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ABSTRACT 

 

Ca2+- activated Cl- channels (CaCCs) play important roles in many physiological 

processes, including olfactory transduction, modulation of light photoreceptor 

responses, epithelial secretion. The molecular identity of these channels has been 

elusive for a long time, but recently it was shown that two members of the 

TMEM16/anoctamin family, TMEM16A/anoctamin1 and TMEM16B/anoctamin2, 

are responsible for CaCCs in several cells. At present, little is known about the 

structure-function relations for TMEM16A and TMEM16B.  

In the first part of this Thesis, we performed for the first time a site-directed 

mutagenesis study on TMEM16B to understand the molecular mechanisms of voltage 

and Ca2+ dependence. We mutated aminoacids in the first putative intracellular loop 

and measured the properties of the wild-type and mutant TMEM16B channels 

expressed in HEK 293T cells using the whole cell patch-clamp technique. In 

particular, we obtained three different mutants of TMEM16B: E367Q, ΔE5 (deletion 

of the five consecutive glutamates 386EEEEE390), and ΔEYE (deletion of three 

aminoacids 399EYE401) in the first intracellular loop. Ca2+ and voltage dependence of 

channel activation were not significantly modified in the ΔEYE mutant compared to 

the wild-type channel. E367Q and deletion of five glutamates modified the voltage 

dependence of the TMEM16B, shifting the conductance-voltage relation toward more 

positive voltages. None of these mutants affected the apparent Ca2+ affinity. These 

results show that glutamates E367 and 386EEEEE390 in the first putative intracellular 

loop contribute to the voltage-dependent regulation of the TMEM16B channel. 

In the second part of this Thesis, we studied the relation between permeation and 

gating of TMEM16B, using both the whole cell and the inside-out patch clamp 

techniques. The permeability ratio sequence substituting Cl- with other anions at the 

extracellular or intracellular side was: SCN-> I-> NO3
-> Br-> Cl-> F-> gluconate. 

Activation and deactivation kinetics at 0.5 µM Ca2+ were affected by the presence of 

various anions. The time constants of deactivation became slower in the presence of 

anions more permeant than Cl-, and faster with anions less permeant than Cl-. The 

voltage-dependence of channel activation was also modified by anions. When 

external Cl- was reduced by partial replacement with the less permeant gluconate, or 
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with sucrose, the conductance-voltage relation was shifted toward more positive 

voltages. Conversely, the substitution of Cl- with more permeant anions shifted the 

conductance-voltage relation to more negative voltages. Moreover, in the presence of 

different extracellular anions the apparent affinity for Ca2+ increased with increasing 

the permeability ratios. We also investigated the effect of replacing Clˉ with SCNˉ at 

the intracellular side of the channel and found similar gating modifications as from 

the extracellular side. These results provide the first evidence that gating of 

TMEM16B is modulated by permeant anions. 
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ABBREVIATIONS 

  

Anoctamin    ANion selective and eight (OCT) transmembrane 

 segments 

 

  

BK Big conductance Ca2+ activated K+ Channel 

  

CaCC Calcium activated Chloride Channel 

  

CaM Calmodulin  

  

cAMP cyclic Adenosine MonoPhosphate 

  

DIDS 4-4’diisothiocynostilbene-2-2’disulphonic acid 

  

DRG Dorsal Root Ganglia 

  

DTT Dithiolthreitol 

  

FRT cell Fisher Rat Thyroid cell 

  

GFP Green Fluorescent Protein 

  

HEK cell Human Embryonic Kidney cells 

  

NFA NiFlumic Acid 
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NPPB 5-nitro-2-(3-phenylpropylamino)benzoic acid 

  

PCR Polymerase Chain Reaction 

  

PIP3 Phosphatidylinositol-3,4,5-trisphoshate 

  

SITS 4-acetamido-4’-isothiocynostilbene-2.2’disulphonic acid 

  

TMEM16 Transmembrane protein with unknown function 16 
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1. INTRODUCTION 
 

1.1.  Ca2+- activated Cl- channels 
 

Calcium-activated chloride currents (CaCCs) play important roles in cellular 

physiology. These channels were first described in Xenopus oocytes, where 

fertilization produces an increase in [Ca2+]i causing the opening of CaCCs. 

The efflux of Cl- through CaCCs in Xenopus oocytes produces a membrane 

depolarization, which has been shown to block the fusion of additional sperm, 

thus preventing polyspermy (Miledi, 1982; Barish, 1983).  

CaCCs have been found in several cell types and are involved in many 

physiological processes, including epithelial secretion, membrane excitability 

in cardiac muscle and neurons, olfactory transduction, regulation of vascular 

tone, modulation of photoreceptor light responses (Hartzell et al., 2005).  

CaCCs are activated by cytosolic Ca2+ and the movement of Cl- depends on 

the membrane potential and on the Cl- concentration gradient across the 

cellular membrane.  

In airway epithelia, activation of CaCCs contributes to the control of the level 

of mucous hydration, which is important for protection against infection. 

Since intracellular Cl- concentration is high, the activation of CaCCs causes an 

efflux of Cl-, which is followed by Na+ efflux, resulting in secretion of NaCl 

and transepithelial water transport. Moreover, CaCCs play a role in exocrine 

secretion in many types of glands (Kidd and Thorn, 2000; Melvin et al., 2005). 

In smooth muscle cells, CaCC activity is involved in signal amplification 

leading to cell contraction. A Ca2+ increase activates CaCCs, producing an 

efflux of Cl-. The membrane depolarization allows the activation of voltage-

gated Ca2+ channels that mediate further Ca2+ influx and increase muscle 

contraction (Leblanc et al., 2005).  

In dorsal root ganglion (DRG) neurons, spinal cord neurons and in neurons of 

the autonomic nervous system, CaCCs are thought to regulate neuronal 

excitability, although the mechanism is poorly established. In DRG neurons, 

opening of these channels would depolarize the cell membranes or produce 
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after-depolarization following an action potential (Scott et al., 1995; De Castro 

et al., 1997; Frings et al., 2000; Hartzell et al., 2005). On the other hand, in 

spinal cord neurons, intracellular Cl- is low and the activation of CaCCs would 

stabilize the resting membrane potential or hyperpolarize the cell membrane 

(Scott et al., 1995).  

In olfactory sensory neurons (OSNs), CaCCs mediate depolarization and are 

thought to play a key role in the amplification of the initial receptor current or 

in stabilizing the response to odorants in the presence of various ionic 

conditions (Kleene and Gesteland, 1991; Kleene, 1993; Kurahashi and Yau, 

1994; Schild and Restrepo, 1998; Boccaccio and Menini, 2007; Kleene, 2008). 

In taste cells, CaCCs have been proposed to contribute to hyperpolarization 

and to adaptation (Taylor and Roper, 1994; Herness and Sun, 1999). 

CaCCs are also found in neurons and glia cells of retina. In photoreceptors, 

they are activated in response to depolarization-evoked Ca2+ influx during the 

dark current. It has been suggested that they are necessary to stabilize the 

presynaptic membrane potential during synaptic activity (Lalonde et al., 

2008).  

CaCCs in different cell systems could display different characteristics but 

some biophysical hallmark features common to native channels have been 

identified (Hartzell et al., 2005).  

They are activated by cytosolic Ca2+ with half maximal concentration (K1/2) 

for activation in the submicromolar range. K1/2 values may be different in 

specific tissue; for example it has been reported that K1/2 value in pulmonary 

artery endothelial cells was 283 nM at +100 mV (Nilius et al., 1997), 0.9 nM 

at +120 mV in Xenopus oocytes (Kuruma and Hartzell, 2000), or 63 nM at 

+97 mV in rat parotid acinar cells (Arreola et al., 1996). The Hill coefficient 

was higher than 1, suggesting than more than one Ca2+ is necessary to activate 

the channel. CaCCs exhibit outward rectification at low intracellular Ca2+ and 

become linear at higher Ca2+ concentrations (Arreola et al., 1996; Kuruma and 

Hartzell, 2000; Reisert et al., 2003). See figure 1.1. 
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Figure 1.1.  Properties of Ca2+ activated Cl- channel.  Each panel reports traces of CaCCs 

recorded in the whole cell configuration from mouse kidney medullary collecting duct cell 

line with different Ca2+ concentration in the pipette solution. Cells were voltage clamped and 

the voltage was stepped from a holding potential of -40 mV to different voltages between -100 

and +100 mV for 0.75 s with a 20 mV increment for each step, followed by a step to -40 mV. 

Panel G shows the steady-state current-voltage relationship (Qu et al., 2003). 
 

These channels are relatively nonselective among anions. The Na+ 

permeability is about 10% that of Cl- (Jentsch, 2002). CaCCs preferentially 

permeate large anions, with the following anion permeability sequence SCN- > 

NO3
- > I- > Br- > Cl- > F- (Large and Wang, 1996; Qu and Hartzell, 2000).  

Moreover, permeant anions could influence the activation of CaCCs 

(Greenwood and Large, 1999; Perez-Cornejo and Arreola, 2004).  

There are no specific blockers for CaCCs (Verkman and Galietta, 2009). The 

most used blockers for native CaCCs are NFA (niflumic acid) and flufenamic 

acid (White and Aylwin, 1990) that block CaCCs in Xenopus oocytes at 10 μ

M (Qu and Hartzell, 2001). Other less efficient blockers for CaCCs are 

tamoxifen, DIDS, SITS, NPPB, A9C (Frings et al., 2000).  
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The electrophysiological characteristics of CaCCs have been studied since 

1980s but the physiological role of these channels in many tissues is still 

unclear (Hartzell et al., 2005). Moreover, the molecular identity of the protein 

has remained elusive for a long time until, in 2008, three different groups 

using different approaches identified TMEM16A as a major component of 

CaCCs (Caputo et al., 2008; Schroeder et al., 2008; Yang et al., 2008). 
 

1.2. TMEM16/Anoctamin family 
 

The TMEM16 gene family was first identified by bioinformatic analysis 

(Katoh and Katoh, 2003). The term ‘TMEM16’ stands for ‘transmembrane 

protein with unknown function 16’. However, members of the TMEM16 

family were already known with different names for being involved in some 

tumors (West et al., 2004; Galindo and Vacquier, 2005; Huang et al., 2006; 

Espinosa et al., 2008; Kashyap et al., 2009). TMEM16 proteins are well 

conserved among eukaryotes; humans and mice have 10 genes named 

TMEM16A-K, sharing considerable homology (Galindo and Vacquier, 2005). 

See figure 1.2. 

 

 	
  
Figure 1.2. Phylogenetic tree of the mouse TMEM16 family members (Flores et al., 2009).  

 

Mammalian subfamilies TMEM16A and B are closely related, as are C and D, 

H and K (Hartzell et al., 2009). Current data suggest that members of 

TMEM16 protein family are involved in both normal vertebrate development 
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and disease. The existence of multiple TMEM16 paralogs in mice and humans 

might have evolved to allow tissue-specific expression of proteins with similar 

function (Galindo and Vacquier, 2005; Rock and Harfe, 2008; Duran and 

Hartzell, 2011). 

In 2008, three independent laboratories using different approaches reported 

that the TMEM16A protein is able to form a CaCC (Caputo et al., 2008; 

Schroeder et al., 2008; Yang et al., 2008). Yang et al. (2008), named the 

family Anoctamin because TMEM16A/ANO1 forms anion selective channels 

(AN) and hydropathy analysis indicated that the protein has eight (OCT) 

transmembrane segments (Yang et al., 2008). TMEM16B/ANO2 has also 

been shown to function as a CaCC (Schroeder et al., 2008; Stephan et al., 

2009; Pifferi et al., 2009; Stöhr et al., 2009). However, it is still unclear if all 

the members of the family are able to form CaCCs. Almaca et al. (2009) 

suggested that TMEM16F/ANO6, TMEM16H/ANO8 and TMEM16J/ANO9 

form swelling activated Cl- channels implicated in the control of cell volume 

(Almaça et al., 2009). However, different results were found by Scudieri et al. 

(2012), who did not measure an increase in anion transport or membrane 

current when TMEM16F/ANO6, TMEM16G/ANO7, TMEM16H/ANO8, 

TMEM16J/ANO9 or TMEM16K/ANO10, were transfected in HEK 293 cells 

(Scudieri et al., 2012). In 2010, Schreiber et al. (2010) showed that 

TMEM16H/ANO8 inhibits TMEM16A/ANO1 current (Schreiber et al., 

2010). TMEM16F/ANO6 has been shown to be involved in phospholipid 

scramblase activity (Suzuki et al., 2010), but also to constitute a CaCC or a 

pore-forming subunit of an anion channel (Grubb et al., 2013). Morevover, 

Yang et al. (2012) showed that TMEM16F/ANO6 forms a Ca2+-activated 

cation channel critical for Ca2+-dependent scramblase activity (Yang et al., 

2012) 

In the Introduction of this Thesis, I will mainly report results about 

TMEM16A and TMEM6B, the only two members of the family known to be 

CaCCs. 
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1.3. Expression of TMEM16A and TMEM16B 
 

The expression of TMEM16A and TMEM16B has been investigated in 

several studies. Huang et al. (2009) raised an antibody specific for mouse 

TMEM16A, as shown by the absence of staining in immunohistochemistry 

experiments in knockout mice for TMEM16A. These authors found that 

TMEM16A was expressed in the apical membrane of acinar cells of salivary 

glands and of the pancreas, in the airway smooth muscle cells, in the apical 

membranes of epithelial cells in exocrine glands, trachea and in the interstitial 

cells of Cajal. TMEM16A is also expressed in the supporting cells in the 

olfactory and vomeronasal epithelium (Billig et al., 2011; Dauner et al., 2012; 

Dibattista et al., 2012; Maurya and Menini, 2013) and in microvilli of 

vomeronasal sensory neurons (Dibattista et al., 2012).  

TMEM16B is expressed in the cilia of olfactory sensory neurons (Stephan et 

al., 2009; Hengl et al., 2010; Rasche et al., 2010; Billig et al., 2011; Dauner et 

al., 2012), in presynaptic terminals of retinal photoreceptors (Stöhr et al., 

2009; Billig et al., 2011; Dauner et al., 2013), and in hippocampal cells 

(Huang et al., 2012). 

Studies with knockout mice for TMEM16A or TMEM16B (Rock and Harfe, 

2008; Billig et al., 2011) or knockdown of these proteins confirmed a 

reduction in CaCC activity in several tissues (Flores et al., 2009; Galietta, 

2009; Hartzell et al., 2009; Kunzelmann et al., 2011; Pifferi et al., 2012; 

Sanders et al., 2012; Scudieri et al., 2012; Huang et al., 2012). 
 

