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ABSTRACT

Molecular basis for dynamic change

in the ion selectivity of anion channels

Ikhyun Jun

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Min Goo Lee)

Ion permeation through anion channels plays essential roles in our body.

However, how the anion channels retain ion selectivity and how the anion

selectivity is regulated are largely unknown. Here, I show that the combined

effects of thermodynamic hydration energy and size-exclusion force of the 

pore determine the anion selectivity. The dielectric constant increase and 

pore size enlargement are found when WNK1/SPAK associated HCO3
−

permeability increase happens in CFTR. In ANO1/TMEM16A channel, this 

finding is also found during HCO3
− permeability change due to high 

intracellular calcium concentration. In GlyR, P-2’Δ mutation caused the pore 

dilation, HCO3
− permeability change, and electric permittivity rise. 

Molecular dynamic simulation showed that pore dilation not only affected 

the energy barriers of size exclusion but that of ion dehydration by altering 
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water occupancy in the channel filter region. Application of high dose GABA 

dynamically modulated anion selectivity of GABAAR, which is essential for 

GABA induced action potential generation in pyramidal neuron of 

sensorimotor cortex. New anion selectivity modeling was performed by 

integration of thermodynamic hydration energy and size-exclusion force of 

the pore. Importantly cellular stimuli dynamically modulated anion 

selectivity by changing pore size, and a finding that is common to all anion 

channels studied, including CFTR, ANO1/TMEM16A, GlyR, and GABAAR, 

is that pore dilation increases PHCO3/PCl by affecting energy barriers of size

exclusion and ion dehydration of HCO3
− permeation. I also provide evidence

and suggest that the dynamic increase in PHCO3/PCl is involved in many

physiological and pathophysiological processes, such as CFTR-mediated

epithelial HCO3
− secretion and GABAAR-evoked neuronal excitation.

Key words: anion selectivity, CFTR, ANO1, glycine receptor, gaba receptor, 

bicarbonate, dielectric constant, pore size
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Molecular basis for dynamic change 

in the ion selectivity of anion channels

Ikhyun Jun

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Min Goo Lee)

I. INTRODUCTION

Anion channels are essential for keeping the cells alive and mediating 

diverse functions. Although the ion selection mechanisms of cation channels 

are relatively well defined,1 those of anion channels are still poorly 

understood. Anion channels are thought as Cl− channels, because most 

abundant anion in the body is Cl−. However, various other anions are also 

permeable to many anion channels. Usually, large halide ions, such as I− and 

Br−, are more permeable to many anion channels than Cl−.2-4 The reason for 

this phenomenon is that large symmetrically charged ions have the small 

hydration/dehydration energy, and ions in general pass through the channel 

after dehydration. Accordingly, it was suggested that the pore of anion 

channels is comprised of a large polarizable tunnel, in that ion selectivity can 
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be determined by the electric permittivity.3,4 According to this concept, a 

fixed value of the dielectric constant (ε, relative permittivity) in the channel 

determines a specific condition of a certain anion channel and the selectivity 

of ions.3-5 However, increasing evidence suggests that ion selectivity is 

dynamically altered by cellular stimuli or strong agonist stimulations.6,7

Furthermore, some anion channels, such as CFTR, showed low permeability 

of the large halide ion I− which is contradictory to the polarizable tunnel 

theory.8

And other determinant of ion selectivity is pore size of channel. Previous 

study revealed that alanine transition of threonine residue of transmembrane 

domain (TM) 6 of CFTR increased the permeability of several polyatomic 

anions.9 They found the pore size of CFTR increased by estimation. The 

deletion of proline 250 (P-2’Δ) of glycine receptor (GlyR) decreased the 

anion/cation permeability ration and increased the pore diameter.10 In 

addition, the permeability of bicarbonate, acetate, methanesulfonate and 

gluconate increased. This is also applicable to cation channels. In neuronal 

P2X receptor channel, longer ATP application more than 10 s made the 

channel permeable to larger cations like the propidium analog YO-PRO-1, 

and N-methyl-D-glucamine.11

Although many anions are permeable to anion channels, Cl− and HCO3
−

are the two most plentiful anions that are the major charge carrier of anion 

channels in animal cells. HCO3
− permeation though anion channel plays 

many important roles ranging from epithelial fluid secretion to neuronal 

excitation.12-14 Epithelial cells in gastrointestinal system secrete HCO3
− to 

saliva, intestinal fluids, and pancreatic juice. HCO3
− in airway surface fluid 

secreted by respiratory epithelium has valuable roles. Fluids secreted by 

reproductive organs also contain high HCO3
−. As a major component of the 



5

CO2/HCO3
− buffer system, HCO3

− controls intracellular and extracellular pH,

and guards toxic fluctuations of pH.15 Bicarbonate rich fluids secreted by 

pancreas and duodenum neutralize gastric acid and provide a suitable pH 

environment for the proper function of digestive enzymes in the intestine.16

In addition, bicarbonate acts as a moderate chaotropic ion, to facilitate the 

solubilization of macromolecules such as mucins.17 Inadequate epithelial 

bicarbonate secretion results in defective mucin hydration and 

solubilization,18 and causes hyper-viscous mucus that blocks ductal 

structures of the lung and pancreas.19,20 Therefore, abnormal HCO3
−

secretion is related to a wide spectrum of diseases in the gastrointestinal, 

respiratory, and genitourinary systems, including pancreatitis, cystic fibrosis, 

and infertility.14,20-22

CFTR has important roles in bicarbonate secretion in epithelial cells. 

The mutation of CFTR can cause cystic fibrosis, which is one of most 

common lethal hereditary disease in western countries. Patients with cystic 

fibrosis secrete acidic pancreatic juice.23 CFTR, located in apical membrane,

secretes Cl− into lumen according to the electrochemical gradient. The 

apical Cl−/HCO3
− exchangers move HCO3

− into lumen by recycling Cl−.14

In addition, in certain situation when intracellular chloride concentration is 

low, the bicarbonate permeability of CFTR is dynamically increased by the 

protein kinase WNK1.7 It means the CFTR secretes HCO3
− directly, which 

is important in condensing high bicarbonate in pancreatic fluid. 

Moreover HCO3
− permeation through GABAAR is associated with the 

paradoxical neuronal excitation by GABAAR.12,24 In general, anion 

permeation through the glycine receptor (GlyR) and GABAA receptor 

(GABAAR) plays a principal function in inhibitory neurotransmission in 
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nervous system. Interestingly, an intensive GABAAR stimulation 

paradoxically produces neuronal excitation, which may contribute to the 

generation of neuronal networks during early brain development as well as 

the pathological neuronal activity of epilepsy.25

Accordingly, the HCO3
−/Cl− permeability ratio (PHCO3/PCl) is an 

important parameter of anion channel function. Of interest, PHCO3/PCl of 

anion channels can be modulated dynamically by various cellular stimuli. 

For example, activations of the WNK1/SPAK kinases and Ca2+/calmodulin, 

respectively, have been shown to increase PHCO3/PCl of CFTR and ANO1.6,7

In the present study, I aimed to identify the molecular basis of PHCO3/PCl

modulation by cellular stimuli and to further explore the basic mechanism of 

ion permeation through anion channels using an integrated molecular, 

physiological, and computational approach.
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II. MATERIALS AND METHODS

1. Cell culture, and plasmids

The plasmids expressing Myc-rWNK1, Flag-mSPAK, hCFTR, and 

hANO1/TMEM16A have been previously described.6,7,26 Mammalian 

expressible pCMV-myc hGLRA1 plasmids were subcloned using PCR 

amplification of purchased cDNA of hGLRA1 from GE Dharmacon 

(Lafayette, CO, USA; Clone ID: 30915298). The hGlyR P-2’Δ mutant 

plasmid was generated with a PCR-based site-directed mutagenesis. 

