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Anoctamin 6/TMEM16F (ANOG6) is a dual-function
protein with Ca**-activated ion channel and Ca**-activated
phospholipid scramblase activities, requiring a high
intracellular Ca?* concentration (e.g., half-maximal effective
Ca” concentration [EC,,] of [Ca®*];> 10 uM), and strong and
sustained depolarization above 0 mV., Structural comparison
with Anoctamin 1/TMEM16A (ANO1), a canonical Ca**-
activated chloride channel exhibiting higher Ca?* sensitivity
(ECs, of 1 uM) than ANOG, suggested that a homologous
Ca”*-transferring site in the N-terminal domain (Nt) might be
responsible for the differential Ca?* sensitivity and kinetics of
activation between ANO6 and ANO1. To elucidate the role of
the putative Ca?*-transferring reservoir in the Nt (Nt-CaRes),
we constructed an ANO6-1-6 chimera in which Nt-CaRes was
replaced with the corresponding domain of ANO1, ANO6-
1-6 showed higher sensitivity to Ca** than ANO6. However,
neither the speed of activation nor the voltage-dependence
differed between ANO6 and ANO6-1-6. Molecular dynamics
simulation revealed a reduced Ca** interaction with Nt-
CaRes in ANO6 than ANO6-1-6. Moreover, mutations on
potentially Ca®*-interacting acidic amino acids in ANO6 Nt-
CaRes resulted in reduced Ca** sensitivity, implying direct
interactions of Ca?* with these residues. Based on these
results, we cautiously suggest that the net charge of Nt-
CaRes is responsible for the difference in Ca®* sensitivity

between ANO1 and ANOG6.
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INTRODUCTION

Anoctamin 6/TMEM16F (ANO®6) is a dual-function protein
with both calcium-activated ion channel and calcium-acti-
vated phospholipid scramblase activities (Kunzelmann et al.,
2014; Suzuki et al., 2010; Whitlock and Hartzell, 2017). As a
Ca**-activated ion channel, ANO6 regulates full platelet ac-
tivation and spinal motor neuron activity (Harper and Poole,
2013; Soulard et al., 2020). As a Ca*"-activated phospholipid
scramblase, ANOG6 also regulates blood coagulation, bone
mineralization, plasma membrane repair, viral infection, and
placental trophoblast fusion (Ehlen et al., 2013; Wu et al.,
2020; Yang et al., 2012; Zaitseva et al., 2017; Zhang et al.,
2020). However, the physiological mechanism linking these
distinctly different functions remains unclear despite active in-
vestigations into the issue (Falzone et al., 2018; Kunzelmann
etal., 2014; Pedemonte and Galietta, 2014).

Recent structural studies have revealed key insights into
the mechanism of ANO6 activation. By comparing Ca*'-free
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and Ca*"-bound structures, Brunner et al. (2014) and Alvadia
et al. (2019) found that the Ca**-binding site in the trans-
membrane domain is a feature that is highly conserved in all
Anoctamin families. They also pointed out that a hinge-form-
ing G615 residue in murine ANO6 was responsible for con-
formational changes upon Ca®*-binding. Moreover, Feng et
al. (2019) identified murine ANO6 structures with phospha-
tidylinositol-(4, 5)-bisphosphate (PIP,), and proposed an out-
of-groove lipid scrambling model with an intact ion channel
pore. However, the specific mechanism by which positively
charged Ca®" ions enter the Ca**-binding site that is deeply
embedded in hydrophobic transmembrane domains remains
unclear.

With regard to the activation mechanisms, the crucial
characteristic of ANOG6 is the requirement of a very high
concentration of intracellular Ca** ([Ca**])); that is, ANO6 has
lower Ca®* sensitivity than Anoctamin 1/TMEM16A (ANO1),
a canonical Ca**-activated chloride channel without a scram-
blase function (Caputo et al., 2008; Pedemonte and Galietta,
2014, Schroeder et al., 2008; Yang et al., 2008). ANO1 has
a half-maximal effective Ca** concentration (ECs,) of around
1 uM, which is within the physiological range (Pedemonte
and Galietta, 2014; Tak et al., 2019; Yang et al., 2008). By
contrast, the ECy, of [Ca®'], for ANOG is well above the physi-
ological range at about 10 uM (Alvadia et al., 2019; Grubb et
al., 2013; Scudieri et al., 2015; Ye et al., 2018). Despite this
difference, structural comparison of Ca?*-bound structures at
high resolution indicated high similarity between ANO1 and
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ANOG6, with a root mean square deviation (RMSD) of only
around 1 A (Alvadia et al., 2019). Therefore, it was proposed
that another Ca?"-handling structure and molecular mecha-
nism might be involved.

Tak et al. (2019) recently reported that an EF hand-like
region in ANO1 could facilitate the entry of Ca** to the
Ca’"-binding site in hydrophobic transmembrane domains.
In fact, a marked reduction in the Ca*" sensitivity of ANO1
was observed when the negatively charged amino acids in
the EF hand-like region of the cytoplasmic N-terminal domain
(Nt) were substituted with alanine. Mechanistically, it was
proposed that the EF hand-like region serves as a transient
Ca**-binding reservoir and facilitates Ca** migration between
transmembrane domains.

