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Abstract 

 

Ca2+-activated Cl- channels are involved in fluid and electrolyte secretion 

in epithelial cells. It is closely related to intracellular pH. Anoctamin1 is 

known to mediate Ca2+-activated Cl- currents. However, little is known 

whether ANO1 can be modulated by change of intracellular pH. Here, we 

demonstrated that both ANO1 and ANO2 are inhibited directly by acidic 

intracellular pH using the inside-out patch clamp technique. The acid-

induced modulations of other ANOs were also tested. ANO6 and ANO7 

were inhibited by intracellular acid. But intracellular acid failed to block the 

current of ANO9. Intracellular acid also inhibit the voltage-dependent 

activation.  

Intracellular acid induce the decrease of the Ca2+ sensitivity in ANO1. The 

higher Ca2+-activated ANO1 current required more protons to inhibit. But 

the voltage-activated and heat-activated ANO1 current was not inhibited by 

intracellular acid.  

To identify the location of the acid-induced inhibition, mutagenesis 

studies were performed. Mutations were made on His residues in 

cytoplasmic side of ANO1. However, there was no His mutant that showed 

the reduction of the acid-induced inhibition. Some clusters of Glu and Asp 

are also dispensable for the acid-induced inhibition. Recently, the Ca2+-

binding site of a fungal anoctamin (nhTMEM16) was uncovered by 

crystallography. The Ca2+-binding residues are present in α6, α7 and α8 
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helix. The reference helix located between α6 and α7 helix are also 

essential for the Ca2+-mediated activation due to its repulsive movement. 

Mutagenesis was performed in the Ca2+-binding site and the reference helix. 

Indeed, we identified that Glu, Asp or Asn residues (650N, 654E, 702E, 

705E, 734E and 738D) which are essential for Ca2+ binding are crucial sites 

for inhibition of ANO1 by intracellular proton. But reference helix does not 

affect the acid-induced inhibition of ANO1. This result suggests that proton 

in this region interfere binding of Ca2+.  

Our findings provide that molecular mechanism of ANO1 regulated by the 

internal pH. Intracellular proton inhibits the Ca2+-mediated ANO1 activation 

by competitive manner or structural modification, acting on the Ca2+ binding 

site. 

 

 

 

 

 

 

 

Keywords: Intracellular acid; Intracellular pH; ANO1; ANO2; chloride 

channel; fluid secretion; epithelial transport. 

 

Student number: 2008-21813 

  



iii 

Table of Contents 

Abstract ....……………………………………………………………………….ⅰ 

Table of Contents ……………………………………………………………….ⅲ 

List of Figures .............................................................................................ⅶ 

List of Tables ............................................................................................ⅹⅰ 

Introduction ……………………………………………………………………….1 

1. Fluid and electrolyte secretion ………………………………………………1 

1.1. The physiological roles of fluid secretion ...……………………………1 

1.1.1. Airways ……………………………………………………………….1 

1.1.2. Intestines ……………………………………………………………..2 

1.1.3. Pancreas ……………………………………………………………..3 

1.1.4. Salivary glands ………………………………………………………4 

1.1.5. Eyes …………………………………………………………………..5 

1.2. Transporters and channels involved in the fluid secretion …………..8 

1.2.1. The role of CFTR for the fluid secretion …………………………..9 

1.2.2. The role of VRAC for the fluid secretion ………………………...10 

1.2.3. The role of voltage-gated Cl- channel for the fluid secretion .....10 

1.2.4. The role of CACC for the fluid secretion ………………………...10 

2. CaCC ………………………………………………………………………….12 

2.1. Physiological roles of CaCC …………………………………………..12 

2.1.1. Sensory transduction ……..………………………………………...12 

2.1.2. Neuronal and cardiac excitability ………...………………………..15 

2.1.3. Smooth muscle contraction ………………………………………..16 

2.1.4. Fluid secretion ……………………………………………………….17 



iv 

2.2. Fingerprints of CaCC …………………………………………………..17 

2.2.1. Mechanism of activation …….……………………………………..17 

2.2.2. Permeability and selectivity ……..…………………………………18 

2.2.3. Pharmacology ……..………………………………………………...19 

2.2.4. Regulation .………..…………………………………………………20 

3. ANOCTAMIN family ………………………………………………………....21 

3.1. The physiological roles of ANO1 ...……………………………………22 

3.1.1. Epithelial cells ……..………………………………………………...23 

3.1.2. Smooth muscle ……..……………………………………………….23 

3.1.3. Nociceptive neurons ……..…………………………………………24 

3.1.4. Cancer cells .........................................................................…...25 

3.2. The physiological roles of ANO2 ……………………………………...25 

3.2.1. Olfactory neurons ……..…………………………………………….26 

3.2.2. Photoreceptors ……..……………………………………………….26 

3.2.3. Hippocampal neurons …….………………………………………..27 

3.3. The physiological roles of ANO3 ……………………………………...27 

3.4. The functions of ANO6 …………………………………………………28 

4. The mechanism of ANO1 activation ……………………………………….28 

4.1. Oligomerization …………………………………………………………29 

4.2. Calcium binding sites …………………………………………………..30 

4.3. Voltage sensor ………………………………………………………….31 

4.4. Pore ………………………………………………………………………32 

4.5. Activators and inhibitors ………………………………………………..32 

Aim of study ……………….…………………………………………………….34 

Methods …………………….……………………………………………………36 

1. Construction of ANO family and ANO1 mutants …..……………………36 



v 

2. Cell culture and functional expression in HEK293T cells …..………….38 

3. Electrophysiology …..………………………………………………………38 

4. Ca2+-imaging …..……………………………………………………………40 

5. Structure modeling ………….……………………………………………..41 

6. Data analysis …..…………………………………………………………...41 

7. Statistics ….…………………………………………………………………42 

Results …………………………………………………………………………..43 

1. Intracellular acid inhibits ANOs …..……………………………………….43 

2. Voltage-mediated and heat mediated ANO1 activation is not inhibited by 

intracellular acid .……………………………………………………….........55 

3. His residues are not critical for ANO1 inhibition by intracellular 

acid ..…..………………………………………………………………………61 

4. Mutations of Glu and Asp in multiple acidic amino acid regions do not 

affect the acid-induced inhibition …………….……………………………..62 

5. Calcium binding sites in the hydrophobic core are essential for acid-

mediated inhibition …………………………………………………………..69 

6. Reference helix is not responsible to sense intracellular acid ………...82 

7. Acid inhibits the Eact-activated ANO1 currents ….……..………………..85 

Discussion ……………………………………………………………………….88 

  1. Intracellular acid-mediated modulations of ANOs ..............................88 

2. Mechanisms of acid-mediated ANO1 inhibition ..................................90 

2.1. Critical residues for acid-mediated ANO1 inhibition ......................90 

2.2. Supporting evidences ....................................................................92 

3. Desensitization influences ..................................................................93 



vi 

 4. Crosslights on intracellular-mediated ANO1 modulation ..................93 

 5. Pathophysiological implications ........................................................94 

Reference ……………….………………………………………………………97 

국문초록 ..................................................................................................114 
  



vii 

List of Figures 

 

Figure 1. Scheme of submucosal gland fluid secretion in human 

airways ...............................................................................6 

Figure 2. Model of the fluid secretion in the epithelial cells .............7 

Figure 3. CaCCs are involved in diverse physiological roles ..........13 

Figure 4. There are specific characteristics in CaCC ......................14 

Figure 5. Intracellular acid inhibits ANO1 current, whereas 

extracellular acid does not affect ANO1 current ............44 

Figure 6. Extracellular acid does not affect the GPCR-mediated 

Ca2+ increase ....................................................................45 

Figure 7. ANO2 current is blocked by intracellular acid .................47 

Figure 8. Intracellular acid blocks the activation of mouse ANO6 and 

human ANO7 ....................................................................48 

Figure 9. Intracellular acid does not alter the ANO9 activation .....49 

Figure 10. Intracellular acid reduces Ca2+ sensitivity of ANO1 .... 51 

Figure 11. Intracellular acid reduces Ca2+ sensitivity of ANO2 .... 52 

Figure 12. The half maximal inhibitory concentration (IC50) changes 

according to Ca2+ concentration in activating ANO1 .....54 



viii 

Figure 13. Voltage-dependent ANO1 activation remains at 

intracellular acid ..............................................................58 

Figure 14. The intracellular acid fails to inhibit the voltage-

dependent ANO1 activation ............................................59 

Figure 15. Heat-evoked ANO1 currents are not inhibited by 

intracellular acid ..............................................................60 

Figure 16. The topology of mouse ANO1 with His residues ..........64 

Figure 17. His residues are dispensable for the acid-mediated 

ANO1 inhibition ................................................................65 

Figure 18. Locations of the 5E cluster and the ED rich region in the 

mouse topology ................................................................66 

Figure 19. Clustered Glu residues are dispensable for the acid-

mediated inhibition ...........................................................67 

Figure 20. The multiple acidic amino-acids region is not essential 

for the acid-mediated ANO1 inhibition .........................68 

Figure 21. Prediction of the mouse ANO1 structure .......................73 

Figure 22. Asn and Glu residues at α6 helix are essential for the 

acid-mediated ANO1 inhibition ......................................74 

Figure 23. 2 Glu residues at α7 helix are critical for sensing 

intracellular acid ..............................................................75 



ix 

Figure 24. Mutation of single Glu residue at α7 helix is insufficient 

to alter the acid-mediated ANO1 inhibition ..................76 

Figure 25. A Glu residue in the Ca2+ binding site does not have 

ability to sense intracellular proton ................................77 

Figure 26. The acid-mediated inhibition remains after the 

replacement of Glu residues into Asp residues at α7 

helix ..................................................................................78 

Figure 27. Mutations on Glu and Asp residues at α8 helix diminish 

the acid-mediated inhibition ...........................................79 

Figure 28. A Glu residue at α8 helix is insufficient to sense 

intracellular acid ..............................................................80 

Figure 29. Glu, Asp and Asn residues in the Ca2+ binding site are 

involved in the acid-mediated ANO1 inhibition ............81 

Figure 30. Location of the reference helix in the mouse ANO1 

model structure ................................................................83 

Figure 31. Mutations on the reference helix fail to eliminate the 

acid-mediated ANO1 inhibition ......................................84 

Figure 32. 1 μM Eact-activated ANO1 currents are also inhibited 

by intracellular acid .........................................................86 

Figure 33. 10 nM Eact-activated ANO1 currents are also inhibited 

by intracellular acid .........................................................87 



x 

Figure 34. Acid-mediated ANO1 inhibition might be important to 

maintain adequate pH in epithelial cells .........................96 

  



xi 

List of Tables 

 

Table 1. Primers for ANO1 H/R mutants .........................................37 

Table 2. Ca2+ and Mg2+ concentration in the NMDG-Cl solution ...40 

  



１ 

Introduction 

  

1. Fluid and electrolyte secretion 

 

1.1. The physiological roles of fluid secretion 

 

Fluid and electrolyte secretion in epithelia serves various functions in 

different organs such as the airways, intestines, pancreas and salivary 

glands (Barrett and Keely, 2000; Verkman et al., 2003; Melvin et al., 2005; 

Lee et al., 2012). The maintenance of the adequate fluid compartment is 

important for normal functions of organs. For example, viscosity affects the 

rate of mucociliary clearance. Appropriate pH is essential for activating 

digestive enzymes. In cystic fibrosis, pathological symptoms are due to 

deficits of the luminal fluid. 

 

1.1.1. Airways  

The airways (trachea and bronchi) have numerous submucosal glands 

(Fig. 1). The epithelial cells in the airway contribute to produce airway 

surface liquid (ASL) (Verkman et al., 2003). The ASL is an aqueous solution 

composed of ions, glycoproteins such as mucins and other proteins like 

lactoferrin, defensins, lysozyme, IgA. It plays an important role in airway 

hydration, innate immunity and antimicrobial defense (Tarran et al., 2006). 

In cystic fibrosis, the increase in viscosity of ASL induces the occlusion of 
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the airways and bacterial infection (Chmiel and Davis, 2003; Gibson et al., 

2003). The airway epithelia have polarity due to localizations of transporters 

and channels (Boucher, 1994). Due to transporters and channels, it is 

permeable to water and has a low transepithelial resistance (Farinas et al., 

1997). Absorbing Na+ and secreting Cl- produce efficient ASL volume for 

mucus clearance (Verkman, 2001). It has been known that the epithelial 

Na+ channel (ENaC) mediates absorbing Na+ and Ca2+-activated chloride 

channel (CaCC) or cystic fibrosis transmembrane conductance regulator 

(CFTR) mediates secreting Cl- at the apical membrane (Chambers et al., 

2007). These channel regulate ASL volume to response shear stress 

(Tarran et al., 2006). Shear stress through the airway surface increases 

ATP release and intracellular Ca2+ (Lazarowski et al., 2000; Tarran et al., 

2005). ATP inhibits ENaC whereas it activates CaCC via G protein-

mediated increase of intracellular Ca2+ (Cressman et al., 1999; Devor and 

Pilewski, 1999).  

 

1.1.2. Intestines 

The intestine secretes ~8 L a day. The secretory fluid contains the 

diverse digestive enzymes and it is adequate for digestive processing 

(Barrett and Keely, 2000). Fluid and electrolyte secretion in the intestine is 

specialized. In the proximal duodenum, the high level of HCO3
- sustained to 

protect itself from the gastric acid (Hogan et al., 1994). To protect the 

epithelia from physical damage, lubricating the epithelia with mucous is 

important (Cooke, 1994). Throughout the gastrointestinal tract, fluid 
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secretion is dependent to movement of electrolytes. The predominant 

driving force of water secretion is Cl-. HCO3
- is the secondary source of flud 

secretion in the intestinal tract (Hogan et al., 1997). A monolayer of the 

epithelial cells lines along the intestine. Similar to other epithelia, diverse 

transporters and ion channels are involved to fluid and electrolyte secretion. 

Na+-K+-ATPase, Na+/K+/2Cl- cotransporter (NKCC) 1 and K channels are 

located at the basolateral membrane (McRoberts et al., 1985; Payne and 

Forbush, 1995; Lomax et al., 1996; Pressley, 1996). At the apical 

membrane, Cl- exits through CFTR or CaCC (McEwan et al., 1994; Ameen 

et al., 1995). Excessive Cl- secretion causes diarrhea (Turvill and Farthing, 

1999). Distinct to that, patients in cystic fibrosis suffer from intestinal 

obstruction and digestive defects because of the insufficient Cl- secretion 

(Cohn et al., 1998; Quinton, 1999). 