Plasmids expressing a1 (pCIS2-ha1), b3 (pCMV6-XL-hb3), and g2L 

(pcDNA3.1-hg2L) subunits of hGABAAR were a kind gift from Dr. Neil 

Harrison at Columbia University, New York, NY, USA. The siRNAs against 

WNK1 and SPAK were purchased from GE Dharmacon (Lafayette, CO, 

USA; WNK1, SMARTpool L-005362-02-0005; SPAK, SMARTpool L-

050614-00-0005). HEK 293T cells were maintained in Dulbecco's modified 

Eagle's medium (DMEM)-HG (Invitrogen, Carlsbad, CA, USA) 

supplemented with 10% (v/v) fetal bovine serum and penicillin (100 

U/mL)/streptomycin (0.1 mg/ml). Plasmids were transiently transfected into 

HEK 293T cells using Lipofectamine Plus (Invitrogen) reagent. The 

plasmids expressing green fluorescence protein were co-transfected to 

confirm an average transfection rate over 90%.

2. Immunoblotting
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Immunoblotting was performed as described previously.7 Transfected 

HEK 293T cells were washed three times with ice-cold phosphate-buffered

saline (PBS) and harvested. The protein samples were recovered in a sodium 

dodecyl sulfate (SDS) buffer and separated by SDS-polyacrylamide gel 

electrophoresis. The separated proteins were transferred to a nitrocellulose

membrane and blotted with appropriate primary and secondary antibodies. 

Protein bands were detected by enhanced chemiluminescence (GE 

Healthcare, Little Chalfont, UK). Antibodies against SPAK (no. 2281; Cell 

Signaling Technology, Danvers, MA, USA), WNK1 (ab53151; Abcam, 

Cambridge, MA, USA) and actin (sc-1616; Santa Cruz Biotechnology, 

Dallas, TX, USA) were obtained from commercial sources.

3. Electrophysiology in Cultured Cells

Whole-cell and outside-out patch clamp techniques were applied to 

measure the anion channel activities in HEK 293T cells as reported 

previously 6,7,26 with minor modifications. Briefly, I transferred the cells into 

a bath mounted on a stage with an inverted microscope (IX-70, Olympus, 

Tokyo, Japan). To achieve the conventional whole-cell clamp, I formed a 

gigaseal and then ruptured the patch membrane. To perform outside-out 

excised patch clamp experiments, the electrode was slowly withdrawn from 

the whole-cell clamp state, allowing a bulb of the membrane to bleb out from 

the cell. This bleb was pulled away until it detached from the cell and 

reformed a convex membrane at the end of the pipet. The perfusion rate of 
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bath solution was 5 mL/min. The voltage and current recordings were 

performed at room temperature (22–25°C). Patch pipettes with a free-tip 

resistance of about 2–5 MW were connected to the head stage of a patch-

clamp amplifier (Axopatch-700B, Molecular Devices, Sunnyvale, CA, USA). 

pCLAMP software v. 10.2 and Digidata-1440A (Molecular Devices) were 

used to obtain data and give command pulses. AgCl reference electrodes 

were applied to the bath via a 1.5% agar bridge containing 3 M KCl solution. 

Voltage and current traces were stored and analyzed using Clampfit v. 10.2 

and Origin v. 8.0 (OriginLab Corp., Northampton, MA, USA). Currents were 

sampled at 5 kHz. All data were low-pass filtered at 1 kHz.

The standard pipette solution contained (in mM) 148 N-methyl-D-

glucamine-Cl (NMDG-Cl), 1 MgCl2, 3 MgATP, 10 HEPES, and 10 ethylene 

glycol tetraacetic acid (EGTA) (pH 7.2). The low Cl−-containing pipette 

solution contained (in mM) 140 NMDG-Gluconate, 8 HCl, 5 EGTA, 1 

MgCl2, 3 Mg-ATP, and 10 HEPES (pH 7.2). The standard bath solution 

contained (in mM) 146 NMGD-Cl, 1 CaCl2, 1 MgCl2, 5 glucose, and 10 

HEPES (pH 7.4). In GlyR and GABAAR experiments, NMDG+ was replaced 

with Na+ in the pipette and bath solutions. For permeability evaluations, 150 

Cl− in the bath solution was substituted with 146 X− + 4 Cl−, where X is the 

substitute anion (F−, Br−, NO3
−, I−, HCO3

−, or gluconate− in a form of NaX). 

The bath solutions containing an increased concentration of Cl− (30 Cl− and 

120 F−) were used, when F− currents were too tiny to measure Erev. For the 

anion permeability test, individual data were corrected by measuring the 
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offset potential shift induced by the replacement of anion solution after each 

experiment.7 The 146 mM HCO3
−-containing solutions were continuously 

gassed with 95% O2 and 5% CO2 and pH adjusted to 8.2, which is 

comparable to ionic compositions of human pancreatic juice. For the current 

measurements of ANO1, the free Ca2+ concentrations of buffer solutions 

were achieved by adjusting the Ca2+ chelator EGTA (10 mM) and CaCl2

concentrations using WEBMAX-C software 

(http://www.stanford.edu/~cpatton/maxc.html). Because the Ca2+ chelating 

power of EGTA is weakened in the 1 mM and greater free Ca2+ range, the 3

mM free Ca2+-containing solutions were buffered with the low-affinity Ca2+

chelator di-bromo-BAPTA (5 mM). The osmolarity of the bath solution was 

10 mOsm higher than the pipette solution’s osmolarity by adding sorbitol to 

suppress volume-regulated anion channels. 

4. Calculation of Relative Ion Permeability (Px/Pcl), Dielectric Constant 

(ε), and Pore Size

Current reversal potential (Erev) was measured using zero-current clamp 

recordings. To evaluate the I-V relationship during the zero-current clamp 

recordings, current clamp mode was changed to the voltage clamp mode, and 

I-V curves were obtained by applying ramp pulses from −100 to 100 mV 

(0.8 mV/ms, holding potential; near the RMP) or step pulses from −100 to 

100 mV (voltage interval; 20 mV, duration; 0.5 s, holding potential; near the 

RMP). The relative anion permeability was calculated from the reversal 
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potential shift (ΔErev = Erev(X) – Erev(Cl)) elicited by replacing extracellular 

Cl− with other anion, X− using the Goldman-Hodgkin-Katz equation : PX/PCl

= (exp(ΔErev/(RT/zF)) − ([Cl−]o/[Cl−]′o)) × ([Cl−]′o/[X−]o), where [Cl−]′o is the 

bath concentration of Cl−, [Cl−]o is the residual Cl− in the substituted solution, 

[X−]o is the concentration of substitute ion, and R, T, z, and F have their 

usual thermodynamic meanings. 

The electrostatic model of Born 4,5 was applied to calculate the dielectric 

constant (ε) of anion channels. Concisely, the hydration energy of each anion 

can be calculated by the following equation: ΔGhyd = −(K/2) × (1/r) × (1 − 

1/εw), where K is a constant equal to 138.6 kJ·nm/mol, r is the radius of the 

anion, and εw is the dielectric constant of water (εw = 80). For optimizing 

anion-water interaction energy in the dielectric constant calculation, lattimer 

correction of the equivalent radius of each ion was applied.4 Δ(ΔG)barrier for 

the anions can be calculated from the following equation: PX/PA = exp 

[−Δ(ΔG)barrier/RT] where A− was the largest anion examined in the present 

study (NO3
− for CFTR, I− for all other anion channels), and used as the 

reference anion. Using the Δ(ΔG)barrier of each anion, solvation energy (ΔGsol) 

of the ion channel can be calculated by the following equation 3: |ΔGsol| = 

|ΔGhyd| − |Δ(ΔG)barrier|. From the ΔGsol value, ε of anion channel was 

calculated by the following equation 5: ΔGsol = −(K/2) × (1/r) × (1 − 1/ε).