Comparison of the amino acid sequences of the EF hand-
like domains between ANO1 and ANOG6 revealed three ad-
ditional cationic residues (K251, R253, and R254) in ANO6
(Fig. TA). This suggests that the less-negative electrostatic
charges might affect the efficiency of initial Ca**-contain-
ing and -transferring (i.e., a Ca** reservoir-like role) to the
Ca’*-binding site in the transmembrane domain. In other
words, we hypothesized that the 10-fold lower Ca** sensitivi-
ty of ANO6 than ANO1 might be due to the difference in the
EF hand-like putative Ca**-binding reservoir domain in the Nt
(Nt-CaRes).

In this study, we aimed to test this hypothesis by investi-
gating the Ca®"- and voltage-dependent activation of ANO6
and its chimeric mutant, which was constructed by replacing
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Fig. 1. Identification of the sequence corresponding to the EF hand-like region in ANOG6. (A) Amino acid sequence alignment of human
ANO1 and human ANOG6 sequences. The EF hand-like region in ANO1 is indicated in the red box and the corresponding sequence in
ANOG is indicated in the blue box. The green box indicates the a:0a helix. The ANO6-1-6 chimera was generated based on the sequence
alignment. (B) Cryo-EM structures of human ANO1 (based on PDB ID 50YG) and human ANO6 (based on PDB ID 6QPB). Ca** (green
sphere), the EF hand-like region in ANO1 (red loop), and the corresponding sequence in ANO6 (blue loop) are indicated. (C) Electrostatic
surface potential of the EF hand-like region in ANO1 and the corresponding sequence in ANOG6. (D) Overlaid structures of ANO1 (red
loop) and ANOG6 (blue loop). Acidic and basic amino acids are indicated.
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the Nt-CaRes with the corresponding domain of ANO1. In
addition to electrophysiological analysis using the patch-
clamp technique, molecular dynamics (MD) simulations were
performed to obtain further insight into the underlying acti-
vation mechanism of ANO6.

MATERIALS AND METHODS

Cell culture

HEK293T cells (American Type Culture Collection, USA) were
cultured in high-glucose Dulbecco’s modified Eagle’s medium
(Thermo Fisher Scientific, USA) supplemented with 10% fetal
bovine serum (Thermo Fisher Scientific) and 1% penicillin/
streptomycin (Thermo Fisher Scientific). The cells were cul-
tured in a humidified incubator at 37°C with 20% O, and
10% CO,, and were subcultured every 2 days or 3 days.
HEK293T cells were cultured in 6-well plates and 25-T flasks
for electrophysiological experiments.

Plasmids and transfection

A mammalian expression plasmid was used to express
the human ANO6 (hANO®6) V1 transcript (GenBank ac-
cession No. NM_001025356.2). The ANO6-1-6 chimera
(C250-E264_GDYNGENVEFND), E257A mutation, E264A
mutation, D249A_E257A_D258A_E264A mutation, and
K251A_R253A_R254A mutation were generated by Cosmo-
Genetech (Seoul, Korea), and the sequences were confirmed
through DNA sequencing. Plasmids were transiently trans-
fected into HEK293T cells using Turbofect transfection re-
agent (Thermo Fisher Scientific) in accordance with the man-
ufacturer’s instructions. For electrophysiological experiments,
HEK293T cells (cultured in 6-well plates) were co-transfected
with 0.9 ug of ANO6 or mutant plasmid along with 0.1 ug
of a green fluorescent protein expression plasmid to visualize
the transfected cells. Experiments were performed within 24-
36 h after transfection.

Solutions

The whole-cell patch-clamp experiment was conducted using
a basal extracellular solution containing 146 mM NaCl, 1 mM
CaCl,, 1 mM MgCl,, 10 mM HEPES, and 10 mM glucose (ad-
justed to pH 7.4 with NaOH). The basal pipette solution con-
tained 148.74 mM NaCl, 5 mM HEDTA, and 10 mM HEPES
(adjusted to pH 7.2 with NaOH). An appropriate amount of
CaCl, was added to the pipette solution to obtain a 10 uM
free Ca** concentration. This amount was calculated using
WEBMAX-C software (C. Patton, Stanford University; https://
somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchela-
tor/webmaxc/webmaxcS.htm). Because CaCl, consists of two
CI" and one Ca?*, an appropriate amount of NaCl was added
to the basal pipette solution to adjust the CI” concentration to
150 mM.

For the inside-out patch-clamp experiment, the basal pi-
pette solution contained 146 mM NaCl, 1 mM CaCl,, 1 mM
MgCl,, 10 mM HEPES, and 10 mM glucose (adjusted to pH
7.4 with NaOH). The bath solution for the intracellular side
of the patch contained 150 mM NaCl, 1 mM HEDTA, and
10 mM HEPES (adjusted to pH 7.2 with NaOH). To obtain
different concentrations of free Ca®*, an appropriate amount
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of CaCl, was added to obtain free Ca** concentrations of
3, 6,10, 17, 30, 100, and 300 uM, respectively. To prepare
solutions with a free Ca”* concentration higher than 100 uM,
appropriate amounts of NaCl and CaCl, were added to reach
a 150 mM CI” concentration.