 

1.1.3. Pancreas 

Fluid from the pancreas is an alkaline fluid, which is a HCO3
--rich fluid 

(Kuijpers and De Pont, 1987). The fluid contains digestive enzymes and 

releases into the duodenum. Similar to other exocrine glands, the exocrine 

pancreas is composed of the acinar and duct cells. The acinar cells are 

polarized epithelial cells, which are capable of secreting fluids and 

electrolytes (Lee et al., 2012). HCO3
- is critical for fluid secretion in 

pancreas (Kuijpers and De Pont, 1987). Pancreatic secretion is controlled 

by hormones such as cholecystokinin and bombesin and neurotransmitters 

such as acetylcholine (Ashton et al., 1991; Ashton et al., 1993; Saluja et al., 
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2008). The increase of cAMP and intracellular Ca2+ is occurred. Various 

transporters and channels are coordinated to the fluid secretion. Na+-K+-

ATPase, Na+-HCO3
- cotranspoter (NBC) are expressed at the basolateral 

membrane (Petersen, 1986; Morth et al., 2011). Different to other secretary 

epithelia, the ENaC is not existed in pancreatic duct (Lee et al., 2012). 

NHE1 and AE2 are expressed in the basolateral membrane to maintain and 

regulate intracellular pH (Muallem and Loessberg, 1990; Zhao and Muallem, 

1995a, b). CFTR, anion exchangers (AEs) and CaCCs are located in the 

apical membrane to secrete the fluid to the apical side (Zsembery et al., 

2000; Steward et al., 2005; Ishiguro et al., 2009). 

 

1.1.4. Salivary glands 

Salivary glands are composed of three major parts, the parotid gland, the 

submandibular gland and the sublingual gland (Melvin et al., 2005). The 

secretory fluid of salivary glands contains water, electrolytes and a mixture 

of proteins. It is quite viscous because of large molecular weight mucins 

(Nauntofte, 1992). We usually secrete more than 1 L of saliva each day. It is 

responsible for the protection and the hydration of the oral cavity, 

oropharynx and esophagus (Turner and Sugiya, 2002). The viscosity of 

saliva affects mucosiliary clearance. The acinar cells in salivary glands 

have Na+-K+-ATPase, NKCC, Ca2+-activated K+ channel and CaCC. Na+-

K+-ATPase, NKCC and Ca2+-activated K+ channel are located in the 

basolateral membrane, whereas CaCC are expressed in the apical 

membrane. Like other epithelial cells, Cl- is accumulated due to NKCC. Cl- 
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and HCO3
- efflux is mediated by CaCC. Fluid secretion in salivary gland is 

modulated by acetycholine (Ach), which is released during parasympathetic 

stimulation. Ach induce the increase of Ca2+ and then Cl- and HCO3
- efflux 

is occurred. Simultaneously, intracellular pH is decreased. The decrease is 

diminished by HCO3
- depeletion or chloride channel blocker (Melvin et al., 

1988; Nguyen et al., 2000). 

 

1.1.5. Eyes 

The entire exposed surface of the eye is covered by tears, a fluid film. 

Tears are derived from the epithelial cells. Tears play a role in the protection 

of the cornea and conjunctiva (Dartt, 2002). Fluid is continuously secreted 

due to the various stresses, such as desiccation, bright light, cold, 

mechanical stimulation, physical injury, noxious chemical and infections 

(Dartt, 2002). To maintain optimal nutrients levels and pH, many 

transporters and channels are coordinated. Na+-K+-ATPase, NKCC, NHE1 

and AE2 are located in the basolateral membrane (Turner et al., 2000; 

Turner et al., 2001). The adrenergic agonist, epinephrine enhances the fluid 

secretion (Shi and Candia, 1995). In conjunctiva, β2-adrenergic receptors 

are mediated to stimulate the secretion (Kompella et al., 1996). Purinergic 

receptors, such as P2Y2 and P2Y4 are also related (Hosoya et al., 1999). 

Through these receptors, the level of cAMP and intracellular Ca2+ is 

increased. It induces the Cl- efflux to the apical side (Shiue et al., 1998).  
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Fig. 1. Scheme of submucosal gland fluid secretion in human airways 
(Verkman et al., 2003) 
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Fig. 2. Model of the fluid secretion in the epithelial cells 
(Barrett and Keely, 2000) 
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1.2. Transporters and channels involved in the fluid secretion 

 

Fluid and electrolyte secretion is highly regulated (Begenisich and 

Melvin, 1998; Jang and Oh, 2014). As shown in Fig. 2, transporters and 

channels are arranged asymmetrically in the secretary epithelia (Barrett 

and Keely, 2000; Melvin et al., 2005). In the epithelial cells, intracellular Cl- 

is accumulated by an electroneutral NKCC located in the basolateral 

membrane. Concentration of intracellular Cl- is higher than that of other 

cells (Foskett, 1990). Na+-K+-ATPase pumps out 3 Na+ in exchange for 2 K+ 

by using ATP in the basolateral membrane(Pressley, 1996). Na+ is used as 

a source of Cl- movement through the NKCC. And the pumps depolarize 

the membrane. More than two types of K+ channels are located in the 

basolateral membrane (Petersen, 1986). Influx and reuse of K+ maintain the 

depolarized membrane potential, which facilitates the electrical driving force 

for Cl- exit. Thus, Cl- efflux is occurred when the Cl- channel is activated. Cl- 

is a major determinant of the fluid secretion. 4 types of Cl- channels are 

expressed in the apical membrane. They are classified by their activators; 

intracellular cAMP, cell swelling, membrane potential and intracellular Ca2+ 

(Begenisich and Melvin, 1998). HCO3
- efflux is mediated by Cl- channels at 

the apical membrane. It also regulates the fluid secretion, similar to Cl- 

efflux. Intracellular carbonyl anhydrase generates HCO3
- by catalyzing the 

reversible reaction of water and CO2 (Fujikawa-Adachi et al., 1999). The 

constant HCO3
- efflux induces the acidification of the epithelial cells. 
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Although, the protons produced by the catalytic reaction are pumping out 

via NHE, it is suggested that there are other mechanisms to avoid the 

acidification by the excessive Cl- and HCO3
- efflux. Because the 

acidification is prevented by HCO3
- depletion or Cl- channel blocker, it is 

plausible that Cl- channel function is modulated by intracellular acid (Melvin 

et al., 1988; Nguyen et al., 2000). 

 

1.2.1. The role of CFTR for the fluid secretion 

The CFTR gene encodes the cAMP-activated Cl- channel (Riordan et al., 

1989). Mutation in the CFTR gene causes cystic fibrosis, a lethal and 

autosomal recessive disorder. CFTR plays important roles in many organs, 

such as the pancreas, intestine, lung, sweat gland, liver, gallbladder and 

genital tract (Quinton, 1999). In intestinal epithelia, CFTR is the main 

pathway for apical Cl- efflux (Barrett and Keely, 2000). CFTR is localized at 

the apical membrane of secretory epithelia (Marino et al., 1991; Denning et 

al., 1992). As the anion channel, CFTR mediates the fluid and electrolyte 

secretion in the epithelia and also affects other transport processes. The 

defects on CFTR cause the pathological symptoms, such as airway 

obstruction, meconium ileus, focal biliary cirrhosis and exocrine pancreatic 

destruction porcine (Ianowski et al., 2007; Rogers et al., 2008). The 

patients with cystic fibrosis are more susceptible for the bacteria infection in 

the airways (Pilewski and Frizzell, 1999). The defense mechanism is 

disrupted because the abnormality of NaCl concentration in the fluid 

reduces the bacterial killing activity of ASL (Smith et al., 1996). 
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1.2.2. The role of VRAC for the fluid secretion 

 The current of volume-regulated anion channel (VRAC) has been 

measured at various epithelial cells (Hazama et al., 1999; Al-Nakkash et al., 

2004; Stott et al., 2014). The identity of VRAC is unclear. Recently, LRRC8 

is proposed as an essential component of VRAC (Qiu et al., 2014; Voss et 

al., 2014). But the evidence that LRRC8 plays a role in the epithelia as 

VRAC is insufficient. 

 

1.2.3. The role of voltage-gated Cl- channel for the fluid secretion 

 ClC family, composed of 9 members, is identified as voltage-gated Cl- 

channels (Jentsch et al., 1990). ClC-2 is expressed and regulates the fluid 

and electrolyte secretion in the secretory epithelia (Lipecka et al., 2002; 

Catalan et al., 2004). The current of ClC-2 is activated by negative 

membrane potential (< -20 mV) and inhibited by Zn+, 9-AC and DPC. But it 

is not blocked by DIDS (Thiemann et al., 1992; Staley et al., 1996). 

 

1.2.4. The role of CaCC for the fluid secretion 

Although diverse chloride channels such as CFTR are involved, CaCC 

has the priority to fluid and electrolyte secretion in the salivary and lacrimal 

gland (Cook et al., 1988; Begenisich and Melvin, 1998). Even in CFTR-

mediated secretory cells, CaCC is observed in cells from patients with 

cystic fibrosis and CFTR defected mice (Frizzell et al., 1986; Anderson and 

Welsh, 1991). Because the secretion via CaCC is independent to CFTR, 
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agonists of CaCC has been proposed as the treatment target of cystic 

fibrosis (Namkung et al., 2011b).  

Increase of intracellular Ca2+ is essential to evoke the current of CaCC. 

Diverse receptors are involved in Ca2+ mobilization, including muscarinic, α

-adrenergic, substance P, P2Y and P2X receptors. For example, muscarinic 

receptor M3 at the basolateral membrane is activated by acetylcholine. The 

receptor is coupled to G proteins, which subsequently activates 

phospholipaseCβ (PLCβ). And then, PLCβ cleaves the phosphatidylinositol 

1,4-bisphosphate (PIP2) to the diacylglycerol (DAG) and the inositol 1,4,5- 

trisphosphate (IP3). IP3 binds to IP3 R in the endoplasmic reticulum (ER) 

and the level of Ca2+ in the cytosol is increased by the IP3 R activation (Lee 

et al., 1997).  
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2. CaCC 

 

Calcium activated chloride currents were first described about 30 years 

ago in Xenopus oocytes (Barish, 1983). It is elicited by the increase of 

intracellular Ca2+(0.2-5 μM). It has been observed in various cell types, 

such as neurons; epithelial cells; olfactory and photo-receptors; cardiac, 

smooth, and skeletal muscle cells; immune cells; brown fat adipocytes and 

hepatocytes (Hartzell et al., 2005). CaCCs mediates numerous 

physiological roles (Fig.3). The characteristics of CaCC have been 

described by many researchers for decades (Fig.4).  

 

2.1. Physiological roles of CaCC 

 

2.1.1. Sensory transduction 

 CaCC participates in the transduction of olfactory stimuli in the olfactory 

receptor neurons (Delay et al., 1997). G protein coupled receptor (GPCR) 

in the ciliary membrane is activated by odorants. The level of cAMP is 

increased. Subsequently, the influx of Na+ and Ca2+ is occurred by cyclic-

nucleotide-gated (CNG) channels (Lowe and Gold, 1993). The membrane 

is depolarized further through CaCC activation by increase of intracellular 

Ca2+ (Kleene, 1997). Thus, CaCC may serve as the signal amplification in 

the olfactory receptor neurons. 
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Fig. 3. CaCCs are involved in diverse physiological roles. 
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Fig. 4. There are specific characteristics in CaCC. 
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The taste receptors express CaCC (Herness and Sun, 1999). Taste 

stimuli induce the membrane depolarization. Because the current is 

outward-rectifying and inhibited by DIDS, SITS, and niflumic acid, it may be 

mediated by CaCC. And β-adrenergic agonist elicits the Cl- current. The 

membrane depolarization via CaCC is critical for the transduction of 

gustatory stimuli.  

CaCC has been also described in the cone photoreceptors (Maricq and 

Korenbrot, 1988; Barnes, 1994). And CaCCs are also present in the 

synaptic bipolar cells (Okada et al., 1995). In the dark, the photoreceptor is 

depolarized consistently by the activation of CNG (Rattner et al., 1999). 

Light induce the degradation of cGMP to close the CNG channels. The 

photoreceptors are hyperpolarized to produce the action potential. Even 

though the precise role of CaCC in the photoreceptor is elusive, it is 

proposed that CaCC is responsible to the membrane potential stabilization 

(Yau, 1994). 

 

2.1.2. Neuronal and Cardiac excitability 

Numerous types of neurons including dorsal root ganglion (DRG) 

neurons, spinal cord neurons, and autonomic neurons possess CaCCs. It 

has been suggested that CaCCs are involved in the action potential 

repolarization, generation of after-polarizations and membrane oscillatory 

behavior (Hartzell et al., 2005). In DRG neurons, CaCC may play a role in 

after-depolarizations following action potentials (Mayer, 1985). Because the 
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concentration of intracellular Cl- is estimated at 30 mM (ECl = -35 mV), Cl- 

exits via CaCC. It induces the depolarization (Deschenes et al., 1976; 

Duchen, 1990). CaCCs are also present in spinal cord neurons (Hussy, 

1992). ECl of spinal cord neurons is -60 mV (Owen et al., 1984). Thus, it 

may participates in the repolarization during the action potential, limited to 

repetitive firing and trains of action potentials (Barker and Ransom, 1978).  

CaCCs are essential components of repolarization after cardiac action 

potentials. In cardiac myocytes, the transient outward currents are found at 

the initial phase of repolarization. They are composed of the K+ current 

inhibited by 4-aminopyridine and the Cl- current activated by Ca2+ (Zygmunt 

and Gibbons, 1992; Zygmunt, 1994; Papp et al., 1995). The ECl determines 

whether the membrane potential is depolarized or repolarized by CaCC. 

CaCCs are also related to the cardiac arrhythmia. Ca2+ overload evoke the 

arrhythmogenic transient inward current (January and Fozzard, 1988; 

Hiraoka et al., 1998). The removal of anion or the application of Cl- channel 

blocker prevents the reperfusion and ischemia-induced arrhythmias (Ridley 

and Curtis, 1992; Tanaka et al., 1996).  

 

2.1.3. Smooth muscle contraction 

CaCCs serve as the regulation of myogenic tone and the contraction 

stimulated by agonists in the smooth muscle. Ca2+ to evoke the current of 

CaCC is derived from the VGCC and IP3R activation (Large and Wang, 

1996; Davis and Hill, 1999). The ECl of smooth muscle cells is positive at 

resting state. Thus, the membrane is depolarized when CaCCs are 



１７ 

activated (Chipperfield and Harper, 2000). For example, the 

norepinephrine-induced increase of Ca2+ by the GPCR activation leads to 

membrane depolarization (Bolton, 1979). It is suggested that CaCC 

mediates the depolarization (Byrne and Large, 1985). The fact that the 

depolarization is almost disappeared by removal of Cl- is evidence for the 

role of CaCC (Large, 1984). The depolarization leads to increase in the 

open probability of VGCCs. Subsequently, murscle contracts further. Cl- 

channel blockers such as anthracene-9-carboxylic acid (A9C) and NFA 

reduce the contraction of portal vein strips, aorta, renal arteries, and 

arterioles induced by norepinephrine, endothelin, and angiotensin II 

(Pacaud et al., 1991; Carmines, 1995; Greenwood and Large, 1995; 

Criddle et al., 1996; Lamb and Barna, 1998).  