Pore size of anion channels was estimated by the excluded-area model 

(partition coefficient model) using the Px/PCl values of large non-

symmetrically charged anions.9,27,28 According to the excluded-area model, 



12

ionic permeation is proportional to the area of the narrowest region of pore 

left unoccupied by the ion. PX/PCl is then given by the following equation: 

PX/PCl = ([DP – DX]/[DP – DCl]),2 where DP, DX, and DCl are the diameter of 

the pore, anion X−, and Cl−. Because the longest dimension of the ion did not 

affect its effective permeation, the geometric mean of the two smallest 

dimensions for each ion was used for DX.4,9

5. Molecular Dynamics (MD) Simulations of GlyR Structure

1) Preparation of simulation systems: Homology models of human α1 

GlyR (GLRA1) WT and P-2’D mutant were constructed using MODELLER 

v9.3 (https://salilab.org/modeller/) based on the crystal structure of an open 

anion-selective GluCl (PDB: 3RIF). The sequence of α1 GlyR was edited to 

remove the large intracellular loop connecting TM3 and TM4 since the 

GluCl template does not have this homologous loop. Sequence alignments 

were generated using Uniprot. For each receptor channel, 100 homology 

models were built and the model with the lowest “MODELLER objective 

function” score was selected to further MD relaxations. The MD simulation 

system was set up using the Visual Molecular Dynamics (VMD) analysis 

and visualization software. The TM domain of the receptor channel was 

inserted into the center of a cylinder of pre-equilibrated 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC) lipid mixture. The outer radii of 

the cylinder POPC lipid construct was approximately 52.3 Å. Fully 

equilibrated TIP3 waters were added to the system to form a hexagonal 
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boundary condition of 104.6 × 104.6 × 150 Å. Na+ and Cl- ions 

corresponding to a 0.15 M solution were added to neutralize the system. 

There were one receptor channel, 196 POPC, 88 Cl- ions, 83 Na+ ions, and 

about 29,100 water molecules for a total of over 141,000 atoms. 

2) Molecular dynamics simulations: The CHARMM force field with 

CMAP corrections was used for protein, water, and lipid simulations.29-31

MD simulations were performed using the NAMD2 program.32 Two 

independent MD runs were performed for the WT GlyR (WT_1 and WT_2) 

and its P-2’D mutant (PD_1 and PD_2), following the same simulation 

procedure. The system was first energy minimized for 50,000 steps. It then

underwent a 0.5 ns constant volume and temperature (T = 310 K) (NVT) 

simulation and subsequent 4 ns NPT simulation, during which the protein 

was fixed and the constraint on the POPC head groups was gradually 

released to zero. Subsequently, the constraint on the protein backbone was 

gradually reduced from 10 Kcal/mol to zero within 4 ns. Finally, the 

unconstrained protein underwent NPT simulation for 46 ns. The simulation 

protocol included periodic boundary conditions, water wrapping, hydrogen 

atoms constrained via the SHAKE algorithm, and long-range electrostatic 

forces evaluated via the Particle Mesh Ewald (PME) algorithm.33 Bonded 

interactions and short-range nonbonded interactions were calculated every 

time step (2 fs) and every two time steps (4 fs), respectively. Electrostatic 

interactions were calculated at every four time-steps. The cutoff distance for 

nonbonded interactions was 12 Å. A smoothing function was employed for 
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the van der Waals interactions at a distance of 10 Å. The pair-list of the 

nonbonded interactions was calculated every 20 time-steps with a pair list 

distance cutoff of 13.5 Å.

VMD was used to analyze structural and dynamical features of the 

system, such as the root-mean-square deviation (RMSD), average pore radii, 

and TM2 helical tilting angles. For structural averaging calculations, each 

MD snapshot was aligned with the initial model before the determination of 

an average structure. Radii of the model channels were calculated using the 

HOLE program.34 The number of water molecules inside the selectivity 

region was obtained by counting water molecules inside the pore between -2’ 

to 2’ (-50 Å ≤ z ≤ -40 Å). Histogram analysis was performed after the system 

was well-equilibrated.  

3) Halide ion parameterization in the Chemistry at HARvard 

Macromolecular Mechanics (CHARMM) format: Nonbonded Lennard-Jones 

(LJ) parameters for Na+ and Cl- are directly taken from CHARMM General 

Force (CGenFF) field.35 LJ parameters for halide ions F- and I- are adapted 

from CGenFF 35 and further refined to satisfy experimentally-observed ion 

solvation properties in water solution, such as radial distribution function 

(RDF) of ion and oxygen atoms from water (RO), and number of coordinated 

water molecules. Calibrations of LJ parameters for halide ions are carried out 

using MD simulations. For each system, one Na+ and one halide ion are 

placed in a 40 Å3 cubic water box. For each calibration, 6 ns standard Nosé-

Hooverconstant pressure 36,37 (P = 1 Bar) and temperature (T = 310 K) (NPT) 
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simulation is carried out using NAMD2 program.32

4) Adaptive biasing force (ABF) calculations of the single ion potential 

mean force (PMF) for ion transport: The single ion PMF for ion transport

through the selectivity filter region was carried out using the ABF 38 method 

implemented in the NAMD2 software 32 and following the previous 

approach for similar calculations in other family members of pentameric 

ligand‑gated ion channels (pLGICs).39,40 Briefly, ABF calculations of the 

PMF were carried out in 4~6 different windows along the channel z axis 

(perpendicular to the membrane lipids). The width of each ABF window was 

5 Å and five to ten consecutive 1-ns ABF calculations were performed for 

each window until the variation of the PMF at any point along the z-axis was 

less than 1 kJ/mol within two consecutive runs. The initial configuration for 

each ABF window was obtained from a 300 ps equilibration simulation that 

had the target ion positioned within the window. Calculations for different 

halide ions followed the same procedure and were carried out in the same 

initial configuration except that only the target ion (transport ion) was 

replaced by the specific halide ion (I-, Cl- or F-). The initial configurations 

for WT GlyR and P-2’D mutant were taken from 20-ns MD equilibrated 

snapshots.

6. Cortical Slice Preparation, Whole-Cell Recording, and GABA Puffing

Whole-cell patch recordings on pyramidal neurons in adult rodent 

sensorimotor cortical slices were performed as described earlier.41 All animal 
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experiments were performed in accordance with the Institutional Guidelines 

of Animal Care and Use, and utilized protocols were approved by the Korea 

Institute of Science and Technology. Sensorimotor cortical slices (thickness 

400 μm) were obtained from adult C57BL/6 mice (6-8 weeks). Following 

decapitation, the brain was rapidly removed and placed in cold artificial 

cerebrospinal fluid (ACSF) having the following composition (in mM): 130 

NaCl, 24 NaHCO3, 3.5 KCl, 1.25 NaH2PO4, 1 CaCl2, 3 MgCl2, 10 glucose. 

Slices were made using an oscillating tissue slicer (DSK PRO7, Kyoto, 

Japan) at cold ACSF and stored in a bath of oxygenated (95% O2 and 5% 

CO2) ACSF for a recovery period of at least 1 hr. Each slice was transferred 

from a recovery/holding reservoir to the recording chamber of a fixed-stage 

upright microscope (BX51WI, Olympus) and submerged in oxygenated 

ACSF that was supplied to the chamber at a rate of 1.5–2 mL/min.

Whole-cell patch clamp recordings were obtained using borosilicate 

glass pipettes (resistance 4–10 MΩ) prepared by a 2-stage vertical pipette 

puller (PC-10, Narishige, Tokyo, Japan). The pipettes were filled with a 

solution having the following composition (in mM): 100 K-gluconate, 20 

KHCO3, 20 KCl, 2 NaCl2, 20 HEPES, 0.5 EGTA, 10 glucose, 2 Na-ATP, 0.5 

Na-GTP; pH was adjusted to 7.3 with KOH. For experiments in HCO3
−-free, 

HEPES-buffered solutions, in which equimolar HCO3
− was replaced with 

gluconate, slices were preincubated in the HEPES-buffered media for at least 

15 min. Voltage-clamp and current-clamp recordings were acquired using a 

MultiClamp 700A amplifier and pClamp10 software after digitizing signals 
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by Digidata 1300 series (Molecular Devices). All patch recordings were from 

layer 2–3 cortical neurons. For the brief application of GABA, the tip of a 

GABA-containing micropipette was placed within 100-150 μm of the soma. 

Extracellular GABA was applied with positive air pressure to the GABA-

filled micropipette by Picospritzer with 10-30 psi for 10-30 ms. 

