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Abstract Ca®"-activated CI~ channels play important
physiological roles in various cell types, but their molecular
identity is still unclear. Recently, members of the protein
family named transmembrane 16 (TMEMI16) have been
suggested to function as Ca**-activated CI~ channels. Here,
we report the functional properties of mouse TMEM16B
(mTMEM16B) expressed in human embryonic kidney
(HEK) 293T cells, measured both in the whole-cell
configuration and in inside-out excised patches. In whole
cell, a current induced by mTMEM16B was activated by
intracellular Ca®" diffusing from the patch pipette, released
from intracellular stores through activation of a G-protein-
coupled receptor, or photoreleased from caged Ca** inside the
cell. In inside-out membrane patches, a current was rapidly
activated by bath application of controlled Ca®" concen-
trations, indicating that mTMEMI16B is directly gated by
Ca®". Both in the whole-cell and in the inside-out config-
urations, the Ca®'-induced current was anion selective,
blocked by the CI channel blocker niflumic acid, and
displayed a Ca®'-dependent rectification. In inside-out
patches, Ca>" concentration for half-maximal current activa-
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tion decreased from 4.9 uM at =50 mV to 3.3 uM at +50 mV,
while the Hill coefficient was >2. In inside-out patches,
currents showed a reversible current decrease at —50 mV in
the presence of a constant high Ca®>" concentration and,
moreover, an irreversible rundown, not observed in whole-
cell recordings, indicating that some unknown modulator was
lost upon patch excision. Our results demonstrate that
mTMEMI6B functions as a Ca®'-activated CI~ channel
when expressed in HEK 293T cells.

Keywords Calcium signaling - Calcium sensitivity -
Calcium-activated chloride current - Anion channel -
Caged calcium - Chloride current

Introduction

Ca”"-activated C1~ channels play several important phys-
iological roles in many cells types, but their molecular
identity has been elusive. Cl  currents activated by
intracellular Ca®" were first identified in Xenopus oocytes
[4, 37], in photoreceptor inner segments [3], in lacrimal
acinar cells [34], and afterwards, many other cell types
were shown to have similar types of currents. Ca®'-
activated Cl™ channels are involved in several physiolog-
ical processes including generation of the fertilization
potential in Xenopus oocytes; fluid secretion by exocrine
glands, by airway and intestinal epithelia; regulation of
cardiac excitability in cardiac myocytes; smooth muscle
contraction in smooth muscle cells; and olfactory trans-
duction in olfactory sensory neurons (for reviews see:
[5, 10, 13, 25, 32, 36, 42, 43, 53]).

As for other types of ion channels, also for Ca®'-
activated Cl channels, various electrophysiological char-
acteristics have been described and the differences could be

@ Springer



1024

Pflugers Arch - Eur J Physiol (2009) 458:1023—-1038

very important for the specific physiological roles that these
proteins play in different cell types. For example, some of
these channels are directly activated by Ca®", while others
require also calmodulin-dependent protein kinase II for
activation [2]. Moreover, the range of Ca®" producing the
half-maximal current varies from tens of nanomolar to
micromolar concentrations (reviewed in [13]). The molec-
ular identity of Ca®-activated CI~ channels has been
controversial, and several candidates have been proposed,
including the families of bestrophins, tweety, and “Ca*'-
activated C1” channels” (CLCA; reviewed in [13, 14]). Very
recently, the group of proteins named transmembrane 16
(TMEMI16; also known as anoctamin) has been added to
the list of molecular candidates for Ca*'-activated Cl~
channels [8, 51, 54].

The recently discovered TMEM16 family is present in
all eukaryotes (reviewed in [11]), and the first member was
identified in 2004 by Tsutsumi and colleagues [52], while
searching for candidate genes for a human hereditary
disease called gnathodiaphyseal dysplasia (GDD), a rare
skeletal syndrome characterized by bone fragility, sclerosis
of tubular bones, and cemento-osseous lesions of the
jawbone. The gene was first named GDDI1 and later
TMEMIGE (see Table 1 of [11] for nomenclature of the
human family). Additional members of the family were
subsequently found by using bioinformatic tools [18-22]
and, at present, ten members have been identified in mice
and humans [11, 23, 49]. Furthermore, it has been shown
that several human TMEMI16 genes are upregulated in
various types of cancer and could be valuable tumor
markers [11].

Topology models indicate that TMEM16 proteins have
eight putative transmembrane domains with both N- and C-
terminal domains located at the intracellular side of the
membrane. Although the physiological functions of these
proteins are still largely unknown, it has been recently
proposed that they may function as Ca®"-activated CI
channels [8, 51, 54]. Indeed, heterologous expression of
TMEMI6A (also named anoctamin-1 or ANO1) in Axolotl
oocytes, human embryonic kidney (HEK) 293T cells, or
other cell lines, induced currents stimulated by intracellular
Ca**, with anion selectivity and inhibition by several CI~
channel blockers typical of Ca®"-activated CI” currents. It is
therefore of great interest to examine if other members of
the TMEM16 family have similar functional properties.
Interestingly, in a study focused on the expression cloning
of the Ca*'-activated Cl  currents of Xenopus laevis,
Schroeder et al. [S1] also reported that the mouse homolog
TMEM16B (mTMEMI16B), generated Ca*"-activated CI~
currents in Axolotl oocytes, although the electrophysiolog-
ical properties of this channel were not further investigated.
At present, no other functional data have been published for
other members of the TMEMI16 family. Among the
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members of the mouse family, mMTMEMI16B is the most
similar to mMTMEMI16A, with 62% amino acid identity [54].
The gene for mTMEMI16B (also known as BC033409;
MGC38715; Ano2) is expressed in several tissues and
organs, including the retina, olfactory epithelium, pancreas,
and salivary glands (see also http://symatlas.gnf.org/
SymAtlas/ for a more complete list of expression). In the
developing mouse nervous system, Tmeml6b has been
detected in the neural tube and in dorsal root ganglia [49].
At present, no knockout mice for this gene have yet been
reported.

In humans, TMEMI16B (also known as Cl2orf3;
DKFZp434P102; anoctamin-2 or ANO2) has been shown
to be involved in two types of diseases. Large deletions of
TMEMI16B together with von Willebrand factor genes are
involved in some cases of the severe von Willebrand
disease type 3, a heritable bleeding disorder that slows
the blood-clotting process [50]. A recent genome-wide
association study in a Japanese population indicated that
single nucleotide polymorphisms located in or adjacent to
gene TMEM16B were significantly associated with panic
disorder [40].

In this study, to further investigate whether nTMEM16B
induces Ca®*-activated CI~ currents not only in Axolotl
oocytes as reported by Schroeder et al. [51], but also in a
mammalian cell line, and to examine in detail its
functional characteristics, we expressed TMEMI16B in
HEK 293T cells and analyzed its electrophysiological
properties both in the whole-cell and in the excised inside-
out configuration.

These data will improve our knowledge about the still
elusive molecular identity of Ca*"-activated Cl~ channels
and will contribute to understand the role of TMEM16B in
physiological and pathophysiological processes.