 

2.1.4. Fluid secretion 

The fluid secretion via CaCC has been described. It will not be 

mentioned in this section. 

 

2.2. Fingerprints of CaCC  

 

2.2.1. Mechanism of activation 

The increase of intracellular Ca2+ evokes CaCCs. Ca2+ is areised from 

Ca2+ influx through diverse cation channels such as VGCCs, TRP channels 

and CNG channels or from intracellular stores via IP3R (Hartzell et al., 

2005). CaCC couples of different types of VGCC selectively in mouse 
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sympathetic neurons. Ca2+ from L- and P-typre channels activates CaCC, 

whereas Ca2+ from N-type channels activates Ca2+-activated K+ channel 

(Martinez-Pinna et al., 2000). The current of CaCC activated by the low 

Ca2+ concentration is outward-rectifying. But the current activated by the 

high Ca2+ concentration has linear I-V curve, non-rectifying (Koumi et al., 

1994; Kuruma and Hartzell, 2000). The open probability (Po) of CaCCs is 

voltage-dependent. Less Ca2+ is required for the CaCC activation at the 

positive membrane potentials (Arreola et al., 1996; Kuruma and Hartzell, 

2000). Whether CaMKII affects the CaCC activation or not is controversial. 

The current is not decreased by KN-62, CaMKII inhibitor in rat parotid 

acinar cells (Arreola et al., 1998). However, KN62 blocks the activation of 

CaCCs in T84 cells (Nishimoto et al., 1991). The hill coefficients are 

estimated to 2-5 from dose-response curves. It suggests the presence of 

multiple Ca2+ binding sites in a channel protein (Arreola et al., 1996; 

Kuruma and Hartzell, 2000).  

 

2.2.2. Permeability and selectivity 

Compared to voltage-gated K+ channels, most Cl− channels including 

CaCCs are relatively nonselective (Jentsch et al., 2002; Hartzell et al., 

2005). And there is no relationship between ionic radius and permeability in 

CaCCs (Hartzell et al., 2005). The selectivity of CaCC is SCN− > NO3
− > I− 

> Br− > Cl− > F− (Evans and Marty, 1986; Large and Wang, 1996; Nilius et 

al., 1997). Moreover, the cation permeability of CaCCs is relatively large. 

PNa/PCl is 0.1 (Qu and Hartzell, 2000). 
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CaCCs may have a relatively large pore because ions as large as 

C(CN)3
− are highly permeable. From dimensions of various blockers such 

as A9C and NFA, the pore dimension of CaCC is estimated (Qu and 

Hartzell, 2001).  

 

2.2.3. Pharmacology 

 NFA and flufenamic acid are the most common blockers for endogenous 

CaCCs (White and Aylwin, 1990). NFA inhibits the current at 10 μM (Qu 

and Hartzell, 2001). However, NFA has an undesirable effect, which is 

inducing the enhancement of CaCC (Piper et al., 2002). It also blocks 

VRACs and K+ channels (Xu et al., 1997). And Ca2+ currents are affected 

by NFA (Reinsprecht et al., 1995; Doughty et al., 1998). Other Cl− channel 

blockers, such as tamoxifen, DIDS, SITS, NPPB, A9C, and DPC are less 

effective than flufenamic acid (Frings et al., 2000). Fluoxetine and 

mefloquine are more effective on VRAC than on CaCC (Maertens et al., 

1999; Maertens et al., 2000a). Chlorotoxin, a small peptide isolated from 

the venom of the scorpion Leiurus quinquestriatus, blocks CaCC 

specifically in rat astrocytes (Dalton et al., 2003). However, chlorotoxin and 

its related peptides fail to block CaCC in T84 cells (Maertens et al., 2000b). 

A9C blocks CaCC voltage-dependently. It blocks the outward current, 

whereas the inward current is not modulated (Qu and Hartzell, 2001).  

 

2.2.4. Regulation 
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 Although it is controversial, CaMKII regulates CaCC by phosphorylation. 

inositol 3,4,5,6-tetrakisphosphate (IP4) is involved in the CaMKII-mediated 

regulation (Vajanaphanich et al., 1994; Nilius et al., 1998; Xie et al., 1998). 

CaCCs of CFPAC-1 cells and T84 cells are stimulated by CaMKII and 

inhibited by IP4 (Xie et al., 1998; Carew et al., 2000). The IP4-mediated 

inhibition is found under only certain conditions. According to that, it is 

proposed that CaCCs have multiple phosphorylation sites. Thus, 

hyperphosphorylated CaCCs are not inhibited by IP4 (Xie et al., 1998).  

 Annexins are phospholipid- and Ca2+-binding proteins. It is present in the 

apical membrane of many secretory epithelia. Annexins inhibit CaCCs in 

epithelial cells (Chan et al., 1994; Kaetzel et al., 1994).  

Intracellular acid inhibits CaCCs in acinar cells of lachrymal and parotid 

glands and in T84 cells (Arreola et al., 1995; Park and Brown, 1995). The 

physiological role and the mechanism of the acid-mediated inhibition in 

CaCCs are unclear. It is assumed that the acid-mediated inhibition prevents 

the excessive HCO3
- efflux through CaCCs (Begenisich and Melvin, 1998).  

CFTR and CaCC have a close relationship. The expression of CFTR 

reduces the current of CaCC in bovine pulmonary artery endothelial (CPAE) 

cells and mouse parotid acinar cells (Wei et al., 1999; Perez-Cornejo and 

Arreola, 2004). In contrast, the disruption of CFTR function increases the 

current of CaCC (Clarke and Boucher, 1992; Grubb et al., 1994; Colledge 

et al., 1995). 
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3. ANOCTAMIN family 

 

The molecular identities of CaCC were elusive for decades. There were 

many attempts to find out the protein of CaCC. ClC-3, CLCA family, 

Bestrophin family and Tweety were proposed as the candidate of CaCCs. 

However, they represent the differences to the characteristics of the 

endogenous CaCCs (Hartzell et al., 2005).  

Three independent research groups published that the orphan proteins, 

TMEM16A is a molecule of CaCC at about the same time (Caputo et al., 

2008; Schroeder et al., 2008; Yang et al., 2008). It was named 

ANOCTAMIN1 (ANO1) because it was predicted to possess 8 

transmembrane domains (Yang et al., 2008). Approches to discover the 

molecular identity of CaCCs are quite different depending on research 

groups. 

First, TMEM16A was chosen by searching unknown proteins containing 

multiple transmembrane domains (Yang et al., 2008). It is activated by the 

increase of Ca2+ via the GPCR activation, such as endothelin, angiotensin, 

muscarinic and purinergic receptors. It has similar characteristics of 

endogenous CaCCs. It is outward-rectifying at the low Ca2+-mediated 

activation, whereas non-rectifying at the high Ca2+-mediated activation. 

Moreover, the permeability sequence of ANO1 is identical to that of CaCC. 

And the range of Ca2+ in activating and the single-channel conductance are 

same as those of CaCC described earlier. The further features of ANO1 

were investigated. It localizes at the pancreas acinar cells, epithelial cells of 
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renal proximal tubules, bronchial epithelial cells, retinal cells, acinar cells of 

submandibular glands and DRG neurons. Knockdown of ANO1 in mouse 

acinar cells of submandibular glands in vivo reduces saliva secretion (Yang 

et al., 2008). 

  Second, TMEM16A was identified from Xenopus mRNA pools. It has 

been well-known that CaCCs are expressed in Xenopus oocytes. Because 

of the large endogenous current, Xenopus oocytes are not suitable for 

observing the exogenous current. Therefore, they used the new expression 

system, Axolotl oocytes. Axolotl oocytes present no current of CaCC, 

whereas heterologous expression of ANO1 induces the current of CaCC. It 

is similar to endogenous CaCC, Ca2+-dependent outward-rectifying and 

activated by IP3. After characterizing Xenopus ANO1, they confirmed 

mouse ANO1 (Schroeder et al., 2008). 

Finally, ANO1 was discovered by the comparing gene-expression 

strategy. Interleukin-4 (IL-4) increases the current of CaCC in human 

bronchial epithelial cells. Up-regulated genes were selected as candidates 

by analysis of microarray. And then, screening was performed using YFP 

assay in the cells candidates. Knockdown of ANO1 reduce the function of 

CaCC. Short-circuit currents confirmed that ANO1 is a key component of 

CaCC. ANO1 has many different alternative splice sites. There are at least 

4 variants, named (abcd), (abc),(ac) and (0) (Caputo et al., 2008).  

 

 

3.1. The physiological roles of ANO1 
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Since the molecular identity has been discovered, the precise role of 

CaCC is extensively studied. The identification of ANO1 enables to use the 

genetic modulation in vitro and in vivo. As a result, the physiological roles of 

ANO1 are newly uncovered.  

 

3.1.1. Epithelial cells 

  ANO1 regulates the secretion of saliva. The bronchial epithelial cells 

express ANO1 (Yang et al., 2008). IL-4 increases the expression level in 

the bronchial epithelial cells (Caputo et al., 2008). Expression of ANO1 is 

also up-regulated in epithelial cells from asthma mouse model and patients 

suffered from asthma. It is observed particularly in secretory cells. The 

application of a specific blocker reduces mucus secretion in human airway 

surface epithelial cells (Huang et al., 2012a). 

  A specific activator of ANO1, Eact evoke the current in epithelial cells of 

human salivary and airway submucosal gland (Namkung et al., 2011b). 

However, whether the Eact treatment in vivo increases saliva secretion is not 

confirmed.  

 

3.1.2. Smooth muscle 

ANO1 modulates the vascular contractility. Inhibition of ANO1 by the 

specific blocker reduces the airway smooth muscle contraction. 

Methacholine, a cholinergic agonist induces the airway smooth muscle 

contraction. However, it fails to induce the contraction after the treatment of 

an ANO1 specific blocker (Huang et al., 2012a). Disruption of ANO1 
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eliminates the current of CaCC in vascular smooth muscle cells. It reduces 

contractility in aorta, but not in mesenteric arteries. Thus, conditional 

knockout mice of ANO1 in vascular smooth muscle cells have lower 

systemic blood pressure and a hypertensive response by the application of 

vasoconstrictors. The result suggests that ANO1 might be a target of the 

hypertension therapy. (Heinze et al., 2014) 

 

3.1.3. Nociceptive neurons 

 ANO1 is present mainly in nociceptors of DRG neurons (Cho et al., 2012). 

In DRG neurons, bradykinin increases the intracellular Ca2+ via the GPCR 

activation. It induces the current of CaCCs. The current is attenuated by 

knockdown of ANO1. CaCC blockers such as NFA and DIDS diminish the 

nociceptive behavior, such as licking, biting, and flinching. ANO1 may 

amplify the BK-induced excitatory effect in DRG neurons (Liu et al., 2010). 

  ANO1 is also activated at high temperature (above 44℃). Heat and Ca2+ 

activates ANO1 synergistically. Heat-mediated ANO1 activation depolarizes 

DRG neurons. Thus, it evokes the action potential spikes. Conditional 

knockout mice of ANO1 exhibit the defect in thermal nociception (Cho et al., 

2012). Through several behavior tests on DRG-specific ANO1 knockout 

mice, it is concluded that ANO1 contributes to inflammatory and nerve-

injury hypersensitivity (Lee et al., 2014a). 
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3.1.4. Cancer cells 

Before the identification of ANO1 as CaCC, it was known that cancer 

cells from the gastrointestinal stromal tumor and oral squamous cell 

carcinomas highly express ANO1 (West et al., 2004; Huang et al., 2006). 

Recently, the relationship between ANO1 and cancer was extensively 

studied. ANO1 is also overexpressed in breat cancers (Britschgi et al., 

2013). ANO1 regulates the cell proliferation and cell migration (Ruiz et al., 

2012).  

The mechanism is continuously studied. The phosphorylation of ERK1/2 

and the levels of cyclin D1 are increased in ANO1-overexpressed cells. 

Mutant of ANO1, which defects in the channel function, fails to increase the 

phosphorylation of ERK1/2 (Duvvuri et al., 2012). It suggests that Cl− 

movement is critical for the effect on cell cycle and proliferation. Another 

proposal refers that the migration is due to cell shrinkage. ANO1 is also 

related to the volume regulation (Ruiz et al., 2012). In the future, ANO1 

would become a potent diagnostic and prognostic marker.  

 

3.2. The physiological roles of ANO2 

 

 ANO2 also confers CaCC (Pifferi et al., 2009). When the molecular 

identities of CaCC were elusive, it is impossible to discriminate types of 

CaCCs. Nowadays it is noticed that ANO2 has slightly different 

characteristics. For example, it requires slightly higher Ca2+ to activate. 

Furthermore, it is feasible which physiological role is mediated by solely 
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ANO2. 

 

3.2.1. Olfactory neurons 

ANO2 is present in the olfactory cilial membrane. Olfactory sensory 

neurons contain a splice variant of ANO2. As a result of measuring ANO2 

currents, the characteristics such as the permeability, desensitization and 

Ca2+ sensitivity are similar to the endogenous olfactory CaCCs. The results 

suggest that ANO2 is an essential component of olfactory CaCCs (Stephan 

et al., 2009).  

ANO2 is localized to the main olfactory epithelium (MOE) and the 

vomeronasal organ (VNO). Disruption of ANO2 diminishes CaCC in the 

MOE and VNO. ANO2 knockout mice exhibit the moderate reduction of 

fluid-phase electro-olfactogram. However, olfactory behaviors of ANO2 

knockout mice are normal. They can discriminate odorants, similar to 

wiltype mice. There is no compensatory upregulation of ANO1 and CNG 

channels, related to olfaction (Billig et al., 2011).  

ANO2 is a key component of CaCC in olfactory organs, but it is 

dispensable for olfaction (Billig et al., 2011). 

 

3.2.2. Photoreceptors 

  CaCC has been known that critical for regulating the synaptic 

transmission from photoreceptors to second-order neurons. ANO2 localizes 

in the photoreceptor synaptic terminals in mouse retina and interacts with 

PSD95, VELI3 and MPP4, components of a presynaptic protein complex. It 
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has a consensus PDZ class I binding motif. MPP4 knockout mice do not 

express ANO2 in the photoreceptor membranes. The localization and 

electrophysiological properties of ANO2 suggest that ANO2 serves as 

CaCCs in the photoreceptor synapse (Stohr et al., 2009). 