1.4. Topology of TMEM16 family 
 

The TMEM16 family does not share any significant sequence homology with 

other known ion channel families. Within the TMEM16 family, the primary 

sequence identity between TMEM16A and TMEM16B is relatively high 

(around 60%) but decreases progressively with the other TMEM16 proteins: 

TMEM16F, G, H, J and K are only 20-30% identical (Galietta, 2009). 

Bioinformatic hydropathy analysis predicts that TMEM16 proteins have eight 
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transmembrane domains (TM), with cytosolic N and C termini, and a N-linked 

glycosylation site in the last extracellular loop (except for TMEM16K) 

(Hartzell et al., 2009; Kunzelmann et al., 2009; Flores et al., 2009; Galietta, 

2009). A region located between transmembrane domains 5 and 6 was 

proposed to form a re-entrant loop exposed to the extracellular membrane side 

and to be part of the channel pore. In TMEM16A, mutations of some basic 

aminoacids in this region, such as R610E, altered ion selectivity (Yang et al., 

2008), although another study did not confirm the change in ion selectivity 

(Yu et al., 2012). Hartzell’s group proposed a different topology in which the 

re-entrant loop is exposed to the intracellular side of the membrane, forming 

the third intracellular loop. Indeed, mutagenesis of two aminoacids in this 

region, E702 and E705, modified Ca2+ sensitivity of TMEM16A (Yu et al., 

2012). See figure 1.3.   
 

 
 Figure 1.3. Topology of TMEM16A channel. On the left the old version of the structure 

where the re-entrant loop between transmembrane 5 and 6 is on the extracellular side of the 

channel; on the right the revised model where the third re-entrant loop is on the intracellular 

side of the channel (Yu et al., 2012).	
  
 

1.5. Alternative splicing  
 

Both TMEM16A and TMEM16B have various protein isoforms generated by 

alternative splicing (Caputo et al., 2008; Ferrera et al., 2009; Ponissery Saidu 

et al., 2013). 
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Galietta’s group identified the presence of different TMEM16A isoforms. 

They found a basic minimal isoform, named TMEM16A (0), formed by 840 

residues with all putative transmembrane domains. This basic structure can be  

expanded by addition of four alternative segments.  Segment a with 116 

residues at the N-terminus; segment b with 22 residues located before the first 

transmembrane domain; segment c with 4 residues and segment d with 26 

residues located in the first intracellular loop, connecting the second and the 

third transmembrane domains. All these protein isoforms make functional 

channels with different biophysical characteristics, which will be described in 

Section 1.7 (Caputo et al., 2008; Ferrera et al., 2009; Galietta, 2009; Ferrera et 

al., 2010, 2011). See figure 1.4. 

 

 

 
 

Figure 1.4.  Here the position and the size of the four alternative segments (a, b, c, d).  

Segment b can modulate the Ca2+ sensitivity of TMEM16A Cl- conductance (ϒ). The Ca2+ 

sensitivity of TMEM16A (abc) is fourfold lower than TMEM16 (ac) (Ferrera et al., 2010). 

 

TMEM16B also has several isoforms. The olfactory and the retinal isoforms 

differ in the inclusion (retinal) or exclusion (olfactory) of exon 14 (previously 

annotated as exon 13 in Stephan et al., 2009). Moreover, in the olfactory 

epithelium alternative splicing occurs at exon 4 (previously annotated as exon 

3 in Stephan et al., 2009), generating TMEM16B variants either with or 
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without exon 4 (Stephan et al., 2009; Ponissery Saidu et al., 2013). Exon 4 

encodes a 33 residues segment within the cytoplasmic N terminus which is 

required for channel function in the heterologous system. In addition, also two 

alternative starting exons were identified. Therefore, with two alternative 

starting exons and alternative splicing of exon 4, four olfactory TMEM16B 

isoforms are possible: isoform A, isoform B, isoform AΔ4 and Isoform BΔ4 

(Ponissery Saidu et al., 2013). 

Alternative splicing could explain the various properties reported for CaCCs 

in different cell types (Hartzell et al., 2005; Ferrera et al., 2009, 2010; Scudieri 

et al., 2012). 

	
  

	
  

1.6. Stoichiometry 
 

TMEM16A interacts with itself to form a homodimer (Fallah et al., 2011; 

Sheridan et al., 2011; Tien et al., 2013) and the multimerization seems to 

occur before the channel is trafficked to the membrane (Sheridan et al., 2011). 

Tien et al. (2013) showed that TMEM16A, TMEM16B and TMEM16F form 

homodimeric structures. Dimerization occurs in the cytosolic N-terminal 

region and it is crucial for channel assembly and function (Tien et al., 2013). 

In addition, TMEM16A coimmunoprecipitated with TMEM16B and viceversa 

(but not with TMEM16F), indicating that the closely related homologs 

TMEM16A and TMEM16B can interact.  

	
  

1.7. Biophysical properties of TMEM16A and TMEM16B 

 

a. Ca2+ sensitivity 

	
  

TMEM16A and TMEM16B show most of the electrophysiological properties 

of ‘classical’ CaCCs (Galietta, 2009; Hartzell et al., 2009; Romanenko et al., 
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2010; Duran and Hartzell, 2011; Huang et al., 2012; Pifferi et al., 2012; 

Scudieri et al., 2012). 

In TMEM16A, the affinity of the channel for Ca2+ depends on the splice 

variants (Ferrera et al., 2009). Galietta’s group showed that at the membrane 

potential of +100 mV, K1/2 for Ca2+ was 332 nM for (abc) and 85 nM for (ac) 

and that in both cases K1/2 was slightly voltage dependent. See figure 1.5. 

 

 

 



	
   20	
  

 

Figure 1.5. In panel A and B whole cell currents recorded at different intracellular Ca2+ in 

FRT cells with stable expression of (abc) and (ac) variants of TMEM16A. In C and D 

current-voltage relationships for the two isoforms (Ferrera et al., 2009). 

 

Therefore, when segment b (26 amino acids in the N- terminal) was excluded, 

the Ca2+ sensitivity changed of about 4-fold, resulting in Cl- currents requiring 

lower Ca2+ concentrations to be activated (Ferrera et al., 2009; Galietta, 2009; 

Ferrera et al., 2011). K1/2 for (ab) was in the range 290-360 nM at voltages 

between -40 to +100 mV, showing that upon exclusion of segment c (residues 

EAVK in the first intracellular loop) the channel was not affected by 

membrane potential (Ferrera et al., 2009). The Hill coefficient was always 

higher than one, indicating cooperativity. 

Another study, from Hartzell’s group, found that deletion of the same segment 

c (EAVK) severely decreased the apparent Ca2+ sensitivity (Xiao et al., 2011). 

The analysis of the primary sequence of TMEM16A or TMEM16B could not 

identify any canonical Ca2+ binding site (EF-hand). The first intracellular loop 

contains five consecutive glutamic acids resembling the ‘Ca2+ bowl’ of BK 

channel (Schreiber and Salkoff, 1997; Ferrera et al., 2010). However, 

mutations of the five glutamic acids did not modify the apparent Ca2+ affinity 

(Xiao et al., 2011).  

It has been hypothesized that an auxiliary protein binds to and mediates 

TMEM16A activation upon an increase in intracellular Ca2+. Tian et al. (2011) 

reported that calmodulin could be co-immunoprecipitated with TMEM16A 

and that calmodulin inhibitors decreased whole cell currents of TMEM16A 

(Tian et al., 2011). However, more recent studies showed that calmodulin is 

not necessary for activation of TMEM16A (Terashima et al., 2013; Yu et al., 

2014). 

 

In TMEM16B, studies were performed both with the retinal and with the 

olfactory isoforms. K1/2 at +40 mV was 3.3 µM in the retinal isoform (Pifferi 

et al., 2009) and varied between 1.08 and 1.35 µM in the olfactory isoform 

(Stephan et al., 2009; Ponissery Saidu et al., 2013). TMEM16B Ca2+ 
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sensitivity was slightly voltage-dependent. The Hill coefficient was around 2, 

pointing to at least two binding sites for Ca2+ in the channel protein. See figure 

5. It is of interest to note that K1/2 at -40 mV differed in splice variants for 

TMEM16B differing at the N-terminal, indicating that the N-terminal of 

TMEM16B affects Ca2+ sensitivity (Ponissery Saidu et al., 2013).  

 

Despite their high level of amino acid identity, TMEM16A and TMEM16B 

show different properties. Galietta’s group replaced regions of TMEM16A 

with the equivalent regions of TMEM16B to look for a change in their 

properties.  TMEM16A protein containing the first intracellular loop of 

TMEM16B did not show a decrease in apparent Ca2+ affinity.  Instead, 

replacement of the region of the third intracellular loop changed the Ca2+ 

sensitivity of the chimeric TMEM16A protein (LOOP3 chimera) and it 

became more similar to that of TMEM16B. Indeed, the half-effective Ca2+ 

concentration of the LOOP3 chimera and TMEM16B at +100 mV was 2 and 3 

µM respectively (Scudieri et al., 2013). 

	
  

b.  Voltage dependence 

 

At low calcium concentrations, TMEM16A and TMEM16B are more 

activated at positive than at negative potentials; on the other hand, positive 

voltages lower the value of K1/2, causing a higher Ca2+ sensitivity of these 

channels. Insights into the identification of the voltage-sensing module came 

from studies on TMEM16A splice variants. Galietta’s group showed that the 

channel formed by the minimal TMEM16A (0) isoform, that has shorter 

intracellular domains, is both time and voltage independent (Caputo et al., 

2008; Ferrera et al., 2011). Moreover, TMEM16A lacking segment c (EVAK) 

in the first cytosolic loop was less sensitive to voltage across the membrane, 

showing that the first cytosolic loop is involved in voltage dependent 

modulation of the channel (Ferrera et al., 2009; Xiao et al., 2011). Hartzell’s 

group also mutated the five consecutive glutamic acids in alanine in the first 

intracellular loop and found that these mutations abilshed intrinsic voltage 

dependence of TMEM16A (Xiao et al., 2011). 
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For TMEM16B, the electrophysiological whole cell study of Pifferi et al. 

(2009), using HEK cells expressing TMEM16B shows that the channel at the 

steady state the current-voltage relationship at low calcium concentration had 

an outward rectification while it became linear increasing the Ca2+ 

concentration (Pifferi et al., 2009). The first study of structure-function 

relations for TMEM16B to identify regions involved in the voltage 

dependence of the channel is presented in the Results section of this Thesis.	
  

c. Anion selectivity 

 

Similarly to endogenous CaCCs, TMEM16A and TMEM16B favor 

permeation of bulkier anions, with SCN-, NO3
-, I-, Br- more permeant than Cl- 

(Schroeder et al., 2008; Yang et al., 2008; Pifferi et al., 2009; Stephan et al., 

2009; Sagheddu et al., 2010; Ferrera et al., 2011; Adomaviciene et al., 2013). 

See figure 1.6. 
 

 

Figure 1.6. A Current–voltage relations for TMEM16B currents activated by 100 µM Ca2+ 

in an inside-out membrane patch, obtained from a ramp protocol. Bath solutions contained 

140 mM NaCl or the Na salt of other anions, as indicated. Current traces were from the same 

patch; B Relative permeability ratios (P X/P Cl) calculated with the Goldman–Hodgkin–Katz 

equation (Pifferi et al., 2009). 
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It has also been shown that the anion selectivity of TMEM16A and 

TMEM16B changed during channel activation (Schroeder et al., 2008; 

Sagheddu et al., 2010). See figure 1.7. 

Indeed, whole-cell recordings with flash photolysis of caged Ca2+ both for 

native olfactory CaCCs and for TMEM16B expressed in HEK cells, showed 

that the reversal potential for the external anions SCN-, NO3
-, I-, which are 

more permeant than Cl-, changed with time (Sagheddu et al., 2010). The 

dynamic change in permeability to more permenat anions was also observed in 

TMEM16A expressed in Axolotl oocytes (Schroeder et al., 2008), as well as 

in some cation channels such as TRPV1 and P2X (Khakh and Lester, 1999; 

Chung et al., 2008). 

 

 

 

 
 

 

Figure 1.7. Currents recorded from a HEK 293T cell expressing TMEM16B using the 

uncaging technique for Ca2+ release in the whole cell configuration. External Cl- was 

substituted with the anions indicated. Vrev as a function of time for external I- , Br-, SCN-, 

MeS-, each from a different cell (Sagheddu et al., 2010). 

 

Moreover, recent studies reported that external anions modify gating of 

TMEM16A. Ferrera et al. (2011) showed that the membrane conductance 
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increased at all voltages when extracellular Cl- was replaced with more 

permeant anions. Xiao et al. (2011) showed that the voltage dependent gating 

of TMEM16A was facilitated by anions such as SCN- or NO3
-, which are more 

permeant than Cl-, or by an increase in extracellular Cl- (Xiao et al., 2011). 

	
  
 

d. Inactivation and Rundown 
 

Inactivation is defined as slow decrease of the current amplitude in the 

presence of the constant Ca2+ concentration. When TMEM16B was activated 

by Ca2+, it developed a current which inactivated. This process was reversible, 

voltage- and Ca2+ dependent and it was more evident at higher Ca2+ 

concentration and negative potentials (Stephan et al., 2009; Pifferi et al., 2009; 

Ponissery Saidu et al., 2013). In his recent work, Ponissery Saidu et al. (2013) 

showed that inactivation could be altered by co-expression of isoforms 

containing or lacking exon 4. When the isoform A of TMEM16B was co-

expressed with the respective isoform lacking exon 4 (AΔ4), the channel 

showed increased inactivation at -40 mV without any alteration at positive 

potentials. In contrast, when the TMEM16B isoform B was co-expressed with 

the respective isoform lacking exons 4 (BΔ4), the channel inactivated more at 

both positive and negative voltages (Ponissery Saidu et al., 2013). 

Another effect observed in inside-out excised patches, both for TMEM16A 

and TMEM16B is an irreversible rundown (Pifferi et al., 2009; Stephan et al., 

2009; Ponissery Saidu et al., 2013; Yu et al., 2014). Rundown is a decrease in 

the current amplitude with time, upon subsequent application of Ca2+ and 

reaches a relatively stationary value afterwards. In the attempt to determine the 

rundown mechanisms in TMEM16A, Yu et al. (2014) performed experiments 

where purified brain CaM was applied at concentrations ranging from 1 to 25 

µM to the cytosolic side of the patch, but the rundown never reversed or 

decreased (Yu et al., 2014). Pifferi et al., (2009) performed experiments on 

excised patch with TMEM16B adding several compounds, such as  NO3, 

VO4, DTT, calmodulin, cAMP, PIP3, to the cytoplasmic side of the patch but 
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none of them was effective in reducing the rundown (Pifferi et al., 2009). The 

molecular mechanisms of rundown are still not known. See figure 1.8. 