Materials and methods

mTMEMI16B transfection and electrophysiological
recordings

Full-length mTMEM16B cDNA in pCMV-Sport6 mamma-
lian expression plasmid was obtained from the RZPD
(Berlin, Germany; clone identification: IRAVp968H1167D).
mTMEMI16B was transfected into HEK 293T cells by using
FuGENE 6 reagent (Roche Applied Science, Mannheim,
Germany). Cells were cotransfected with enhanced green
fluorescent protein (EGFP) in pGFP (Clontech, Mountain
View, CA, USA), and transfected cells were identified by
EGFP fluorescence.

Electrophysiological recordings from HEK 293T cells
expressing mMTMEM16B were performed in the whole-cell
or inside-out patch-clamp configurations. Patch pipettes
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were made of borosilicate glass (WPI, Sarasota, FL, USA)
with a PP-830 puller (Narishige, Tokyo, Japan). Currents
were recorded with an Axopatch 1D amplifier controlled by
Clampex 9 via a Digidata 1332A (Axon Instruments, Union
City, CA, USA).

For current—voltage relations in the inside-out configu-
ration, care was taken not to introduce an artificial
rectification due to the inactivation of the channel. For this
purpose, patches were pre-exposed to the test Ca’"
concentration for 500 ms at =100 mV to allow the current
to partially inactivate. At 100 uM Ca®*, 15+£6% (n=8) of
the current inactivated in 500 ms. After the pre-
exposition at the test Ca®* concentration, a double voltage
ramp from —100 to +100 mV and back to =100 mV was
applied at 1 mV/ms. The two current—voltage relations
were averaged, and leak currents measured with the same
ramp protocol in Ca®"-free solutions were subtracted.

Data were low-pass-filtered at 4 kHz and sampled at
10 kHz.

To estimate the single-channel amplitude, mean current
and current variance were calculated from patches exposed
to 1.5 uM Ca®" or to 0 Ca*" for 2 s at the holding potential
of =50 mV. To avoid possible errors resulting from baseline
drift, mean current and current variance were determined
during 20 ms intervals. Values obtained from recordings in
0 Ca*" were subtracted from those at 1.5 uM Ca®". The
single-channel amplitude was estimated from the ratio
between current variance and mean current.

Experiments were performed at room temperature
(20-22°C). The bath was grounded via a 3-M KCI agar
bridge connected to a Ag/AgCl reference electrode.
Rapid solution exchange was achieved by transferring
the excised membrane patch across the interface between
neighboring solutions’ streams using the perfusion Fast-
Step SF-77B (Warner Instrument Corp., USA). Control
experiments in nontransfected and only EGFP-transfected
cells did not show any significant Ca®"-activated current
(data not shown). For flash photolysis of caged Ca®",
flashes of ultraviolet light were delivered from a mercury
lamp through an objective x40 (NA 0.60, Olympus). The
duration of light flashes was controlled by a mechanical
shutter (Uniblitz, Vincent Associates, USA).

Ionic solutions

For whole-cell recordings, the standard extracellular
solution contained (in mM): 140 NaCl, 5 KCI, 2 CaCl,, 1
MgCl,, and 10 Hepes, pH 7.4. The pipette solution
contained (in mM): 140 cholineCl, 10 Hepes, and 10
HEDTA, pH 7.2, and no added Ca>" for the nominally 0
Ca*" solution, 3.209 or 8.263 mM CaCl, to obtain 1.5 or
13 uM free Ca®", respectively [41]. The intracellular
recording solution for the photorelease of caged Ca**

contained (in mM): 3 DMNP-EDTA, 1.5 CaCl,, 140
CsCl, and 10 Hepes, pH 7.2. DMNP-EDTA was pur-
chased from Molecular Probes-Invitrogen (OR, USA),
and CaCl, was adjusted with a 0.1-M standard solution
from Fluka (Germany). The caged compound was
allowed to diffuse freely from the patch pipette into the
cytoplasm of HEK 293T cells for at least 3 min after
establishment of the whole-cell configuration.

For inside-out recordings, the standard solution in the
patch pipette contained (in mM): 140 NaCl, 10 HEDTA,
and 10 Hepes, pH 7.2. In experiments for Ca®>" dose—
response relations, NaCl was replaced with LiCl to inhibit
the possible activity of Na*/Ca*" exchangers in HEK 293T
cell membranes. The bathing solution at the intracellular
side of the patch contained (in mM): 140 NaCl or LiCl, 10
HEDTA, and 10 Hepes, pH 7.2, and no added Ca’" for the
nominally 0 Ca®" solution, or various added Ca®"
concentrations, as calculated with the program WinMAXC
(C. Patton), to obtain free Ca®" in the range between 1.5
and 100 pM [41]. The free Ca®" concentrations were
experimentally determined by Fura-4F (Molecular Probes-
Invitrogen) measurements by using an LS-50B luminescence
spectrophotometer (PerkinElmer, Wellesley, MA, USA). For
permeability experiments, CI was substituted with other
anions by replacing NaCl on an equimolar basis with NaX,
where X is the substituted anion, or NaCl was replaced with
equimolar choline chloride. Liquid junction potentials were
calculated using pClampex software and applied voltages
were corrected off-line for the following values (in mV): +2.1
for Cl, +0.1 for isothiocyanate (SCN), +2.4 for Br, +2.1 for
I, +1.1 for NOs, —3.6 for methanesulfonate (MeS), +6.0 for
gluconate, +4.5 for choline).

For activation by various divalent cations, the solution at
the intracellular side of the patch contained (in mM): 1
EGTA and 2 CaCl,, or 1.09 SrCl,, or 1.09 BaCl,, or 1.03
MgCl,, to obtain 1 mM of each free divalent cation, as
calculated with the program WinMAXC (C. Patton).
Niflumic, flufenamic, and mefenamic acids and 5-Nitro-2-
(3-phenylpropylamino)benzoic acid (NPPB) were prepared
in dimethyl sulfoxide (DMSO) at 200 mM (or 81 mM for
NPPB) as stock solutions and diluted to the final concen-
tration in the bathing solution (DMSO alone did not alter
the mTMEMI16B currents); 4-acetamido-4[prime]-isothio-
cyanato-stilben-2,2[prime]-disulfonate (SITS) and 4,4'-dii-
sothiocyanatostilbene-2,2'-disulfonic acid (DIDS) were
directly dissolved in the bathing solution. MgATP
(2 mM), Naz;VO, (0.1 mM), dithiothreitol (DTT; 10 mM),
calmodulin (500 nM), cyclic adenosine monophosphate
(cAMP; 1 mM) were directly dissolved in the bathing
solution. PIP; diC8 (Echelon Biosciences, Salt Lake City,
UT, USA) was dissolved in water at 1 mg/ml after
sonication for 5 min and diluted to 10 uM in the bathing
solution. Histamine was dissolved in water at 100 mM and
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Fig. 1 Whole-cell Ca*"-activated currents induced by mTMEM16B p 4a b