 

3.2.3. Hippocampal neurons 

Depolarization of hippocampal neurons by activating voltage-gated Ca2+ 

channels induces a tail current. The tail current is mediated by Cl- and 

activated by Ca2+. Because CaCC blockers such as NFA and NPPB inhibit 

the tail current, ANO family was proposed as the compartment of the tail 

current. Hippocampal pyramidal neurons express ANO2. Disruption of 

ANO2 reduces the tail current. Block of the tail current broadens the action 

potential. Thus, Disruption of ANO2 shortens action potentials. There is no 

change in the transmitter release at the axon termianls. The data reveals 

that ANO2 serves as a brake on neuronal excitability (Huang et al., 2012b). 

 

3.3. The physiological roles of ANO3 

 

ANO3 is expressed in DRG and spinal cord. The expression is focused in 

IB4+ nociceptors. Knockout rats of ANO3 show the increase of the 

sensitivity of thermal and mechanical nociception. ANO3 facilitates sodium 

activated potassium current (Slack) in sensory neurons. ANO3 interacts 

with Slack and it modulates the channel activity of Slack. ANO3 is an 

important component of the pain modulation (Huang et al., 2013).  
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3.4. The functions of ANO6 

 

ANO6 is known to be associated with scramblase activity. Lipids in the 

bilayer are asymmetrically distributed. Ca2+-activated scramblase mediates 

the rapid externalization of PS, which are in the inner leaflet. It induces the 

coagulation of platelets and the apoptosis. (Suzuki et al., 2010; Yang et al., 

2012). Knockout mice of ANO6 exhibit the reduction of Ca2+-dependent PS 

exposure in platelets, erythrocytes and B-cells. They have impaired 

coagulation and prolonged bleeding. But the carotid aretery thrombosis is 

reduced in ANO6 knockout mice. The Ca2+-activated outwardly rectifying 

current is disappeared in megakaryocytes from ANO6 knockout mice (Yang 

et al., 2012; Shimizu et al., 2013). 

ANO6 also acts as a channel. ANO6 is an essential component of the 

outwardly rectifying Cl- channel (ORCC). It is described at Jurkat 

lymphocytes during FasL-induced apopotosis. Knockdown of ANO6 

reduces the current of ORCC (Martins et al., 2011). ANO6 is also 

suggested as CaCC. However, it requires higher Ca2+ to elicit the current 

and it is strongly outward-rectifying. ANO6 shows the delayed activation by 

Ca2+ (Grubb et al., 2013).  

The permeability of ANO6 is controversial. ANO6 is permeable to Cl-, But it 

also mediates cation current (Yang et al., 2012; Shimizu et al., 2013).  
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4. The mechanism of ANO1 activation 

 

It is possible to consider ANO1 as a drug target, since the molecular 

identity of CaCC was uncovered. At the first time, they were known to have 

8 transmembrane domains by the bioinformatical prediction (Yang et al., 

2008). However, the topology was revised. Hemaglutinin (HA) was 

introduced to each fragments of ANO1. And then the-tagged fragments 

were detected by its antibody. As a result, 650-706 residues, which were 

known to be located in the extracellular region, is located in the intracellular 

region (Yu et al., 2012).  

Recently, the crystal structure of nhTMEM16 was resolved (Brunner et al., 

2014). TMEM16 of nectria haematococcoa is one of ANO family. It acts as 

a scramblase, whearas it doesn’t have the channel activity. To take 

advantages, the mechanism of ANO1 activation has been clear. 

 

4.1. Oligomerization 

 

ANO1 is a homodimer (Fallah et al., 2011; Sheridan et al., 2011). 

Residues between 117 and 179 at N-terminus of ANO1 are dimerization 

domain. Mutant without the domain fails to elicit the current. Thus, we 

noticed that the dimerization is essential for the intact channel activation 

(Tien et al., 2013). The crystal structure of nhTMEM16 also shows a 

homodimer (Brunner et al., 2014). Two subunits form the interface, which 

are organized by the interface between N-terminus and C-terminus.  
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4.2. Calcium binding sites 

 

It was controversial that ANO1 requires additional factors such as 

calmodulin to elicit the current by Ca2+. However, only Ca2+ is sufficient to 

activate the purified ANO1 protein. Ca2+ directly evokes the currents of 

ANO1. Moreover, calmodulin and ANO1 do not form a stable complex  in 

vitro (Terashima et al., 2013). 

CaCC was thought to contain Ca2+ binding motifs such as EF-hands or 

C2 domains. As a result of searching EF-hand domain in ANO1, there is 

EF-hand like domain at N-terminus. But mutation on this region does not 

alter the Ca2+ sensitivity of ANO1. The Ca2+ sensitivity of ANO1 is in under 

micromolar range. Because the affinity for Ca2+ is generally lower than EF-

hands or C2 domains, ‘Ca2+ bowl model’ like BK potassium channel was 

suggested. ANO1 contains clusters of Glu (5E). However, deletion of 5E 

abolishes the voltage dependence without altering the Ca2+ sensitivity (Xiao 

and Cui, 2014). 

After many attempts, Ca2+ binding residues are uncovered. And because 

the X-ray structure of nhTMEM16 was resolved, they are confirmed as the 

Ca2+ site of ANO1. A fungal TMEM16 doesn’t have CaCC function. But it 

acts as a scramblase as if ANO6. The scramblase activity also requires 

Ca2+. Therefore, nhTMEM16 also contains the Ca2+ binding site. The 

residues in the Ca2+ binding site of nhTMEM16 are conserved in mouse 

ANO1. N650, E654, E702, E705, E734 and E738 are located at α6, α7 
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and α8 helix respectively. The residues are facing each other. The mutation 

on these residues induces the decrease of Ca2+ sensitivity of 

ANO1dramatically. Thus, it is concluded that these 6 residues are essential 

for Ca2+ binding to activate the channel (Yu et al., 2012; Brunner et al., 

2014; Tien et al., 2014). 

Reference helix located between α6 and α7 helix support the Ca2+-

induced ANO1 activation. Because it contains positive-charged residues, 

Ca2+ might repel the helix. Through the movement of this helix, Ca2+ might 

enter the Ca2+ binding site in the hydrophobic core region more easily (Lee 

et al., 2014b). 

 ANO1 is also activated by the other divalent cations, Ba2+, Sr2+ and Ni2+ , 

But Mg2+ inhibits ANO1 by competitive manner (Yuan et al., 2013). 

 

4.3. Voltage sensor 

 

ANO1 is dually gated by intracellular Ca2+ and the membrane voltage. 

The current of ANO1 activated by lower Ca2+ is outward-rectifying. High 

voltage, more than +200 mV, activates ANO1 slightly without Ca2+. 5E, 

which was located between α2 and α3 and suggested as ‘Ca2+ bowl’ in 

ANO1, mediates voltage sensing. Deletion of 5E fails to elicit the current at 

high positive membrane potential, unlike WT of ANO1 (Xiao and Cui, 2014).  
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4.4. Pore 

 

ANO1 is permeable to diverse anions. The permeability sequence of 

ANO1 is NO3
- > I2- > Br- > Cl- >F-. It is also permeable to HCO3

-, although the 

regulation mechanism is controversial. It was proposed that the calmodulin-

binding increases HCO3
- permeability (Jung et al., 2013). However, only 

increase of Ca2+ is sufficient to alter the permeability of ANO1 (Yu et al., 

2014).  

4 basic amino acids contribute to form a pore in ANO1. They are 

clustered around the external mouth of ANO1. Mutation on these residues 

decreases the preference for larger anions. Thus, they are suggested to 

decide the ion selectivity (Peters et al., 2015).  

 

4.5. Activators and inhibitors 

 

Specific blockers are important to identify a physiological function of the 

channel and to isolate specific currents from a mixture of currents. They are 

also useful for the affinity purification of a channel protein. However, there 

were no specific and potent blockers of CaCC. However, ANO1 is 

uncovered as a CaCC. To develop the specific blockers becomes possible. 

As a result, CaCCinh-A01, T16inh-A01 and MONNA were discovered by high-

throughput screening (Namkung et al., 2011a; Oh et al., 2013). Tannic acids 

also inhibit ANO1 (Namkung et al., 2010). Eugenol was found in a Thai 

herbal preparation as an ANO1 inhibitor (Yao et al., 2012). The ANO1 
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inhibitors might be beneficial to the cardiovascular disease and the diarrhea.  

  To find out of activators of ANO1 was also attempted. The activator might 

be essential for treatment of salivary gland dysfunction, cystic fibrosis, dry 

eye syndrome, intestinal hypomotility and other Cl--channel associated 

diseases. As a result, Eact was discovered. It activates ANO1 without the 

increase of intracellular Ca2+ (Namkung et al., 2011b).  
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Aim of study 

 

Fluid and electrolytes secretion in epithelial cells is important to maintain 

normal function in the body. It is highly regulated by various transporters 

and ion channels. Among them, CaCCs are essential for Cl- and HCO3
- 

efflux. Epithelial cells contain more intracellular Cl- than other cells because 

of NKCC transporters at the basolateral membrane. Due to electrochemical 

gradients, Cl- is poised to exit the epithelial cells. CaCC-mediated Cl- efflux 

induces water secretion to the lumen.  

CaCC are also permeable to HCO3
-. HCO3

- is an important pH buffer of 

the cells. Efflux of HCO3
- induces the acidification. Thus, the activation of 

CaCC increases the acidity and the increase of acidity is prevented by Cl- 

channel blockers. It is plausible that intracellular acid may affect the CaCC 

activation. Indeed, the endogenous CaCC is inhibited by intracellular acid in 

parotid and lacrimal acinar cells and human colon carcinoma T84 cell line.  

ANO1 refers CaCC. ANO1 plays critical roles in the fluid and electrolyte 

secretion and acid is a key regulator of the fluid and electrolyte secretion. 

However, it is unknown whether the intracellular acid affects the ANO1 

activation. Thus, we attempts to confirm that intracellular acid inhibits ANO1 

and ANO2, which were known as CaCCs. Other ANOs also have channel 

functions. Intracellular may modulate the activation of ANOs. Thus, we 

explored the acid-mediated modulations of ANOs. 

The molecular mechanism of the acid-mediated ANO1 inhibition is 
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unknown. Studies of the precise mechanisms of the acid-mediated ANO1 

modulation are meaningful to get insight of the ANO1 gating mechanism 

and to understand the regulation of fluid and electrolyte secretion. 
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Methods 

 

1. Construction of ANO family and ANO1 mutants. 

 

We used the construct of mouse ANO1, mouse ANO2, mouse ANO6, 

mouse ANO9 and human ANO7 in pEGFP-N1 vector. They were fused with 

enhanced green fluorescence protein (EGFP) at the C terminus. 

All histidine mutants were generated by in vitro mutagenesis (Muta-direct 

site-directed mutagenesis kit, Intron). They were based on mouse ANO1 

tagged EGFP at the C terminus. Primers for site-specific mutagenesis were 

designed by Quickchange Primer design website 

(http://www.genomics.agilent.com/primerDesignProgram.jsp). The list is 

shown in Table1. According to manufacturer’s protocol, we performed PCR 

reaction. PCR conditions were 30 s of initial denaturation at 95℃, followed 

by 15 cycles of each 30 s at 95℃, 1min at 55℃ and 7 min at 72℃. And 

then, this PCR products were digested with MutazymeTM enzyme at 37℃ 

for 1 hour. In case of mutants related to reference helix and calcium binding 

helix, we used previously reported ones. They were verified by DNA 

sequencing. 

ANO1 5E deletion mutant and ED rich region mutant was generated by 

overlap-PCR method as previously used (Lee et al., 2014b).  
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H18R a53g 
forward 5'-ggaccgcagcgtccgcatcgtgaacatct-3 
reverse 5'-agatgttcacgatgcggacgctgcggtcc-3' 

H69R a206g 
forward 5'-ctacatcttggtataccgtcacaagagagcctcag-3'   
reverse 5'-ctgaggctctcttgtgacggtataccaagatgtag-3' 

H70R a209g 
forward 5'-catcttggtataccatcgcaagagagcctcaggga-3'  
reverse 5'-tccctgaggctctcttgcgatggtataccaagatg-3' 

H120R a359g 
forward 5'-agtccccatggattaccgtgaagatgacaaacgct-3'  
reverse 5'-agcgtttgtcatcttcacggtaatccatggggact-3'   

H151R a452g 
forward 5'-gacgaggataccaaaatccgtggtgtcgggtttg-3 
reverse 5'-caaacccgacaccacggattttggtatcctcgtc-3'  

H159R a476g 
forward 5'-ggtttgtgaagatccgtgcgccctggcatgt-3'  
reverse 5'-acatgccagggcgcacggatcttcacaaacc-3' 

H163R a488g 
forward 5'-catgcgccctggcgtgtgctctgtagg-3' 
reverse 5'-cctacagagcacacgccagggcgcatg-3'  

H183R a548g 
forward 5'-cacaaagaaggtgtaccgcatcagtgagacgcgag-3' 
reverse 5'-ctcgcgtctcactgatgcggtacaccttctttgtg-3' 

H212R a635g 
forward 5'-aaggtggctgagcgcaggccacagacc-3' 
reverse 5'-ggtctgtggcctgcgctcagccacctt-3' 

H230R a689g  
forward 5'-cccgggagaagcaacgcctattcgacctgac-3'  
reverse 5'-gtcaggtcgaataggcgttgcttctcccggg-3'  

H284R a851g 
forward 5'-ctgcataccctctgcgcgatggggactatga-3'  
reverse 5'-tcatagtccccatcgcgcagagggtatgcag-3'   

H426R a1277g  
forward 5'-gccactttcatggagcgctggaaacggaagcag-3'  
reverse 5'-ctgcttccgtttccagcgctccatgaaagtggc-3'  

H453R a1358g 
forward 5'-ggaagctgtcaaggatcgtcccagagcagagtatg-3'  
reverse 5'-catactctgctctgggacgatccttgacagcttcc-3'   

H898R a2693g 
forward 5'-catcagccagcagatccgcaaagagaaggttctca-3' 
reverse 5'-tgagaaccttctctttgcggatctgctggctgatg-3'  

H936R a2807g 
forward 5'-gccttgtaacaaccgcagccccacaaccc-3' 
reverse 5'-gggttgtggggctgcggttgttacaaggc-3' 

H941R a2822g 
forward 5'-gccccacaacccgcccagaggcagg-3'   
reverse 5'-cctgcctctgggcgggttgtggggc-3' 

H956R a2867g 
forward 5'-agctacgagtaccgtggggacgcgctg-3'  
reverse 5'-cagcgcgtccccacggtactcgtagct-3' 

Table 1. Primers for ANO1 H/R mutants 
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2. Cell culture and functional expression in HEK293T cells 

 

HEK 293T cells were maintained at 5% CO2, 37℃ incubator in DMEM 

supplemented with 10% FBS, 10 units/mL penicillin, 10 μg/mL streptomycin. 