 

 

  

Figure 1.8. A An inside-out membrane patch was excised from HEK 293T cells transfected 

with TMEM16B and the cytoplasmic side was exposed to 100 µM Ca2+ at the time indicated 

in the upper trace A. Inactivation was voltage-dependent. Currents activated by 100 µM Ca2+ 

at -50 mV or +50 mV after 3 or 4 min from patch excision respectively. Current traces were 

from the same patch B. In B Rundown: repetitive applications of Ca2+ produced a current of 

decreasing amplitude. The holding potential was -50 mV. The number next to each trace 

indicates the initial time of Ca2+application after patch excision (Pifferi et al., 2009). 
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6.   AIM OF THE WORK 
 

The molecular mechanisms of TMEM16B channel gating are unknown. The 

analysis of the primary sequence of TMEM16B does not contain any canonical 

voltage-sensing or Ca2+-binding domains. However, the first intracellular loop 

contains several glutamates that could be involved in channel gating. The aim of 

the first part of this Thesis is to perform a first site-directed mutagenesis study on 

TMEM16B to contribute to the understanding of the molecular mechanisms 

underlying the channel voltage and Ca2+ dependence.  

The aim of the second part of this Thesis is to investigate how permeant anions 

affect gating in TMEM16B.  
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3. MATERIALS AND METHODS 
	
  

3.1. Cell culture and transfection 
 

HEK-293T cells were grown in DMEM (Gibco, Italy) supplemented with 10% 

fetal bovine serum (Sigma, Italy) 100 UI/ml penicillin and 100 μg/ml 

streptomycin (Sigma, Italy) at 37°C in a humidified CO2 incubator.  

Full-length mouse TMEM16B cDNA in pCMV-Sport6 mammalian 

expression plasmid was obtained from RZPD (Germany; clone identification: 

IRAVp968H1167D, accession number NP_705817.1). Mutations were made 

using a PCR-based site-directed mutagenisis kit (Gene Tailor mutagenisis kit, 

Invitrogen, OR, USA) and confirmed by DNA sequencing.  

2 μg TMEM16B or its mutants was transfected into cells using FuGENE 6 

reagent (Roche diagnostics, Germany) according to the manufacturer’s 

protocol. Cells were cotransfected with 0.2μg eGFP (Clontech, Mountain 

View, CA, USA) for fluorescent identification of transfected cells. 

Electrophysiological recordings were performed between 48 and 72 hours 

from transfection.	
  

 

3.2. Experimental set up and recordings 
 

HEK cells were visualized with an Olympus IX70 inverted microscope 

(Olympus, Japan) placed on an antivibration table (TMC, USA). A homemade 

Faraday cage provided an adequate electrical shielding. All recordings were 

performed using an Axopatch 1-D amplifier controlled by Clampex 9.2 via 

Digidata 1322A (Axon Instruments, USA).  Data were sampled at 10 kHz and 

low-pass filtered at 4 kHz. Patch pipettes were made of borosilicate glass 

(WPI, USA) with a PP-830 puller (Narishige, Japan) and had a resistance of 3-

5 MΩ. The pipette filled with the intracellular solution was inserted into a 

holder containing an Ag/AgCl electrode, connected to the headstage of a 

Axopatch 1-D amplifier. Headstage movements were controlled by a 
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mechanical micromanipulator (for coarse movements) and by a hydraulic 

micromanipulator (for fine movements) to bring the pipette close to the cell 

and obtain the GΩ seal. When Cl- in the bath solution was replaced with other 

anions, the bath was grounded with a 1M KCl agar bridge connected with a 

Ag/AgCl reference electrode. Experiments were performed at room 

temperature. 

 

3.3. The perfusion system  
 

Rapid exchange of solution was achieved by translating the boundary between 

two flowing streams of solutions in front of the cell in the whole-cell 

configuration (or the excised patch in inside-out experiments). Streams of 

various solutions emerged from four glass tubes with ID of 0.90 mm (Vitro 

Dynamics, USA). Changes between the solutions was performed by using the 

Perfusion Fast-Step SF-77B (Warner Instrument Corp., USA) controlled by 

the Digidata 1322A (Axon Instruments, USA). The perfusion system was 

entirely gravity driven; the solutions were stored in 25-50 ml syringes and 

polyethylene tubes (ID 1.14 mm) were used for connection with the perfusion 

system or the recording chamber. The flow of solution was controlled by 

solenoid valves (manually controlled). The recording chamber was 

continuously bathed with mammalian Ringer solution while an aspiration tube, 

placed at the opposite site and connected with a trap bottle, controlled the level 

of solution in the recording chamber. See figure 3.1. 
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 Figure 3.1.  Perfusion system used for patch clamp experiments.    Four parallel streams of 

solutions from glass pipes were delivered in front of the patch pipette. Stepping the pipe 

sideway, it was possible to rapidly change (about 20 ms) the solution bathing the cells 

attached to the patch pipette (scheme by Dott. Simone Pifferi). 

 

3.4. Solutions 

 

The composition of the standard extracellular mammalian Ringer was (in 

mM): 140 NaCl; 5 KCl; 2 CaCl2; 1 MgCl2, 10 glucose, and 10 HEPES, pH 

7.4. For experiments on ion selectivity, NaCl of the Ringer solution was 

replaced with the sodium salt of different anions. For solutions containing 

NaF, divalent cations were omitted to avoid the precipitation of the insoluble 

salt. In some experiments with low extracellular Cl- concentrations, the Ringer 

control solution contained (in 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 

replaced with equimolar amounts of Na-gluconate or sucrose. The osmolarity 

was adjusted with sucrose. The extracellular solutions were adjusted to pH 7.4 
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using NaOH or HCl. 

Intracellular solutions contained different concentrations of free Ca2+, 

calculated with the program WinMAXC  (C.Patton, Stanford university, Palo 

Alto, CA USA) ((Patton et al., 2004). The composition is reported in the 

following table. 

INTRACELLULAR SOLUTIONS  

Free	
  Ca2+	
  

(μM)	
  

CsCl	
  

(mM)	
  

CaCl2	
  

(mM)	
  

HEDTA	
  

(mM)	
  

HEPES	
  

(mM)	
  

0	
  Ca2+	
   140 -­‐ 10	
   10	
  

0.5	
  Ca2+	
   140	
   1.242 10 10	
  

1.5	
  Ca2+ 140	
   3.209 10 10	
  

3.8	
  Ca2+ 140	
   5.866 10 10	
  

13	
  Ca2+ 140	
   8.263 10 10	
  

100	
  Ca2+ 140 9.98 10	
   10	
  

 

The pH of the intracellular solutions was adjusted to 7.2 with CsOH.  

All salts used were purchased from Sigma (Italy) except for K2SO4 from Carlo 

Erba (Rodano, Milano, Italy) and CaSO4 from JT Baker (Milano, Italy). 

 

3.5. Data analysis 
 

Data are presented as mean ± SEM, with n indicating the number of cells. 

Statistical significance was determined using paired or unpaired t-tests, or 

ANOVA, as appropriate. When a statistically significant difference was 

determined with ANOVA, a post hoc Tukey test was done to evaluate which 

data groups showed significant differences. P values <0.05 were considered 
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significant. Data analysis and figures were made with Igor Pro software 

(Wavemetrics, USA). 
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4. RESULTS 
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I N T R O D U C T I O N

Ca2+-activated Cl channels (CaCCs) are expressed in 
many cell types, where they play various physiological 
roles. For example, CaCCs are involved in fast block of 
polyspermy in Xenopus laevis oocytes, in the regulation 
of smooth muscle contraction, in fluid secretion from 
exocrine glands, in the control of excitability in cardiac 
myocytes, as well as in olfactory, taste, and phototrans-
duction (Frings et al., 2000; Hartzell et al., 2005; Leblanc 
et al., 2005; Petersen, 2005; Wray et al., 2005; Bers, 2008; 
Kleene, 2008; Lalonde et al., 2008; Petersen and Tepikin, 
2008; Duran et al., 2010; Kunzelmann et al., 2011a).

Despite the fact that CaCCs are broadly present in sev-
eral tissues, their molecular identity had remained elusive 
until 2008, when three independent studies reported 
that the expression of TMEM16A/anoctamin1 was 
associated with CaCCs (Caputo et al., 2008; Schroeder  
et al., 2008; Yang et al., 2008). The TMEM16 family com-
prises 10 members, and another member of the family, 
TMEM16B/anoctamin2, has also been shown to func-
tion as a CaCC when heterologously expressed in axolotl 
oocytes (Schroeder et al., 2008) or in HEK 293T cells 

Correspondence to Anna Menini: menini@sissa.it
S. Pifferi’s present address is Max Delbrück Center for Molecular Medi-

cine, 13125 Berlin, Germany.
Abbreviations used in this paper: CaCC, Ca2+-activated Cl channel; 

WT, wild type.

(Pifferi et al., 2009; Stephan et al., 2009; Stöhr et al., 
2009; Rasche et al., 2010; Sagheddu et al., 2010).

The study of knockout mice for TMEM16A (Rock 
and Harfe, 2008) and for TMEM16B (Billig et al., 2011) 
further confirmed that CaCC activity was reduced or 
abolished in several cells (Flores et al., 2009; Galietta, 
2009; Hartzell et al., 2009; Kunzelmann et al., 2011b, 
2012; Huang et al., 2012; Pifferi et al., 2012; Sanders 
et al., 2012; Scudieri et al., 2012).

Hydropathy analysis indicates that TMEM16 proteins 
have eight putative transmembrane domains with both 
N- and C-terminal domains located at the intracellular side 
of the membrane, and the predicted topology has been 
experimentally confirmed for TMEM16G/anoctamin7 
(Das et al., 2008). At present, TMEM16A and TMEM16B 
have been shown to function as CaCCs, whereas it is 
unclear whether the other members of the family are 
CaCCs (Duran and Hartzell, 2011; Huang et al., 2012; 
Scudieri et al., 2012). Furthermore, splice variants have 
been identified both for TMEM16A (Caputo et al., 
2008; Ferrera et al., 2009, 2011) and for TMEM16B 

The voltage dependence of the TMEM16B/anoctamin2 calcium-
activated chloride channel is modified by mutations in the first putative 
intracellular loop
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Ca2+-activated Cl channels (CaCCs) are involved in several physiological processes. Recently, TMEM16A/
anoctamin1 and TMEM16B/anoctamin2 have been shown to function as CaCCs, but very little information is avail-
able on the structure–function relations of these channels. TMEM16B is expressed in the cilia of olfactory sensory 
neurons, in microvilli of vomeronasal sensory neurons, and in the synaptic terminals of retinal photoreceptors. 
Here, we have performed the first site-directed mutagenesis study on TMEM16B to understand the molecular 
mechanisms of voltage and Ca2+ dependence. We have mutated amino acids in the first putative intracellular 
loop and measured the properties of the wild-type and mutant TMEM16B channels expressed in HEK 293T cells 
using the whole cell voltage-clamp technique in the presence of various intracellular Ca2+ concentrations. We mu-
tated E367 into glutamine or deleted the five consecutive glutamates 386EEEEE390 and 399EYE401. The EYE deletion 
did not significantly modify the apparent Ca2+ dependence nor the voltage dependence of channel activation. 
E367Q and deletion of the five glutamates did not greatly affect the apparent Ca2+ affinity but modified the voltage 
dependence, shifting the conductance–voltage relations toward more positive voltages. These findings indicate 
that glutamates E367 and 386EEEEE390 in the first intracellular putative loop play an important role in the voltage 
dependence of TMEM16B, thus providing an initial structure–function study for this channel.
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286 Voltage dependence of TMEM16B/anoctamin2

of 3–5 MΩ when immersed in the bath solution. Currents were 
recorded with an Axopatch 1D or Axopatch 200B amplifier con-
trolled by Clampex 9 or 10 via a Digidata 1332A or 1440 (Molecular 
Devices). Data were low-pass filtered at 5 kHz and sampled at 10 kHz. 
Experiments were performed at room temperature (20–25°C). 
As reported previously (Pifferi et al., 2006), control experiments in 
nontransfected and only eGFP-transfected cells did not show any 
significant Ca2+-activated current.

The standard extracellular solution contained (in mM): 140 
NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose, and 10 HEPES, adjusted 
to pH 7.4 with NaOH. The intracellular solution filling the patch 
pipette contained (in mM): 140 CsCl, 10 HEPES, and 10 HEDTA, 
adjusted to pH 7.2 with CsOH, and no added Ca2+ for the nomi-
nally 0 Ca2+ solution, or various added Ca2+ concentrations, as 
calculated with the program WinMAXC (Patton et al., 2004), to 
obtain free Ca2+ in the range between 0.5 and 100 µM. The free 
Ca2+ concentrations were experimentally determined by Fura-4F 
(Invitrogen) measurements by using a luminescence spectropho-
tometer (LS-50B; PerkinElmer), as described previously (Pifferi 
et al., 2006). The total Cl concentration was 158 mM in the extra-
cellular solution, whereas in the pipette solution it ranged from 
140 mM in 0 Ca2+ to 160 mM in 100 µM Ca2+, with a calculated 

(Stephan et al., 2009). However, although the functional 
properties of different isoforms have been extensively 
investigated for TMEM16A, only preliminary data have 
been presented for TMEM16B (Saidu, S.P., A.B. Stephan, 
S.M. Caraballo, H. Zhao, and J. Reisert. 2010. Association 
for Chemoreception Sciences Meeting. Abstr. P68).

At present, very little is known about the structure–
function relations for these channels. The analysis of the 
sequence of TMEM16A and TMEM16B did not reveal 
any canonical voltage-sensing or Ca2+-binding domains 
(Yang et al., 2008), but a comparison among the biophys-
ical properties of the TMEM16A splice variants pointed 
to the functional relevance of the first putative intracellu-
lar loop (Caputo et al., 2008; Ferrera et al., 2009, 2011). 
Moreover, a recent study performed site-directed mu-
tagenesis experiments on TMEM16A modifying some 
amino acids in the first putative intracellular loop and 
found that deletion of EAVK affected both the Ca2+ and 
voltage dependence of TMEM16A (Xiao et al., 2011).

Here, we aimed to perform a first site-directed muta-
genesis investigation of TMEM16B to contribute to the 
understanding of the molecular mechanisms underly-
ing the channel voltage and Ca2+ dependence. We iden-
tified some acidic amino acids in the first intracellular 
loop of TMEM16B (367E, 386EEEEE390, 399EYE401), which 
are conserved in TMEM16A, where some of them have 
been studied (Xiao et al., 2011). We mutated or deleted 
the indicated glutamates and made a comparison be-
tween the electrophysiological properties measured 
in the whole cell configuration of the wild-type (WT) 
TMEM16B and its mutants. We have found that 367E 
and 386EEEEE390 contribute to the voltage-dependent 
regulation of the TMEM16B channel.