transfection in HEK 293T cells. Whole-cell voltage-clamp recordings
obtained with a pipette solution containing nominally 0 Ca®>" (a),
1.5 uM free Ca®" (c), or 13 uM free Ca*>" (e). The time scale plotted in
e is the same also for a and c. Voltage steps of 200 ms duration were
given from a holding potential of 0 mV to voltages between —100
and +100 mV in 20 mV steps followed by a step to =100 mV. In
some traces, capacitative transients were trimmed. ¢ Currents were
activated by 1.5 pM Ca®" and the same cell was exposed to a
solution containing NaCl (black traces at the top) or to Na-gluconate
(gray traces at the bottom). b Mean current amplitudes measured at
the end of the voltage steps at =60 mV or at +60 mV with intracellular
pipette solution containing nominally 0 (black bar; n=6) or 1.5 uM
free Ca®" (gray bar; n=7). Data are shown as mean values +
standard deviations (¥**p<0.01, unpaired ¢ test). d Current—voltage
relations activated by 1.5 uM Ca®>" measured at the end of the
voltage steps from the cell shown in ¢. Black squares represent
control data in symmetrical CI° and are superimposed to white
triangles, representing data after wash out from the gluconate
solution (gray symbols). e Currents activated by 13 uM Ca*". f
Current—voltage relation activated by 13 uM Ca”>" measured at the
end of the voltage steps from the cell shown in e. g Ratios between
currents measured at +60 and at —60 mV at 1.5 and 13 pM Ca’>" (n=
5-9, ¥*p<0.01, unpaired ¢ test). h Average values of relative current
amplitudes at —60 mV measured 0.5, 1, or 4 min after reaching the
whole configuration (n=5-7)

diluted in Ringer solution. All chemicals, unless otherwise
stated, were purchased from Sigma.

Statistical analysis

Data are presented as mean + standard deviation, with n
indicating the number of cells or of excised patches. Statistical
significance was determined using paired or unpaired ¢ tests,
or ANOVA, as appropriate. When a statistically significant
difference was determined with ANOVA, a post hoc Tukey
test was done to evaluate which data groups showed
significant differences. P values <0.05 were considered
significant. Data analysis and figures were made with Igor
software (Wavemetrics, Lake Oswego, OR, USA).

Results

Ca®" activation of a Cl current induced by mTMEM16B
in mammalian HEK 293T cells

We transfected mTMEMI16B in HEK 293T cells and
measured the current in the whole-cell configuration increas-
ing the intracellular Ca>* concentration in several ways.

In a first set of experiments, cells were dialyzed with
intracellular solutions containing various amounts of Ca®".
Figure 1 shows that 1.5 uM Ca®" generated a large current
(Fig. 1c), while the current in nominally 0 Ca®" was
negligible (Fig. la), showing that Ca®" ions activate a
current in HEK 293T cells transfected with mTMEM16B
(Fig. 1b). To examine whether the current was carried by
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CI', we reduced the extracellular CI concentration by
replacing NaCl with Na-gluconate (Fig. 1c, d) and measured
an average shift of reversal potential of +44+9 mV (n=14).
The reversal potential in the low CI" solution shifted toward
the value expected for CI™ channels in our ionic conditions,
although the expected shift for a perfectly Cl selective
channel in these ionic conditions would be of +64 mV.
However, the difference could be ascribed to a partial
permeation of gluconate and/or of Na', as previously shown
for other anion channels [15, 46].

In the presence of 1.5 pM Ca®', the current-voltage
relation in symmetrical Cl™ solutions, measured at the end of
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the voltage steps (Fig. 1d), clearly showed a pronounced
outward rectification. When the intracellular Ca®" concen-
tration was increased to 13 uM (Fig. le), the rectification
properties changed and the current—voltage relation became
linear (Fig. 1f). The average ratio between the current
measured at the end of voltage pulses at +60 and —60 mV
from several cells (Fig. 1g) shows that the current—voltage
relations in symmetrical Cl~ solutions were Ca”*-dependent.
A change in the rectification properties from an outward to a
linear rectification increasing intracellular Ca®" concentra-
tions is a well-known characteristic of some Ca”"-activated
CI" channels [1, 9, 26, 29].

We observed that, in the presence of 1.5 uM Ca”*, current
activation in response to voltage steps was time-dependent.
Indeed, depolarizing voltage steps (from +40 to +100 mV)
elicited outward currents with two components: an instanta-
neous current followed by an outward relaxation (Fig. 1c).
Hyperpolarizing voltage steps (from —40 to —100 mV)
induced inward currents also consisting of two components:
an instantaneous current followed by a relaxation toward less
negative values (Fig. Ic). Both outward and inward
relaxations were well fitted by single exponentials (data not
shown). At +100 mV, the time constant of the outward
relaxation was 4.44+0.6 ms (n=7), while at —100 mV, the
time constant of the inward relaxation was 7.1£0.9 ms
(n=7), and the two means were significantly different (p<
0.01). In these experiments, the instantaneous current elicited
by a given voltage step is carried by channels open at the
holding potential of 0 mV, while the development of the
current relaxations is due to the change in open probability at
the given voltage step; therefore, the analysis of current
relaxations indicated that, in the presence of 1.5 uM Ca*", the
open probability increased at depolarized potentials, while it
decreased at hyperpolarized potentials. When the intracellu-
lar Ca®" concentration was raised to 13 uM (Fig. le), the
relaxations were not present anymore, indicating that the
channel open probability was already the same at every
potential. These data show that the opening of the
mTMEM16B-induced currents is regulated by both Ca®"
and voltage, as previously observed in some native Ca*'*-
activated C1 channels [1, 9].

To examine if whole-cell currents exhibited a rundown,
we compared the current amplitudes at the end of a voltage
step to —60 mV applied at different times after reaching the
whole-cell configuration. On average, the relative amplitude
of the current at 4 min was 104+33% (n=7) of the control
value measured at 0.5 min after obtaining the whole-cell
configuration (Fig. 1h). These results indicate that, during the
tested time interval, whole-cell recordings did not show any
significant rundown, although we cannot exclude the
possibility that rundown had already occurred before the
beginning of our recordings. In some cells, the current

maintained its initial amplitude (at 0.5 min) for up to 30 min.

To determine the pharmacological profile of mMTMEM16B
in the whole-cell configuration, we measured the extracellular
blockage properties of several molecules that are commonly
used as blockers of Ca®*-activated Cl~ currents (for reviews,
see [10, 13]). As shown in Fig. 2a—d, NFA, NPPB, SITS,
and DIDS, produced a partial block of both inward and
outward currents activated by 1.5 pM Ca**. The blockage by
NFA, SITS, and DIDS was completely reversible, while
NPPB inhibition was only partially reversible. The percent-
age of current inhibition at =60 mV (+60 mV) was 69%
(81%) for NFA, 65% (67%) for NPPB, 70% (82%) for SITS,
and 62% (79%) for DIDS.