Cells were transiently transfected with Fu-geneHD according to the 

manufacturer’s protocol (Promega). 1 μg plasmid was diluted in OptiMEM 

(GIBCO) with 3 μL transfection reagent, Fu-geneHD. Mixture was 

incubated 15min at room temperature and added to adherent cells. Cells 

were used for patch clamp experiments 24-48 hr after transfection.  

 

3. Electrophysiology 

 

Patch-clamp experiments were performed in inside-out or whole-cell 

configuration at room temperature (20-25℃). Patch pipettes were made of 

borosilicate glass (World Precision Instruments, Inc.) and pulled with a 

puller P-97 (Sutter instruments). The resistance of pipettes was 

approximately 3~5 MΩ after polishing tips with a microforge (MF820, 

Narishige). Cells were transferred into the bath on an inverted microscope 

(eclipse TE300, Nikon). Individual cell with GFP was targeted and applied 

gentle suction to form gigaseal. To make an inside out configuration, the 

attched membrane was excised rapidly. To form whole-cell configuration, 
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additional gentle suction was applied. Current were recorded with an 

Axopatch 200B amplifier. Output of the amplifier was filtered at 5 kHz and 

fed to Digidata 1440 (Molecular Devices). Data were acquired on a 

computer with pClamp 10.2 software.  

For inside-out patch recordings, the pipette solution contained 140 mM 

N-Methyl-D-glucamin (NMDG), 2 mM MgCl2, 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 10 mM ethylene glycol tetraacetic 

acid (EGTA); pH was adjusted to pH 7.2 with HCl. The control bath solution 

contained 140 mM NMDG, 2 mM MgCl2, 10 mM HEPES for pH 6.8, pH 7.2 

and pH 8.0 or 10 mM 2-(N-morpholino)ethanesulfonic acid (MES) for pH 

6.0 and pH 6.4, 10 mM EGTA, N-(hydroxyethyl)-ethylenediaminetriacetic 

acid (HEDTA) or nitrilotriacetic acid (NTA) adjusted to expected pH with HCl. 

Calcium chelator (EGTA, HEDTA, NTA) was selected appropriately 

according to their chelating capacitance. To make 0.1 ~1, 3 ~ 30, 100 ~ 

1,000 μM Ca2+ solution, 10 mM EGTA, HEDTA and NTA were added to the 

solution, respectively. Calcium was added as calculated with the program 

WEBMAXC (http://www.stanford.edu/~cpatton/webmaxcS.htm, T=22℃, 

ionic equivalent = 0.15). Calculated Ca2+ and Mg2+ concentration was 

shown in Table 2. For whole-cell current recording, the pipette solution 

contained 140 mM NMDG, 2 mM MgCl2, 10 mM HEPES, 2 mM ATP and 

300 μM GTP adjusted to pH 7.2 with HCl. 
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          (mM) 

pH 8.0 pH 7.2 pH 6.8 pH 6.4 pH 6.0 

Ca2+ Mg2+ Ca2+ Mg2+ Ca2+ Mg2+ Ca2+ Mg2+ Ca2+ Mg2+ 
0.0  7.6  0.0  2.8  0.0  2.3  0.0  2.1  0.0  2.0  
9.0  2.5  3.5  2.5  0.9  2.3  0.1  2.1  0.0  2.0  
9.7  2.2  6.2  2.3  2.2  2.2  0.4  2.1  0.1  2.0  
9.9  2.1  8.5  2.1  4.8  2.2  1.3  2.1  0.2  2.0  
0.2  11.7  0.2  11.3  0.2  10.7  0.2  9.4  0.1  7.1  
0.7  11.2  0.7  10.9  0.6  10.4  0.5  9.1  0.4  7.0  
1.8  10.1  1.8  9.9  1.7  9.4  1.5  8.5  1.1  6.6  
3.1  8.2  2.1  6.2  1.4  4.7  0.8  3.4  0.4  2.7  
5.9  5.9  4.6  5.0  3.4  4.2  2.1  3.3  1.2  2.6  
9.1  3.7  8.2  3.5  7.0  3.3  5.2  2.9  3.4  2.5  
 

Table 2. Ca2+ and Mg2+ concentration in the NMDG-Cl solution 

 

All chemicals for electrophysiology experiments were purchased from 

Sigma. Eact was provided by Prof. Namkung Wan in Yonsei University, 

Korea. 

 

4. Ca2+-imaging 

HEK293T cells were co-transfected with ANO1 and ETAR. After 24 

hrs, Ca2+ increase was measured by the cell-permeable Ca2+-

sensitive fluorscence dye. Cells were loaded with Fluo3-AM (5 μM, 

Invitrogen) containing 0.1% Pluronic F-127 (Invitrogen). Basal 

intracellular Ca2+ (F0) was determined by measuring fluorescent 

intensities after 40 min Fluo3-AM incubation. Intensities of 
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fluorescent images were measured at 488 nm every 5 s for 3 min.  

 

5. Structure modeling 

Amino acids of α6, α7 and α8 helix in mouse ANO1, which 

contains calcium binding sites, were selected as the target sequence. 

In Nectria haematococcoa TMEM16 crystal structure (accession code: 

4WIS), the region between α6 and α6’ is missing. The conserved 

amino acids were excluded in the target sequence according to 

alignment with mouse ANO1 protein sequence (accession number: 

NP_848757.4) and Nectria haematococcoa TMEM16 protein sequence 

(accession number: XP_003046028.1) by CLUSTALW2. Sequence 

alignment was shown by JalView. Model structure of mouse ANO1 was 

generated by MODWEB (https://modbase.compbio.ucsf.edu/modweb/), a 

web server for automated comparative protein structure modeling. 

Crystal structure and model structure were edited by PyMol. 

 

6. Data analysis 

 

Dose response relationships were fitted with the Hill equation of the form: 

I
Imax

=
1

(1 + [Ca2+]
EC50

)𝑛
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Imax is the maximum current of each patches. [Ca2+] is Ca2+ concentration. 

EC50 is the half-maximal concentration of Ca2+. n denotes the Hill coefficient. 

For G/Gmax vs Vm curves, the data was fitted with the Boltzmann equation 

of the form: 

G
Gmax

=
1

1 + e(Vm−V1/2)𝑧FRT
 

G, the conductance, was obtained from tail current at 100-200 μs after 

voltage pulses, step pulses from -200 mV to +200 mV in 10 mV increments. 

Gmax was determined by a fit of averaged G. G/Gmax is the normalized 

conductance, z is the equivalent gating charge associated with voltage-

dependent channel opening. V1/2 is the membrane potential producing half-

maximal activation, F is the Faraday constant, R is the gas constant, and 

the T is the absolute temperature. Curves were fitted with SigmaPlot 10.0 

(Systat Software Inc.). 

 

7. Statistics 

 

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

Statistical significance was determined using unpaired student t tests for 

comparison of two groups and one-way ANOVA followed by Tukey’s post-

hoc test for multiple comparisons. 
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Results 

 

1. Intracellular acid inhibits ANOs 

 

It has been known that endogenous calcium-activated chloride currents 

are inhibited by intracellular acid (Arreola et al., 1995; Park and Brown, 

1995). Properties of ANO1 are similar with those of endogenous CaCCs 

that have been observed in T84 cells. In order to investigate whether ANO1 

is blocked by intracellular proton, we performed single channel recordings 

with the inside-out patch configuration at -80 mV. Cl- was a main carrier ion 

because the pipette and bath solutions contained 140 mM NMDG-Cl. The 

currents were elicited twice with 10 μM Ca2+ at the same excised 

membrane. ANO1 currents showed the weak tachyphylaxis. However, 

ANO1 current was inhibited completely at pH 6.0 (Fig. 5A, B).  

To test whether the proton-mediated inhibition is effective at extracellular 

side of cells or not, we recorded whole-cell currents evoked by 50 nM 

endothelin-1 (ET-1). To induce ANO1 activation by ET-1, endothelin 

receptor subtype A (ETAR) and ANO1 were cotransfected in HEK293T cells. 

Application of ET-1 in pH 6.0 evoked robust ANO1 current (Fig. 5C), similar 

to that in pH 7.2 (Fig. 5D, E). In addition, the intracellular Ca2+ increase via 

GPCR activation was not altered by extracellular acid. The increase of 

fluorscence intensity was almost identical between pH 7.2 and pH 6.0 (Fig. 

6).  Thus, the extracellular acid did not modulate ANO1 activation. 
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Fig. 5. Intracellular acid inhibits ANO1 current, whereas extracellular 
acid does not affect ANO1 current. 
(A) Representative macroscopic single-channel currents of ANO1 activated 

by 10 μM Ca2+ with indicated intracellular pH, pH 7.2 or pH 6.0. Ca2+-

induced chloride current was completely inhibited in pH 6.0. Single-channel 

currents were recorded in inside-out membrane patches isolated from 

mouse ANO1 expressed HEK293T cells. Pipette and bath solution 

contained 140 mM NMDG-Cl. Holding potential (Ehold) was -80 mV  

(B) Summary of the acid-mediated inhibition of ANO1 currents (n= 6-7). 

Currents were normalized to first Ca2+-evoked currents. ***, p<0.001 

compared to relative responses activated by 10 μM Ca2+ at pH 7.2. 

Student’s unpaired two-tailed t-test. Error bars represent SEM 

(C-D) Example traces of 50 nM endothelin-1 (ET-1) induced whole-cell 

currents at pH 7.2(C) or pH 6.0(D) in HEK293T cells transfected with 

mouse ANO1 and endothelin receptor subtype A (ETAR). ET-1 was applied 

to the bath. Ehold = -60 mV.  

(E) Summary of ET-1 induced ANO1 currents at pH 7.2 or pH 6.0. (n=9) 
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Fig. 6. Extracellular acid does not affect the GPCR-mediated Ca2+ 
increase. 

ET-1 50 nM increased intracellular Ca2+ at pHe 7.2 or pHe 6.0 in 

HEK293T cells co-transfected with ETAR and ANO1. (n=3) 
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 ANO2 is also known to be a CaCC. We tested whether Ca2+-activated 

ANO2 current is blocked by intracellular acid. Repeated application of 30 μ

M Ca2+ at pH 7.2 rapidly activated ANO2 with a slight desensitization (Fig. 

7A). However, the application of 30 μM Ca2+ at pH 6.0 did not elicit ANO2 

current (Fig. 7B). These results suggested that ANO1 and ANO2 are 

blocked by intracellular protons. 

 

Other members of ANO family have channel activity, but they are 

activated by high Ca2+ concentration at positive membrane potential. We 

attempted whether intracellular acid affects other ANOs, ANO6, ANO7 and 

ANO9. ANO6 current was elicited by 300 μM Ca2+ at +80 mV in HEK293T 

cells, transfected with mouse ANO6. Repeated application of Ca2+ induces 

outward current without desensitization at pH 7.4. However, Ca2+ hardly 

activated the current by at pH 5.8 (Fig. 8A, B). HEK293T cells transfected 

with human ANO7 had small current, which was activated by 300 μM Ca2+ 

at +80 mV. There was no desensitization at pH 7.4. No current was elicited 

by 300 μM Ca2+ at pH 5.8 (Fig. 8C, D). Intracellular acid inhibits ANO6 and 

ANO7 current, similar to ANO1 and ANO2. Small current was elicited by 

300 μM Ca2+ at +80 mV in HEK293T cells, expressing mouse ANO9. 

Repeated application of Ca2+ evoked the current with no desensitization at 

pH 7.4 and pH 5.8 (Fig 9A, B). Contrast to other ANOs, intracellular acid 

does not affect the ANO9 current.  
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Fig. 7. ANO2 current is blocked by intracellular acid. 
(A) Example traces of ANO2 currents induced by 30 μM Ca2+ at pH 7.2 

or pH 6.0. Single-channel currents were recorded in inside-out patches 

isolated from HEK293T cells transfected with mouse ANO2. Ehold = -80 

mV. 

(B) Summary of the acid-mediated inhibition of ANO2 currents (n=7) 
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Fig. 8. Intracellular acid blocks the activation of mouse ANO6 and 
human ANO7. 
(A) Example traces of ANO6 induced by 300 μM Ca2+ at pH 7.4 or pH 5.8. 

Currents were recorded in inside-out patches of HEK293T cells, which 

expressed mouse ANO6. Ehold = +80 mV. 

(B) Summary of the acid-mediated inhibition of ANO6 currents (n=5-10) 

(C) Example traces of ANO7 induced by 300 μM Ca2+ at pH 7.4 or pH 5.8. 

Currents were recorded in inside-out patches of HEK293T cells, which 

expressed human ANO7. Ehold = +80 mV. 

(D) Summary of the acid-mediated inhibition of ANO7 currents (n=4). 
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Fig. 9. Intracellular acid does not alter the ANO9 activation. 
(A) Example traces of ANO9 activated by 300 μM Ca2+ at pH 7.4 or pH 5.8. 

Currents were recorded in inside-out patches of HEK293T cells, which 

expressed mouse ANO9. Ehold = +80 mV. Different to another ANOs, ANO9 

was not inhibited by intracellular acid. 

(B) Summary of ANO9 currents in two points of pHs, pH 7.4 and pH 5.8. 

Ehold = +80 mV (n=6-8) 
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  To investigate whether the Ca2+ sensitivity of ANO1 was shifted by 

intracellular pH or not, the current activated by various Ca2+ concentrations 

was measured at different pHs in HEK293T cells overexpressed with 

mouse ANO1. The threshold Ca2+ concentration to activate ANO1 was less 

than 1 μM at pH 7.2. It was increased to about 10 μM at pH 6.0 (Fig. 10A). 

Half maximal effective Ca2+ concentration (EC50) was obtained from fitting 

to Hill equation (Fig. 10B). Intracellular acid led to a right-shift of the EC50 in 

ANO1, from 5.4±0.4μM at pH 7.2 to 33.4 ± 1.9 μM at pH 6.0 (n=7). The 

dose-response curves shifted rightward significantly at pH 6.4 and pH 6.0 

compared to pH 7.2 (Fig. 5C, EC50 15.4 ± 2.3 μM at pH 6.4 (n=8)). However, 

intracellular alkali does not alter the Ca2+ sensitivity of ANO1, EC50 was 4.6 

± 0.4 μM at pH 8.0 (n=7). The higher Ca2+ concentration was required for 

ANO1 activation in acidic condition. A similar result was derived from ANO2. 

