G-V relations to more 
negative voltages. Moreover, replacement of increasing 
concentrations of extracellular Cl with gluconate or su-
crose shifted the G-V relations toward increasingly more 
positive voltages. act and deact were not reported. These 
results are in agreement with our data.

Ferrera et al. (2011) reported that whole-cell record-
ings from Fischer rat thyroid cells stably expressing the 
TMEM16A(abc) showed an increase or decrease in con-
ductance when extracellular Cl was replaced with 
more or less permeant anions, respectively. Indeed, the 
conductance increased about twofold in I and SCN, 
whereas it decreased by 50% in gluconate. Interest-
ingly, the same authors showed that the isoform 
TMEM16A(0) had some differences in selectivity com-
pared with TMEM16A(abc). PI/PCl increased from 3.6 
for TMEM16A(abc) to 4.7 for TMEM16A(0), and PSCN/
PCl increased from 3.4 for TMEM16A(abc) to 5.6 for 
TMEM16A(0). Furthermore, the membrane conduc-
tance in I and SCN increased about sixfold compared 
with Cl for TMEM16A(0), to be compared with a two-
fold increase in TMEM16A(abc). act and deact were not 
reported. It is likely that a comparison of the regions of 
the two isoforms may help to shed light on the molecular 
mechanism at the basis of the effect of permeant anion 
on gating.
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