Electrophysiology

The whole-cell and inside-out patch-clamp methods were
used to measure the channel activities of ANO6-transfected
HEK293T cells at 25°C. The cells were transferred to a bath,
perfused at 10 ml/min at room temperature, and mounted
on the stage of an inverted microscope (Ti-U; Nikon, Japan)
equipped with a high-density mercury lamp light source for
green fluorescence excitation. Microglass pipettes (World
Precision Instruments, USA) were fabricated using a PP-830
single-stage glass microelectrode puller (Narishige, Japan)
with a resistance of 2-3 MQ and 3-5 MQ for the whole-
cell and inside-out patch recordings, respectively. The liquid
junction potential was rectified with an offset circuit before
each experiment. Currents were recorded using an Axopatch
200B amplifier and Digidata 1440A interface, digitized at
10 kHz and low-pass filtered at 5 kHz with pClamp software
10.7 (Molecular Devices, USA). In the whole-cell patch-clamp
configuration, a ramp-like pulse from =100 mV to +100 mV
(duration time 3 s) was applied every 20 s with 0-mV holding
voltage, and the inside-out patch recordings were obtained
at a holding voltage of +80 mV.

Data analysis
To calculate the ECy, of Ca®*, currents recorded in the in-
side-out patch-clamp configuration were normalized and

then fitted to the Hill equation as follows:
1 1

L I{(Ec@)}"
(ca™)

where I/l,,., is the normalized current, ECs, is the half-maxi-
mal effective concentration of Ca?*, Ca®* is the free Ca** con-
centration, and H is the Hill coefficient.

To calculate the half-maximal effective voltage (Vs,), con-
ductance values recorded in the inside-out patch-clamp con-
figuration were normalized and then fitted to the Boltzmann

equation as follows:
1

—2F (Vy—Vso)
Gmux 1+€72 RT.'IE 50.

where G/G,,,, is the normalized conductance, V,, is the mem-
brane voltage, Vs, is the half-maximal effective voltage, z is
the charge of the gating ions, F is Faraday’s constant, R is the
gas constant, and T is the absolute temperature.

Determination of ANOG structure

The cryogenic-electron microscopy (cryo-EM) structure of
Ca**-free murine ANO6 at a 3.60 A resolution (Protein Data
Bank [PDB] ID 6QPB) (Alvadia et al., 2019) was used as a
template for MD simulations. Since human ANOG6 variant 1
was used throughout this study, the murine ANOG6 structure
was changed to the human ANOG6 variant 1 sequence using
the SWISS MODEL homology-modeling server (Schwede
et al., 2003). Missing loops were automatically generated,
except for the highly variable Nt and C-terminal residues. For



the ANO6-1-6 chimera (C250-E264_GDYNGENVEFND), the
cryo-EM structure of the Ca?*-free murine ANO1 structure
at a 4.06 A resolution (PDB ID 50YG) (Paulino et al., 2017)
was considered because the chimera sequence (GDYNGEN-
VEFND) was the same as the corresponding human ANO1
sequence. The structure of murine ANO1 was then altered to
the ANO6-1-6 sequence through the SWISS MODEL homol-
ogy-modeling server (Schwede et al., 2003). The modeling
results for ANO6 and ANO6-1-6 showed a qualitative model
energy analysis (QMEAN) score of —2.99 and —4.74, respec-
tively (Benkert et al., 2009). Nt-CaRes and the o.0a helix were
included in the MD simulations, corresponding to residues
L247-A273 in the human ANOG6 sequence.

Molecular dynamics simulation

The protein structure was first solvated using the CHARMM-
GUI web server (Lee et al., 2016). While solvating with TIP3P
water molecules, CaCl, was added at an appropriate concen-
tration to include eight to nine Ca** ions via the Monte Carlo
ion placing method (Jorgensen et al., 1983). The final system
included the protein structure and ~3,000 TIP3P water mole-
cules, with ~10,000 atoms in a 48 x 48 x 48 A’ box.

All simulations were carried out using the CHARMM36m
force field (Huang et al., 2017) and CUDA-enabled NAMD
2.14 (Phillips et al., 2005). The particle mesh Ewald algo-
rithm was used to evaluate long-distance electrostatic in-
teractions (Darden et al., 1993). Van der Waals interactions
for a smoothing function were considered from 10 to 12 A.
Complete electronic evaluations were performed every 2 fs
using the SHAKE algorithm (Ryckaert et al., 1977). The pres-
sure and temperature were maintained at 1 atm and 310 K
throughout the simulation, using the Nosé-Hoover Langevin
piston method and Langevin dynamics, respectively (Hoover,
1985; Nosé, 1984). Anisotropic cell fluctuations were not ob-
served.

The system was first minimized for 10,000 steps. Thereaf-
ter, a 1-ns simulation was performed with 1,000,000 steps.
Snapshots were saved every 100 steps to evaluate the sys-
tem. After the simulation, distances between the protein and
Ca®" were analyzed using visual molecular dynamics (VMD)
(Humphrey et al., 1996). For both ANO6 and ANO6-1-6, 10
simulations were carried out. Independent systems contain-
ing different initial ion placements were generated for each
simulation. All structural figures were generated using UCSF
Chimera (Pettersen et al., 2004).