M A T E R I A L S  A N D  M E T H O D S

Site-directed mutagenesis of TMEM16B and  
heterologous expression
Full-length mouse TMEM16B cDNA in pCMV-Sport6 mamma-
lian expression plasmid was obtained from RZPD (clone identifi-
cation, IRAVp968H1167D; NCBI Protein database accession no. 
NP_705817.1). Mutations were made using a PCR-based site-
directed mutagenesis kit (Gene Tailor; Invitrogen) and con-
firmed by DNA sequencing. HEK 293T cells (American Type 
Culture Collection) were transfected with 2 µg TMEM16B by 
using transfection reagent (FuGENE 6; Roche). Cells were co-
transfected with 0.2 µg enhanced green fluorescent protein 
(eGFP; Takara Bio Inc.) for fluorescent identification of trans-
fected cells. After 24 h, transfected cells were replated at a lower 
density and used for patch-clamp experiments between 48 and 
72 h from transfection.

Electrophysiological recordings and ionic solutions
Current recordings from HEK 293T cells expressing TMEM16B 
or its mutants were performed in the whole cell voltage-clamp 
configuration, as described previously (Pifferi et al., 2006, 2009). 
Patch pipettes were made of borosilicate glass (World Precision 
Instruments, Inc.) and pulled with a PP-830 puller (Narishige). 
Patch pipettes filled with the intracellular solution had a resistance 

Figure 1.  I-V relations of TMEM16B. (A) Representative whole 
cell voltage-clamp recordings obtained with an intracellular solu-
tion containing nominally 0 Ca2+ or 1.5 µM Ca2+, as indicated. 
Voltage steps of 200-ms duration were given from a holding volt-
age 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. (B) Steady-state I-V relation measured at the end 
of the voltage steps (circles) or instantaneous I-V measured at 
the beginning of each voltage step (inverted triangles) from the 
cell shown in B. (C) Representative recordings at 1.5 µM Ca2+ ob-
tained with a voltage protocol consisting of a prepulse to +100 mV 
from a holding voltage of 0 mV, followed by voltage steps between 
100 and +100 mV in 20-mV steps, as shown in the top part of 
the panel. (D) I-V relations measured from tail currents (inverted 
triangles) or at the steady state (circles).
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R E S U L T S

TMEM16B activation by Ca2+ and voltage
To study the activation of TMEM16B by [Ca2+]i and 
voltage, we performed whole cell voltage-clamp record-
ings on HEK 293T cells transiently transfected with 
TMEM16B using intracellular solutions containing dif-
ferent free [Ca2+]i. Fig. 1 A shows that voltage steps be-
tween 100 and +100 mV from a holding voltage of 
0 mV elicited very small currents with a nominally 0-Ca2+ 
pipette solution (8 ± 3 pA/pF at +100 mV; n = 8), whereas 
it induced large outward currents in the presence of 
1.5 µM Ca2+.

In the presence of Ca2+, depolarizing voltage steps 
elicited an instantaneous outward current, indicating that 
channels were open at the holding potential of 0 mV, fol-
lowed by a time-dependent outward relaxation (see also 
Fig. 5). Hyperpolarizing voltage steps induced instan-
taneous inward currents followed by a relaxation toward 
less negative values, in agreement with previous results 
(Pifferi et al., 2009; Stöhr et al., 2009; Rasche et al., 
2010). The I-V relation measured at the steady state 
showed a pronounced outward rectification, whereas 
the instantaneous I-V curve measured at the beginning 
of each step was linear (Fig. 1 B). A similar result was 
obtained by activating TMEM16B with a different volt-
age protocol: channels were first activated by a 200-ms 
prepulse to +100 mV, and then tail currents were in-
duced by voltage steps between 100 and +100 mV in 
20-mV steps (Fig. 1 C). The I-V relation obtained by 
plotting the tail currents measured at the beginning of 
each step versus the step voltage was linear, whereas the 
steady-state I-V curve showed an outward rectification 
(Fig. 1 D), as in Fig. 1 B. These results clearly demonstrate 
that the I-V relation of the open channel is linear, and 
therefore the outward rectification is a result of a voltage-
dependent mechanism that favors channel opening at 

equilibrium potential for Cl of 1.5 and +1.9 mV, respectively. 
All chemicals, unless otherwise stated, were purchased from 
Sigma-Aldrich.

In most experiments, we applied 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), followed by a step to 100 mV. 
A single-exponential function was fitted to tail currents to extrapo-
late the current value at the beginning of the step to 100 mV. 
In another set of experiments, channels were activated by a 200-ms 
pulse to +100 mV, and then rapidly closed by the application of 
hyperpolarizing steps. Single-exponential functions were fitted to 
tail currents at each voltage step.

Membrane capacitance and series resistance were compen-
sated with the amplifier during the experiments. Membrane cur-
rent density was calculated by dividing the current by the cell 
capacitance. The conductance, G, was calculated as G = I/(V  Vrev), 
where I is the tail current, V is the membrane voltage, and Vrev is 
the current reversal potential. Because in our experimental con-
ditions the calculated equilibrium potential for Cl ranged be-
tween 1.5 and +1.9 mV and the measured Vrev was close to 0 mV, 
Vrev was set to 0 mV in all calculations.

Data analysis
Data are presented as mean ± SEM, with n indicating the number 
of cells. Statistical significance was determined using paired or 
unpaired t tests or ANOVA, as appropriate. When a statistically 
significant difference was determined with ANOVA, a post-hoc 
Tukey test was done to evaluate which data groups showed  
significant differences. P-values of <0.05 were considered signi
ficant. Data analysis and figures were made with Igor Pro soft-
ware (WaveMetrics).

Figure 2.  Ca2+-dependent rectification of TMEM16B. (A) Whole 
cell currents activated by the indicated [Ca2+]i. Voltage protocol 
as in Fig. 1 A. (B) Average steady-state I-V relations from several 
cells (n = 3–6). (C) Average ratios between steady-state currents 
measured at +100 and 100 mV at various [Ca2+]i (n = 3–6).

Figure 3.  Ca2+ sensitivity of TMEM16B. (A) Conductance den-
sity calculated from tail currents measured at 100 mV after pre-
pulses between 100 and +100 mV as indicated was plotted versus 
[Ca2+]i (n = 3–6). Voltage protocol as in Fig. 1 A. Lines are the fit 
to the Hill equation (Eq. 1). (B) K1/2 and nH (inset) values plotted 
versus voltage.
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The voltage dependence of steady-state activation 
(G-V relation) was analyzed by measuring tail currents at 
the beginning of a step to 100 mV after prepulse volt-
ages between 200 and +200 mV. The range of voltages 
was extended from the previous voltage protocols to ob-
tain a better estimate of voltage dependence. Fig. 4 A 
shows the average conductance activated at a given 
[Ca2+]i plotted versus membrane voltage and fit by the 
Boltzmann equation:

	 G G z V V/ / / ,/max 1 2 1 1  exp F RT= + −( ) { } 	  (2)

where G/Gmax is the normalized conductance, z is the equiv
alent gating charge associated with voltage-dependent 
channel opening, V is the membrane potential, V1/2 is 
the membrane potential producing half-maximal acti-
vation, F is the Faraday constant, R is the gas constant, 
and T is the absolute temperature.

The maximal conductance density Gmax was determined 
by a global fit of G-V relations, and G at each [Ca2+]i was 
then normalized to the same Gmax. Because at the smaller 
[Ca2+]i the prediction of Gmax from the fit could be 
affected by a large error, we also estimated Gmax at each 
[Ca2+]i. Gmax at 0.5 µM Ca2+ was 4.1 ± 0.4 nS/pF, not 
significantly different from the value of 4.7 ± 0.4 nS/pF 
at 100 µM Ca2+, indicating that the estimate of Gmax was 
little affected by [Ca2+]i. Fig. 4 A shows that increasing 

depolarizing voltages. Thus, TMEM16B is activated by 
[Ca2+]i and modulated by voltage at low [Ca2+]i.

To further examine the interplay between [Ca2+]i and 
voltage in channel activation, we varied [Ca2+]i (Fig. 2 A). 
Steady-state I-V relations measured at low [Ca2+]i showed 
an outward rectification that became less pronounced 
as [Ca2+]i increased (Fig. 2 B). We calculated a rectifica-
tion index as the ratio between the steady-state current 
at +100 and 100 mV at each [Ca2+]i. The rectification 
index was 4.8 ± 0.2 at 1.5 µM Ca2+ and decreased to 1.4 ± 
0.2 at 100 µM Ca2+, showing that the I-V relation is 
Ca2+ dependent and becomes more linear as [Ca2+]i 
increases (Fig. 2 C).

To analyze the Ca2+ dependence of TMEM16B activa-
tion at various voltages, we measured the dose–response 
relations. Tail currents at each [Ca2+]i were measured at 
the beginning of the step to 100 mV after prepulses 
ranging from 100 to +100 mV. Fig. 3 A shows the aver-
age conductance densities plotted versus [Ca2+]i and fit 
at each voltage by the Hill equation:

	 G G K=     +( )+ +
max

2

i

nH 2

i

nH

1 2
nHCa Ca/ ,/

	  (1)

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

The Hill coefficient was not voltage dependent with a 
value of 1.2 at 100 mV and 1.1 at +100 mV. The finding 
that the Hill coefficient was >1 indicates that the bind-
ing of more than one Ca2+ ion is necessary to open the 
channel. K1/2 slightly decreased with membrane depo-
larization from 4.3 µM at 100 mV to 1.6 µM at +100 mV, 
as illustrated in Fig. 3 B. These data show that the Ca2+ 
sensitivity of TMEM16B is moderately voltage dependent, 
in agreement with previous results obtained with inside-
out patches (Pifferi et al., 2009; Stephan et al., 2009).

Figure 4.  Voltage dependence of TMEM16B. (A) Normalized 
conductances at the indicated [Ca2+]i calculated from tail cur-
rents at 100 mV after prepulses between 200 and +200 mV 
were plotted versus the prepulse voltage (n = 4–9). Lines are the 
fit to the Boltzmann equation (Eq. 2). (B) V1/2 and z (inset) values 
plotted versus [Ca2+]i.

Figure 5.  Activation and deactivation kinetics of TMEM16B. 
(A) Representative recordings at the indicated [Ca2+]i. Voltage 
protocol as in Fig. 1 A, with voltage steps from a holding voltage of  
0 between +40 to +100 mV in 20-mV steps. Red dashed lines are 
the fit to a single-exponential function. (B) Average activation time 
constants (act) plotted versus voltage (n = 6–8). (C) Represen-
tative recordings at the indicated [Ca2+]i. Voltage protocol as in 
Fig. 1 C, with a prepulse to +100 mV and tail currents induced by 
voltage steps between 100 and +100 mV in 20-mV steps. Only 
tail currents are illustrated. Red dashed lines are the fit to a single-
exponential function. (D) Average deactivation time constants 
(deact) plotted versus voltage (n = 4–9).
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Activation and deactivation kinetics are regulated by 
[Ca2+]i and voltage
To characterize activation and deactivation kinetics, we 
analyzed the time-dependent components in response to 
voltage steps in the presence of a given [Ca2+]i. As shown 
in Figs. 2 A and 5 A, current activation in response to 
depolarizing voltage steps had two components: an in-
stantaneous time-independent current, related to the 
fraction of channels open at the holding voltage of 0 mV, 
followed by an outward time-dependent relaxation, a 

[Ca2+]i produced a leftward shift in the G-V relation: 
V1/2 was 124 ± 20 mV at 1.5 µM Ca2+ and became 115 ± 
18 mV at 100 µM Ca2+, whereas the equivalent gating 
charge was not largely modified (z = 0.23–0.30). Thus, 
V1/2 decreased as [Ca2+]i increased, indicating that 
more channels can be activated by depolarization in 
the presence of a high [Ca2+]i (Fig. 4 B). At a given 
[Ca2+]i, the conductance increased with depolarization, 
showing that the conductance depends both on [Ca2+]i 
and voltage.

Figure 6.  TMEM16B mutations. (A) Predicted topology of TMEM16A and TMEM16B from hydropathy analysis. (B) Alignment be-
tween mouse TMEM16A (a,c; available from GenBank/EMBL/DDBJ under accession no. NM_178642.4) and the retinal isoform of 
TMEM16B used in this study (NP_705817.1), with the mutations or deletions highlighted in color. (C–F) Representative recordings at 
the indicated [Ca2+]i for E367Q (C), E5 (D), EYE (E) mutants, and WT (F). Traces for WT are the same as in Fig. 2 A. Voltage proto-
col as in Fig. 1 A. (G) I-V steady-state relations (n = 3–8). (H) Average ratios between currents measured at +100 and 100 mV plotted 
versus [Ca2+]i for each mutant (n = 3–8).
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In summary, the activation kinetics are voltage in-
dependent and become faster by increasing [Ca2+]i, 
whereas the deactivation kinetics are prolonged by de-
polarization and by increasing [Ca2+]i.

Functional characterization of mutations in the first 
putative intracellular loop
To investigate the molecular mechanisms responsible for 
channel activation by Ca2+ and by voltage, we performed 
a site-directed mutagenesis study. Hydropathy analysis in-
dicates that each member of the TMEM16 family has 
eight transmembrane domains (Fig. 6 A). Analysis of the 
sequence of TMEM16B does not reveal the presence of 
any typical voltage sensor or Ca2+-binding domain. How-
ever, some acidic amino acids are located in the first puta-
tive intracellular loop between transmembrane segment 
2 and 3, and we hypothesized that some of them may be 
involved in Ca2+ and/or voltage activation of TMEM16B. 
As illustrated in Fig. 6 B, we mutated glutamate at position 
367 into glutamine (E367Q), deleted the five consecutive 
glutamate residues 386EEEEE390 (E5), or deleted 399EYE401 
(EYE), and measured their biophysical properties.

Fig. 6 (C–F) illustrates recordings from each mutant 
channel in the presence of various [Ca2+]i. Similar to WT 

result of the increase in the fraction of channels opened 
by depolarization. The time-independent component 
became larger as voltage or [Ca2+]i increased.

To examine the activation kinetics, we analyzed the 
time-dependent component of the current elicited by 
depolarizing voltage steps. Fig. 5 A shows that most of 
the time course of time-dependent relaxations was 
well fit by a single-exponential function. The time 
constant of current activation, act, in the presence of 
1.5 µM Ca2+ was 8.1 ± 0.8 ms at +100 mV and did not 
vary as a function of voltage at a given [Ca2+]i (Fig. 5 B). 
At +100 mV, act at 100 µM Ca2+ was 3.9 ± 1.4 ms, sig-
nificantly smaller than the value of 8.1 ± 0.8 ms at  
1.5 µM Ca2+, showing that an increase in [Ca2+]i accel-
erated activation.