In a second set of experiments, instead of dialyzing the
cell with Ca** diffusing from the patch pipette, we elicited a
transient increase in the intracellular Ca>" concentration by
coexpressing mTMEMI16B with the histamine receptor
subtype 1 (HIR) and activating the receptor with histamine.
Figure 3a shows that a large current was activated at the
holding potential of =50 mV by the application of 100 pM
histamine. The current—voltage relation obtained with a
voltage ramp from —100 to +100 mV (Fig. 3b) was very
similar to that measured with 1.5 pM Ca*' in pipette
(Fig. le). No significant currents were activated by
histamine in control experiments with nontransfected cells
or with cells transfected with HIR alone (Fig. 3c¢).

To further investigate whether the current induced by
mTMEMI16B is directly activated by Ca®", we photo-
released Ca”" inside the cell. In these experiments, the
patch pipette contained caged Ca®" and we measured the
current in response to an increase of intracellular Ca®"
obtained with a flash of ultraviolet light, while the holding
potential was —50 mV. Figure 4 shows that currents were
rapidly generated upon photorelease of Ca**. Control
experiments demonstrated that no Ca”'-induced currents
were induced in nontransfected HEK 293T cells (data not
shown). Currents of increasing amplitudes were measured
when intracellular Ca”" concentration was increased by
lengthening the duration of the ultraviolet flash photo-
releasing Ca®" (Fig. 4a). The normalized currents as a
function of flash duration were well fitted by a Hill
equation (Fig. 4b). Thus, the experiments shown in Fig. 4
indicate that Ca®" directly activates a current induced by
mTMEMI16B in HEK 293T cells.

Ca’" activation of the mTMEM16B-induced current
in excised patches

To further investigate Ca®" activation of mTMEMI6B-
induced current, we obtained a precise control of the Ca**
concentration by using the patch-clamp technique in the
excised inside-out configuration from HEK 293T cells
expressing mMTMEM16B. In these experiments, we used a
perfusion system that allows a fast change of solution. The
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Fig. 2 Extracellular blockage by some ClI" channel blockers of whole-
cell Ca**-activated currents induced by mTMEMI16B transfection in
HEK 293T cells. Whole-cell voltage-clamp recordings obtained with a
pipette solution containing 1.5 uM free Ca®" in symmetrical CI~
solutions. Voltage steps of 200 ms duration were given from a holding
potential of 0 mV to voltages between —100 and +100 mV in 20 mV
steps followed by a step to —100 mV. In some traces, capacitative
transients were trimmed. a 300 uM NFA, b 100 uM NPPB, ¢ 5 mM
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DIDS

SITS, d 1 mM DIDS. Current recordings were obtained at control,
2 min after application of the indicated blockers, and 2 min after the
removal of blockers (wash out). For NPPB, a complete wash out was
not obtained up to 10 min after blocker removal. Panels on the right
are current—voltage relations measured at the end of the voltage steps.
e Average ratios between currents measured at —60 mV (black bars) or
at +60 mV (gray bars) in the presence and in the absence of the
indicated blockers (n=3-7; p<0.05)
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Fig. 3 Whole-cell currents activated by histamine in HEK 293T cells
transfected with mTMEMI16B and the histamine receptor HIR. a
Current activated by 100 uM histamine applied for the time indicated
in the upper trace. The holding potential was —50 mV. b Currents
evoked by voltage ramps from —100 to +100 mV in the absence of
histamine (control) or 4 s after the application of 100 uM histamine.

excised membrane patch was held in front of a glass pipe
where a nominally 0 Ca®" solution was continuously
flowing, and Ca*" was applied by rapidly moving the patch
position in front of the adjacent pipe, where a Ca’'-
containing solution was flowing.

Figure 5a shows currents activated by the exposure of
the cytoplasmic side of the patch to 100 pM Ca** for 2 s at
the holding potential of =50 mV. Ca”"-activated currents
showed two time-dependent characteristics. Upon applica-
tion of 100 uM Ca”", the current rapidly increased reaching
a peak and then slowly decreased in the presence of the
constant Ca”>" concentration, a process that we call here
inactivation and that will be described in more detail below
(Fig. 6). The other time-dependent behavior was an
irreversible decrease in the current amplitude with time, a

a b i2-
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Fig. 4 Whole-cell currents activated by photorelease of caged Ca'. a
Caged Ca®>" (DMNP-EDTA) diffused into the cell from the patch pipette
and ultraviolet flashes of increasing duration were applied to the cell to
photorelease Ca®". The holding potential was —50 mV. b Average
currents normalized to their maximal value were plotted versus flash
duration and fitted to the Hill equation: I/Iy, = d™ / <d““ + d"l%) s

where d is the flash duration, d;/, the flash duration producing half of
the maximal current, and 7y is the Hill coefficient. The value for d)/»
was 88 ms and nyy was 1.8 (n1=0)
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The gray trace (sub) was obtained by subtracting the control trace
from the trace measured in the presence of histamine. ¢ Mean current
amplitudes at —50 mV measured after application of 100 uM
histamine from nontransfected cells (nt; n=6), and cells transfected
with HIR (n=11) alone, or with HIR and TMEMI16B (n=5), as
indicated

process that we define as rundown (Fig. 5a). To estimate the
amount of rundown, we measured the current at =50 mV at
the beginning of the experiment exposing the patch for 2 s
to 100 uM Ca*", then the membrane patch was kept in the
nominally 0 Ca** solution until the following 100 uM Ca**
application. Subsequent exposures to Ca®>* produced cur-
rents of decreasing amplitudes. The time course of the
rundown was fast in the first minutes after patch excision
and slowed down with time, and sometimes the current
reached a stationary current level (Fig. 5b), although there
was a great variability between membrane patches. The
average normalized current as a function of time could be
fitted by a single exponential function with a time constant
of 1.11 min (Fig. 5b). A similar rundown was also observed
at positive voltages (data not shown). We attempted to
revert the rundown by applying several agents that have
been shown to sustain the activity of other channels in
excised patches [44]. We tested adenosine triphosphate
(ATP; to sustain the kinases activity), DTT (to maintain a
reducing environment), calmodulin, PIP; (a cofactor of
many ion channels [7, 31, 44]), cAMP, and Na;VO, (to
inhibit tyrosine and alkaline phosphatases), but none of
these appeared to significantly alter the rundown (Fig. 5c¢).

Most of the experiments presented in this study were
performed after the rapid phase of rundown when the
current reached an almost steady-state value.