7. Modeling of Px/PCl using Free Energy of Anions and Pore Diameter of 

Anion Channels

1) Computation of anion free energy: We employed the polarizable 

continuum model (PCM) and the density functional theory (DFT) to compute 

the free energies of anions in a dielectric medium. First, the structures of 

various anions in the gas phase and in aqueous environment were optimized 

using DFT at the level of B3LYP/6-311++G(d,p). The integral equation 

formalism-PCM (IEF-PCM) for solvents was then used to calculate the free 

energy change of solvation (ΔGsolv) and that of hydration (ΔGhyd) of the 

anions.42,43 Due to computational complexity of ions with too many orbitals, 

I− was excluded from the free energy computation. All calculations presented 

were carried out using GAUSSIAN03 package (Gaussian, Inc., Wallingford, 

CT, USA).

2) Modeling of Px/PCl: To evaluate the permeability of an anion, 

thermodynamic and size effects were taken into account as 

P = PΔG
α·Psize (1)

where P is the relative permeability of an anion (Px/PCl), PΔG is the P
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determined by the free energy of anions, α is a channel-specific weight factor, 

and Psize is the P determined by the pore diameter of anion channels. 

The transfer free energy contribution was evaluated as the following

( )RTGP transG /exp DD-=D (2)

where R is the gas constant and T is temperature. The free energy change of 

transfer is defined as hydsolvtrans GGG D-D=DD .  

To account for the size-dependent effect, we employed a partition 

coefficient model.9 By modeling the ion channel as a hard-wall cylinder, the 

conventional partition coefficient model often overestimates the permeability 

for small anions. In addition, recent studies have shown that ion channels are 

rather flexible.44,45 Therefore, in this work we used a shifted partition 

coefficient model to incorporate the flexibility of ion channel pore upon ion 

permeation as
2
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where da=l , da00 =l with a being the diameter of the ion, d being 

the diameter of channel pore, and 0a being the threshold anion diameter. 

A channel-specific weight factor α was incorporated into the model as a 

power to PΔG to describe the relative contribution between 

thermodynamic and size effects. The threshold diameter and channel factor 

were estimated via the nonlinear least square method using nls function of 

stats package implemented in R software (ver 3.0.2, freeware). 

8. Statistical Analysis
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The results of multiple experiments are presented as means ± SEM. 

Statistical analysis was performed with Student’s t-tests or with analysis of 

variance followed by Tukey’s multiple comparison test, as appropriate. 

P<0.05 was considered statistically significant.
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III. RESULTS

1. The PHCO3/PCl Increases in CFTR and ANO1 have an interaction with 

electric permittivity and pore size 

Previous research showed that Ca2+/calmodulin regulates bicarbonate 

permeability of ANO1 as well as affects the permeability of other anion, 

while the ε of the hypothetical ANO1 selectivity filter varied.6 Therefore, I 

examined whether a similar phenomenon happens in the CFTR in which 

PHCO3/PCl is regulated by WNK1/SPAK pathway. A whole-cell patch 

recording was performed in HEK 293T cells expressing human CFTR to 

measure PX/PCl of anions with or without activated WNK1/SPAK (Figures 1-

6). As reported previously,7 the PHCO3/PCl of CFTR was significantly 

increased by the WNK1/SPAK activation through low [Cl−]i (Figures 1E and 

2E). PHCO3 /PCl did not increase in cells expressing inactivated WNK1/SPAK 

with a high [Cl−]i (150 mM) (Figure 3). Whereas, the low [Cl−]i (10 mM) in 

cells expressing CFTR only, which may have endogenous WNK1/SPAK, 

induced a partial increase in PHCO3/PCl (Figure 4); however, knockdown of 

WNK1/SPAK by siRNA treatments abolished this phenomenon (Figure 5). 

Collectively, the above results reveal that WNK1/SPAK activation is 

responsible for the low [Cl−]i−induced PHCO3 /PCl increase in CFTR. 

Particularly, activated WNK1/SPAK also had influence on the PX/PCl of 

halides and pseudohalide, NO3
− in addition to HCO3

− (Figure 2). The PX/PCl

regulation pattern of CFTR by WNK1/SPAK activation except I−, resembled

that observed in the ANO1 by modulation of Ca2+/calmodulin (see also 

Figure 6B).6 The intervals between the relative permeability (PX/PCl) values 

of large and small ions (e.g. PNO3/PCl and PF/PCl in Figure 1F and 2F) in 

CFTR were narrowed by activation of WNK1/SPAK, possibly due to an 
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increase in the electric permittivity of the CFTR selectivity filter. When the ε 

of the channel pore region increases and becomes close to that of water (ε of 

a vacuum = 1, water = 80), hydration energy differences between the large 

and small ions decrease. Indeed, ε of CFTR pore region increased from 15.5 

to 43.3 by WNK1/SPAK activation (estimated from the PX/PCl values of 

NO3
−, Br−, and F− ; Figure 6A).

Although, the PI/PCl should be greater than PNO3/PCl or PBr/PCl according 

to the simple dielectric tunnel theory, the PI/PCl of CFTR was lower. Even 

more, although, theoretically, the PI/PCl should decrease when ε increases 

because I− is bigger than other anions,3-5 the PI/PCl of CFTR showed the 

opposite. In the control state, the PI/PCl of CFTR was 0.41 ± 0.03 (Figure 1D 

and 1F), and this value means I− permeability was even smaller than that of 

the Cl− ion which is smaller than I− in CFTR. Furthermore, PI/PCl was 

increased by WNK1/SPAK activation (Figure 2D and 2F), while ε of CFTR

increased.  

Therefore, we thought that the pore size of CFTR is not big enough to 

pass I− freely, then the thermodynamic size-exclusion of I− may limit

movement of I− in the CFTR channel pore. So, I calculated the pore size of 

CFTR by measuring the permeability of variable large-sized polyatomic 

anions. The excluded-area model (partition coefficient model) was used for 

estimation. The pore size of control state CFTR was 4.84 Å (Figure 6A), 

which is only 10% larger than the diameter of I− (4.4 Å). Interestingly, the 

pore size of WNK1/SPAK activated CFTR was increased to 5.34 Å (Figure 

6A), which is 21% bigger than the diameter of I−. This may be a reason why 

the PI/PCl of CFTR was increased after WNK1/SPAK activation. 

Because of the small pore size of CFTR, I could obtain measurable 
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PX/PCl values only from the relatively small polyatomic anions (acetate, 

pyruvate, and propionate). However, the the PI/PCl pattern of ANO1 followed 

theoretical principles, and the high ANO1 PI/PCl suggests that ANO1 channel

may have a bigger pore size than CFTR.6 Therefore, I next conducted the 

above experiments in ANO1 channel to estimate whether the pore size 

changes or not. ANO1 is activated by [Ca2+]i elevation.46-48 It has been 

shown that ANO1 is poorly permeable to HCO3
− at a submaximal [Ca2+]i

(400 nM), but at high [Ca2+]i (> 1 μM), ANO1 is highly permeable to HCO3
−

which is associated with Ca2+/calmodulin.6 The pore size of ANO1 at 400 

nM [Ca2+]i was 7.98 Å (Figure 6B), which is roughly 80% bigger than the

diameter of I−. Hence, the size-exclusion effects were likely negligible and 

the PI/PCl of ANO1 was mainly determined by the permittivity of the pore 

rather than size-exclusion effects. Importantly, the pore size of ANO1 

increased to 8.56 Å at the 3 μM high [Ca2+]i along with the increase in ε

reported earlier.6 Taken together, the results indicate that the dynamic 

increase in PHCO3/PCl of CFTR and ANO1 was related with increases in 

electric permittivity and diameter of the channel pore.
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Figure 1. Anion Permeability of CFTR in Control Cells. CFTR was expressed in HEK 

293T cells, and whole-cell currents were measured. CFTR currents were activated by cAMP 

(5 mM forskolin and 100 mM IBMX) after whole-cell configuration was established. The 

initial bath solution containing 150 mM Cl− was replaced with a solution containing 4 mM 

Cl− and 146 mM X−, with X− representing the substitute anion. To determine the current-

voltage (I-V) relationship during zero-current clamp recordings, clamp mode was shifted to 

the voltage clamp mode and I-V curve was obtained by applying ramp pulses from −100 to 

100 mV (0.8 mV/ms, holding potential; near the resting membrane potential). (A-E) 

Representative voltage traces, and I-V curves are shown. (F) A summary of the PX/PCl values 

from zero-current clamp recordings.
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Figure 2. Anion Permeability of CFTR in WNK1/SPAK Activated Cells. CFTR, WNK1, 

and SPAK were expressed in HEK 293T cells, and whole-cell currents were measured. 