The time constant of current deactivation (deact) 
was calculated by fitting with a single-exponential 
function the tail currents obtained after a prepulse at 
+100 mV by voltage steps ranging between 100 and 
20 mV (Fig. 5 C). In the presence of 0.5 µM Ca2+, 
deact was 3.0 ± 0.2 ms at 100 mV and 5.4 ± 0.5 ms at 
20 mV, showing that less negative voltages slowed 
deactivation (Fig. 5 D). At 100 mV, deact at 1.5 µM 
Ca2+ was 7.2 ± 0.8 ms, significantly different from the 
value of 3.0 ± 0.2 ms at 0.5 µM Ca2+, showing that an 
increase in [Ca2+]i slowed deactivation.

Figure 7.  Ca2+ sensitivity of TMEM16B mutants. Conductance 
density calculated from tail currents measured at 100 mV after 
prepulses between 100 and +100 mV as indicated was plotted 
versus [Ca2+]i for E367Q (A; n = 3–6), E5 (B; n = 3–5), and EYE 
(C; n = 3–8) mutants. Lines are the fit to the Hill equation (Eq. 1). 
(D) K1/2 values plotted versus voltage for each mutant.

Figure 8.  Voltage dependence of TMEM16B mutants. Normal-
ized conductances at the indicated [Ca2+]i calculated from tail 
currents at 100 mV after prepulses between 200 and +200 mV 
were plotted versus the prepulse voltage. Black lines are the fit 
to the Boltzmann equation (Eq. 2) for WT from Fig. 4 at 100 µM 
Ca2+ (solid line) or at 1.5 µM Ca2+ (dashed line). Colored lines are 
the fits to the Boltzmann equation for E367Q (A; n = 3–4), E5 
(B; n = 3–5), and EYE (C; n = 3–6) mutants. (D) Average V1/2 
values plotted versus [Ca2+]i.

 on M
arch 5, 2014

jgp.rupress.org
D

ow
nloaded from

 
Published March 12, 2012

http://jgp.rupress.org/
http://jgp.rupress.org/


� Cenedese et al. 291

given [Ca2+]i, fewer channels can be open by depolariza-
tion compared with WT.

The kinetic properties of activation and deactivation of 
mutant channels also showed some interesting changes 
compared with WT channels. Upon depolarizing volt-
age steps, the activation of mutant channels was still 
characterized by two components: an instantaneous time-
independent current, followed by an outward time-
dependent relaxation (Fig. 6), which was well fit by a 
single-exponential function as in WT channels. In the 
presence of 1.5 µM Ca2+, act at +100 mV was 2.8 ± 0.3 ms 
in E367Q, faster than 7.5 ± 0.7 ms in the WT channel, 
whereas it became slower than WT in E5 (17.7 ± 3.0 ms) 
and in EYE (25.5 ± 2.3 ms). These results indicate that 
each mutation altered the time course of activation. 
Indeed, the time necessary to respond to a depolarization 
decreased in E367Q, whereas it was progressively pro-
longed in E5 and in EYE compared with WT. As in the 
WT channel, act in each mutant was not significantly 
modified by voltage (Fig. 9 A).

Deactivation kinetics was also well fit by a single-
exponential function and, similarly to WT, deact showed 
an increase at less negative voltages for each mutant 
channel (Fig. 9 B). In the presence of 1.5 µM Ca2+, deact 
at 100 mV was 1.6 ± 0.3 ms in E367Q, smaller than 7.2 ± 
0.8 ms in the WT channel, whereas it was not significantly 
different from WT in E5 (6.8 ± 0.3 ms) and became larger 
than WT in EYE (12.3 ± 1.5 ms). The time necessary for 
channels to close upon repolarization decreased in E367Q 
but remained similar in E5, and it was prolonged in EYE 
compared with WT. Thus, E367Q and EYE mutants also 
showed a modified time course of deactivation.

D I S C U S S I O N

Here, we have provided the first site-directed mutagen-
esis study to investigate structure–function relations of 
the TMEM16B channel. Because previous studies have 
shown that TMEM16B in excised inside-out patches has 
a significant rundown (Pifferi et al., 2009, Fig. 5; Stephan 
et al., 2009, Fig. 3 A), whereas whole cell recordings are 
rather stable (Pifferi et al., 2009, Fig. 1 h), we decided to 
use the whole cell configuration.

We first characterized the WT TMEM16B channel and 
established one important difference between TMEM16A 
and TMEM16B activation properties in the absence of 
[Ca2+]i. Indeed, we found that TMEM16B cannot be acti-
vated by voltages up to +200 mV in the absence of Ca2+ 
(32 ± 10 pA/pF; n = 6; not depicted), whereas recent data 
from Hartzell’s laboratory showed that TMEM16A was ac-
tivated by strong depolarization in the absence of Ca2+ 
(140 pA/pF at +200 mV; Fig. 5 A in Xiao et al., 2011). 
Thus, our data show that TMEM16B needs Ca2+ to be acti-
vated differently from TMEM16A, which can be activated 
by voltage also in the absence of Ca2+ (Xiao et al., 2011).

(Fig. 2 A), the steady-state I-V relation for each mutant 
was Ca2+ dependent, showing an outward rectification 
at low [Ca2+]i that became less pronounced as [Ca2+]i 
increased (Fig. 6 G). However, although the overall 
Ca2+ dependence was similar, the rectification index, 
measured from the ratio between steady-state currents 
at +100 and 100 mV, was significantly higher at every 
[Ca2+]i in E367Q and E5 mutants than in WT, whereas 
it remained similar in EYE mutant channel (Fig. 6 H).

The dose–response relations for each mutant chan-
nel, evaluated from tail currents as described previously 
for the WT channel (Fig. 3), were fit by the Hill equa-
tion (Fig. 7, A–C). Fig. 7 D shows that K1/2 at +100 mV 
(100 mV) was 1.6 µM (4.3 µM) in WT, 1.3 µM (4.0 µM) in 
E367Q, 2.2 µM (4.0 µM) in E5, and 1.3 µM (3.2 µM) in 
EYE. The Hill coefficient nH at +100 mV (100 mV) 
was 1.1 (1.2) in WT, 1.6 (1.2) in E367Q, 1.4 (2.9) in E5, 
and 2.0 (1.7) in EYE. Thus, the mutations produced only 
some very small changes in K1/2 or nH, but overall no 
strong modifications in Ca2+ sensitivity were observed.

The G-V relations in mutant channels were measured 
at each [Ca2+]i and compared with the corresponding 
relations in WT channels. Fig. 8 A shows that the E367Q 
mutation produced a rightward shift of the G-V relation 
at a given [Ca2+]i with respect to WT; indeed, V1/2 
changed from 124 ± 20 mV in WT to 169 ± 6 mV in 
E367Q at 1.5 µM Ca2+, and from 115 ± 18 mV in WT 
to 44 ± 8 mV in E367Q at 100 µM Ca2+ (Fig. 8 D). The 
deletion E5 also shifted the G-V relations to the right 
(Fig. 8, B and D): V1/2 changed from 124 ± 20 mV in WT 
to 248 ± 39 mV in E5 at 1.5 µM Ca2+, and from 115 ± 
18 mV in WT to 58 ± 15 mV in E5 at 100 µM Ca2+. Dif-
ferently from the previous mutants, the EYE deletion 
did not produce any significant change in the G-V rela-
tions (Fig. 8, C and D). The equivalent gating charge for 
each mutant varied between 0.15 and 0.32, values similar 
to those of the WT channel (z = 0.23–0.30). Thus, E367Q 
and the E5 deletion modified the voltage sensitivity: at a 

Figure 9.  Activation and deactivation kinetics of TMEM16B mu-
tants. Kinetics were measured as explained in Fig. 5. (A) Average 
activation time constants (act) plotted versus voltage for E367Q 
(n = 5), E5 (n = 3), and EYE (n = 6) mutants. (B) Average deac-
tivation time constants (deact) plotted versus voltage for E367Q (n = 
4), E5 (n = 4), and EYE (n = 5) mutants.
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TMEM16B is expressed in the retina, at the synaptic 
terminal of photoreceptors (Stöhr et al., 2009; Billig et al., 
2011), in the cilia of olfactory sensory neurons, and in 
the microvilli of vomeronasal sensory neurons (Stephan 
et al., 2009; Rasche et al., 2010; Sagheddu et al., 2010; 
Billig et al., 2011; Pifferi et al., 2012). Zhao’s laboratory 
showed that the major TMEM16B olfactory isoform dif-
fers from the retinal isoform in the absence of the exon 
encoding the four amino acids ERSQ in the first puta-
tive intracellular loop (Stephan et al., 2009). It is worth 
pointing out here that segment c (EAVK) in TMEM16A 
is not present in TMEM16B, but that ERSQ residues are 
located in the corresponding positions in the retinal 
isoform of TMEM16B (Fig. 6). A comparison between the 
biophysical properties measured in inside-out patches 
from the retinal isoform (Pifferi et al., 2009) and from 
the olfactory isoform (missing ERSQ; Stephan et al., 2009) 
did not reveal any major difference in the rectification 
properties and in the dose–response relations between 
the two isoforms, although we cannot exclude that 
more detailed biophysical studies may reveal subtle dif-
ferences. Indeed, the functional properties of addi-
tional isoforms for TMEM16B are under investigation 
(Saidu, S.P., A.B. Stephan, S.M. Caraballo, H. Zhao, and 
J. Reisert. 2010. Association for Chemoreception Sciences 
Meeting. Abstr. P68).

Although the amino acidic sequences of both TMEM16A 
and TMEM16B lack any classical voltage-sensor or Ca2+-
binding domain, a series of five consecutive glutamates 
located in the first putative intracellular loop has been 
identified as a good candidate to play a role in channel 
gating. Moreover, we have investigated if other glutamates 
in the same loop could also be involved in the activation 
of TMEM16B by Ca2+ and voltage. We found that dele-
tion of the five glutamates, E5, did not greatly affect 
the apparent affinity for Ca2+ (Fig. 7), but it significantly 
shifted the activation curve to the right. Indeed, V1/2 at 
1.5 µM Ca2+ changed from 124 mV in WT to 248 mV, 
whereas the equivalent gating charge was not modified. 
In addition, the time necessary to respond to a depolar-
ization was prolonged in E5, whereas the deactivation 
constant was not significantly affected (Fig. 9). Thus, the 
five consecutive glutamates are involved in the voltage 
dependence of the TMEM16B channel, whereas they do 
not seem to play a significant role in the apparent affinity 
for Ca2+. These results are in agreement with a recent 
study in TMEM16A, showing that the substitution of the 
four correspondent glutamates into alanines (444EEEE/
AAAA447) did not greatly affect the apparent affinity for 
Ca2+ but modified the voltage dependence, producing a 
shift of the activation curve to the right (Xiao et al., 2011).

In the TMEM16B mutant E367Q, both activation and 
deactivation kinetics were shortened; the dose–response 
relation for Ca2+ was not strongly modified, while the 
activation curve was shifted to the right. Finally, the de-
letion EYE produced an increase in the time constants 

In the presence of Ca2+, dose–response relations for 
TMEM16A and TMEM16B obtained by different labo-
ratories reported variable values for K1/2. For TMEM16A, 
from inside-out recordings, K1/2 at +60 mV (60 mV) 
was 0.3 µM (2.6 µM) (Yang et al., 2008), and at +100 mV 
(100 mV) it was 0.4 µM (5.9 µM) (Xiao et al., 2011), 
whereas from whole cell recordings at +100 mV (40 mV) 
it was 332 nM (700 nM) (Ferrera et al., 2009). For 
TMEM16B, from previous work in inside-out patches, K1/2 
at +50 mV (50 mV) was 3.3 µM (4.9 µM) (Pifferi et al., 
2009), and at +40 mV (40 mV) it was 1.2 µM (1.8 µM) 
(Stephan et al., 2009), whereas from whole cell record-
ings we found that K1/2 at +40 mV (40 mV) was 2.0 µM 
(2.7 µM), and at +100 mV (100 mV) it was 1.6 µM 
(4.3 µM) (Fig. 3). Although there are some differences 
among studies reported from different laboratories, 
every report showed that the apparent affinity for Ca2+ 
is slightly voltage dependent, with higher apparent Ca2+ 
affinity at positive voltages, and the Hill coefficients are 
consistently higher than one, indicating that more than 
a Ca2+ ion is necessary to activate the channels. A compari-
son between TMEM16A and TMEM16B shows a fourfold 
difference between K1/2 values at +100 mV: 0.4 µM (Xiao 
et al., 2011) for TMEM16A and 1.6 µM for TMEM16B 
(Fig. 3), indicating a lower apparent affinity for Ca2+ of 
TMEM16B compared with TMEM16A.

A critical question about the function of TMEM16A 
and TMEM16B is the following: what are the molecular 
mechanisms responsible for Ca2+ and voltage modula-
tion of channel gating in each channel? Galietta’s labo-
ratory (Ferrera et al., 2009) has shown that human 
TMEM16A has various protein isoforms generated by 
alternative splicing, and it has labeled the four identi-
fied alternative segments as a, b, c, and d. A rare minimal 
version of TMEM16A lacking all alternative segments, 
TMEM16A (0), still shows CaCC properties, although the 
voltage dependence is reduced, (Caputo et al., 2008; 
Ferrera et al., 2009, 2011). Ferrera et al. (2009) showed 
that segment b modified the Ca2+ sensitivity by nearly four-
fold, decreasing the apparent half-effective concentration 
at +80 mV from 350 to 90 nM, whereas segment c affected 
the voltage dependence but not the Ca2+ sensitivity of 
human TMEM16A (abc). Segment c is composed of the 
four amino acids EAVK, which have also been recently 
deleted from mouse TMEM16A (ac) in a study from 
Hartzell’s laboratory (Xiao et al., 2011). Differently from 
Ferrera et al. (2009), Xiao et al. (2011) found that dele-
tion of EAVK modified both Ca2+ and voltage dependence 
of TMEM16A. The discrepancy between the results can be 
a result of differences between human TMEM16A (ab) 
and mouse TMEM16A (a), and/or to the different tech-
niques, whole cell versus inside-out recordings, used for 
the experiments in the different laboratories. Although 
the two studies reached some different conclusions, they 
both pointed to the relevance of the segment c in the regu-
lation of the TMEM16A functional activity.

 on M
arch 5, 2014

jgp.rupress.org
D

ow
nloaded from

 
Published March 12, 2012

http://jgp.rupress.org/
http://jgp.rupress.org/


� Cenedese et al. 293

Physiol. 72:95–121. http://dx.doi.org/10.1146/annurev-physiol-
021909-135811

Ferrera, L., A. Caputo, I. Ubby, E. Bussani, O. Zegarra-Moran, R. 
Ravazzolo, F. Pagani, and L.J.V. Galietta. 2009. Regulation of 
TMEM16A chloride channel properties by alternative splicing. 
J. Biol. Chem. 284:33360–33368. http://dx.doi.org/10.1074/jbc
.M109.046607