The other time-dependent behavior, inactivation, is
analyzed in more detail in Fig. 6. In contrast to rundown,
inactivation appeared to be largely reversible. Indeed, when
experiments were performed after the rapid phase of
rundown, at the almost steady-state level, current inactiva-
tion was found to be largely reversible after removal of
100 uM Ca®" for at least 1 min. Figure 6a shows
superimposed current traces at —50 mV measured at 5 and
at 6 min after patch excision: the peak current at 6 min

@ Springer



1030

Pflugers Arch - Eur J Physiol (2009) 458:1023—-1038

a A c 1.0 -
0—
0.8 -
z | . :
£ 30 & 087
& ¥
s ] & 0.4
o -60 —
0.2
-80 0.0 -
= od 2
. : : E I g =
Time (s) Time (min) © 3

Fig. 5 Rundown of the mTMEMI16B-mediated current in excised
inside-out membrane patches. a An inside-out membrane patch was
excised from HEK 293T cells transfected with mTMEMI16B and the
cytoplasmic side was exposed to 100 pM Ca*" at the time indicated in
the upper trace. The holding potential was —50 mV. The number next
to each trace indicates the initial time of Ca®" application after patch
excision. Rundown: repetitive applications of Ca*" produced a current
of decreasing amplitude. b The ratios between the peak current at
various times after patch excision and the maximal current measured
at patch excision were plotted against the time after patch excision for

almost reached the peak value previously measured at
5 min, indicating that the inactivation process is Ca’'-
dependent and reversible.

To analyze if inactivation was voltage-dependent, we
measured currents activated at =50 or +50 mV. In the presence
of the constant 100-uM Ca®" concentration, the current
at —50 mV decreased with time, while the current at +50 mV
had a stationary value (Fig. 6b). On average, at =50 mV, the
current measured after 1 s from the beginning of Ca®"
exposure was reduced of 28+6% (n=13) compared to the
peak current, whereas at +50 mV, the current reduction was
only 1.4+0.9% (n=4; black bar in Fig. 6d), indicating that
inactivation is a voltage-dependent process.

To investigate the Ca®" dependence of inactivation, we
measured currents activated by various Ca>" concentrations
at the holding potential of =50 mV. The current measured
after 1 s from the beginning of Ca”>* exposure was reduced
to 15+5% for 3.8 uM Ca®" (n=8) compared to the peak
current, and the reduction was significantly different from
the value of 28+6% (n=13) for 100 uM Ca>" (Fig. 6c, d).
These results further indicate that inactivation is a Ca®'-
dependent process.

To determine whether inactivation was dependent on
how much rundown has occurred, we analyzed current
inactivation during the rundown. Figure 6e shows normal-
ized currents measured at the beginning of the experiment
(10 s after patch excision) and at the almost steady state
(5 min after patch excision) from the experiment shown in
Fig. 5a. The superimposition of the two normalized current
traces indicates that the amount of current decrease was
independent of rundown, as further illustrated in Fig. 6f,
showing that the average amount of inactivation measured
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several patches (gray dots and lines). In black, the mean from
different patches with standard deviation (n=5-32); the line was the
best fit to a single exponential with a time constant of 1.11 min. ¢
Various compounds, as indicated in the figure, were tested for their
ability to prevent the rundown, but none of them produced a significant
change in rundown. Ratios between current amplitudes measured 5 min
after patch excision and the maximal current (n=3—-10). Average values
for each compound were not significantly different from control
(ANOVA, F=1.85, p=0.209)

at different times from patch excision did not significantly
change.

We also investigated whether the inactivation process
could be modified by the application of the agents used in
the attempt to revert rundown and we did not find any
significant change (data not shown).

Next, we analyzed the Ca®" activation kinetics of the
mTMEMI16b-mediated current by measuring the rise time
of the current response to the application of various Ca*"
concentrations in excised inside-out patches. First, we
estimated the time necessary for the solution exchange in
our perfusion system by measuring the current variation at
0 mV when a patch electrode was moved from Ringer to
1 M KCl solution (Fig. 7a). The time required for the solution
exchange was 3+1 ms (n=12). The application of 100 pM
Ca®" at the cytoplasmic side of a patch at the holding
potential of =50 mV activated a current (Fig. 7b) with a rise
time of 3615 ms (r=16). The rise time of the current
response became slower when Ca®" concentration was
lowered, with average values of 85+20 ms (n=5) at
3.8 uM Ca®" and 134+66 ms (n=4) at 1.5uM Ca’
(Fig. 7b, ¢).

Finally, we attempted to directly measure the amplitude
of single-channel events in membrane patches containing
many channels by decreasing the channel open probability
using low Ca®" concentrations. Currents were activated by
1.5 uM Ca*" at the holding potential of =50 mV for 2 s.
Since we could not distinguish any single-channel event
from the background noise, we estimated the single-channel
amplitude by calculating the ratio between variance and
mean of macroscopic currents at 1.5 pM Ca*" [15]. The
estimated single-channel amplitude at =50 mV was 0.06+
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Fig. 6 Ca®'- and voltage-dependent inactivation of the mTMEM16B-
mediated current in excised inside-out membrane patches. a An
inside-out membrane patch was excised from HEK 293T cells
transfected with mTMEM16B and the cytoplasmic side was exposed
to 100 pM Ca*" at the time indicated in the upper trace. The holding
potential was —50 mV. Upon application of 100 uM Ca*", the current
increased reaching a peak and then decreased in the presence of the
constant Ca®>" concentration (inactivation). The inactivation process
was largely reversible: the black and the gray traces are the responses
to 100 pM Ca®>" measured, respectively, at 5 or 6 min after patch
excision, from the experiment shown in Fig. 5a. b Inactivation was
voltage-dependent. Currents activated by 100 uM Ca®" at =50 mV
or +50 mV after 3 or 4 min from patch excision, respectively. Current
traces were from the same patch. The current at +50 mV was stationary
(see also d). ¢ Inactivation was Ca>*-dependent. Currents activated by

0.02 pA (n=4), and the corresponding conductance was
1.2 pS, in the range of values expected for low conductance
native Ca’'-activated Cl~ channels ([16, 45, 47], for
reviews, see [10, 13]).
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100 puM (black trace) or 3.8 uM (gray trace) Ca>* at =50 mV in the
same patch showed different amounts of inactivation. d Mean ratios
from several patches between the current measured 1 s after application
of the indicated Ca®" concentrations and the current measured at the
peak, at =50 mV (gray bars) or at +50 mV (black bar) (n=4-13). Some
mean current ratios were significantly different compared to the average
value measured with 100 pM Ca®" at =50 mV (**p<0.01; ANOVA, F=
18.44, p=3.1x10"% followed by Tukey test). e Currents measured at
10 s and at 5 min after patch excision, from the experiment shown in
Fig. 5a, were normalized to their peak current and plotted as a function
of time. f Mean ratios from several patches between the current
measured 1 s after application of 100 uM Ca”" and the current measured
at the peak (n=5-7, ANOVA, F=3.68, p=0.59) at 10 s, 1 min, or 5 min
after patch excision

The Ca*"-activated current is carried by CI-

To investigate if the Ca”'-activated current observed in
inside-out patches is a CI™ current, we examined whether it
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Fig. 7 Activation by Ca®" of the mTMEM16B-mediated current in
excised inside-out membrane patches. a Time course of the solution
exchange. The fop trace shows the voltage command of the stepper
motor moving glass pipes in which different solutions were flowing.
The bottom trace shows the time course of the solution exchange
measured by moving a patch electrode held in front of a pipe in which a
Ringer solution was flowing, to a pipe in which 1 M KCI solution was
flowing. The delay between the voltage command and the beginning
of the junction potential change was about 50 ms and was caused by
the delay and by the speed of the mechanical movement bringing the
different pipes in front of the patch electrode. The rise time of the
solution exchange, defined as the time interval between the onset of
the current change to the final current value, was about 3 ms. b
mTMEMI16B currents were recorded upon switching from a nominally 0
Ca®" solution to the indicated Ca®* concentrations. The rise time was
faster for higher Ca®>" (100 and 13 pM) than for lower Ca*" con-
centrations. Each recording was from a different patch. ¢ Average values
for the rise time at various Ca>* concentrations (n=4-16, **p<0.01;
ANOVA, F=19.6, p=4.8x10"7 followed by Tukey test)

was reduced by typical blockers, such as niflumic acid, and
we measured the reversal potential when CI™ was replaced
with other anions.