The current was elicited by various Ca2+ concentrations at different pHs in 

HEK293T cells transfected with mouse ANO2. With the increase of acidity 

from 7.2 to pH 6.0, EC50 was increased significantly from 13.5 ± 1.5 μM to 

77.9 ± 6.5 μM (n=6, p<0.001) (Fig. 11A, B, C). The dose-response curve 

was shifted at pH 6.4, EC50 was 36.8 ± 5.6 μM (n=7, p<0.01). Similar to 

ANO1, the application of alkaline solution (pH 8.0) failed to modulate the 

Ca2+ sensitivity of ANO2 (EC50 8.8 ± 0.5 μM at pH 8.0 (n=7)) (Fig. 11B, C). 

We noticed that the activation of ANO1 and ANO2 need more Ca2+ under  

the increase of intracellular acidity. 
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Fig. 10. Intracellular acid reduces the Ca2+ sensitivity of ANO1 
(A) Example traces of ANO1 currents activated by various Ca2+ (μM) 

concentration at pH 7.2 or pH 6.0. Ehold= -80 mV 

(B) The dose-response curves of ANO1 activated by various Ca2+ (μM) 

concentration at various pHs. Each current was normalized to the 

maximum current. Averaged data were fitted with the Hill equation (n= 7-8). 

(C) Summary of Ca2+ EC50s at various pHs. ***p<0.001 compared to the 

EC50 at pH 7.2. One-way ANOVA followed by Tukey’s post-hoc test. 
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Fig. 11. Intracellular acid reduces the Ca2+ sensitivity of ANO2. 
(A) Example traces of ANO2 currents activated by various Ca2+ (μM) 

concentration at pH 7.2 or pH 6.0. Ehold= -80 mV 

(B) The dose-response curves of ANO2 activated by various Ca2+ (μM) 

concentration at various pHs. (n= 6-7). 

(C) Summary of Ca2+ EC50s at various pHs. **p<0.01  



５３ 

To get further understanding of the acid-induced ANO1 inhibition, we 

analyzed the half-maximal concentrations for inhibition (IC50) in ANO1 

current at a given Ca2+ concentrations. The slight change of intracellular pH 

inhibited the ANO1 current. The IC50s varied according to the Ca2+ 

concentration in activating ANO1. At -80 mV, IC50 of the ANO1 current 

activated by 1 μM Ca2+ is pH 7.09 ± 0.003 (n=8). With the increase of Ca2+ 

concentration, the IC50 become acidic (pH 7.03 ±0.02 at 3 μM Ca2+, p<0.05, 

n=7 and pH 6.92 ±0.05 at 10 μM Ca2+, p<0.01, n=7) (Fig. 12A). The more 

intracellular protons were required to inhibit the ANO1 activation by higher 

Ca2+ concentration. We obtained similar results at +80 mV (Fig. 12B). The 

IC50 at 1 μM Ca2+ is pH 7.08 ± 0.02 whereas it is pH 7.02 ± 0.06 at 3 μM 

(p<0.05, n=6). The IC50 was not affected by voltage. But it was dependent 

on the Ca2+ concentration. 
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Fig. 12. The half maximal inhibitory concentration (IC50) changes 

according to the Ca2+ concentration in activating ANO1. 

(A) The dose-response curves of ANO1 inhibited by various pHs at a given 

Ca2+ concentration. Each current was normalized to the maximal current. 

Currents were recorded with inside-out patches isolated from ANO1 

transfected HEK293T cells. Ehold = -80 mV. (n=7-8) 

(B) The dose-response curves of ANO1 inhibited by various pHs at a given 

Ca2+ concentration. Ehold = +80 mV. (n=6) 
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2. Voltage-mediated and heat-mediated ANO1 activation is not 

inhibited by intracellular acid. 

 

ANO1 is well known that it is dually gated by voltage (Vm) and 

intracellular Ca2+ (Xiao et al., 2011). Therefore, we investigated whether the 

voltage-dependent ANO1 activation is altered at intracellular acid. ANO1 

whole-cell currents were recorded in HEK293T cells expressing mouse 

ANO1 and elicited by Ca2+ 10 μM in the pipette. The activation of ANO1 

was enhanced by membrane depolarization. And intracellular acid (pH 6.8) 

inhibited voltage-dependent ANO1 activation (Fig. 13B). Tail currents were 

recorded at -100 mV after prepulses between -200 mV and +200 mV in 10 

mV increment. The voltage dependence of steady-state activation (G-V 

relation) was analyzed by measuring tail currents. The data was fitted with 

the Boltzmann equation. As shown in Fig. 13C, the G-V curve of ANO1 at 

Ca2+ 10 μM was shifted rightward at pH 6.8. The half-maximal voltage (V1/2) 

was changed from -144.6 ± 11.7 mV at pH 7.2 to 103.7 ± 28.4 mV at pH 6.8. 

Because ANO1 was fully activated by only Ca2+ at 10 μM, it was hard to 

represent the voltage-dependence of ANO1. To get insight that intracellular 

acid alters the voltage-evoked current, ANO1 current was measured at Ca2+ 

3 μM in pH 7.2 or pH 6.8. It was enhanced by positive membrane potential 

(Fig. 13A). Similar to Ca2+ 10 μM, the G-V curve shifted rightward at 
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intracellular acid. V1/2 at pH 7.2 was 12.4 ± 27.5 mV but changed to 103.7 ± 

28.4 mV at pH 6.8 (p<0.001, n= 5-6) (Fig. 13C). However, the intracellular 

acid failed to change the equivalent gating charge (z). At pH 7.2, z was 0.33 

± 0.06 and at pH 6.8, z was 0.31 ± 0.03. Because V1/2 infers voltage-

independent channel opening, the shift of V1/2 suggests that intracellular 

acid affects the Ca2+ sensing. And z represents voltage-dependent channel 

opening, the fixed z value indicates that intracellular acid fails to alter the 

voltage-sensing.  

To confirm the result, the voltage-induced ANO1 activation without Ca2+ 

was investigated. ANO1 is slightly activated by positive membrane 

potentials without Ca2+ (Fig. 14A). Severe depolarization (>100 mV) evoked 

outward-rectifying ANO1 whole-cell currents after dialyzing with 0 μM Ca2+. 

The intracellular acid did not affect this Ca2+-independent activation (Fig. 

14B). The result supports our hypothesis that the acid-mediated ANO1 

inhibition is involved in the Ca2+-sensing.  

Heat is another Ca2+-independent ANO1 activator (Cho et al., 2012). 

The temperature above 44 ℃ activates ANO1. Heat-induced ANO1 

activation is not related to the Ca2+-binding (Lee et al., 2014b). Whether 

intracellular acid inhibits the heat-evoked ANO1 current or not was 

assessed. At 0 µM Ca2+ in the pipette with pH 7.2, the high temperature 

induced ANO1 currents (13.38±1.97 pA/pF) (Fig. 15A, B). Heat-evoked 

ANO1 current was not changed by intracellular acid (pH 6.0) (14.37±2.49 
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pA/pF). Intracellular acid did not inhibit the heat-evoked ANO1 current. 

Thus, we noticed that intracellular acid failed to inhibit the Ca2+-independent 

ANO1 activation, whereas the Ca2+-induced activation was inhibited by 

intracellular acid. 
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Fig. 13. Voltage-dependent ANO1 activation remains at intracellular 
acid. 
(A) ANO1 whole-cell currents in response to voltage steps (from -200 mV to 

+200 mV in 10 mV increment). Whole-cell currents were recorded at 

indicated pHs, pH 7.2 or pH 6.8, in HEK293T cells expressing mouse ANO1. 

Pipette solution contained Ca2+ 3 μM in the NMDG-Cl solution. 

(B) ANO1 whole-cell currents in response to voltage steps. Pipette solution 

contained Ca2+ 10 μM. 

(C) The conductance-voltage (G-V) curves of ANO1 at Ca2+ 3 μM and 10 

μM with pH 7.2 or pH 6.8. The normalized conductances (G/Gmaxs) were 

plotted against membrane potential (Vm).  
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Fig. 14. The intracellular acid fails to inhibit the voltage-dependent 
ANO1 activation. 
(A) Representative ANO1 whole-cell currents in response to voltage steps 

(from -100 mV to +200 mV in 20 mV increment). Whole-cell currents were 

recorded at indicated pHs, pH 7.2 or pH 6.0, in HEK293T cells expressing 

mouse ANO1. Pipette solution did not contain Ca2+ in the NMDG-Cl solution. 

(B) The current density-voltage (I-V) curves of ANO1 without Ca2+ at pH 7.2 

or pH 6.0. 
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Fig. 15. Heat-evoked ANO1 currents are not inhibited by intracellular 

acid. 

(A) Traces of heat-evoked ANO1 whole-cell currents at pH 7.2 or pH 6.0. 

The pipette solution contained 0 μM Ca2+ in the NMDG-Cl solution with 10 

mM EGTA at pH 7.2 or pH 6.0. 

(B) A summary of heat-evoked ANO1 whole-cell currents at pHi7.2 and pH 

6.0. (n=9) 
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3. His residues are not critical for ANO1 inhibition by intracellular 

acid. 

 

 To search for sites involved in the intracellular acid-dependent ANO1 

inhibition, we generated a series of point mutants of mouse ANO1. His 

residue has an adequate pKa value 6.04 to be protonated at physiological 

relevant range (pH 6-7). This may in turn cause alterations in channel 

conformation and function. Recently, the crystal structure of Nectria 

haematococca (nh) TMEM16 was resolved (Brunner et al., 2014). The 

expected topology of ANO1 had 8 transmembrane domains, whereas the 

topology of nhTMEM16 has 10 transmembrane domains with α helices. 

Therefore, we revised the mouse ANO1 topology by alignment with 

nhTMEM16 amino acid sequence (Fig. 16). As shown in the topology, there 

are 21 His residues. 4 His residues in the purple circles were excluded 

because they were predicted to be located at the extracellular region. 17 

His residues are expected to locate in the intracellular or intramembrane 

region. We generated 17 His/Arg mutants, replacing His residues with Arg 

residues. The large inward current was elicited by 10 μM Ca2+ in wild-

type(WT) ANO1. The repeated application desensitized slightly. However, 

no current was activated by Ca2+ at pH 6.0 (Fig. 17A). 10 μM Ca2+ evoked 

the robust current in H18, 69, 70, 120, 151, 163, 183, 212, 230, 426, 453, 

898, 936, 941 and 956R single-point ANO1 mutants. And it was inhibited 
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completely at pH 6.0 similar to WT (Fig. 17B, C). Because H159R and 

H284R were not activated by maximal Ca2+ concentration, we could not test 

the acid-mediated inhibition on them. These results indicated that His 

residues of ANO1 do not have ability to sense proton to inhibit the channel 

function. 

 

4. Mutations of Glu and Asp in multiple acidic amino acid regions 

do not affect the acid-induced inhibition.  

 

 Glu and Asp residues are titrable at low pH (Jordt et al., 2000). Based on 

this, Glu and Asp residues were suggested that they have possibility of 

sensing protons. Because they were also candidates for the calcium sensor, 

we tested two mutants, which were previously reported (Xiao et al., 2011; 

Lee et al., 2014b). First, we assessed the acid-mediated inhibition of ANO1 

Δ5E mutant. 5 Glu residues (444-EEEEE-448) are clustered at the 

intracellular loop between transmembrane(TM)2 and TM3 of mouse ANO1 

(Fig. 18). We deleted the cluster of 5E (Δ5E mutant) in mouse ANO1. The 

current was evoked by 10 μM Ca2+ in Δ5E mutant (Fig. 19A). The repeated 

application of Ca2+ induced the current with little desensitization at pH 7.2 

whereas Ca2+ failed to evoke the current at pH 6.0 (Fig. 19A, B). The acid-

mediated inhibition was occurred in the mutant similar to ANO1 WT. Next, 

another cluster of acidic amino acids in ANO1, named ED-rich region (121-

EDDKRFRREEYEGNLLEAGLELENDED-147) was assessed. The ED-rich 
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region is located at N-terminus of mouse ANO1 (Fig. 18). Asp and Glu 

residues in this region were substituted into Asn and Glu, respectively (121-

QNNKRFRRQQYQGNLLQAGLQLQNNQN-147, ED rich mutant). 10 μM 

Ca2+ activated the large and robust inward-current in HEK293T cells 

transfected with mouse ANO1 ED-rich mutant (Fig. 20A). Second response 

showed no desensitization at pH 7.2. However, no current was elicited by 

the second 10 μM Ca2+ application at pH 6.0 (Fig. 20A, B). The acid-

mediated inhibition of ED-rich mutant remained. The data indicated that the 

multiple acidic amino-acids are not related to the ANO1 inhibition by 

intracellular acid.  
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Fig. 16. The topology of mouse ANO1 with His residues 
There are 21 His residues in ANO1. The topology of mouse ANO1 was 

derived from the alignment with nhTMEM16. ●, His residues located at the 

extracellular region; ●, His residues located at the intracellular and 

intramembrane region; ●, Mutants in these residues failed to evoke the 

current by maximal Ca2+. 
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Fig. 17. His residues are dispensable for the acid-mediated ANO1 
inhibition. 
(A) Example macroscopic single-channel traces of ANO1 WT elicited by 

Ca2+ 10 μM at pH 7.2 and pH 6.0. Ehold = -80 mV. 

(B) Example macroscopic single-channel traces of ANO1 H18R mutant 

elicited by Ca2+ 10 μM at pH 7.2 and pH 6.0.  

(C) Summary of the acid-mediated inhibition of ANO1 WT and ANO1 

His/Arg mutants. His residues at 18, 69, 70, 120, 151, 163, 183, 212, 230, 

426, 453, 898, 936, 941 and 956 in mouse ANO1 were replaced with Arg. 

All mutants exhibited similar inhibition by intracellular acid to WT. One-way 

ANOVA; Tukey’s post-hoc test. 
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Fig. 18. Locations of the 5E cluster and the ED rich region in the 
mouse topology 
The 5E cluster and the ED rich region are shown in orange. The 5E cluster 

(444-EEEEE-448) was deleted. Glu and Asp residues in the ED rich region 

(121-EDDKRFRREEYEGNNLLEAGLELENDED-147) were replaced with 

Gln or Asn, indicated with red lines. 
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Fig. 19. Clustered Glu residues are dispensable for the acid-mediated 
inhibition. 
(A) Example traces of Δ5E ANO1 mutant elicited by Ca2+ 10 μM at pH 7.2 

and pH 6.0. Ehold = -80 mV. 

(B) Summary of the acid-induced current inhibition in Δ5E mutant (n=4-7). 

***p<0.001 compared to the relative response at pH 7.2. 
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Fig. 20. The multiple acidic amino-acids region is not essential for the 
acid-mediated ANO1 inhibition. 
(A) Current traces of the ANO1 ED-rich mutant activated by Ca2+ 10 μM at 

pH 7.2 and pH 6.0. Ehold = -80 mV. 