Ferrera, L., P. Scudieri, E. Sondo, A. Caputo, E. Caci, O. Zegarra-
Moran, R. Ravazzolo, and L.J.V. Galietta. 2011. A minimal isoform  
of the TMEM16A protein associated with chloride channel activity. 
Biochim. Biophys. Acta. 1808:2214–2223. http://dx.doi.org/10.1016/j
.bbamem.2011.05.017

Flores, C.A., L.P. Cid, F.V. Sepúlveda, and M.I. Niemeyer. 2009. 
TMEM16 proteins: the long awaited calcium-activated chloride 
channels? Braz. J. Med. Biol. Res. 42:993–1001. http://dx.doi.org/
10.1590/S0100-879X2009005000028

Frings, S., D. Reuter, and S.J. Kleene. 2000. Neuronal Ca2+-activated  
Cl channels—homing in on an elusive channel species. Prog. 
Neurobiol. 60:247–289. http://dx.doi.org/10.1016/S0301-0082
(99)00027-1

Galietta, L.J.V. 2009. The TMEM16 protein family: a new class of 
chloride channels? Biophys. J. 97:3047–3053. http://dx.doi.org/10
.1016/j.bpj.2009.09.024

Hartzell, C., I. Putzier, and J. Arreola. 2005. Calcium-activated chlo-
ride channels. Annu. Rev. Physiol. 67:719–758. http://dx.doi.org/10
.1146/annurev.physiol.67.032003.154341

Hartzell, H.C., K. Yu, Q. Xiao, L.-T. Chien, and Z. Qu. 2009. Anoctamin/ 
TMEM16 family members are Ca2+-activated Cl channels. J. Physiol. 
587:2127–2139. http://dx.doi.org/10.1113/jphysiol.2008.163709

Huang, F., X. Wong, and L.Y. Jan. 2012. International Union of Basic 
and Clinical Pharmacology. LXXXV: calcium-activated chloride 
channels. Pharmacol. Rev. 64:1–15. http://dx.doi.org/10.1124/
pr.111.005009

Kleene, S.J. 2008. The electrochemical basis of odor transduction in 
vertebrate olfactory cilia. Chem. Senses. 33:839–859. http://dx.doi
.org/10.1093/chemse/bjn048

Kunzelmann, K., P. Kongsuphol, K. Chootip, C. Toledo, J.R. Martins, 
J. Almaca, Y. Tian, R. Witzgall, J. Ousingsawat, and R. Schreiber. 
2011a. Role of the Ca2+-activated Cl channels bestrophin and 
anoctamin in epithelial cells. Biol. Chem. 392:125–134. http://
dx.doi.org/10.1515/BC.2011.010

Kunzelmann, K., Y. Tian, J.R. Martins, D. Faria, P. Kongsuphol, J. 
Ousingsawat, F. Thevenod, E. Roussa, J. Rock, and R. Schreiber. 
2011b. Anoctamins. Pflugers Arch. 462:195–208. http://dx.doi.org/
10.1007/s00424-011-0975-9

Kunzelmann, K., R. Schreiber, A. Kmit, W. Jantarajit, J.R. Martins, D. 
Faria, P. Kongsuphol, J. Ousingsawat, and Y. Tian. 2012. Expression 
and function of epithelial anoctamins. Exp. Physiol. 97:184–192.

Lalonde, M.R., M.E. Kelly, and S. Barnes. 2008. Calcium-activated 
chloride channels in the retina. Channels (Austin). 2:252–260. 
http://dx.doi.org/10.4161/chan.2.4.6704

Leblanc, N., J. Ledoux, S. Saleh, A. Sanguinetti, J. Angermann, K. 
O’Driscoll, F. Britton, B.A. Perrino, and I.A. Greenwood. 2005. 
Regulation of calcium-activated chloride channels in smooth mus-
cle cells: a complex picture is emerging. Can. J. Physiol. Pharmacol. 
83:541–556. http://dx.doi.org/10.1139/y05-040

Patton, C., S. Thompson, and D. Epel. 2004. Some precautions in 
using chelators to buffer metals in biological solutions. Cell Calcium. 
35:427–431. http://dx.doi.org/10.1016/j.ceca.2003.10.006

Petersen, O.H. 2005. Ca2+ signalling and Ca2+-activated ion chan-
nels in exocrine acinar cells. Cell Calcium. 38:171–200. http://dx
.doi.org/10.1016/j.ceca.2005.06.024

Petersen, O.H., and A.V. Tepikin. 2008. Polarized calcium signaling 
in exocrine gland cells. Annu. Rev. Physiol. 70:273–299. http://
dx.doi.org/10.1146/annurev.physiol.70.113006.100618

for activation and deactivation, whereas it did not cause 
any large change in apparent affinity for Ca2+ or in volt-
age sensitivity.

Collectively, our results indicate that glutamates E367 
and 386EEEEE390 in the first putative intracellular loop 
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Abstract 

At least two members of TMEM16/anoctamin family, TMEM16A (also known as anoctamin1) 

and TMEM16B (also known as anoctamin2), encode Ca2+-activated Cl- channels (CaCCs), 

which are found in various cell types and mediate numerous physiological functions. Here, we 

used whole-cell and excised inside-out patch-clamp to investigate the relationship between anion 

permeation and gating, two processes typically viewed as independent, in TMEM16B expressed 

in HEK 293T cells. The permeability ratio sequence determined by substituting Cl- with other 

anions (Px/PCl) was SCN- > I- > NO3
- > Br- > Cl- > F- > gluconate. When external Cl- was 

substituted with other anions, TMEM16B activation and deactivation kinetics at 0.5µM Ca2+ 

were modified according to the sequence of permeability ratios, with anions more permeant than 

Cl- slowing both activation and deactivation and anions less permeant than Cl- accelerating them. 

Moreover, replacement of external Cl- with gluconate, or sucrose, shifted the voltage dependence 

of steady-state activation (G_V relation) to more positive potentials, whereas substitution of 

extracellular or intracellular Cl- with SCN- shifted G-V to more negative potentials. Dose-

response relationships for Ca2+ in the presence of different extracellular anions indicated that 

apparent affinity for Ca2+ at +100mV increased with increasing permeability ratio. The apparent 

affinity for Ca2+ in the presence of intracellular SCN- also increased compared with that in Cl-. 

Our results provide the first evidence that TMEM16B gating is modulated by permeant anions 

and provide the basis for future studies aimed at identifying the molecular determinants of 

TMEM16B ion selectivity and gating. 
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INTRODUCTION 

Permeation and gating properties in most ion channels have been traditionally considered to 

be independent, with the opening and closing the ion channel (gating) as a separate process from 

ion entrance and passage in the channel pore (permeation). However, several reports on many 

ion channels, have described interactions between 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 excitability, fluid secretion, smooth muscle contraction and block of 

polyspermy in some oocytes (for reviews, see 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 

reported in several cell types. Indeed, partial replacement of Clˉ with other anions caused 

alterations in CaCCs kinetics or conductance in lacrimal gland cells (Evans and Marty, 1986), 

parotid secretory cells (Ishikawa and Cook, 1993; Perez-Cornejo et al., 2004), portal vein smooth 

muscle cells (Greenwood and Large, 1999), and Xenopus 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 permeant anion, 

indicating that the permeant anion is able to affect channel gating. 

The molecular identity of CaCCs has been controversial 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 in several other cell 
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types (Huang et al., 2009; 2012a), including supporting cells in the olfactory and vomeronasal 

epithelium (Billig et al., 2011, Dauner et al., 2012; Dibattista et al., 2012; Maurya and Menini, 

2014) and microvilli of vomeronasal sensory neurons (Dibattista et al., 2012). TMEM16B is 

expressed at the synaptic terminal of 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, 2014). 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 (for reviews, see Flores et al., 2009; Galietta, 2009; 

Hartzell et al., 2009; Kunzelmann et al., 2011, 2012; Pifferi et al., 2012; Sanders et al., 2012; 

Scudieri et al., 2012; Huang et al., 2012a). 

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 intracellular 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 re-entrant 

loop exposed to the extracellular membrane side and to be part of the channel pore. Indeed, 



 5 

mutations of some basic aminoacids 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 re-entrant loop is exposed to the intracellular membrane side of the membrane also 

forming the third intracellular loop. Indeed, mutagenesis of two aminoacids 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 intracellular 

loop is important for Ca2+ sensitivity (Scudieri et al., 2013). At present, no mutations 

significantly altering 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 extracellular Clˉ was replaced with Iˉ 

or SCNˉ. Xiao et al. (2011) found that voltage-dependent gating of TMEM16A was facilitated by 

anions with high permeability or by an increase in extracellular Clˉ.  

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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MATERIALS AND METHODS 

 

Heterologous expression 

Full-length mouse TMEM16B cDNA in pCMV-Sport6 mammalian expression plasmid was 

obtained from RZPD (Berlin, Germany; clone identification: IRAVp968H1167D; accession 

number 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 the 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 Applied Science, Mannheim, Germany). Cells were 

cotransfected with 0.2 µg pEGFP–C1 (Clontech, Mountain View, CA, USA) for fluorescent 

identification of transfected cells. 

 

Electrophysiology 

Electrophysiological recordings were performed in the whole-cell or inside-out patch-clamp 

configurations between 48 and 72 hours from transfection, as previously described (Pifferi et al., 

2006, 2009; Cenedese et al., 2012). Patch pipettes, made of borosilicate glass (WPI, Sarasota, 

FL) with a PP-830 puller (Narishige, Tokyo, Japan), had resistance of about 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, Union City, CA, USA). Data were low-pass filtered at 

4 or 5 kHz and sampled at 10 kHz. Experiments were performed at room temperature (20-25oC). 

The bath was grounded via a 1 or 3 M KCl agar salt bridge connected to a Ag/AgCl reference 

electrode. A modified rapid solution exchanger (Perfusion Fast-Step SF-77B; Warner 
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Instruments Corp., USA) 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), followed 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 calculated as G = It / (Vt - Vrev), where It is the tail current, Vt is the tail voltage, -100mV, 

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 hyperpolarizing steps. Single-exponential functions were fitted to tail 

currents to extrapolate the tail current value at each voltage step. Tail current 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 initial rundown, as described in 

Pifferi et al. (2009). Moreover, to allow the current to partially inactivate, patches were pre-

exposed to the various Ca2+ concentrations for 500 ms before applying voltage protocols (Pifferi 

et al., 2009). Stimulation protocols consisted 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 current-voltage 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.  
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Ionic solutions  

The same solutions were used for whole-cell and inside-out recordings, unless otherwise 

indicated. The standard extracellular solution contained (in mM): 140 NaCl, 5 KCl, 2 CaCl2, 1 

MgCl2, 10 glucose, and 10 HEPES, pH 7.4. The standard intracellular solutions contained (in 

mM): 140 CsCl, 10 HEPES, 10 HEDTA (or 5 EGTA), pH 7.2, and no added Ca2+ for the 

nominally 0 Ca2+ solution, or various amounts of CaCl2, as calculated with the program 

WinMAXC (C. Patton), to obtain free Ca2+ in the range between 0.18 and 100 µM (Patton et al., 

2004). The intracellular solution with 1 mM Ca2+ contained (in mM): 140 NaCl, 10 HEPES, 1 

CaCl2, pH 7.2 

Clˉ in the extracellular solution was substituted with other anions by replacing NaCl on an 

equimolar basis (unless otherwise indicated) with NaX, where X is the substituted anion.  

The control extracellular solution (140 mM Cl) used in Fig. 4 contained (in 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 replaced on an equimolar basis with Na-gluconate or sucrose. The 

osmolarity was adjusted with sucrose. 

In the extracellular solutions containing NaF divalent cations were omitted. When NaF was 

tested in the presence of 1mM Ca2+ at the intracellular side of inside-out patches, no current was 

measured, probably due to the insolubility of CaF2. 

When the patch pipette contained SCNˉ, Iˉ, Brˉ, 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 (Milano, Italy), except K2SO4 from Carlo Erba 

(Rodano (MI), Italy) and CaSO4 from JT Baker (Milano, Italy). 
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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 statistically 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 software 

(Wavemetrics, Lake Oswego, OR, USA). For the sake of clarity in the figures the capacitative 

transients of some traces were trimmed.   
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RESULTS  

 

Anion selectivity of TMEM16B  

To determine the selectivity of TMEM16B to anions, we measured currents in the presence of 

various extracellular 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 Clˉ, after replacement of Clˉwith the indicated anions, and in Clˉ 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-D). When Clˉ was replaced with gluconate, the outward currents decreased and 

Vrev shifted to positive values, revealing a lower permeability of gluconate than Clˉ. On the 

contrary, in the presence of SCNˉ, Iˉ, NO3
ˉ and Brˉ, the outward currents were larger than those 

measured in Clˉ and Vrev shifted to negative values, indicating a higher permeability of the 

substituted anions than Clˉ.  Permeability ratios (PX/PCl) were: SCNˉ (3.0) > Iˉ (2.6) >NO3
ˉ (2.3) > 

Brˉ (1.7) > Clˉ (1.0) > Fˉ (0.5) > gluconate (0.2). Fig. 1 E-F shows that the selectivity of 

TMEM16B estimated both from permeability ratios (PX/PCl) and from chord conductance ratios 

(GX/GCl) had the same sequence: SCNˉ > Iˉ > NO3
ˉ> Brˉ> Clˉ> Fˉ > gluconate.  

To obtain a direct comparison of selectivity in whole-cell and inside-out configurations, we 

also performed 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 were: SCNˉ (18.2) > Iˉ (7.1) >NO3
ˉ (4.1) > Brˉ (2.3) > Clˉ (1.0) > Fˉ (0.3) > gluconate (0.1). 

The sequence of PX/PCl in inside-out patches was the same as that measured in whole-cell 

experiments, although the value of PX/PCl for some anions was significantly higher when 
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measured in inside-out than in whole-cell recordings (see Discussion).  

Moreover, we compared selectivity when anions were replaced at the extracellular 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 intracellular Iˉ, NO3
ˉ, Brˉ 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 Fˉ 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 current in Clˉ had an instantaneous component, 

related to the fraction of channels open at 0 mV, followed by a time-dependent component due to 

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, τact. 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 Clˉ was replaced with 

gluconate or Fˉ (not shown). On average, τact at +100 mV in the presence of 0.5 µM Ca2+ was 7.7 

± 0.4 ms in Clˉ, while it became slower with more permeant  anions: 28 ± 3 ms in SCNˉ, 14.8 ± 
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1.2 ms in Iˉ, 12.5 ± 1.0 ms in NO3
ˉ, 11.1 ± 1.4 ms in Brˉ. The average τact is plotted as a function 

of PX/PCl in Fig. 3 C, showing that more permeant anions significantly prolonged the time course 

of activation increasing the time necessary to respond to a depolarization compared to Clˉ. 