CFTR currents were activated by cAMP (5 mM forskolin and 100 mM IBMX) after whole-

cell configuration was established. To activate WNK1/SPAK, low Cl− (10 mM) pipette 

solution was used. The initial bath solution containing 150 mM Cl− was replaced with a 

solution containing 4 mM Cl− and 146 mM X−, with X− representing the substitute anion. To 

determine the current-voltage (I-V) relationship during zero-current clamp recordings, 

clamp mode was shifted to the voltage clamp mode and I-V curve was obtained by applying 

ramp pulses from −100 to 100 mV (0.8 mV/ms, holding potential; near the resting 

membrane potential). (A-E) Representative voltage traces, and I-V curves are shown. (F) A 

summary of the PX/PCl values from zero-current clamp recordings.
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Figure 3. Anion Permeability of CFTR in Cells with Inactivated WNK1/SPAK. CFTR, 

WNK1, and SPAK were expressed in HEK 293T cells, and whole-cell currents were 

measured. A high concentration of Cl− (150 mM) in the pipette did not activate 

WNK1/SPAK. Same methods were used as Figures 1 and 2. (A-E) Representative voltage 

traces, and I-V curves are shown. (F) A summary of the PX/PCl values from zero-current 

clamp recordings.
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Figure 4. Anion Permeability of CFTR in Control Cells at low [Cl−]. CFTR was

expressed in HEK 293T cells, and whole-cell currents were measured. Low (10 mM) Cl−

pipette solution was used. Same methods were used as Figures 1-3. (A-E) Representative 

voltage traces, and I-V curves are shown. (F) A summary of the PX/PCl values from zero-

current clamp recordings.
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Figure 5. Anion Permeability of CFTR in WNK1/SPAK-Depleted Cells. The plasmids 

expressing CFTR and siRNAs against WNK1 and SPAK were transfected in HEK 293T 

cells. Low (10 mM) Cl− pipette solution was used. Same methods were used as Figures 1-4. 

(A-E) Representative voltage traces, and I-V curves are shown. (F) A summary of the PX/PCl

values from zero-current clamp recordings. (G) Immunoblotting of WNK1 and SPAK. 

Treatment with siRNAs against WNK1 and SPAK inhibited endogenous expression of 

WNK1 and SPAK in HEK 293T cells by 86 ± 3% and 81 ± 9% (n = 3), respectively.
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Figure 6. Increased HCO3
− Permeability is Associated with Increases in Dielectric Constant 

(ε) and Pore Size in CFTR, and ANO1. The plasmids expressing CFTR, and ANO1 were 

transfected in HEK 293T cells. The x- and y-axes represent the diameter and the relative 

permeability of each anion, respectively. The dashed lines are the fitted lines for dielectric 

constant estimation using the electrostatic model of Born and the continuous lines represent the 

fitted lines for pore size estimation using the excluded-area model. (A) The effects of 

WNK1/SPAK activation on the CFTR dielectric constant (ε) and pore size were analyzed using 

the PX/PCl values of symmetrically charged ions (open circle) and non-symmetrically charged 

polyatomic ions (filled circle), respectively. (B) The ε and pore size of ANO1 were analyzed 

using submaximal (0.4 μM) or high (3 μM) [Ca2+]i stimulation. The PX/PCl values of halide ions 

and NO3
− were from Figures 1 and 2 (A, CFTR), and Jung et al. (2013)6 (B, ANO1). A, acetate; 

As, aspartate; G, gluconate; Is, isethionate; M, methanesulfate; Pr, propionate; Py, pyruvate. 
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2. Pore Dilation Increases PHCO3/PCl and ε of GlyR by Increasing Water 

Occupancy in the Selectivity Filter Region

I further researched whether other anion channels have similar 

phenomena as those described above and if so, how pore dilation leads to an 

increase in ε. I first investigated the GlyR Cl− channel, which is anion 

channel located in the spinal cord, brain stem, and several other regions of 

the central nervous system and functions as synaptic inhibition.49 Previous 

study revealed that pore size of GlyR increases when the proline at the -2 

position (P-2’Δ) of the pore-lining second transmembrane segment (TM2) is 

deleted.10 Therefore, I examined the P-2’Δ mutant using whole-cell 

recordings in HEK 293T cells expressing homomeric human α1 GlyR 

(GLRA1) (Figure 7). Because P-2’Δ results in increase of Na+ permeability, 

and induction of a right shift of the glycine dose-response curve, a higher 

dose of glycine was applied for the activation of P-2’Δ GlyR, and the Na+

permeability was corrected for each PX/PCl calculation. The PHCO3/PCl and ε 

of GlyR were increased in the P-2’Δ mutation in the whole-cell and outside-

out patch clamp experiments (Figure 7), which is similar to the responses 

observed in the CFTR that modulated by WNK1/SPAK activation and 

Ca2+/calmodulin-induced regulation of ANO1 (Figures 6A and 6B).

The structure of Caenorhabditis elegans glutamate-gated channel 

(GluCl) which is an open-channel and has high homology between hGlyR, 

was crystalized recently.50 The molecular dynamics (MD) simulation was

performed to figure out the relationship and influence of pore size on electric

permittivity. The modeling of homopentameric GLRA1 indicated that the P-

2’Δ mutation increased the GlyR functional diameter of pore from 5.0 to 7.0 

Å (radius from 2.5 to 3.5 Å, Figures 8A and 8B) by changing the orientation 

of the pore lining TM2 helices (Figures 8C-8F). These values were 
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comparable to those obtained from whole-cell patch clamp recordings (5.3 

and 7.1 Å, respectively) (Figure 7E). Particularly, the number of water 

molecules inside the selectivity filter region increased approximately 25%, 

by pore enlargement and orientation change of P-2’Δ mutation (Figure 9A). 

And the energy barriers of halide ion transport were reduced in P-2’Δ

mutation (Figures 9B and 9C, Tables 1 and 2). These results indicate that 

greater water occupancy increased electric permittivity of the GlyR pore. The 

halide transport data from MD simulations showed that the P-2’Δ increases 

the estimated ε from 15.9 to 34.6 (Figure 9D), and these values were 

comparable to the values acquired from whole-cell recordings (14.3 and 33.4, 

respectively) (Figure 9E).



31

Figure 7. Pore Dilation Increases PHCO3/PCl and ε of the Glycine Receptor (GlyR). (A-D) 

PX/PCl changes in response to the P-2’Δ mutation-induced GlyR pore dilation were analyzed. 

Homomeric human α1 GlyR (hGLRA1) was expressed in HEK 293T cells and whole-cell 

(A-C) or outside-out (D) patch recordings were performed. Wild-type and P-2’Δ GlyRs were 

stimulated with 10 μM and 1 mM glycine, respectively. Examples of PHCO3/PCl

measurements are shown in (A and B). Summaries of the PX/PCl values from the whole-cell 

and outside-out recordings are shown in (C) and (D), respectively. (E) GlyR dielectric 

constant (ε) and pore size in response to the P-2’Δ mutation were analyzed using the PX/PCl

values of symmetrically charged ions (open circle) and non-symmetrically charged 

polyatomic ions (filled circle), respectively (n ≥ 5). Data are means ± SEM. A, acetate; As, 

aspartate; G, gluconate; Is, isethionate; M, methanesulfate; Pr, propionate; Py, pyruvate.
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Figure 8. Molecular Dynamic (MD) Analyses of the GlyR Pore. (A) Homopentameric 

wild-type and P-2’D hGLRA1s were investigated using MD simulations and homology 

modeling based on the homologous open GluCl structure from Caenorhabditis elegans. 