Statistical analysis

The data are expressed as mean + SEM values. Student’s
t-tests were performed to compare independent control and
experimental groups. For multiple-group comparisons, one-
way analysis of variance (ANOVA) with Tukey’s post-hoc tests
were performed. P values less than 0.05 were considered
statistically significant. All statistical analysis were made using
pClamp (ver. 10.7; Molecular Devices, USA), OriginLab (ver.
9.0; OriginLab Corporation, USA), and GraphPad Prism (ver.
8.0.1; GraphPad Software, USA).
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RESULTS

Identification of the sequence corresponding to the EF
hand-like region in ANO6

Based on the results of Tak et al. (2019), we aligned the se-
qguence of ANOG6 corresponding to the EF hand-like region in
ANO1 (Fig. 1A). The EF hand-like region in ANO1 contains
five negatively charged residues (D285, D287, E291, E294,
and D297) without cationic amino acids. In contrast, the
corresponding region in ANO6 contains four anionic residues
(D249, E257, D258, and E264) and three cationic residues
(K251, R253, and R254).

The locations of the EF hand-like sequence in the cryo-EM
structure were similar between ANO1 and ANOG, relatively
close to the Ca?*-binding site (Fig. 1B), with distances of
about 18 A in both cases. However, the electrostatic surface
potentials of these sequences were quite different; ANO1 is
negatively charged and ANOG6 is partially positively charged
owing to its basic amino acids (K251, R253, and R254) (Figs.
1A and 1C). Overlaying the corresponding structures of
ANO1 and ANO6 more clearly revealed the structural differ-
ences (Fig. 1D). The RMSD between the two structures was
about 2.60 A. As we were primarily interested in the similar-
ities and differences of the EF hand-like sequence compared
with that of ANO1, we decided to investigate its role as a
“putative” Ca’*-binding reservoir (Nt-CaRes) in ANOG6.

ANOG6-1-6 shows higher Ca®* sensitivity than ANO6

We constructed the ANO6-1-6 chimera, in which the Nt-
CaRes of ANO6 was replaced by that of ANO1 (Fig. 1A). In
the whole-cell patch-clamp experiments of HEK293T cells
overexpressing the two clones, ramp-like depolarizing puls-
es were repetitively applied to investigate the activation of
ANOG6 and ANO6-1-6 current. After membrane break-in (i.e.,
whole-cell configuration with a 0 pM or 10 uM Ca** con-
centration in the pipette solution), a slow increase of mem-
brane conductance with an outwardly rectifying property
was observed in 10 pM Ca®* but not in 0 M Ca**, indicating
Ca**-dependent activation (Figs. 2A and 2B). The peak am-
plitude of the outward current was clearly higher in ANO6-
1-6 (217.5 £ 55.6 pA/pF) than in ANO6 (65.4 + 14.6 pA/pF)
at 10 uM Ca** (Fig. 2C). However, the currents at O uM Ca**
were not significantly different in ANO6 (9.1 £ 2.4 pA/pF)
and ANO6-1-6 (8.5 + 1.6 pA/pF) (Fig. 2C). The time to reach
the peak amplitude with the whole-cell configuration did not
differ between the wild-type and chimera protein, at 520.0 +
43.0 sand 568.0 £ 53.5 s, respectively (Fig. 2D). After reach-
ing the peak amplitude, a spontaneous partial decrease of
the current (i.e., inactivation) was observed. The normalized
rate of inactivation (I/I,.,) was not different between ANO6
(0.88 £ 0.05) and ANO6-1-6 (0.89 + 0.08) at 60 s after the
peak (Fig. 2E).