To examine the deactivation kinetics, we calculated the time constant of current deactivation 

(τdeact) by fitting with a single exponential function the tail currents obtained by a voltage step to 

-60 mV after a prepulse at +100 mV. Fig. 3 B shows superimposed normalized currents from the 

same cells of Fig. 3 A. In the presence of 0.5 µM Ca2+, the average τdeact at -60 mV was 4.6 ± 0.3 

ms in Clˉ, while it became faster with less permeant anions: 2.3 ± 0.5 ms in Fˉ, 1.9 ± 0.2 ms in 

gluconate, and slower with more permeant anions 23.3 ± 4.8 ms in SCNˉ, 9.3 ± 1.4 ms in Iˉ, 7.5 ± 

0.5 ms in NO3
ˉ, 5.8 ± 0.9 ms in Brˉ. The average τdeact 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 dependence 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 relation) 

was analyzed measuring tail currents at the beginning of a step to -100 mV after the prepulse 

voltage steps. The conductance was plotted versus membrane voltage and fit by the Boltzmann 

equation:   

G = Gmax /{1+ exp [z (V1/2 - V) 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 membrane potential 

producing half-maximal activation, F is the Faraday constant, R is the gas constant, and T is the 
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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 extracellular Clˉ concentration from 140 mM to 

11 mM or 1 mM by replacing Clˉ with equimolar concentrations of the less permeant anion 

gluconate, in the presence of 1.5 µM Ca2+ (Fig. 4 A, B). Fig. 4 C shows that the decrease of 

[Clˉ]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 significantly changed from 79 ± 13 mV in 140 

mM Clˉ, to 187 ± 14 mV in 11 mM [Clˉ]o. When Clˉ was further decreased to 1 mM, V1/2 was 205 

± 17 mV, not significantly different from V1/2 value in 11 mM.  The average z value was 

0.29±0.02 (n=10). Similar results were obtained when [Clˉ]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 due to [Clˉ]o reduction rather than to the 

presence of gluconate (Fig. 4 D).  

These results show that V1/2 increased when extracellular Cl-
 was reduced by substitution with 

gluconate or with sucrose, indicating that less channels can be activated by depolarization when 

the external Clˉ concentration is reduced. The opposite trend, consisting of a leftward shift of the 

G-V relation at a given [Ca2+]i, was observed when Clˉ  was partially replaced by the more 

permeant anion SCNˉ (Fig. 5). Indeed, in the presence of 0.5 µM Ca2+ (Fig. 5A-C) or 1.5 µM 

Ca2+ (Fig. 5D-F), the substitution of Clˉ with SCNˉ produced a leftward shift of the G-V relations. 

Upon a further increase of Ca2+ concentration to 13 µM (Fig. 5G-H), the substitution of Clˉ with 

SCNˉ caused an almost complete activation of the current at all membrane potentials in all the 

experiments, preventing the possibility to numerically estimate V1/2, which was shifted to very 

negative potentials << -200 mV (Fig. 5G-H). 
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Data from several cells at 0.5 or 1.5 µM Ca2+ are summarized in Fig. 5I, where average V1/2  

are shown. At 0.5 µM Ca2+, the average V1/2 significantly changed from 195 ± 19 mV in Clˉ to 11 

± 35 mV in SCNˉ (n=4). At 1.5 µM Ca2+, the average V1/2 significantly changed from 84 ± 20 

mV in Clˉ to -189 ± 20 mV in SCNˉ (n=9;in some experiments with SCNˉ 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 average 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 SCNˉ or was 

present also with  other anions more permeant than Clˉ, we performed experiments changing the 

external anion from Clˉ to NO3
ˉ in the presence of 1.5 µM Ca2+ (representative recordings not 

shown). A leftward shift of the G-V relation was observed also with NO3
ˉ and the average V1/2 

significantly changed from 52 ± 16 mV in Clˉ to -101 ± 18 mV in NO3
ˉ (n=6), as shown in the 

right columns of Fig. 5 I.  

Thus, V1/2 decreased in the presence of SCNˉ or NO3
ˉ, indicating that more channels can be 

activated by depolarization in the presence of some anions more permeant than Clˉ.  

 

Ca2+ dependence 

To investigate whether different anions modify the Ca2+ dependence of TMEM16B activation 

we measured dose-response relations. The best technique to measure the Ca2+-dependence of 

TMEM16B is to use excised 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 previously shown, the current induced by TMEM16B 

present a rundown in activity in inside-out patches (Pifferi et al., 2009), limiting the number of 
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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 taking the average current between 150 and 190 ms, normalized to the maximal current 

at the same voltage and plotted versus [Ca2+]i (Fig. 6 B). Data were fitted by the Hill equation:  

I/ Imax =  [Ca2+]i
nH / ([Ca2+]i

nH + K1/2
nH)    (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.  

Average K1/2 values at +100 mV were lower for anions more permeant than Clˉ, while 

increased for less permeant anions (Fig 6 B,C,E). At -100 mV, average K1/2 value for SCN-
 was 

smaller than the value in Clˉ, whereas there was no significant difference for values between the 

other anions and Clˉ (Fig. 6 C).  Moreover, we observed a significant increase for Hill coefficient 

values (nH) both at -100 and +100 mV for NO3ˉ, Iˉ and SCNˉ compared to Clˉ (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 Clˉ, while a higher 

[Ca2+]i is required for less permeant anions.  

To further investigate how external SCNˉ
 modifies the Ca2+-dependence of TMEM16B 

compared with Clˉ, we measured dose-response relations in whole-cell recordings at different 

voltages and compared the results with values measured with voltage ramps in inside-out patches 

(Fig. 7). The whole-cell configuration has the advantage of allowing the comparison of 

recordings with different extracellular anions in the same cell, but has the disadvantage that 

different [Ca2+]i 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 
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shows whole-cell currents at various [Ca2+]i in external Clˉ or SCNˉ. 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. Average conductance densities in the presence of external Cl- or SCN-
 were calculated, 

plotted versus [Ca2+]i and fit at each voltage by the Hill equation:  

G = Gmax [Ca2+]i
nH/ ([Ca2+]i

nH + K1/2
nH)                                               (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 illustrated in Fig. 7 B.  At +100 mV, K1/2 was 1.2 µM in Clˉ 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 Clˉ was not voltage dependent, with a value of 1.1 both at -100 and +100 

mV, while 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 

activated with voltage ramps with Clˉ (Fig. 7 E) or SCNˉ (Fig. 7 F) in the patch pipette. 

Normalized dose-response relations were fit with the Hill equation (eq. 2, Fig. 7 G). Fig. 7 H-I 

show 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 to Clˉ, and increased nH at some positive voltages. 

To determine if SCNˉ modifies channel gating also from the intracellular side, we measured 

the voltage dependence of activation in whole-cell recordings in the presence SCNˉ instead of   
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Clˉ at 0.5 µM Ca2+ (Fig. 8 A). G-V relations showed that V1/2 was -0.4 ± 11 mV in intracellular  

SCNˉ (n=11; z = 0.33 ± 0.01), while it was 195 ± 19 mV in intracellular Clˉ (Fig. 8 B-C, for Clˉ 

data from Fig. 5 I).  

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 between dose-response relations at 

+100 and -100 mV in intracellular Clˉ and SCNˉ
 is illustrated in Fig. 8 E. At +100 mV, K1/2 was 

2.2 ± 0.1 µM in Clˉ and decreased to 0.85 ± 0.06 µM in SCNˉ, at –100 mV K1/2 was 6.4 ± 

0.4  µM in Clˉ and 3.3 ± 0.3 µM in SCNˉ. The Hill coefficient in Cl- was not voltage dependent, 

with a value of 1.41 ± 0.06 at -100 and 1.4 ± 0.3 at +100 mV, while in SCNˉ 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 SCNˉ affects gating of 

TMEM16B by producing a leftward shift of the voltage dependence and an increase of the 

apparent affinity for Ca2+.  
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DISCUSSION  

 

In this study, we have provided evidence that, in the TMEM16B channel, permeant anions 

modulate the kinetics of current activation and deactivation, as well as the voltage and apparent 

Ca2+-sensitivity. Indeed, extracellular anions more permeant than Clˉ prolonged both τact and 

τdeact at low Ca2+, shifted V1/2 toward more negative values, and decreased K1/2, favoring 

channel’s opening. In contrast, extracellular anions less permeant than Clˉ shortened τdeact, 

shifted V1/2 toward more positive values, and increased K1/2, contributing to channel closure. 

Moreover, a decrease of extracellular Clˉ by replacement with sucrose, also shortened τdeact (not 

shown), and shifted V1/2 toward more positive values, favoring the closed state of the channel. 

Overall, these results indicate that the most permeant anions and Clˉ itself favor the open state of 

TMEM16B. 

Furthermore, we investigated the effect of replacing Clˉ with SCNˉ at the intracellular side of 

the channel and found similar gating modifications as from the extracellular side. 

 

Anion selectivity 

The sequence of permeability ratios measured in whole-cell recordings when extracellular Clˉ 

was replaced with other anions was: SCNˉ (3.0) > Iˉ (2.6) >NO3ˉ (2.3) > Brˉ (1.7) > Clˉ (1.0) > 

Fˉ (0.5) >gluconate (0.2). Moreover, the sequence of relative chord conductance followed the 

same order. Both sequences are in agreement, for the corresponding anions, with measurements 

obtained by Adomaviciene et al. (2013, see 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: 
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SCNˉ (18.2) > Iˉ (7.1) >NO3ˉ (4.1) > Brˉ (2.3) > Clˉ (1.0) > Fˉ (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 Clˉ was replaced with SCNˉ, the average Vrev in whole-cell was -27 ± 2 mV, 

whereas in the same ionic conditions with SCNˉ 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 Clˉ. This difference may be due to several reasons, including 

the loss of some intracellular factor after patch excision, such as calmodulin, and/or ion 

accumulation effects due to restricted ion diffusion altering the ion concentration gradient. If 

SCNˉ or other anions entering the cell accumulated at the intracellular side of the membrane, the 

concentration gradient between intracellular and extracellular side would decrease, producing a 

less negative Vrev value. The differences we observed are consistent with anion accumulation at 

the intracellular surface membrane in whole-cell, whereas the continuous flow of solutions 

containing Clˉ in inside-out membrane patches is likely to prevent or reduce the possibility of 

anion accumulation at the intracellular side of the membrane. In addition, we cannot exclude a 

difference induced by effects following patch excision. Jung et al. (2013) reported that the anion 

selectivity of TMEM16A is dynamically regulated by the Ca2+/calmodulin complex, while 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 ratios sequence for TMEM16B follows the Hofmeister sequence or lyotropic 

sequence, in which anions with lower dehydration energy (lyotropos) have higher permeability 

compared to anions with higher dehydration energy (Wright and Diamond, 1977; Zhang and 
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Cremer, 2006). As previously pointed out, “the relationship between anion permeability and 

anion energy of hydration supports the notion that anion dehydration 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 Clˉ slowed both the activation and deactivation time 

constants at 0.5 µM Ca2+.  τact at +100 mV was 7.7 ± 0.4 ms in Clˉ and almost doubled to 14.8 ± 

1.2 ms in Iˉ. τdeact at -60 mV was 4.6 ± 0.3 ms in Clˉ, also increased twice to 9.3 ± 1.4 ms in Iˉ. 

For anions less permeant than Clˉ, currents activated by depolarizing voltage steps lost any time-

dependence, while the τdeact were shortened in gluconate, τdeact at -60 mV decreased to 1.9 ± 0.2 

ms.  

These results can be compared with the limited number of previous studies investigating the 

effects of permeant anions on endogenous CaCCs. Although some differences in permeability 

sequences were reported in different cells, in each case there was a correlation between changes 

in kinetics and permeability ratios.  

Evans and Marty (1986) reported the following sequence of permeability ratios for CaCCs in 

isolated cells from lacrimal glands when Clˉ was replaced with some extracellular anions: Iˉ 

(2.71) > NO3ˉ (2.39) > Brˉ (1.59) > Clˉ (1) > Fˉ (0.18) > isethionate (0.11) = methanesulphonate 

(0.11) > glutamate (0.05). The same authors investigated current kinetics at 0.5 µM Ca2+, and 

showed that replacement of extracellular Clˉ with the two most permeant anions in these cells, Iˉ 

or NO3ˉ, led to significant alterations of both τact at +20 mV and τdeact at -60 mV. The value of τact 

in Clˉ was 241 ± 53 ms and was shortened of 0.91 and 0.83 times in Iˉ and NO3ˉ, respectively. 

The value of τdeact was 170 ± 45 ms in Clˉ and increased 1.54 and 1.38 times in Iˉ and NO3ˉ, 
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respectively. Other anions such as Brˉ, isethionate, methanesulphonate or glutamate did not 

significantly modified 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 extracellular anions on the deactivation 

kinetics of CaCCs in smooth muscle cells isolated from rabbit portal vein with the perforated 

patch clamp technique. The sequence of permeability ratios was: SCNˉ > Iˉ  > Brˉ  > Clˉ  > > 

isethionate. The same authors reported that τdeact was prolonged by the external anions SCNˉ, Iˉ 

and Brˉ, which were more permeant than Clˉ, while it was accelerated by the less permeant anion 

isethionate. Indeed, τdeact was 97 ± 7 ms in Clˉ, 278 ± 19 ms in SCNˉ, 157 ± 37 ms in Iˉ, 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 (2004) obtained whole-cell recordings from acinar cells 

dissociated from rat parotid gland and measured the following permeability ratios: SCNˉ (4.3 ) > 

Iˉ > (2.6) > NO3ˉ (2.0) > Brˉ (1.6) > Clˉ (1) > Fˉ (0.3) > aspartate (0.1) > glutamate (0.05). 

Kinetics of current activation and deactivation were measured in the presence of 250 nM Ca2+. 

Activation kinetics increased about fourfold in SCNˉ and about twofold in NO3ˉ. Deactivation 

kinetics increased about threefold in SCNˉ and about twofold in NO3ˉ, while decreased in Fˉ. As 

in previous studies, the effects on kinetics largely followed the order of the permeability 

sequence, with anions with permeability ratios > 1 producing larger effects. Also in this case 

SCNˉ efficacy was much larger than what observed with the other more permeant anions, an 

effect consistent with the high permeability of SCNˉ.  