(B) Summary of the acid-induced current inhibition in ED-rich mutant (n=5). 

***p<0.001 
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5. Calcium binding sites in the hydrophobic core are essential for 

acid-mediated inhibition. 

 

Recently, the X-ray structure of nhTMEM16 has been defined (Brunner et 

al., 2014). Lipid scramblase activity of a fungal TMEM16 requires Ca2+. 6 

residues embedded within the hydrophobic core are identified as the Ca2+ 

binding site of nhTMEM16. They are highly conserved throughout the 

TMEM16 homologs. Conserved residues, N650, E654, E702, E705, E734 

and D738 of mouse ANO1 are essential for Ca2+ sensing to activate the 

current. As shown in Fig. 21, red colored residues at the α6, α7 and α8 

helix are involved in the Ca2+ coordination in nhTMEM16 and mANO1. The 

predicted structure of mANO1 was obtained by computer modeling (Fig. 

21C). Amino-acids composing α6, α7 and α8 helix were selected for 

modeling. The crystal structure of nhTMEM16 (PDB number: 4WIS) was 

chosen as a template (Fig. 21B). The residues in the Ca2+ binding site face 

each other as if they encase Ca2+. It is well-known that mutations of the 

essential residues reduce the Ca2+ sensitivity (Yu et al., 2012; Brunner et al., 

2014; Tien et al., 2014). We further assessed that residues in the Ca2+ 

binding site has the ability to sense intracellular acid in inhibiting ANO1 

current.  

First, the mutant of α6 helix was tested. N650 and E654 at α6 helix were 

substituted into Ala and Gln. The currents were recorded at +80 mV in 
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order to see the better response. The current of WT ANO1 was elicited by 

lower Ca2+ at +80 mV (EC50 1.8 ± 0.6 μM at pH 7.2, n=10) (Fig. 29). The 

currents of mutants related to the Ca2+ binding site were evoked by higher 

Ca2+ concentration at the positive membrane potential. The EC50 of 

N650A/E654Q mutant was 17.6 ± 3.7 μM at pH 7.2 (n=6). Contrast to 

ANO1 WT (EC50 12.0 ± 4.6 μM at pH 6.0, n=6), N650A/E654Q mutant 

failed to change the EC50 by intracellular acid (pH 6.0) (EC50 19.1 ± 3.5 μM, 

n=5) (Fig. 22). 

Second, the current was measured in the mutants of α7 helix. E702 and 

E705 are critical for binding Ca2+. They were replaced with Gln. The 

E702Q/E705Q mutant exhibited a markedly reduction in the Ca2+ sensitivity 

(EC50 14.5 ± 0.8 mM, n=5). The acid-mediated inhibition was diminished. 

The dose-response curve of Ca2+ is rather slightly left-shifted at pH 6.0 

(EC50 8.3 ± 1.0 mM, n=6) (Fig. 23). We then examined the effects of 

mutation of E702 and E705 individually. Single mutation was sufficient to 

reduce the Ca2+ sensitivity. The EC50 of E702Q mutant was 73.1 ± 6.2 μM 

and that of E705Q mutant was 3.9 ± 2.5 mM at pH 7.2 (n=6). However, an 

individual replacement was insufficient to alter the acid sensitivity. E702Q 

and E705Q showed a rightward shift by intracellular acid. The EC50 of 

E702Q mutant was 486.9 ± 110.2 μM (n=5) and that of E705Q mutant was 

16.4 ± 7.1 mM (n=6) at pH 6.0 (Fig. 24 and 25). Moreover the substitution 

into Asp, another acidic amino-acid (E702D/E705D), did not affect the acid-

mediated inhibition, whereas the Ca2+ sensitivity was reduced. The 
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threshold of Ca2+ to activate the mutant was ~30 μM at pH 7.2. But ~100 μ

M Ca2+ was acquired to evoke the current at pH 6.0 (Fig. 26A). It was half-

activated by 135.6 ± 36.8 μM at pH 7.2 (n=6). The dose-response curve of 

E702D/E705D was shifted right slightly pH 6.0 (EC50 358.7 ± 92.0 μM, n=6) 

(Fig. 26B). The data proposed that both E702 and E705 are required to the 

acid-mediated inhibition, distinct to the Ca2+ binding. 

  Finally, we assessed the effect of mutations at α8 helix. Two acidic 

amino-acids (E734 and D738) are embedded in α8 helix. We generated the 

mutant to replace Glu at 734 and Asp at 738 into Gln and Asn, respectively. 

Because E734 and D738 are important to sense Ca2+, the EC50 of Ca2+ in 

activating the E734Q/D738N mutant was higher than WT (13.5 ± 4.4 μM, 

n=9). Similar to other double-mutations of the Ca2+ binding site, the double 

mutations on E734 and D738 induced to diminish the acid-mediated 

inhibition (18.9 ± 3.4 μM, n=8) (Fig. 27). Indeed, substitutions into Ala 

(E734A/D738A) also revealed the same results. The EC50 of the 

E734A/D738A mutant was similar to that of the E734Q/D738N mutant at pH 

7.2 (18.7 ± 8.1 μM, n=8). And it was not affected by intracellular acid (18.4 

± 12.0 μM at pH 6.0, n=7) (Fig. 29B). However, the single Glu mutant 

(E734Q) still had the acid-mediated inhibition. The EC50 of Ca2+ in activating 

the E734Q at pH 6.0 was right-shifted compared to neutral solution (pH 7.2), 

from 15.1 ± 2.4 μM to 45.1 ± 12.4 μM (n=7) (Fig. 28A, B). Note that the 

EC50 of E734Q was almost identical to the EC50 of E734Q/D738N or 

E734A/D738A at pH 7.2 (Fig. 29B). This result was in agreement with those 
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of E702Q or E705Q, which possessed a single mutation at α7 helix.  

  Double mutations on the Ca2+ binding-related helix (α6, α7 and α8 helix) 

diminished the acid-induced ANO1 inhibition (Fig. 29). It was inferred that 

residues in the Ca2+ binding site involve the acid-mediated inhibition. 
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Fig. 21. Prediction of the mouse ANO1 structure 
(A) Sequence alignment of nhTMEM16 and mANO1. Identical and 

homologous residues are shown in green and yellowish green. Green 

boxes above the alignment indicate α-helices, the membrane spanning 

regions. The critical residues for the Ca2+ binding to activate ANO1 were 

marked with red circles. 

(B) Location of Ca2+ binding site of nhTMEM16. The structure was editing to 

depicit α6, α7 and α8 helix, which possesses the essential residues to 

sense Ca2+. The Glu, Asp and Asn residues are shown in red with sticks. 

Yellow spheres represent Ca2+. 

(C) Location of Ca2+ binding site of mANO1. The model was predicted by 

ModWeb. N650, E654, E702, E705, E734 and D738, which are suggested 

as Ca2+ binding sites, are shown in red with sticks. 
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Fig. 22. Asn and Glu residues at α6 helix are essential for the acid-
mediated ANO1 inhibition. 
(A) Representative traces of N650A/E654Q mutant. Various concentrations 

of Ca2+ in 140 mM NMDG-Cl at pH 7.2 and pH 6.0 were perfused on inside-

out patches. Ehold = +80 mV. 

(B) The dose-response curves of Ca2+ in activating N650A/E654Q mutant 

(n=5-6). Each current was normalized to maximal responses. Horizontal 

error bars indicate EC50s. 
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Fig. 23. 2 Glu residues at α7 helix are critical for sensing intracellular 
acid. 
(A) Current traces of E702Q/E705Q mutant. 

(B) The dose-response curves of Ca2+ in activating E702Q/E705Q mutant 

(n=5-6). Relative response was obtained by dividing each current to 

maximal current. Horizontal error bars with × represent EC50s. 
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Fig. 24. Mutation of single Glu residue at α7 helix is insufficient to 

alter the acid-mediated ANO1 inhibition. 
(A) Example single-channel current traces of E702Q mutant. 

(B) The dose-response curves of Ca2+ in activating E702Q mutant (n=5-6). 

Each current was normalized to the maximal current. Horizontal error bars 

present EC50s. 
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Fig. 25. A Glu residue in the Ca2+ binding site does not have ability to 
sense intracellular proton.  
(A) Representative traces of E705Q mutant. 

(B) The dose-response curves of Ca2+ in activating E702Q mutant (n=6). 

Each current was normalized to the maximal response. EC50s are shown 

with horizontal error bars. 
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Fig. 26. The acid-mediated inhibition remains after the replacement of 
Glu residues into Asp residues at α7 helix. 
(A) Example traces of E702D/E705D mutant at pH 7.2 and pH 6.0. 

(B) The dose-response curves of Ca2+ in E702D/E705D mutant (n=6). Each 

current was normalized to the maximal current. EC50s are shown with 

horizontal error bars. 
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Fig. 27. Mutations on Glu and Asp residues at α8 helix diminish the 
acid-mediated inhibition. 
(A) Single-channel current traces of E734Q/D738N mutant at pH 7.2 and 

pH 6.0. 

(B) The dose-response curves of Ca2+ in activating E734Q/D738N mutant 

(n=8-9). Each current was normalized to the maximal current. EC50s are 

shown with horizontal error bars. 
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Fig. 28. A Glu residue at α8 helix is insufficient to sense intracellular 
acid.  
(A) Representative traces of E734Q mutant at pH 7.2 and pH 6.0. 

(B) The dose-response curves of Ca2+ in E734Q mutant (n=7). Each current 

was normalized to the maximal response. Horizontal error bars represent 

EC50s. 
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Fig. 29. Glu, Asp and Asn residues in the Ca2+ binding site are 
involved in the acid-mediated ANO1 inhibition. 

(A) The dose-response curves of Ca2+ in activating WT (▲, △, n=6-10), 

N650A/E654Q (●, ○, n=5-6), E702Q/E705Q (▼, ▽, n=5-6), E702Q (■, 

□, n=5-6) and E734Q/D738N (◆, ◇, n=8-9) mutants at pH 7.2 (closed) or 

pH 6.0 (open).  

(B) Summary of the EC50s of WT, N650A/E654Q, E702Q/E705Q, E702Q, 

E734Q/D738N, E734Q and E734A/D738A mutants. *p<0.05 compared to 

the EC50 at pH 7.2. Student’s unpaired two-tailed t-test. 
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6. Reference helix is not responsible to sense intracellular acid. 

 

 We previously reported that the gating of ANO1 is modulated by 

movement of the reference helix (Lee et al., 2014b). The reference helix is 

composed of positive charged amino-acids, Lys or Arg. As shown in the 

model structure of mouse ANO1, it is located between α6 and α7 helix (Fig. 

30). It was imagined that Ca2+ pushes the reference helix away because 

both are positive-charged. The entrance for Ca2+ might be exposed by 

repelling the reference helix. The Ca2+ sensitivity was slightly decreased in 

the mutant on the reference helix (K659Q/K661Q/K662Q). The EC50 of in 

activating K659Q/K661Q/K662Q mutant at pH 7.2 was 9.3 ± 1.7 μM (n=10) 

(Fig. 31). To observe whether the acid-mediated inhibition of the mutant 

remains or not, the current was measured at pH 6.0. The dose-response 

curve of K659Q/K661Q/K662Q mutant at pH 6.0 exhibited the rightward 

shift, similar to WT (58.2 ± 29.5 μM, n=5) (Fig. 31). Therefore, we proposed 

that the disrupted reference helix does not affect the acid-mediated 

inhibition, whereas it affects the Ca2+-mediated gating. 
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Fig. 30. Location of the reference helix in the mouse ANO1 model 
structure 
The model structure was edited to present the reference helix, colored in 

blue. It was located between α6 and α7 helix. It contains basic amino-acids, 

K659, K661 and K662. 

  



８４ 

 

Fig. 31. Mutations on the reference helix fail to eliminate the acid-
mediated ANO1 inhibition. 
(A) Current traces of K659Q/K661Q/K662Q mutant at pH 7.2 and pH6.0. 

(B) The dose-response curves of Ca2+ in activating K659Q/K661Q/K662Q 

mutant (n=5-10). Relative response was obtained by dividing each current 

to maximal current. Horizontal error bars with × represent EC50s. 
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7. Acid inhibits the Eact-activated ANO1 currents. 

 

Eact was designed and synthesized as an activator of ANO1 (Namkung et 

al., 2011b). It was suggested that Eact binds to the Ca2+ binding site to 

activate ANO1 (Lee et al., 2014b). The treatment of 1 μM Eact in inside-out 

patches evoked large, robust inward currents at pH 7.2 in HEK293T cells 

expressing mouse ANO1. The repeated application induced remarkable 

desensitization (Fig. 32A). Although the current was completely blocked at 

pH 6.0, the acid-mediated ANO1 inhibition was indistinct because of the 

desensitization (Fig. 32B). We applied 10 nM Eact to the patches of mouse 

ANO1 expressed HEK293T cells. 10 nM Eact was sufficient to activate the 

channel. The desensitization still remained, but it was alleviated (Fig. 33A, 

B). Therefore, we tested again whether Eact-activated current is inhibited by 

intracellular acid or not using 10 nM Eact. 10 nM Eact
 in pH 6.0 failed to 

evoke the current. The current was completely blocked (Fig. 33A, B). Thus, 

these results further support that intracellular protons act on and compete 

with Ca2+ at the Ca2+ binding site of ANO1. 
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Fig. 32. 1 μM Eact-activated ANO1 currents are also inhibited by 
intracellular acid. 
(A) Example traces of single-channel currents of ANO1 elicited by 1 μM Eact 

at pH 7.2 or pH 6.0. Ehold = -80 mV. 

(B) Summary of the normalized current of ANO1 elicited by 1 μM Eact at pH 

7.2 or pH 6.0. *p<0.05, Student’s unpaired two-tailed t-test. 
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Fig. 33. ANO1 currents are not evoked by 10 nM Eact at acidic solution. 
(A) Example traces of single-channel currents of ANO1 elicited by 10 nM 

Eact at pH 7.2 or pH 6.0. Ehold = -80 mV. 

(B) Summary of the relative responses of ANO1 activated by 10 nM Eact at 

pH 7.2 or pH 6.0. ***p<0.001 
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Discussion  

 

The present study demonstrates that intracellular acid inhibited the Ca2+-

activated ANO1 and ANO2. Ca2+ applications to the inside-out patches 

directly activated ANO1 and ANO2. The ANO1 and ANO2 activation was 

strongly inhibited by intracellular acid, whereas alkaline intracellular pH 

slightly affected. However, intracellular acid fails to inhibit the Ca2+-

independent ANO1 activation. The voltage-evoked and the heat-evoked 

ANO1 current are not inhibited by intracellular acid. Indeed, site-directed 

mutagenesis study revealed that the Ca2+ binding residues, located at α6, 

α7 and α8 helix respectively (N650, E654, E702, E705, E734, and D738), 

are the primary determinant of the acid-mediated ANO1 inhibition (Yu et al., 

2012; Brunner et al., 2014; Tien et al., 2014). Intracellular acid inhibits the 

Eact-activated ANO1current. Because Eact is known to act on the Ca2+-

binding site, it is supported that protons might interrupt Ca2+ binding to the 

Ca2+-binding site. 