We examined the pharmacological profile of mMTMEM16B
at the cytoplasmic side by measuring the intracellular blockage
properties of several blockers of Ca®"-activated CI” currents.
Figure 8a shows that the current activated by 100 uM Ca*"
was rapidly blocked by the application of 300 uM NFA to the
intracellular side, and the blockage was reversible. To further
examine the voltage dependence of the block, currents were
activated using voltage ramps from —100 to +100 mV, and
Fig. 8b illustrates that 300 uM NFA blocked the current in a
voltage-independent manner. Two other fenamates, flufe-
namic and mefenamic acids, as well as NPPB and SITS, only
partially blocked the current, whereas DIDS did not have any
blocking effect at the intracellular side (Fig. 8c). The
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percentage of inhibition at =50 mV was 60% for FA, 20%
for MFA, 19% for NPPB, 20% for SITS, and 0% for DIDS
(Fig. 8c).

To determine the anion selectivity of the Ca®'-activated
current, we replaced NaCl in the bathing solution with Nal,
NaBr, NaNOs, Nalsothiocyanate (NaSCN), or NaMethanesul-
fonate (NaMeS) and measured the shift in reversal potential
(Fig. 9). We could not test the permeability to fluoride because
fluoride ions form an insoluble salt with calcium ions that are
necessary to activate the channels. Currents were activated by
100 uM Ca®" using voltage ramps from —100 to +100 mV.
Replacement of ClI” with MeS shifted the reversal potential
from near zero in symmetrical Cl to more negative values, as
expected for Cl selective channels in our experimental
conditions, showing that Ca®'-activated currents were Cl~
selective. Relative permeability ratios (Px/Pc;) calculated
with the Goldman—-Hodgkin—Katz relation from measured
reversal potentials were SCN (12.8) > 1 (4.9) > NO; (3.7) >
Br (2.1) > Cl (1.0) > MeS (0.1) (Fig. 9b).

Furthermore, since some anion channels are also
permeable to cations [46, 54], we determined the relative
Na' permeability replacing NaCl with choline chloride and
found that Pyn./Pc; was 0.23+0.07 (n=3).

These experiments show that the Ca®"-activated current
is indeed mainly carried by anions.

Ca®" sensitivity and current—voltage relations

To examine the dependence of the mTMEMI16B-induced
current on the intracellular Ca®" concentration, dose—
response relations were obtained in excised inside-out
patches by activating currents with various Ca*" concen-
trations. Experiments were performed after the rapid phase
of rundown when the current reached an almost steady-state
value (Fig. 5). To take into account a remaining slow phase
of the rundown that was present in some membrane patches,
currents at each test Ca>* concentration were normalized to
the average current activated by 100 uM Ca®" before and
after the test Ca®" concentration. Figure 10a—c illustrates
the results of a representative dose-response experiment.
Currents at each Ca®" concentration were measured using
voltage ramps from —100 to +100 mV. Normalized currents
measured at +50 and at =50 mV were plotted in Fig. 10d
versus Ca”" concentration and fitted by the Hill equation:

2+
1/ Inax = c"“/(c"” +K;’;‘2), where ¢ is the Ca concen-

tration, K, the Ca2" concentration producing half-
maximal current activation, and ny is the Hill coefficient.
The Ca2* sensitivity was slightly voltage-dependent with a
Kip of 49 uyM at =50 mV and 3.3 pM at +50 mV
(Fig. 10d). The Hill coefficient was 2.5 at =50 mV and 2.0
at +50 mV. At =60 mV, K, was 5.1 pM with ny=2.1,
while at +60 mV, K, was 4.0 uM with ny=1.9.
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Since some Ca**-activated C1~ channels are also activated
by high concentrations of other divalent cations [38, 47], we
tested whether mTMEM16B is activated by 1 mM Ba*",
Sr**, and Mg®", using an experimental protocol similar to
that described above for Ca** dose-response curves. Sr**
efficiently activated a current (/5/Ic,=0.77£0.09, n=5),
while Ba** only activated a small current (Ig,/Ic,=0.04=+
0.02, n=4), and no current was measured in the presence of
Mg*" (Fig. 11).

Furthermore, we observed that the current—voltage relations
in symmetrical CI” solutions were Ca”‘-dependent. The
current—voltage relation was outwardly rectifying at 1.5 uM
Ca?, linear at 3.8 uM Ca”", and inwardly rectifying at 13 and
100 uM Ca®" (Fig. 12). A change in the rectification properties
when intracellular Ca>* concentrations vary is a well-known
characteristic of some Ca®"-activated C1~ channels [1, 9, 26].

Fig. 9 Anion selectivity of the a
mTMEMI16B-mediated current. a

Current-voltage relations for Im (pA)
mTMEMI16B currents activated

2t .
by 100 pM Ca“" in an inside-out Vim (mV)

membrane patch, obtained from a

FA MFA NPPB SITS DIDS

Discussion
Ca" activation

In this study, we have shown that mMTMEMI16B generates
Ca®"-activated CI™ currents when expressed in the mamma-
lian cell line HEK 293T. We measured currents both in the
whole-cell and in the inside-out membrane patch config-
urations of the patch-clamp technique. In the whole-cell
configuration, the intracellular Ca>" concentration was
increased in several ways: with a constant high Ca®"
concentration in the patch pipette, by releasing Ca** from
intracellular stores through activation of a G-protein-coupled
receptor (HIR), or by directly photoreleasing Ca®" from
caged Ca®" inside the cell. In every type of experiment, we
measured large Ca®"-activated Cl~ currents (Figs. 1, 2, and 3).

ramp protocol. Bath solutions
contained 140 mM NaCl or the
Na salt of other anions, as indi-
cated. Current traces were from
the same patch. b Relative

permeability ratios (Px/Pcy)
calculated with the Goldman—
Hodgkin—Katz equation (n=6-7)

MeS' Cl ' Br : '

NO, | 'SCN

Anions
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Fig. 10 Ca’" sensitivity of mTMEM16B-mediated currents in inside-
out membrane patches. An inside-out membrane patch was excised
from HEK 293T cells transfected with mTMEM16B and the cytoplas-
mic side was exposed to 100 pM Ca*" (black traces) or to a 1.5 pM
Ca®*, b 3.8 uM Ca*, and ¢ 13 pM Ca®". Black traces are the average
currents activated by 100 pM Ca”" applied before and after the test Ca®*
concentration. Leakage currents measured in 0 Ca>” were subtracted.
Current traces were from the same patch. d Dose—response relations of

These results further extend a previous report by Schroeder et
al. [51], in which Ca*"-activated CI” currents were induced
by the expression of mMTMEMI16B in Axolotl oocyte. Since
mTMEMI6B produces Ca”*-activated CI™ currents in two
very different expression systems, Axolotl oocytes and
mammalian HEK 293T cells, it is likely that the currents
originate from mTMEMI16B rather than from upregulation of
an endogenous chloride channel protein in the cell line, as
what occurred for example for hCLCA1 [12]. Additional
indications that mMTMEM16B does form a Ca®"-activated C1~
channel arise from the many similarities with the properties of
the TMEMI16A channel and the native olfactory Ca®'-
activated Cl  channel, as discussed later.