The precise Ca** sensitivity of ANO6 and ANO6-1-6 were
investigated using the inside-out patch-clamp technique. Var-
ious levels of [Ca**]; could be directly applied to the cytoplas-
mic side of the patch membrane, and the concentration-de-
pendent activation of outward currents could be elicited
reversibly (Figs. 2F and 2G). The ECs, values were 11.64 uM
(Hill coefficient = 3.99) and 6.68 pM (Hill coefficient = 3.42)
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Fig. 2. ANO6-1-6 shows higher Ca** sensitivity than ANOG6. (A and B) Current traces of ANO6 and ANO6-1-6 in the whole-cell patch
clamp. The holding voltage was 0 mV and ramp-like pulses from -100 to +100 mV were applied every 20 s with a 3-s duration. The free
Ca”* concentrations were 0 uM and 10 uM for ANO6 and ANO6-1-6. (C) Maximal current comparison of ANO6 and ANO6-1-6 currents
in the whole-cell patch clamp (n = 5 for ANO6 at 0 uM Ca**, n = 8 for ANO6 at 10 uM Ca**, n = 4 for ANO6-1-6 at 0 M Ca**, and n =
5 for ANO6-1-6 at 10 uM Ca”™). (D) Time-to-peak comparison of ANO6 and ANO6-1-6 currents in the whole-cell patch clamp (n = 7 for
ANOG6 at 10 uM Ca** and n =5 for ANO6-1-6 at 10 uM Ca?). (E) Comparison of ANO6 and ANO6-1-6 channel inactivation by normalized
currents in the whole-cell patch clamp (n = 5 for ANO6 at 10 uM Ca** and n = 4 for ANO6-1-6 at 10 uM Ca”*). (F and G) Current traces
of ANO6 and ANO6-1-6 in the inside-out patch clamp. The holding voltage was +80 mV and applied free Ca’* concentrations are
indicated. Gray dotted lines indicate 0 pA. (H) Comparison of Ca’* sensitivity of ANO6 and ANO6-1-6 in the inside-out patch clamp (n =
4 for ANO6 and n = 4 for ANO6-1-6). The Hill equation was used to calculate ECy,. All values in (C, D, E, and H) are expressed as mean +
SEM. The P values in (C) were calculated by one-way ANOVA with Tukey’s post-hoc tests for each column. The P values in (D and E) were
calculated by Student’s t-tests. ns, not significant. **P < 0.01, ***P < 0.001.
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Fig. 3. ANO6 and ANO6-1-6 show no difference in voltage dependence. (A) Current traces of ANO6 and ANO6-1-6 in the inside-
out patch clamp. The free Ca’* concentrations are indicated above each graph. The step pulse was administered from -60 to +200 mV
with +20-mV increments and was held at -60 mV. Gray dotted lines indicate 0 pA. In magnified images, gray lines are the fitted single
exponential curves. (B) Current traces of ANO6 and ANO6-1-6 in the inside-out patch clamp. Initially, a +100-mV pulse was applied to
activate the channel at a specific Ca>* concentration, and voltage was applied from -100 to +100 mV with +20-mV increments and was
held at -60 mV. Gray dotted lines indicate 0 pA. In magnified images, gray lines are the fitted single exponential curves. (C) Comparison
of voltage-dependent conductance of ANO6 and ANO6-1-6 currents. Channel conductance was assessed from the magnitude of tail
currents from (A). After normalizing to the conductance at +200 mV, the Boltzmann equation was used to calculate Vs, (n = 5 for
ANOG6 at 11.5 uM Ca**, n = 8 for ANO6 at 30 uM Ca”™*, n = 8 for ANO6-1-6 at 6.5 uM Ca”™*, and n = 5 for ANO6-1-6 at 30 uM Ca’*). (D)
Activation time constant analysis of ANO6 and ANO6-1-6. A single exponential fitting was conducted for activating currents from (A)
(n =5 for ANO6 at 11.5 uM Ca”™*, n = 8 for ANOG6 at 30 uM Ca”™*, n = 8 for ANO6-1-6 at 6.5 uM Ca”*, and n = 5 for ANO6-1-6 at 30 uM
Ca”™). (E) Deactivation time constant analysis of ANO6 and ANO6-1-6. Single exponential fitting was performed for tail currents shown in
(B) (n =6 for ANO6 at 11.5 uM Ca”*, n = 6 for ANOG6 at 30 uM Ca**, n = 7 for ANO6-1-6 at 6.5 uM Ca**, and n = 7 for ANO6-1-6 at 30
uM Ca*). All values in (C, D, and E) are expressed as mean + SEM. The P values in (C, D, and E) were calculated by one-way ANOVA with
Tukey’s post-hoc tests for each column. ns, not significant.
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Fig. 4. Molecular dynamics simulations of Nt-CaRes movement. (A) Snapshots of ANO6 at 0, 300, and 1,000 ps from the molecular
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length was calculated as 2.5 A (gray dotted line). (C) Snapshots of ANO6-1-6 at 0, 300, and 1,000 ps from the molecular dynamics
simulation. Amino acid letters indicate relative acidic amino acid positions in the putative Ca**-binding reservoir in ANO6-1-6, which
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of 20 simulations, 10 for ANO6 and ANO6-1-6 each. Ca**-binding to the reservoir is indicated with vertical lines. (G) Ca**-interacting
probability of the putative Ca**-binding reservoirs in ANO6 and ANO6-1-6 (n = 10 ANO6 and n = 10 for ANO6-1-6). (H) The number
of Ca**-interacting residues during simulations. The P value was calculated after complete simulation (n = 10 for ANO6 and n = 10 for
ANO6-1-6). All values in (H) are expressed as mean + SEM. The P value in (H) was calculated by Student’s t-test. ***P < 0.001.
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for ANO6 and ANOG6-1-6, respectively, indicating increased
Ca** sensitivity of ANO6-1-6 compared with ANO6 (Fig. 2H).

ANO6 and ANOG6-1-6 show no difference in voltage de-
pendence

ANOG6 activation requires membrane depolarization as well
as a high [Ca*"]; (Alvadia et al., 2019; Yang et al., 2012; Ye et
al., 2018). To compare the steady-state voltage dependence
of the two forms of ANOG6, a step-like pulse protocol was
applied in the inside-out patch-clamp experiment. For the full
activation of ANO6 and ANO6-1-6, 30 uM Ca®* was com-
monly used. In addition, to compare the voltage dependence
at the ECy, level of [Ca®*],, we also conducted the patch-
clamp experiment with 11.5 uM and 6.5 uM of [Ca*]; for
ANO6 and ANO6-1-6, respectively.