 

1. Intracellular acid-mediated modulations of ANOs. 

 

ANO1 and ANO2 current were not elicited by Ca2+ when the intracellular 

solution was acidic. But in acid extracellular solution, ANO1 current was 

evoked by Ca2+ normally. Intracellular acid blocked the ANO1 and ANO2 

activation. Although only ANO1 and ANO2 are accounted for CaCC, the 
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currents of other ANOs are evoked by higher intracellular Ca2+ at positive 

membrane potential. It is uncertain that other ANOs encode Cl- channels.  

The acid-mediated modulations of other ANOs were evaluated. As a 

result, the outward current of mouse ANO6 and human ANO7 were 

inhibited by intracellular acid, similar to ANO1 and ANO2. ANO6 also has 

scramblase activity. However, whether the scramblase activity was inhibited 

by intracellular acid was not assessed in this study. The relationship 

between the scramblase activity and acid are elusive. Thus, it is worth 

studied in further research.  

However, mouse ANO9 was not affected by the intracellular acid. It might 

be different modulations on ANO9. In our present studies, the Ca2+ binding 

residues are critical for the acid-mediated ANO1 inhibition. Because the 

Ca2+ binding residues are conserved in ANOs, it is expected that other 

ANOs are inhibited by intracellular acid. The reason of acid-insensitivity in 

ANO9 is elusive. ANO9 also contains the conserved Ca2+ binding residues. 

But it is possible that the Ca2+ binding residues could not form the cavity-

like structure presented in the nhTMEM crystal structure or the mouse 

ANO1 model structure. Another possibility is that ANO9 has other functions. 

The ANO9 current was recorded with NMDG-Cl solutions. The main carrier 

is Cl-. However, ANO9 may not be an anion channel. Thus, the inhibition 

might be undetectable in the anion current. The observed ANO9 current 

was smaller than that of other ANOs. ANO9 might be a little permeable to 

Cl-.  
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2. Mechanisms of acid-mediated ANO1 inhibition 

 

Intracellular acid reduce the Ca2+ sensitivity of ANO1. The more Ca2+ was 

required to activate ANO1 in the acid solution. A slight change of pH 

completely inhibited ANO1. Interestingly, the more protons were required to 

inhibit the ANO1 current activated by the more Ca2+. It is suggested that 

protons act on the same site of Ca2+ to reduce the Ca2+ sensitivity. 

Intracellular acid inhibit the Ca2+-mediated ANO1 activation.  

However, intracellular acid failed to inhibit the voltage-induced and heat-

induced ANO1 activation. In the presence of Ca2+, the ANO1 conductance 

was inhibited by the intracellular acid, but voltage-dependent properties 

were remained. The voltage-activated ANO1 current without Ca2+ was not 

inhibited by intracellular acid. Moreover, heat-evoked ANO1 current was not 

inhibited by intracellular acid. ANO1 is activated by heat without Ca2+ and 

the ANO1 mutant of Ca2+-binding sites is activated by heat. Thus, heat-

mediated ANO1 activation is different to Ca2+-mediated activation. 

According to these results, intracellular acid does not affect the Ca2+-

independent ANO1 activation.  

 

2.1. Critical residues for acid-mediated ANO1 inhibition 

 

To investigate which residues are essential for the acid-induced inhibition, 

the mutation studies were performed. In several channels modulated by the 

intracellular pH such as ROMK1 or HCN2 channels, His residue is critical 



９１ 

for sensing the intracellular protons (Chanchevalap et al., 2000; Zong et al., 

2001). Unlike these channels, all His residues of ANO1 are not involved in 

the acid-mediated ANO1 inhibition. In addition, Glu residues of TRPV1 are 

essential for the acid-mediated TRPV1 potentiation (Jordt et al., 2000) and 

Asp residues of ASIC channels plays the acid-sensing roles (Ishikita, 2011). 

However, Δ5E and mutations on ED-rich region failed to modulate the acid-

mediated ANO1 inhibition. Recently, it was reported that residues with 

opposite charges between two helices plays important roles in the channel 

gating (Lee et al., 2014b). However, the mutant with substitutions on the 

helix showed the acid-mediated inhibition, whereas the Ca2+ sensitivity was 

slightly decreased. Thus, we noticed that the intracellular acid affects the 

Ca2+ binding directly, without altering the helix movement. Intracellular 

protons might be non-allosteric inhibitors. 

Interestingly, acid-induced ANO1 inhibition was disappeared in ANO1 

mutants of Ca2+-binding sites. Although they represented decrease of the 

Ca2+ sensitivity, intracellular acid failed to decrease the Ca2+ sensitivity 

more. Double mutations on the Ca2+-binding sites diminished the acid-

induced inhibition. But single mutation on the Ca2+-binding sites did not 

affect the acid-induced inhibition. From these results, intracellular protons 

act on the Ca2+-binding site to inhibit the Ca2+-induced activation. Protons 

might compete with the Ca2+ or modify the electrostatic environment and 

the structure of the Ca2+-binding site. Because Ca2+ and proton are positive 

charged ions, they might compete on the binding site in the case of  
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sarcoplasmic reticulum ATPase (Inesi and Hill, 1983). However, to confirm 

the hypothesis that proton interfere Ca2+ binding to its site is experimentally 

difficult. There is also a possibility of modifying the microenvironment and 

the structure near the Ca2+-binding site.  

 

2.2. Supporting evidences 

 

It was proposed that proton inhibit ANO1 current acting on the Ca2+-

binding site through the mutation studies. Note that the IC50 of ANO1 

depended on Ca2+ concentration in activating. It supports that proton and 

Ca2+ might bind to the same site. Those two ions might compete with each 

other to bind its site. High concentration of protons might interfere with Ca2+ 

binding to its site. 

It is generally considered that the activators of CaCC may be useful for 

the cure of the pathological symptoms in cystic fibrosis. Thus, Eact was 

designed and synthesized as an activator of ANO1. Eact acts on the two of 

Ca2+-binding residues, E702 and E705. In this study, the intracellular acid 

inhibits the Eact-mediated ANO1 activation. This result supports our 

hypothesis that the Ca2+-binding sites are involved in the intracellular acid-

mediated ANO1 inhibition.  

Extracellular acid failed to inhibit ANO1 activation. Inhibition was occurred 

by acid application at the intracellular side. It is consistent with the 

observation that the Ca2+ application is effective to evoke the ANO1 current. 

Moreover, intracellular acid reduces channel open probability of CaCCs but 
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not the single-channel current amplitude (Arreola et al., 1995). It supports 

our hypothesis that protons inhibit the Ca2+ binding in the competitive 

manner. 

In addition, the Ca2+-independent activation, heat- and voltage-mediated 

ANO1 activation was not inhibited by intracellular acid. Heat and voltage 

activates ANO1 without Ca2+. Heat- and voltage-mediated ANO1 activation 

might have the different mechanism to open the channel. Thus, it is 

evidence for supporting our hypothesis.  

 

3. Desensitization influences 

 

In our study, the ANO1 current presented a consistent 30-35% current 

rundown (desensitization) at the repetitive application of Ca2+. The property 

might negatively affect to obtain EC50s. But in some mutants, rundown was 

not observed. Even though there was no rundown, the acid-mediated 

inhibition was present. Thus, two processes might be different. It is possible 

that intracellular acid greatly enhance the rundown. However, we failed to 

take the rundown into account in determining the EC50s and IC50s. For this 

weakness, lower EC50s and higher IC50s might be obtained in our results.  

 

4. Crosslights on intracellular-mediated ANO1 modulation 

 

Contrast to our result, it was suggested recently that ANO1 is activated 

by the intracellular acid in renal tubular cells (Faria et al., 2014). ANO1 
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currents was increased in pH 6.5 by the application of carbonyl cyanide 3-

chlorophenylhydrazone (CCCP), the protonophore. Because the 

conductance of protonophore and H+ ATPase were not ruled out in their 

experiments, our data which were observed directly in the excised patch 

might be more convincing. Moreover, the inhibition of ANO1 is consistent 

with the result of endogenous calcium activated chloride current (Arreola et 

al., 1995).  

 

5. Pathophysiological implications 

 

The physiological implication of the acid-mediated ANO1 inhibition is 

clearly not understood. However, we could expect the physiological 

implication of this regulatory properties, Fluid secretion is largely dependent 

on Cl- efflux through CaCC or CFTR. And HCO3
- is abundant anions in 

epithelial cells. It is also involved in the fluid secretion. Moreover, it serves 

as a pH buffer in cells (Fig. 34A). The increase of Ca2+ through the 

physiological signals induces the intracellular acidosis. When the 

sympathetic nervous system was excited, acetylcholine, an agonist of 

muscarinic receptor, was released. Acetylcholine increases the intracellular 

Ca2+ thorough GPCR pathway. The increase of Ca2+ induces an 

acidification in acinar cells (Lee et al., 2012). It might be caused by HCO3
- 

efflux. ANO1 is also permeable to HCO3
-. The ANO1 activation permits the 

acidification of cells (Fig. 34B). The severe acidification is harmful to cell 

viability. Thus, the acid-mediated inhibition of ANO1 would be a feedback 
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mechanism that prevents the excessive HCO3
- efflux (Fig. 34C). 

According to several studies, decline of intracellular pH is observed 

during ischemia at heart and brain. Insufficiency of glucose and oxygen 

increases anaerobic metabolism and then leads to acidosis. Intracellular pH 

is decreased to near pH 6.4 (Steenbergen et al., 1977; Mabe et al., 1983). 

This pH value is adequate to inhibit ANO1 activation. Thus, it may be 

related to intracellular pH homeostasis in pathological condition. The fact 

that the elevation of intracellular calcium is observed in hippocampus 

neurons during anoxia could support our hypothesis (Diarra et al., 1999). 

ANO1 expression is increased in cardiac vascular endothelial cells at the 

chronic hypoxia (Sun et al., 2012; Wu et al., 2014). The increase of this 

channel might protect from chronic acidosis of hypoxia and then the cells 

could maintain their vasocontractility. 

 

In summary, this study demonstrates the intracellular acid-mediated 

modulations of ANOs and the molecular basis of the inhibition. Defining the 

regulatory properties in ANO1 and determination of the structure-function 

relationship by site-directed mutation analysis may contribute to the 

advance of our knowledge in ANO1 gating mechanisms. It might aid to 

develop the anti-cystic fibrosis drugs.  
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Fig. 34. Acid-mediated ANO1 inhibition might be important to maintain 
adequate pH in epithelial cells. 
(A-C) The scheme of acid-mediated ANO1 inhibition in cell (A) Cytosol is 

buffered with H+ (●) and HCO3
- (●) at the resting state. Intracellular pH is 

about pH 7.2, represented with red. (B) Increase of intracellular Ca2+ (●) 

activates ANO1. The efflux of HCO3
- (●) is occurred. Because H+ (●) are 

remained in the cell, cytosol becomes acidic. Acidic cytosol is represented 

with green. (C) However, the channel is closed because H+ hinders binding 

Ca2+ to its site. Therefore, the cell reverts to (A). 
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국 문 초 록 

 

세포 내 칼슘 증가에 의해 활성화되는 염소이온채널인 CaCC 

(Ca2+-activated chloride channel)는 분비 기능의 상피세포에서 염소

이온 분비 조절에 중요한 역할을 한다. 세포 내 산성도는 상피세포의 전

해질과 수액 분비에 영향을 준다. CaCC의 활성은 세포 내 산성도에 의

해 저해된다고 알려져 있다. 그러나 산성에 의한 저해 메커니즘은 아직 

규명되지 않았다. CaCC의 기능을 담당하는 분자로 알려진 

ANOCTAMIN1 (ANO1)은 침샘 같은 분비기관에서 수액 분비에 중요

한 생리학적 기능을 수행한다. 그러나 세포 내 산성도에 의한 채널 활성 

조절은 아직 연구되지 않았다. 따라서 세포 내 산성도가 ANO1과 그 동

족체인 ANO2, ANO6, ANO7, ANO9의 채널 활성에 어떤 영향을 미치

는지 알아보았다. ANO9을 제외한 ANO들은 세포 내 산성에 의해 채널

활성이 감소하였다. 그 중에서 CaCC의 역할을 하고 있다고 알려진 

ANO1과 ANO2는 세포 내 산성이 증가할수록 채널의 활성화에 필요한 

세포 내 칼슘농도가 높아졌다. ANO1은 세포막 전위차와 열에 의해서도 

활성화된다. 하지만 세포 내 산성은 세포막 전위차와 열에 의한 ANO1 

활성에는 영향을 미치지 않았다. 세포 내 산성에 의한 저해되는 특정 부

위를 찾기 위해 분자생물학적 기법을 통해 여러 ANO1 돌연변이체를 제

작하였다. 우선 산성용액에서 적정 가능한 해리 상수를 갖는 히스티딘 
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잔기를 다른 아미노산으로 대체하여 그 활성과 산성저해 정도를 알아본 

결과, ANO1에 존재하는 히스티딘 잔기들은 모두 산성 저해 특성과 관

련이 없었다. 또한 글루탐산과 아스파산 잔기의 집합체를 삭제 또는 대

체해 본 결과, 산성 저해 정도에 변화를 주지 않았다. 최근 ANO1의 균

류 동족체인 nhTMEM16의 X-선 결정구조가 밝혀졌다. 이 구조를 통

해 채널의 활성을 위한 칼슘 결합 부위의 아미노산 잔기들이 확실해졌다. 

이 잔기들을 다른 아미노산으로 대체한 결과, 칼슘 감도의 현저한 감소

와 함께 세포 내 산성에 의한 저해도 사라졌다. 하지만 칼슘에 의한 반

발력을 통해 활성에 도움을 주는 나선구조의 돌연변이체는 세포 내 산성

도에 의해 영향을 받지 않았다. 이러한 연구 결과를 통해, 세포 내 수소 

이온이 칼슘과 같은 결합 부위에 작용한다는 것을 알 수 있었다. 이는 

경쟁적인 방해나 구조적인 변화를 통해 일어난다고 생각된다. 본 연구는 

분비 상피세포의 수액과 전해질의 분비에 영향을 미치는 세포 내 산성에 

의한 ANO1과 그 동족체들의 활성 조절을 확인하고 ANO1 활성 저해의 

분자수준의 메커니즘을 제시하였다. 
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