We extended the analysis of currents induced by
mTMEMI16B in HEK 293T cells performing experiments
with the excised inside-out membrane patch configuration,
which allows the rapid bath application of controlled Ca**
concentrations, and also measured Ca®*-activated CI”
currents. These results, together with those in whole-cell
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activation by Ca>" were obtained by normalized currents and fitted to
the Hill equation. Currents at each test Ca®" concentration were
normalized to the average current measured in the presence of
100 pM Ca*" before and after the test Ca*" concentration. The Hill
coefficient was 2.5 at =50 mV and 2.0 at +50 mV. Currents were half-
maximal at 4.9 uM Ca®" at =50 mV, and at 3.3 uM Ca*>" at +50 mV and
these values were statistically different (n=6—7; p=0.02, unpaired ¢ test)

showing rapid activation of channels by Ca>" photorelease,
indicate that mTMEM16B can be directly gated by Ca®".
Moreover, we also observed that, after patch excision,
mTMEMI6B displays two interesting time-dependent behav-
iors: a decrease of current amplitude during the constant
application of high Ca®" concentrations at =50 mV (inacti-
vation) and an irreversible rundown. The inactivation process
was reversible, voltage-dependent, and Ca**-dependent,
being more pronounced at hyperpolarized potentials and at
high Ca>" concentrations. The rundown of the current was
irreversible and showed a fast current decline in the first
minute after patch excision, reaching a relatively stationary
value afterwards, indicating that some modulatory substrates
may be lost after patch excision. In the attempt to determine
the rundown mechanism, we added several compounds to the
cytoplasmic side of the patch, but none of them was effective
in reducing the rundown (Fig. 5c¢). Our results indicate that
membrane-bound kinases and tyrosine and alkaline phospha-
tases are not involved in rundown because ATP and Na;VO,
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Fig. 11 Activation of mTMEMI16B-mediated currents by divalent
cations. An inside-out membrane patch was excised from HEK 293T
cells transfected with mTMEMI16B and the cytoplasmic side was
exposed to 1 mM Ca*" (black traces) or other divalent cations (gray
traces): a Mg>", b Sr**, and ¢ Ba>". Black traces are the average
currents activated by 1 mM Ca>" applied before and after each test

did not have any effect. Also the reducing agent DTT failed
to prevent the rundown, suggesting that this phenomenon is
not due to oxidation of some protein residues. Since previous
studies indicated that calmodulin may regulate the activation
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Fig. 12 Rectification of mMTMEM16B-mediated currents at various Ca>*
concentrations. a Currents were activated in the same patch with voltage
ramps at different Ca®" concentrations and normalized to the current
activated by 100 uM Ca*" at —100 mV. Leakage currents measured in 0

b
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divalent cations. Leakage currents measured in 0 divalent cations were
subtracted. Current traces were from the same patch. d Currents
activated by different divalent cations at =50 mV were normalized to
the average current activated by 1 mM Ca®" measured before and after
each test divalent cation (n=4-5; p<0.01, ¢ test)

of some Ca®"-activated CI~ channels [17, 32], we also added
calmodulin, but did not observe any change in the rundown.
Finally, we tested cCAMP, a second messenger, and PIP;, an
important cofactor of many ion channels [7, 31, 44], but none

1.5 38 13

[Ca*"] (uM)

100

Ca®" were subtracted. Current traces were from the same patch. b Ratios
between currents measured at +50 and at =50 mV at various Ca*"
concentrations (n=6; **p<0.01, ANOVA, F=114, p=14x 107* fol-
lowed by Tukey test)
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of them significantly modified the rundown of the
mTMEMI16B-induced current.

In contrast to experiments with excised patches, run-
down was not observed in whole-cell recordings (Fig. 1h),
indicating that a still unknown modulatory mechanism can
maintain a high level of activity of mTMEM16B in intact
HEK 293T cells. Since channel activity decreased in cell-
free conditions, it is likely that the lost factor is soluble in
the cytosol. It is worth to note here that also some native
Ca®"-activated C1~ channels present a rundown in activity
after patch excision [16, 39, 47, 48], indicating that this
phenomenon is not specifically due to channel expression
in HEK 293T cells. Future studies will have to clarify the
molecular determinants of this behavior.

Comparison between currents induced by mTMEM16B
and TMEM16A

At present, TMEM16A is the only member of the TMEM16
family that has been electrophysiologically characterized in
some detail in inside-out membrane patches after expression
in HEK 293T cells [54]. We therefore compare here the
functional properties of the only two members of the family
that have been studied up to now: TMEMI16A and
mTMEM16B. Dose-response experiments for nTMEM16B
showed that currents were half-maximal at a Ca®>" concen-
tration of 4.0 uM at +60 mV, while at —60 mV a higher Ca*"
concentration of 5.1 uM was necessary to reach 50% of the
maximal current, indicating that activation by Ca®' is
voltage-dependent (Fig. 10). A voltage-dependent Ca**
sensitivity in the micromolar range was also measured in
inside-out membrane patches from HEK 293T cells express-
ing TMEMI16A [54]: at +60 mV K » for Ca®" was 0.4 puM,
while at =60 mV, it increased to 2.6 M. Therefore, although
both channels are activated in the micromolar range, their
K5 for Ca*" differs of about one order of magnitude at
positive potentials, indicating that their voltage dependence
is different. Moreover, it has been reported that TMEM16A
was inhibited by Ca®" concentrations higher than 10 pM
[54], whereas we did not observe any inhibition of
mTMEMI16B up to 100 pM Ca®". However, Fig. 3a of
Yang et al. [54] shows that exposures to Ca>" of inside-out
membrane patches from cells expressing TMEM16A were
obtained with a very slow perfusion and, moreover, the
membrane patch was held for more than a minute in every
Ca®" concentration. It is therefore possible that the inhibition
at high Ca®" concentration observed with TMEMI6A was
due to a rundown effect similar to what we observed in
mTMEMI16B (Fig. 5), although this phenomenon has not
been investigated in TMEM16A [54].