Voltage steps from -60 mV to +200 mV (duration time
0.3 s) were used to observe the activation kinetics. The com-
mon repolarization to -60 mV induced inward tail currents
reflecting the deactivation process (Fig. 3A). For calculating
inactivation kinetics and tail currents, a common strong de-
polarization (+100 mV, 0.1 s) was initially applied, followed
by the application of various voltage steps from =100 mV to
+100 mV (Fig. 3B). The voltage-dependent increase in mem-
brane conductance (i.e., channel activation state) was calcu-
lated from the normalized magnitude of tail currents from
Fig. 3A (Fig. 3C). The Vi, values were 142.0 mV and 96.4 mV
for 11.5 uM and 30 pM Ca”" in ANOB, respectively, and were
147.2 mV and 98.1 mV for 6.5 uM and 30 uM Ca”" in ANO6-
1-6, respectively. No significant differences were observed
between ANO6 and ANO6-1-6 at 30 uM and the EC, (11.5
uM and 6.5 uM, respectively). The time constants of slow
activation on membrane depolarizations were calculated by
fitting the activating phase of currents to single exponential
curves (Fig. 3D). The deactivation time constants were also
calculated by fitting the tail currents to single exponential
curves (Figs. 3B and 3E). No significant differences were
observed in either activation or deactivation time constants.
These results indicate that the voltage dependency of the
channel remained unchanged in ANO6-1-6 compared with
that of ANOG.

MD simulations of Nt-CaRes movement
Next, we aimed to observe, albeit virtually, the function of
the Nt-CaRes in ANO6 and ANO6-1-6 using MD simulations.
Because no differences between ANO6 and ANO6-1-6 were
observed other than Ca** sensitivity in the patch-clamp exper-
iments, we focused only on the interactions of the Nt-CaRes
with Ca®*. The structures of the Nt-CaRes were generated
using the SWISS MODEL homology-modeling server (PDB
ID 6QPB for ANO6 and 50YG for ANO6-1-6) (Alvadia et al.,
2019; Paulino et al., 2017; Schwede et al., 2003). The total
simulation system included a few sequences surrounding the
Nt-CaRes. Eight to nine Ca** molecules were placed evenly
throughout the system. Ca®" interactions with the protein
were confirmed when the distance between Ca*" and oxygen
atoms in acidic amino acids was less than 2.5 A, which rep-
resents the sum of oxygen and calcium atom radii. Each MD
simulation lasted for 1 ns.

In the first simulation of ANO6, no interacting Ca** was
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observed (Figs. 4A and 4B), whereas in ANO6-1-6, three
interacting Ca** atoms were observed (Figs. 4C and 4D). To
exclude potential effects of the initial distances between Ca**
and the acidic amino acids, we performed nine more inde-
pendent simulations for ANO6 and ANO6-1-6. Ca** mole-
cules were randomly placed in each simulation, and a total of
20 MD simulations, 10 for each ANO6 and ANO6-1-6, were
carried out (Figs. 4E and 4F). Consistently, Ca’* interactions
occurred more frequently with ANO6-1-6 than with ANOG,
regardless of the initial Ca?* positions. To determine the inter-
action affinity for each acidic amino acid in the Nt-CaRes, the
Ca**-interacting probability was calculated (Fig. 4G). Further-
more, the numbers of Ca**-interacting residues in ANO6 and
ANO6-1-6 were compared (Fig. 4H). Both the Ca’*-interact-
ing probability and the number of Ca**-interacting residues
were higher in ANO6-1-6 than in ANOG6. Therefore, the MD
simulations showed that Ca*" interacted much better with
the Nt-CaRes in ANO6-1-6 than in ANO6, which was in line
with the higher Ca** sensitivity of ANO6-1-6 observed in the
patch-clamp experiments.

Mutations in Nt-CaRes in ANO6 decrease Ca®* sensitivity
To ensure direct Ca’" binding to the Nt-CaRes in ANO6, we
conducted site-directed mutagenesis experiments. Acidic
amino acids with high Ca*" interaction probabilities were se-
lected based on the results from the MD simulations, which
were E257 and E264 (E9 and E16 in Fig. 4, respectively),
which were individually substituted with alanine (E257A
and E264A). In addition, we constructed a quadruple 4A
mutation (D249A_E257A_D258A_E264A) and a triple 3A
mutation (K251A_R253A_R254A). In the inside-out patch-
clamp experiment of the above four mutants, the ECs, of
[Ca®™]; was 18.18 uM for E257A (Hill coefficient = 3.04),
22.00 uM for E264A (Hill coefficient = 3.08), 77.78 uM for
D249A_E257A_D258A_E264A (4A, Hill coefficient = 1.40),
and 10.03 uM for K251A_R253A_R254A (3A, Hill coefficient
= 3.46), showing a significant decrease in Ca*" sensitivity for
the E257A, E264A, and 4A mutants (Fig. 5).