Channel pores inside the TM domains are depicted in green (2 Å < r ≤ 3 Å, radius) and blue 

(r > 3 Å, radius). The pore-lining residues of TM2 are shown with their position numbers. (B) 

The P-2’Δ mutation enlarged the GlyR functional pore. The pore radius of wild-type GlyR 

stabilized at 2.5 ± 0.2 Å (near P-2’). The equilibrated pore radii of P-2’D GlyR fluctuated 

around 3.5 ± 0.4 Å (near A-3’/A-1’). (C-F) GlyR P-2’D mutation altered the orientation of 

the pore lining TM2 helices, contributing to the enlargement of selectivity filter region. (C)

Top view of five TM2 helices. Radial and lateral directions for calculating the tilting angles 

are shown. (D) Side view of the TM2 subunit radial angle in GlyRs. (WT: black cylinder, P-
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2’D: red transparent cylinder). Perpendicular arrow points to the channel z direction. 

Decreasing TM2 radial tilting enlarges the selectivity filter in the GlyR P-2’D mutant.

Histograms of TM2 radial tilting angles (E) and TM2 lateral tilting angles (F) in GlyR wild-

type (black) and P-2’D mutant (red). A total of 5,000 structures and 0.1° of bin were used in 

each histogram analysis, which contains independent MD runs from 10 ns to 50 ns.
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Figure 9. Pore Dilation Increases ε of GlyR by Increasing Water Occupancy in the 

Selectivity Filter Region. (A) Histograms depicting water inside the selectivity filter region 

of the equilibrated GlyR wild-type (gray) and P-2’D mutant (red). A total of 5,000 structures 

and 40 bins were used in each histogram analysis, which contains independent runs from 10 

ns to 20 ns. The water content inside the selectivity filter region is increased by 25% due to 

the P-2’D mutation. (B and C) Adaptive biasing force (ABF) calculations of the single ion 

potential of mean force (PMF) for ion transport through the selectivity filter region. 

Comparisons of the single ion PMF for transporting an I- (blue), Cl- (red), or F- (green) ion 

through the selectivity filter region of GlyR WT (B) and P-2’D mutant (C) are shown. For 

each halide ion (I-, Cl- or F-), ABF calculations of the PMF started from the intracellular 
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entrance and were carried out in four (WT) and six (P-2’D) windows along the ion transport 

direction (the channel z axis). Each window had a width of 5 Å, and five to ten consecutive 

1-ns ABF calculations were performed for each window. Over 100 ns and 140 ns of ABF 

calculations were performed for WT and P-2’D GlyRs, respectively. (D and E) The P-2’Δ 

mutation increased ε in the selectivity filter. Data sets of D(DGbarrier) between different halide 

ions and NO3
− calculated by MD simulation (D) and Figure 7C (E, Whole-Cell Recording) 

were used to calculate ε, using the biggest ion I− as a reference.
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Table 1. Lennard-Jones (LJ) and Electrostatic Parameters Used in the 

Simulations 

Ions Charge (e) e1 (kcal/mol) Rmin/2 (Å)
Ro (Å)

MD Expa

Na+ +1 -0.047 1.36 2.35 2.3~2.4

Cl− -1 -0.150 2.27 3.15 3.1~3.2

F− -1 -0.135 1.85 2.65 2.6~2.7

I− -1 -0.215 2.65 3.55 3.5~3.6

e1 and Rmin are depth of the LJ potential well and lowest energy interaction 

distance, respectively. Ro is the distance between the ion (column 1) and the 

closest oxygen atom on the first hydration shell. aMagini, M. In Ions and 

Molecules in Solution; Tanaka, N., Ohtaki, H., Tamamushi, R., Eds.; Elsevier: 

Amsterdam 1983 p97.
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Table 2. Comparison of Energy Barriers for Ion Transport across the 

Selectivity Filter Region Deduced from MD Calculations

a I
−

was used as the reference anion.

GlyR WT GlyR P-2’D mutant

DGbarrier

(kJ/mol)

D(DGbarrier)a

(kJ/mol)

DGbarrier

(kJ/mol)

D(DGbarrier)a

(kJ/mol)

F- 14.2 ± 2.5 8.9 ± 2.5 5.8 ± 1.5 3.0 ± 1.5

Cl- 6.8 ± 1.0 1.5 ± 1.0 3.8 ± 1.5 1.0 ± 1.5

I- 5.3 ± 1.0 0 2.8 ± 1.5 0

Na+ 21.2 ± 4.0 12.8 ± 2.0
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3. Increased HCO3
− Efflux from GABAAR Evokes Neuronal Excitation

Next, I examined ion permeation through GABAAR, which plays a 

central role in inhibitory neurotransmission in the brain.25 The a1, b3, and 

g2L subunits of hGABAAR were expressed in HEK 293T cells, and whole-

cell recordings were performed. PHCO3/PCl of hGABAAR was approximately 

0.2 in response to 3 μM GABA. Notably, a high concentration of GABA 

stimulation (1 mM) led to a biphasic increase (a peak followed by a small 

sustained elevation) in PHCO3/PCl (Figures 10A and 10B). Similar to the other 

channels I studied, the PHCO3/PCl increase in the GABAAR was associated 

with increased ε (Figures 10C-10G). Because of an extremely small 

permeability to F−, the increase in ε was more evident when the permeability 

value of F− was excluded (Figure 10G, inset). 

As introduced earlier, an intensive GABAAR stimulation paradoxically 

produces neuronal excitation. An increase in [Cl−]i due to Cl− influx through 

the activated GABAAR is thought to be responsible for the GABAAR-

mediated excitation.24,41 To mimic this state, I performed whole-cell 

recordings on pyramidal neurons in adult rodent sensorimotor cortical slices 

with moderately elevated [Cl−]i (22 mM) and strong GABA stimulation (10 

mM) (Figure 11). The 10 mM GABA puff evoked an average depolarization 

of 21.1 mV in the HCO3
−-containing solutions and 12.4 mV in the HEPES-

buffered solutions (5.5 mV in the solutions equilibrated with 100% O2) 

(Figure 11E), suggesting that the PHCO3/PCl of GABAAR reached 0.7 at this 

state (see Discussion). Surprisingly, the 21.1 mV depolarization in the 

HCO3
−-containing solutions evoked action potentials in five of the seven 

experiments (Figure 11B). Conversely, action potentials were not observed 

in any of the ten experiments with HEPES-buffered solutions (Figure 11B), 
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indicating that the HCO3
− efflux is critical to the GABAAR-mediated 

excitation in pyramidal neurons.
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Figure 10. High-Dose GABA Stimulation Increases PHCO3/PCl and ε of GABAAR. The 

a1, b3, and g2L subunits of hGABAAR were expressed in HEK 293T cells, and whole-cell 

recordings were performed. (A and B) High-dose GABA (1 mM) stimulation induced a 

biphasic increase (a peak followed by a plateau) in PHCO3/PCl. An example of PHCO3/PCl

measurement is shown in (A), and summaries of multiple experiments are shown in (B). (C-
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F) High-dose GABA (1 mM) stimulation induced a biphasic decrease (a peak followed by a 

plateau) in PI/PCl (C), PNO3/PCl (D), and PBr/PCl (E). PF/PCl was not altered by the 1 mM

GABA stimulation (F). Summaries of multiple experiments are depicted. (G) High-dose 

GABA (1 mM) stimulation increased ε. The increase in ε was more evident when F− was 

excluded from the analysis (inset).
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Figure 11. Increased HCO3
− Efflux through GABAAR Evokes Neuronal Excitation. (A) 

Setup for whole-cell patch recordings of pyramidal neurons. Sensorimotor cortical slices 

(thickness 400 μm) were obtained from adult C57BL/6 mice (6-8 weeks old). All patch 

recordings were from layer 2–3 (II/III) cortical neurons. The tip of a GABA-containing 

micropipette was placed within 100–150 μm of the soma, and extracellular GABA (10 mM) 

was briefly applied using a Picospritzer with positive air pressure (10-30 psi) to the GABA-

filled micropipette for 10–30 ms. (B and C) Whole-cell recordings were performed on 

pyramidal neurons in adult rodent sensorimotor cortical slices. Representative examples of 

the membrane potential measurements (B) and current-voltage relationship analyses (C) are 

presented. Note that GABA puffs in the HCO3
−-containing solutions evoked action 

potentials (B). (D and E) Summary of the membrane potential measurements. In some 
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experiments, the HEPES-buffered solutions were equilibrated with 100% O2 to create 

absolutely HCO3
−-free conditions. A high-dose GABA (10 mM) puff evoked an average 

depolarization of 21.1 ± 3.0 mV in the HCO3
−-containing solutions and 12.4 ± 1.8 mV in the 

HEPES-buffered solutions (5.5 ± 2.8 mV in the solutions equilibrated with 100% O2) (D). 