Although results from CaCCs on different cells are heterogeneous, all share the same property 

that τact and τdeact were affected by extracellular permeant anions according with their 
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permeability ratios, similarly to our results. τdeact was prolonged or shortened by anions more or 

less permeant than Clˉ, respectively. One important difference from our results is that we found 

that τact for the TMEM16B current was prolonged by anions more permeant than Clˉ, whereas in 

the previous work on endogenous CaCCs, τact was shortened (Evans and Marty, 1986; Perez-

Cornejo, 2004). This difference may be due to the difference in channel proteins, as TMEM16A 

is most likely the CaCCs expressed in lacrimal glands and in parotid acinar cells and/or by the 

[Ca2+]i. Indeed, we measured τact at 0.5 µM Ca2+, a concentration at which the TMEM16B 

current induced by depolarization has a clear time-dependent component, while as [Ca2+]i 

increases the time-dependent component decreases and most current has an instantaneous change 

to the new level (Fig. 7 A).  Thus, differences in τact 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 Clˉ with the more permeant SCNˉ 

caused a leftward shift of the G-V relation. Also the Clˉ itself is affecting TMEM16B voltage 

dependence, since its substitution with sucrose caused a shift of V1/2 to more positive values. 

Furthermore, dose-response relations 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. 

Ishikawa and Cook (1993) recorded in whole-cell from sheep parotid secretory cells and 

measured the following permeability ratios: SCNˉ (1.80) > Iˉ (1.09) > Clˉ (1) > NO3ˉ (0.92) > 



 23 

Brˉ (0.75). These authors analysed current amplitudes and showed that both outward and inward 

currents increased when Clˉ was replaced with SCN-, remained similar in Iˉ, and decreased both 

with NO3ˉ and Brˉ. Thus, the conductance changes followed the order of the permeability 

sequence. Perez-Cornejo (2004) measured G-V relations in the presence of anions more 

permeant than Clˉ, fit the normalized conductance with the Boltzmann equation, and reported 

that G-V relations were shifted towards more negative voltages with respect to the value in Clˉ. 

The shift was larger for anions with higher permeability ratios. 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 Clˉ or SCNˉ at the intracellular side. By fitting the data 

with the Hill equation, they found that at 0 mV, the Ca2+ concentration producing 50% of the 

maximal current was 279 nM in Clˉ, while it decreased of about twofold, 131 nM, in SCNˉ, 

indicating that a lower [Ca2+]i is sufficient to open the channels in the presence of the more 

permeant anion SCNˉ, compared to Clˉ. These results show that anions more permeant than Clˉ 

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 permeant anion on TMEM16A, whereas this is the first study on TMEM16B.  

Xiao et al. (2011) obtained whole-cell recordings from HEK293 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 Clˉ with gluconate or sucrose, shifted the G-V relations toward 
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increasingly more positive voltages. τact and τdeact were not reported. These results are in 

agreement with our data. 

Ferrera et al. (2011) reported that whole-cell recordings from Fischer rat thyroid cells stably 

expressing the TMEM16A(abc) showed an increase or decrease in conductance when 

extracellular Clˉ was replaced with more or less permeant anions, respectively. Indeed, the 

conductance increased about twofold in Iˉ and SCNˉ, while decreased of about 50% in gluconate. 

Interestingly, the same authors showed that the isoform TMEM16A(0) had some differences in 

selectivity compared to 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 conductance in I- and SCN- increased about sixfold 

compared to Cl for TMEM16A(0), to be compared with a twofold increase in TMEM16A(abc). 

τact and τdeact 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. 

How are permeant anions modifying gating in these channels? Greenwood and Large (1999) first 

suggested that the slower deactivation measured with more permeant anions could be explained 

if the more permeant anion favors the channel open state, for example by increasing the mean 

open time, possibly with a mechanism similar to the “foot in the door”, originally observed in 

potassium channels (Armstrong, 1971) and afterwards confirmed in various other ion channels, 

where the most permeant ions stabilized the open conformation (Yellen, 1997). Our results could 

be explained by this mechanism, as the most permeant anions also produce an increase in the 

apparent open probability.  

Overall, we found that permeant anions affected the voltage dependence, and the apparent 
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Ca2+ affinity, but not the voltage sensitivity as measured by the equivalent gating charge z.  

However, it is likely that permeant anions play a more complex role in addition to an increase in 

open probability. We observed that the substitution of Clˉ with SCNˉ both at the extracellular 

and intracellular side produced a shift of the G-V relation toward more negative values, an 

increase of the apparent Ca2+ affinity, but also a reduction in the voltage dependence of the 

apparent Ca2+ affinity (Fig. 7 C, H), and an increase of the Hill coefficient at positive voltages. 

These results could suggest that more permeant ion can bind with higher affinity than Clˉ to an 

allosteric binding site (inside or outside the pore) that may control the gate of the channel. 

Interestingly, effect of permeant anions on gating is not novel for Clˉ channels, since it is well 

known that anion occupancy of the pore is strictly coupled to fast gating in CLC Clˉ channels. 

For these channels, the movement of the permeating anion in the pore contributes to the voltage 

dependence of the channel opening  (Chen and Miller, 1996; Pusch et al., 1995; Pusch, 1996). 

However, the ion selectivity sequence for CLC Clˉ channels, Clˉ > Brˉ  > Iˉ, is very different 

from that for TMEM16B, and there is no evidence for sequence conservation 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 that 

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 aminoacids 
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625 to 630 contributing to an outer vestibule at the extracellular side of the membrane, with 

aminoacids beyond 635 located deep in the putative pore. To determine if these aminoacids are 

part of the permeation pathway and modify ion selectivity, Yu et al. (2012) measured the 

permeability and conductance ratios between Iˉ and Clˉ after replacement of several aminoacids 

between 625 and 639 with cysteine, but did not find any significant alteration in ion selectivity. 

Thus, at present determinants of ion selectivity are still unknown. Future work will have to 

determine which regions of the protein contribute to the permeation pathway, which aminoacids 

are critical for ion selectivity, and how permeant anions modify gating at the molecular level. 

Moreover, as TMEM16A and TMEM16B have several important differences and none of the 

chimeras recently produced had properties reproducing those of TMEM16B (Scudieri et al., 

2013), it is likely that the molecular determinants of modifications of gating by permeant anions 

in the two channels may have some differences.  
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FIGURE LEGENDS  

 

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), 

NaX where X was the indicated anion, followed by wash out in NaCl (grey traces). (B) Steady 

state I-V relations measured at the end of the voltage steps from the cells shown at the left in 

control (squares), NaX (circles), or after wash out from the NaX solution (triangles). (C-D) 

Representative recordings 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 (C) -60 mV and +70 mV, or (D) -60 mV to +20 mV in 10 mV steps. Only current 

recordings every 20 mV are shown in C. I-V relations measured from tail currents in Clˉ 

(squares) or in the indicated anion (circles) are shown on the right of each cell. (E) Average 

permeability ratios (PX/PCl) calculated with the Goldman-Hodgkin-Katz equation (n = 11-14). (F) 

Average chord conductance ratios (GX/GCl) measured in a 40 mV interval around Vrev per each 

anion (n = 4-14). 

 

Figure 2. Anion selectivity in inside-out patches. (A) Current-voltage 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. Leakage currents 

measured in 0 Ca2+ were substracted. (B) Comparison of average permeability ratios (PX/PCl) 



 37 

calculated with the Goldman-Hodgkin-Katz equation with different anions in the internal (n = 5-

6, data for intracellular Iˉ, NO3
ˉ, Brˉ are from Pifferi et al., 2009) or external solution (n = 6-12, 

as experiments shown in panel A). (C-D) Permeability ratios (PX/PCl), obtained from experiments 

as in panel A, plotted versus ionic radius (C) or free energy of hydration (D) of the extracellular 

anion. Ionic radius and free energy of hydration were taken from Table I of Smith et al. (1999) 

 

Figure 3. Activation and deactivation kinetics in whole-cell with various extracellular anions.  

(A-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-D, with a 

voltage step to +100 mV (A) from a holding voltage of 0 mV and  followed by a step to −60 mV 

(B). Trace in gluconate in panel 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 shown for clarity). Average activation time constants (τact) at +100 mV, and 

deactivation time constants (τdeact) at -60 mV, plotted versus permeability ratios (n = 8-14, * 

p<0.05; ** p<0.01, paired t-test with Clˉ).   

 

 

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 (grey 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 normalized to the control value at +200 mV. 
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Control values are represented by black filled squares, wash out by grey empty triangles, 11 mM 

and 1 mM Cl- respectively by the green and blue filled circles. (C) Normalized conductances 

calculated from tail currents at -100 mV after prepulses between -200 mV 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-E) Average V1/2 values in the presence of gluconate (D; n = 

10), or sucrose (E; n = 3) at the indicated [Clˉ]o (** p<0.01, Tukey’s test after ANOVA for 

repeated measurements).  

  

 

Figure 5. Changes of voltage-dependence in whole-cell when extracellular Clˉ was substituted 

with more permeant anions. (A, D, 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 (grey 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, as indicated in the top part of panel A. (B, E, H) Steady state I-V 

relations measured at the end of the voltage steps from the cell shown at the left in control 

(squares), NaSCN (circles), and after wash out (triangles). (C, F) Normalized conductances 

calculated from tail currents at -100 mV after prepulses between -200 mV and +200 mV plotted 

versus the prepulse voltage. Symbols as in (B, E). Lines are the fit to the Boltzmann equation 

(eq. 1). (I) Average V1/2 values at 0.5 µM Ca2+ (n = 4) or 1.5 µM Ca2+ (n = 9 in Clˉ, 6 in NO3
ˉ) for 

Clˉ, SCNˉ, or NO3
ˉ
 (** p<0.01 paired t test). 
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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 µM 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 Clˉ. (C) Comparison of the 

average K1/2 values at -100 mV or +100 mV in the presence of various anions (n = 5-13, ** 

p<0.01 comparison with Clˉ by Tukey’s test after ANOVA). (D) Comparison of the average nH 

values at -100 mV or +100 mV in the presence of various anions (n = 5-13, ** p<0.01 

comparison with Clˉ by Tukey’s test after ANOVA). (E) Average K1/2 values at +100 mV plotted 

versus permeability ratios. 

 

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-. Same cell were recorded in 

Clˉ or SCNˉ for each [Ca2+]i. Voltage protocol as in Fig. 1 A.  (B) Comparison of dose-responses 

in Clˉ or SCNˉ 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-D) Average K1/2 and nH values from whole-cell recordings plotted versus voltage.  (E-F) 

Currents in an inside-out patch activated by voltage ramps at the indicated [Ca2+]i in symmetrical 

Clˉ (E) or in extracellular SCNˉ (F). Leakage currents measured in 0 Ca2+ were subtracted. (G) 

Comparison of dose-responses in Clˉ or SCNˉ obtained by normalized currents at -100 or +100 

mV, fitted to the Hill equation (eq. 2). (H-I) Average K1/2 and nH values from inside-out patch 
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recordings plotted versus voltage (n = 6-7). 

 

Figure 8. Effect of intracellular SCNˉ. (A) Whole-cell recordings at 0.5 µM Ca2+ with a standard 

intracellular solution containing Clˉ (same traces of Fig. 5 A) or SCNˉ. Voltage steps as in Fig. 5. 

(B) Normalized conductances calculated from tail currents at -100 mV after prepulses between -

200 mV 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) Average V1/2 values in the presence of Clˉ (n = 

4, same data of Fig. 5 I) or SCN- (n = 11, ** p<0.01 unpaired t-test). (D) Traces from an inside-

out patch with SCNˉ at the intracellular side. [Ca2+]i ranged from 0.18 µM to 100 µM. 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. (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 

Clˉ solutions. 
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5. DISCUSSION 
 

The molecular mechanisms underlying TMEM16A and TMEM16B gating by 

Ca2+ and membrane potential remain an open question. TMEM16A and 

TMEM16B channels share 60% of aminoacid identity (Yang et al., 2008). By 

alignment between their sequences, we identified a series of acidic amino 

acids in the first intracellular loop (367E386, 386EEEEE390 and 399EYE401) that 

are highly conserved. We thought that these aminoacids could be good 

candidates to play a role in channel gating.  

We found that deletion of the five consecutive glutamates, ΔE5, did not change 

the apparent Ca2+ affinity of the channel but it shifted the activation curve to 

more positive voltages. In particular, V1/2 at 1.5 µM Ca2+ changed from 124 

mV in wild type to 248 mV in ΔE5.  Our results are in agreement with the 

work of Xiao et al. (2011), who showed that the substitution of the four 

glutamates into alanines (444EEEE/AAAA447) in TMEM16A did not greatly 

affect the apparent affinity for Ca2+ but modified the voltage dependence, 

producing a shift in the activation curve to the right (Xiao et al., 2011). The 

second mutant we have studied is E367Q. In this case, both activation and 

deactivation kinetics were faster than in wild type, the activation curve was 

shifted to more positive voltages, while the dose-response relation for Ca2+ 

was not affected.  

Finally, we studied the deletion ΔEYE. This deletion produced an increase in 

the time constants for activation and deactivation, while it did not cause any 

large change in apparent affinity for Ca2+ or in voltage dependence.  

Differently from what Xiao et al. (2011) reported on TMEM16A, we found 

that  TMEM16B is not activated in the absence of Ca2+. 

Previous observations showed that the gating of CaCCs in Xenopus oocytes 

and salivary glands are affected by permeant anions (Perez-Cornejo and 

Arreola, 2004; Qu and Hartzell, 2000). Xiao et al. (2011), showed the effect of 

some permeant anion on TMEM16A obtained using whole cell recording from 

HEK293 cell expressing the TMEM16A (ac) isoform and showed that the 
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replacements of Cl- with NO3
- or SCN- shifted the conductance-voltage 

relation to more negative voltages. Ferrera et al. (2011), demonstrated that 

TMEM16A (abc) stably expressed in Fisher rat thyroid showed an increase or 

decrease in conductance when extracellular Cl- was replaced with more o less 

permeant anions, respectively.  They also reported that there were differences 

in selectivity between the isoform (0): PI/PCl increased from 3.6 for the isoform 

(abc) to 4.7 for TMEM16A (0) and PSCN/PCl increased from 3.4 (abc) to 5.6 

(0).  

We performed, for the first time, experiments to test the influence of permeant 

anions on the gating of TMEM16B.  

We found that permeant anions affected the voltage dependence and the 

apparent Ca2+ affinity but not the voltage sensitivity of the channel. The 

substitution of Cl- with the more permeant anion SCN- both at the extracellular 

and intracellular side of the membrane produced a shift in the activation curve 

toward more negative values, an increase of the apparent Ca2+ affinity and a 

reduction in the voltage dependence of the apparent Ca2+ affinity and a small 

increase of the Hill coefficient at positive voltages. These results could suggest 

that anions more permeant than Cl- can bind with higher affinity than Cl- to an 

allosteric binding site that may control the gate of the channel. Moreover, 

anions more permeant than Cl- slowed both activation and deactivation 

constants at 0.5 µM Ca2+.  

We can conclude that the gating of TMEM16B, as well as TMEM16A, is 

controlled by a complex interplay among [Ca2+]i, membrane potential and 

permeant anions. 
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