DISCUSSION

Our present study demonstrated the functional implication
of the Nt domain of ANO6 corresponding to the Nt-CaRes
of ANO1, suggesting that the less negative surface charge of
the ANO6 Nt-CaRes could be responsible for the much lower
Ca”* sensitivity of ANO6 than that of the canonical Ca*"-acti-
vated CI" channel ANO1. Two lines of experimental evidence
support the above interpretation: (1) the chimeric mutation
replacing the Nt-CaRes with that of ANO1 significantly im-
proved Ca?* sensitivity, and (2) neutralization of the anionic
residue in the ANO6 Nt-CaRes reduced the Ca®* sensitivity. In
addition, the MD simulation of the Nt-CaRes revealed much
lower Ca**-interacting kinetics of ANO6 than ANO1. These
results may provide clues to answer the key question of the
structural difference responsible for the lower Ca** sensitivity
of ANOG6 than ANO1.

According to a very recent study of ANO1, the Ca®**-bind-
ing reservoir (Nt-CaRes) facilitates Ca?* movement or mi-
gration to the critical Ca**-binding site in transmembrane
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domains (Tak et al., 2019). Despite the similar location near
the Ca**-binding site, the corresponding region in ANO6 has
a different surface charge due to the cationic residues (K251,
R253, and R254). The site-directed mutation experiments of
negative residues showed decreased Ca* sensitivity, implying
direct Ca** interactions with these residues. In addition, the
decreased Hill coefficients of the mutants (3.06 for E257A,
3.24 for E264A, and 1.54 for D249A_E257A_D258A_
E264A) compared to wild-type ANO6 (3.986) suggested less
cooperative Ca®" interactions (Fig. 5E). Thus, we cautiously
propose the investigated region in ANO6 as the Ca**-binding
reservoir, which helps Ca?* move to the Ca**-binding site in
hydrophobic transmembrane domains and is also respon-
sible for the reduced Ca** affinity relative to that of ANOT.
However, we did not observe a difference in Ca*" sensitivity
between ANO6 (ECs, = 11.64 pM) and the K251A_R253A_
R254A mutant (ECs, = 10.03 uM). This could be because
Ca’"-interacting negative residues may not be affected by
positive charges from K251, R253, and R254, or that factors
other than electrostatic charges could be responsible for Ca®*
sensitivity.

Although major differences in Ca®" sensitivity were ob-
served between ANO6 and ANOG6-1-6, the voltage depen-
dency remained unchanged (Fig. 2). Of note, the currents
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calculate ECs,. All values in (E) are
expressed as mean + SEM.

did not saturate even at a very high voltage (i.e., +200 mV).
Thus, calculating Vg, from unsaturated currents using the
Boltzmann equation could be inaccurate in the absence of
current saturation. Although the Vg, values were similar at
the same activation states for ANO6 and ANO6-1-6 (142.0
mV and 96.4 mV for 11.5 uM and 30 pM Ca”* in ANOG, and
147.2 mV and 98.1 mV for 6.5 uM and 30 uM Ca** in ANO6-
1-6), extra caution in interpreting these values directly is re-
quired.

Tak et al. (2019) reported that the Ca**-binding reservoir in
ANO1 had a conserved sequence similar to that of EF hand-
like domains. However, because this region in ANO1 did not
exist in pairs and the three-dimensional structure was differ-
ent from that of currently known EF-hand domains, its func-
tion as a “true” EF-hand domain was considered unlikely (Tak
et al., 2019). The corresponding sequence in ANO6 cannot
be considered as the EF-hand like domain owing to the pres-
ence of acidic amino acid residues in the 1st, 9th, 10th, and
16th positions, whereas in the conserved EF-hand domain,
the 1st, 3rd, 5th, 9th, and 12th amino acid residues are acidic
(Grabarek, 2006). Despite the low similarity to conventional
EF-hand domains, the Nt-CaRes in ANO1 and ANO6 may
bind Ca*" in unconventional forms with weak and transient
interactions, which could explain why Ca®" binding to these



regions was not observed in structural analyses (Alvadia et
al., 2019; Dang et al., 2017; Feng et al., 2019; Paulino et al.,
2017).

Recent studies using MD simulations have successfully
described the behaviors of ANOs (Bethel and Grabe, 2016;
Le et al, 2019; Yu et al., 2019). Our MD simulations did not
include phospholipids or the whole protein structure, and the
total simulation time was relatively short for performing in-
depth analyses of the system, making our conclusions from
the MD simulations very limited. However, considering that
our simulation results are in good agreement with the patch-
clamp results, we carefully claim that the results from our MD
simulations likely reflect reality to some extent.

Delayed activation in the whole-cell patch-clamp configu-
ration is a unigue characteristic of ANO6 (Grubb et al,, 2013;
Kim et al., 2015; Liang and Yang, 2021; Lin et al., 2018;
2019; Scudieri et al., 2015). This characteristic has not been
noted in other members of the ANO family, and the precise
underlying mechanism remains unclear, although several
cytosolic factors, including actin cytoskeleton and Mg-ATP,
are known to be involved (Lin et al., 2018). Inactivation of
the ANOG6 channel is associated with PIP, depletion (Ye et al.,
2018). In our experiments, ANO6 and ANO6-1-6 showed no
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difference in delayed activation or inactivation in the whole-
cell patch clamp; thus, it is likely that the Nt-CaRes in ANOG6 is
not related to the actin cytoskeleton, Mg-ATP, or PIP,-depen-
dent channel properties. It would be interesting to further
study the effects of various cytosolic or membrane proteins
on ANO6 channel and scramblase properties (Dhakal and
Lee, 2019; Lee and Ahnn, 2020; Park et al., 2020).