*P<0.05, **P<0.01: difference from the first lane.
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4. A model to predict Ion Selectivity of Anion Channels using Electric 

Permittivity and Pore size 

To give an overview of a generalized principle of ion permeation via 

anion channels, I computed the thermodynamic hydration energy effect of 

each ion in a dielectric medium (Figure 12A) and estimated the PX/PCl values 

by multiplying the pore size effects calculated by the shifted partition 

coefficient model (Figure 12B, Table 3). The computed values fit well with 

the PX/PCl values measured by the patch clamp experiments of GlyR, ANO1, 

and CFTR (Figure 12C-12E). In these figures, anions are categorized into 

two groups. The permeability of symmetrically charged anions, such as 

halides and NO3
−, is mainly regulated by electric permittivity, whereas the 

permeability of non-symmetrically charged polyatomic anions is principally

governed by the pore size because non-symmetrically charged polyatomic 

anions have large dehydration energy barrier in the dielectric medium of 

anion channel.
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Figure 12. The Pore Size and Thermodynamic Energy Contribute to the Ion Selectivity 

of Anion Channels. (A) Relationship between the solvent dielectric constant and the 

hydration energy effect on PX/PCl (PΔG). Free energies of transfer (ΔGtrans = ΔGsolvation –

ΔGhydration) in a dielectric medium were computed using the polarizable continuum model 

and the density functional theory. In each ion, the relative free energy of transfer with 

respect to Cl− was calculated (ΔΔGtrans = ΔGtrans[ion X] – ΔGtrans[Cl−]) , and the value was 

converted to the relative ion permeability (PΔG = exp(-ΔΔGtrans /RT)). (B) Comparison of the 

(conventional) partition coefficient model and a shifted partition coefficient model at the 

threshold diameter a0 = 0.5d. Because the conventional partition coefficient (excluded area) 
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model overestimates inverse size dependency of Psize particularly for tiny ions, threshold 

diameter (a0) was employed to limit the maximum size-exclusion effect. The x-axis 

represents the ratio between the diameters of the ion and channel pore (λ = a/d) and the y-

axis represents the pore size effect on PX/PCl (Psize). Psize of ions with a diameter smaller than 

a0 is progressively increased in the conventional partition coefficient model (up to 4-fold at 

a0 = 0.5d), whereas Psize remains constant in the shifted partition coefficient model. (C–E)

The PX/PCl values of GlyR (C), ANO1 (D) and CFTR (E) were estimated by multiplying the 

hydration energy effect (PΔG) by the pore size effect (Psize). Psize was calculated by the shifted 

partition coefficient model. The channel-specific factor (α) and a0 were determined by fitting 

the experimental values. The predicted values were fitted well with experimental values. 

Dashed line represents Psize (α = 0).
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Table 3. Dielectric Constant (ε), Channel Pore Diameter (�), Threshold 

Ion Diameter (��), and Channel-Specific Weight Factor (α)

Channel ε d (Å) ��(Å) α

CFTR only,

150 mM [Cl−]i

15.5 4.84

4.02 1.11
CFTR+WNK1+SPAK,

10 mM [Cl−]i

43.3 5.34

ANO1, 0.4 μM [Ca2+]i 22.5 7.98
3.96 2.03

ANO1, 3 μM [Ca2+]i 52.5 8.56

GlyR WT 14.3 5.30
3.68 1.30

GlyR P-2’Δ 33.4 7.13
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Figure 13. An Illustrated Model for the Dynamic Increase of PHCO3/PCl in Anion 

Channels. Activated WNK1/SPAK and Ca2+/calmodulin enlarged the pores of CFTR and 

ANO1, respectively. Pore dilation increased the water occupancy and electric field strength 

in the selectivity filter region.
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IV. DISCUSSION

Through combined molecular, physiological, structural, and 

mathematical approaches, we provide evidence that change in pore size 

dynamically modulates ion selectivity of anion channels by influencing 

energy barriers of size-exclusion and ion dehydration. Although pore size

change may influence the permeability of many anions, increase in 

permeability of HCO3
− through the enlarged pore is markedly prominent

(Figure 13). Electrophysiological data obtained from four different anion 

channels demonstrated a common finding that an increase in PHCO3/PCl is 

related with increases in ε and the channel pore diameter. When ε is below or 

around 20, PHCO3/PCl mainly follows the excluded area model. However, as 

PHCO3/PCl increases substantially, the pore size and ε increase, because of the 

reduction in the size-exclusion barrier and the decrease in the solvation 

energy variation between Cl− and HCO3
− in an increased dielectric constant

medium. 

Dynamic increase of PHCO3/PCl in anion channels is associated with

various areas of human physiology and pathophysiology. For example, we 

have recently demonstrated that several identified CFTR mutations in the 

chronic pancreatitis, chronic rhinosinusitis, and male infertility, are 

associated with aberrant HCO3
− secretion in humans.13 Furthermore, reduced 

CFTR-dependent HCO3
− secretion in pigs with cystic fibrosis causes 

abnormalities in the pH of the airway surface liquid and reduces its ability to 

eradicate bacterial pathogens.51 Interestingly, many epithelia in which CFTR 

mediates HCO3
− secretion, express ANO1 in the apical membrane. Therefore, 

investigation of the PHCO3/PCl–modulating mechanism in ANO1 and 

facilitation of ANO1-mediated HCO3
− secretion may provide a 
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pharmacologically appropriate target for disease treatment caused by 

impaired CFTR.

GABAergic transmission is assumed to provide the main excitatory 

drive in neuronal networks, at a time when glutaminergic synaptic contacts 

are less frequent than GABAergic synapses.25,52 In addition, neuronal 

depolarization induced by a massive activation of GABAAR contributes to

epileptogenesis.25 According to a previous study, accumulation of Cl− inside 

the neuron and collapse of the electrochemical gradient for Cl− are 

responsible for GABAAR-induced depolarization.24 In fact, we recently 

showed that a strong GABAAR-stimulation evoked an average of 9.9 mM 

[Cl−]i elevations in pyramidal neurons.41 However, present results suggest 

that the [Cl−]i elevation alone is not sufficient to evoke neuronal excitation. 

Results in Figure 11 clearly indicate that HCO3
− efflux is required for 

generation of the GABA puff-induced action potentials in pyramidal neurons 

even at > 20 mM [Cl−]i. 

As shown in Figure 10, increasing GABA concentrations from 3 μM to 

1 mM increased the GABAAR PHCO3/PCl from 0.2 to 0.5.  PHCO3/PCl of 

mammalian GABAAR is approximately 0.2 in most experiments involving 

GABA stimulation with micromolar concentrations.25,52 However, at 

PHCO3/PCl of 0.2, contribution of the HCO3
− efflux to EGABA will be quite low 

and the efflux of HCO3
− through the GABAAR ionophore will induce only a 

3.4 mV additional depolarization in experiments with pyramidal neurons 

(Figure 11) according to the Goldman-Hodgkin-Katz (GHK) equation. In 

Figure 11, GABA puffs (10 mM) evoked a 12.4 mV depolarization in the 

HEPES-buffered solutions (resting membrane potential = -61.1 mV) due to 

Cl− efflux, showing that EGABA (-48.7 mV) was close to ECl (-47.5 mV). 