When Ca”" concentration at the cytoplasmic side of a
patch excised from a HEK 293T cell expressing
TMEMI16A was reduced to 0.5 pM, single-channel events
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were clearly distinguishable, and the single-channel con-
ductance was 8.6 pS (Fig. 3c, d of [54]). In cells expressing
mTMEM16B, we could not detect any single-channel events
by lowering Ca*" concentration, and therefore, we estimated
the single-channel conductance from the ratio between current
variance and mean current at 1.5 pM Ca®". The estimated
single-channel conductance for mTMEMI16B was 1.2 pS,
much smaller than the value of 8.6 pS measured for
TMEMI6A [54].

Current—voltage relations from whole-cell recordings for
TMEMI16A showed a change in rectification from linear to
outward when currents were measured at different times of
the response induced by release of intracellular Ca** (see
Fig. 2a of [54]). The variation from linear to outward
rectification was consistent with previous reports on native
Ca**-activated CI~ channels at high or low Ca*" concen-
trations, respectively [1, 9]. In whole-cell recordings from
HEK 293T cells expressing mTMEMI16B, we also mea-
sured a change in rectification from outward at low Ca”"
concentration to linear at high Ca®" concentration (Fig. 1d, f).
In inside-out membrane patches mTMEM16B-induced cur-
rents displayed a Ca®’-dependent rectification that was
outward at low Ca®" concentration, linear at intermediate
Ca®" levels, and inward at high Ca*' concentrations
(Fig. 12). In inside-out patches from cells expressing
TMEMI16A, a change of rectification was not observed up
to 3 uM Ca®" (see Fig. 3a of [54]). It will be interesting to
determine whether the absence of rectification change for
TMEMI16A in inside-out patches was due to a different
range of Ca®" concentrations or to a functional difference
between TMEM16A and mTMEM16B.

A comparison between the pharmacological profile of
whole-cell currents induced by TMEM16A and mTMEM16B
shows that both currents were blocked by the extracellular
application of NFA, NPPB, and DIDS [8, 51, 54].

It is of interest to note that the analysis of the sequence
of both of these proteins does not reveal any typical Ca”*-
binding site, and therefore, the identification of the region
of Ca®"-binding site will be of great interest.

Comparison with native Ca>*-activated Cl~ channels

Several native Ca®'-activated CI currents have a Ca®"
sensitivity in the micromolar range (for reviews, see
[10, 13]), similarly to TMEMI16A [54] and mTMEM16B
(Fig. 10). Although such a high Ca®" concentration at the
bulk level is not physiological, activation is likely to occur
through Ca®" signaling processes that produce high local
Ca*" levels in subcellular domains (for review, see [30]).
A comparison of our electrophysiological data on
mTMEMI6B-induced currents with those of native Ca®'-
activated Cl™ currents in sensory neurons of the olfactory
epithelium indicates that the properties of the two channels
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are remarkably similar when measured in inside-out mem-
brane patches. Studies in the mouse [45, 48] have shown that
the dose—response relation of Ca*-activated CI~ currents is
well fit by the Hill equation with half-maximal activation in
the micromolar range. At —50 mV, the K;,, for Ca*" was
4.7 uM (see Fig. 4f in [45]), whereas at +50 mV, it was
2.6 uM (Pifferi, unpublished data), similar to the values for
mTMEMI16B of 4.9 uM at =50 mV and 3.3 uM at +50 mV
measured in the present study (Fig. 10). The estimated single-
channel conductance for mTMEMI16B, 1.2 pS, is also
similar to the value of 1.6 pS in mouse olfactory sensory
neurons [45]. At high Ca®" levels (100 pM), the olfactory
channel showed an inward rectification, with a ratio of the
current at +50 mV and at —50 mV of 0.61 (see Fig. 5d in
[45]), similar to the value of 0.58 for mTMEMI16B at
100 uM Ca*" (Fig. 12b). In addition, when measured in
inside-out patches, the olfactory Ca*'-activated CI” current
shows a reversible Ca”*'-dependent inactivation and an
irreversible rundown, indicating that, as for mTMEM16B
in HEK 293T cells, some unknown modulatory component
of the channel may be lost after the excision of the
membrane [47, 48].

The pharmacological profile of the olfactory Ca*'-
activated Cl channels has been investigated in detail only
by the application of Cl  channel inhibitors at the
cytoplasmic face of isolated olfactory cilia from the frog
[24, 26]. The percentage of inhibition of the native
olfactory channel was 90% for 300 uM NFA, 78% for
300 uM FA, 32% for 300 uM NPPB, 30% for 5 mM SITS,
and 5% for 100 uM DIDS (see Table 2 of [10]), to be
compared with the similar percentage of inhibition obtained
in this study for mMTMEMI16B: 99% for 300 uM NFA, 62%
for 300 uM FA, 19% for 100 uM NPPB, 20% for 5 mM
SITS, and 0% for 1 mM DIDS.

Moreover, NFA (300-500 uM; [6, 33, 48]) and SITS
(2-5 mM; [27, 28, 33]) are often used as extracellular
blockers of Ca®"-activated CI~ channels in intact olfactory
sensory neurons, whereas the extracellular blocking effect
of other compounds are still unknown. mTMEMI16B-
mediated currents in the whole-cell configuration were
blocked by the extracellular application of NFA and SITS,
similarly to the native olfactory channel.

Thus, the comparison of the electrophysiological prop-
erties of mMTMEM 16B-induced currents with those of native
olfactory Ca®"-activated C1~ channels indicates that the two
channels are remarkably similar.

Furthermore, a previous study showed, by in situ hybrid-
ization, that mMTMEM16B is expressed in the mature sensory
neurons of the olfactory epithelium [55], and a more recent
study demonstrated that TMEM16B is a prominent protein in
the olfactory ciliary proteome [35]. At present, the molecular
identity of the olfactory channel is still elusive and, before the
reports indicating that the TMEM16 family could form Ca®'-

activated CI channels [8, 51, 54], the protein bestrophin-2
was the best candidate for being a molecular component of
the olfactory conductance [45]. Indeed, it has been shown
that bestrophin-2 is expressed in the cilia, at the site of
olfactory transduction, and that its functional properties have
many similarities with those of the native olfactory channel,
although some differences have also been pointed out [45].
One significant variation between the two currents is a Ca®'-
sensitivity difference of one order of magnitude: at =50 mV
currents were half-maximal at a Ca’" concentration of
0.4 uM for bestrophin-2, whereas native currents required a
higher Ca*" concentration of 4.7 pM [45]. As previously
discussed in detail, we showed in this study that the
functional properties of mTMEMI16B-induced currents are
very similar to those of the native Ca’'-activated Cl~
olfactory channel, including a similar Ca®" sensitivity. Thus,
at present, the identification of mMTMEMI16B in the olfactory
ciliary proteome [35], together with the electrophysiological
properties, suggests that mTMEM16B is the best candidate
for being the main molecular component of the native
olfactory Ca*"-activated CI” channel.

Further studies combining a multidisciplinary approach
from genetic and molecular biology and electrophysiology will
have to reveal the physiological role of mMTMEMI16B and of
the other members of this newly discovered family of proteins.
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