ANO6-1-6 showed increased Ca** sensitivity compared
with that of ANOG, but it was not as high as that of ANOT,
which is around 1 uM (Pedemonte and Galietta, 2014, Tak
etal, 2019; Yang et al., 2008). Other unknown mechanisms
may be accountable for the remaining difference in Ca*
sensitivity, such as additional regulatory sites existing only in
ANO1, different interactions with phospholipids, or unknown
allosteric effects (Feng et al., 2019; Ko et al., 2020; Xiao et
al., 2011; Yeetal.,, 2018; Yu et al., 2019). Further studies are
needed to fully understand the exact mechanisms.

Several papers have been published on the interactions
between ANO1 and calmodulin (Jung et al., 2013; Tian et al.,
2011, Vocke et al.,, 2013; Yang et al., 2014). Among these
four papers, the calmodulin-binding domains identified by
Jung et al. (2013) and Vocke et al. (2013) were found to be
conserved in ANO6 sequences (Supplementary Fig. STA).

cytosolic
Ca?* increase

ANOG6 e

+ o+ o+

+ - - - - - -

transferring Ca?*
to binding site

cytosolic
Ca?* increase

ANO1

+ o+ o+ o+ + + + o+ o+ o+

transferring Ca%*
to binding site

Fig. 6. Proposed model for Nt-CaRes in ANO6 and ANO1 channel activation. ANO6 or ANO1 (two orange boxes indicate a single
subunit), Ca?*-binding site in transmembrane domains (empty circles in ANO6 and ANO1), Nt-CaRes in ANO6 (gray circles), Nt-CaRes
in ANO1 (light blue circles), and Ca** (green circles) are indicated. Green arrows indicate the movement of Ca’* to the Ca**-binding site.
ANO6 and ANO1 pores colored in red indicate a closed channel, while blue indicates an open channel. The yellow arrows indicate ion

movements in the open channel.
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Interestingly, these calmodulin-binding domains were located
in the Nt and were very close to the Nt-CaRes. We therefore
investigated the possibility of calmodulin modulation on
the Ca’" sensitivity of ANO6. We used W-7, a well-known
calmodulin inhibitor, and compared Ca®* sensitivity with and
without W-7 in the whole-cell patch clamp configuration. Re-
gardless of the presence of W-7, Ca** sensitivity remained the
same (Supplementary Fig. S1B). Ca®" sensitivity without W-7
in the whole-cell patch clamp was 15.23 uM (Hill coefficient
= 4.77), and the Ca** sensitivity measured in the presence
of W-7 was 17.04 uM (Hill coefficient = 3.28). Normalized
currents in 10 uM Ca®* were similar without and with W-7
(Supplementary Fig. S1C). Current densities in 10 pM Ca**
without W-7 (69.6 £ 9.5 pA/pF) and with W-7 (63.1 £+ 9.9
pA/pF) also showed no significant difference (Supplementary
Fig. S1D). Based on these results, we believe that calmod-
ulin does not play a role in modulating the Ca** sensitivity of
ANOG6 and is not related to the Nt-CaRes. In addition, recent
studies regarding ANO1 and calmodulin failed to find inter-
actions (Terashima et al., 2013; Tien et al., 2014, Yang and
Colecraft, 2016; Yu and Chen, 2015). Thus, further studies
are needed to fully address the ongoing debate on the rela-
tionship between ANOs and calmodulin.

Based on our experiments, we propose a model to explain
the roles of the Nt-CaRes (Fig. 6). Both ANO1 and ANOG6
have an Nt-CaRes, although that of ANO6 has low Ca**-bind-
ing affinity. Thus, the Nt-CaRes of ANO6 only binds to Ca**
at a high cytosolic Ca?* concentration. Ca®* movement to the
Ca**-binding site opens the channel, generating the current
in ANOG6. Since ANO1 has an Nt-CaRes with high Ca** sensi-
tivity, it can bind to Ca** at a lower concentration; thus, Ca**
movement to the Ca?*-binding site opens the channel and
generates the current in ANO1. Although the exact transfer-
ring process of Ca?* from the Nt-CaRes to the Ca’*-binding
site remains unclear, Tak et al. (2019) described the loca-
tion and function of the Nt-CaRes as the entrance to the
Ca**-binding site. Further studies are needed to fully clarify
this transferring process.

In conclusion, this study shows that the Nt-CaRes helps
Ca’" move to the hydrophobic Ca?"-binding site of ANOG,
which can partially explain the Ca** sensitivity difference be-
tween ANO1 and ANOG6. The present results provide import-
ant and novel evidence regarding the mechanisms underlying
ANOG6 activation.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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