Notably, the same 10 mM GABA puff induced a 21.1 mV depolarization in
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the HCO3
−-containing solutions (resting membrane potential = -58.4 mV), 

and the additional 8.7 mV depolarization mediated by the HCO3
− efflux was 

critical for generation of action potentials (Figure 11B). The EGABA value in 

the HCO3
−-containing solutions (-37.3 mV) and membrane depolarization 

difference between HEPES-buffered and HCO3
−-containing solutions (8.7 

mV) highly suggest that the PHCO3/PCl of GABAAR reached 0.7 in this state.

Previously, ion selectivity of a certain channel is believed to be an 

invariant value. However, several studies revealed that ion selectivity is 

dynamically regulated by cellular stimuli or agonist concentration. CFTR 

and ANO1 are previously discussed,6,7 furthermore ion selectivity of the 

transient receptor potential vanilloid 1 (TRPV1) cation channel is also 

changed by prolonged exposure to capsaicin, which induced increase in the 

PCa/PNa of TRPV1 by a [Ca2+]o-dependent manner.53 Interestingly, the pore 

dilation was occurred, when capsaicin-induced change in TPPV1 PCa/PNa

happened.53 However, the underlying mechanism was not elucidated in the 

study. Furthermore, pore dilation of chicken BEST1, a Ca2+-activated Cl−

channel, was recently observed by X-ray crystallography, when Ca2+ is 

bound to the Ca2+ clasp of the channel and activates the channel.54 These 

findings are similar to results obtained in the present study that strong 

agonist stimulations increase the pore diameter of ANO1 and GABAAR. 

With these results, it can be suggested that pore dilation of an ion channel 

take place not uncommonly. 

Structural analyses of the GlyR WT and pore-dilated mutant (P-2’Δ) 

demonstrated that pore dilation increases the electric permittivity of 

selectivity filter by increasing water occupancy in the pore region. Three 

conclusions can be inferred from these MD simulations. First, the deletion of 

proline at -2’ position altered the shape of channel pore region and relocated
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the position of the selective filter barrier. The proline residue at the -2’ 

position in wild type GlyR cramped pore size of the channel and determined

charge selectivity. However, in the P-2’D mutant, the peak of the free energy 

barrier occurred at the threonine residue at the 6’ position, indicating the shift 

of selectivity filter by mutation (Figures 9B and 9C). Second, the relative 

permeability ratio among halide ions was decided by the minimum channel 

pore size. This is generally true if no charged residues line the selectivity 

filter region, as was the case in the WT GlyR and its P-2’D mutant, and the 

energy barrier for ion transport is mainly due to the ion dehydration penalty. 

In the WT GlyR (minimum pore radius ~2.5 ± 0.2 Å), partial dehydration 

was showed for all permeant ions. Our MD calculations demonstrated that 

when the minimum pore radius of the channel was larger than 4 Å (diameter

8 Å), the variation in permeability among halide ions was nearly eliminated. 

Third, ε is increased along the enlargement of minimum channel pore size

because of increased occupying water molecules in the pore (Figure 9A). 

Consequently, the calculations using dielectric constant generally agreed 

with the change in the free energy barrier [D(DGbarrier)] among different 

halide ions (Figures 9D and 9E). 

The present study was the first to quantify ion selectivity of a given 

anion channel using hydration energy and pore-size effects. Recent 

crystallographic analyses of the CLC, GluCl, and BEST1 channels indicate 

that weak positive helical dipoles, rather than fixed positive charges in amino 

acids, constitute the selectivity filter of anion channels.50,54,55 These findings 

agree with the previous assumption that weak field strength sites within the 

channel determine the selectivity of anion channels.56 Therefore, hydration 

forces dominate the ion selectivity sequence because ions must be at least 

partially dehydrated to pass through the narrow channel filter region. With 
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symmetrically charged anions such as halides and NO3
−, hydration energy is 

inversely correlated with the ionic diameter and thus Px/PCl directly related to 

the ionic diameter. However, when the ionic diameter is larger than critical 

length, Px/PCl decreases due to limitations in the finite channel pore size, as 

we have shown with the CFTR PI/PCl (Figures 1 and 2). Interestingly, Px/PCl

was highest for anions with a diameter of about 4 Å in GlyR and GABAAR 

of mammalian hippocampal neurons,2 and this value is compatible with the 

threshold ion diameters ( 0a ) obtained in the present study. 

The ion selectivity determination rules described here can be applied to 

most anion channels which have a moderately sized pore. However, a 

channel has specific differences. For example, the small F− permeability of 

GABAAR (Figure 10F) may be associated with a specific binding between 

the channel protein and F−, as has been shown in CLC-ec1.57 In addition, the 

observed PHCO3/PCl values of ANO1 were a little higher than the values

predicted by the modeling, even more than 1. It can be assumed that the 

channel pore dilation in a single dimension creates an elliptical enlargement

in the cross-sectional area of the pore, which helps the permeation of HCO3
−

more, because of planar triangular shape of HCO3
− and spherical shape of 

Cl−. Future studies will be performed to elucidate the meanings and 

mechanisms explaining channel-specific factors using high-resolution 

channel structures. 

I provide evidence that ion selectivity of anion channels are determined 

by electric permittivity and pore size, and pore dilation increases ε by 

increasing water occupancy in the pore region. These findings help to

elucidate the mechanisms concerning the determination of ion permeation 

and selectivity, and give us potential therapeutic targets to deal with human 

diseases associated with aberrant anion permeation. Specifically, agents that 
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target HCO3
− permeation in CFTR and ANO1 may be an attractive option 

for the treatment of epithelial disorders such as cystic fibrosis, and those that 

target HCO3
− permeation in GlyR and GABAAR may help treat neuronal 

diseases such as epilepsy.
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V. CONCLUSION

1. Ion selectivity of anion channel is determined by electric permittivity 

and pore size. 

2. Cellular stimuli can modulate anion channel ion selectivity by 

changing pore size. 

3. Pore size change affects the energy barriers of size-exclusion and ion 

dehydration.

4. Dynamic change in PHCO3/PCl may regulate many physiological and 

pathological processes.
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ABSTRACT (IN KOREAN)

채 에 택 동 변

<지도 수 민 >

연 학 학원 과학과

채 통한 수 우리 몸에 아주 한

역할 하고 다. 하지만 채 택 어떻게

지하고 한 어 에 해 는 지에 한 연 는 많

하다. 라 본 연 통해 열역학 수 에 지

크 에 별 동시에 하여 통

택 결 할 수 는 것 하 다. WNK1/SPAK 

산 에 한 CFTR 탄산염 과도 가가 어날

상수 가 통 동시에 생한다. 한

ANO1/TMEM16A 에 도 포 내 고 도 칼슘에 한 탄산염

과도 가가 생할 같 상 어남 하 다. 

리신 수 체 프 린-2’ 결 돌연변 가 통 , 

탄산염 과도 가, 상승 한다. 동역학

실험 통하여 통 크 에 별

뿐 아니라 채 내 택 결 심사
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량 여 탈수 에 지 동시에 하는

것 하 다. 가 수 체에 고 도 가 하

택 동 고, 러한 상 감각 운동

피질 피라미드 뉴런에 가 에 한 생 에

필수 었다. 러한 열역학 수 에 지

크 에 별 합하여 새 운 택

시행하 다. 특 포 내 극 통해 택

동 는 어 통 크 가 변 하는

것 하다는 것 다. CFTR, ANO1/TMEM16A, 리신

수 체, 가 수 체 같 다양한 채 에 통 크

가 해 탄산염 과도가 가하는 견하 는

것 크 에 별 수 에 지 하여

어남 규 하 다. 한 러한 탄산염 동 과도

가가 CFTR 통한 탄산염 비나 가 수 체 통한 신경

등 많 생리학 그리고 병태생리학 과 에

다는 것에 한 거 시하 다.  

핵심 는 말: 택 , CFTR, ANO1/TMEM16A, 리신

수 체, 가 수 체, 탄산염, , 통 크
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