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ARTICLE INFO ABSTRACT
Article history: Ca?*-activated CI~ currents (CaCCs) play important roles in many physiological processes. Recent studies have
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shown that TMEM16A/anoctamin1 and TMEM16B/anoctamin2 constitute CaCCs in several cell types. Here we
have investigated for the first time the extracellular effects of the CI™ channel blocker anthracene-9-carboxylic
acid (A9C) and of its non-charged analogue anthracene-9-methanol (A9M) on TMEM16B expressed in HEK
293T cells, using the whole-cell patch-clamp technique. A9C caused a voltage-dependent block of outward cur-
rents and inhibited a larger fraction of the current as depolarization increased, whereas the non-charged A9M
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Ié?z,‘fzggvated CI~ channel produced a small, not voltage dependent block of outward currents. A similar voltage-dependent block by A9C
Patch clamp was measured both when TMEM16B was activated by 1.5 and 13 uM Ca®*. However, in the presence of
ANO2 1.5 uM Ca?™ (but not in 13 uM Ca?™), A9C also induced a strong potentiation of tail currents measured
Blocker at — 100 mV after depolarizing voltages, as well as a prolongation of the deactivation kinetics. On the contrary,
ASM A9M did not produce potentiation of tail currents, showing that the negative charge is required for potentiation.
ASC Our results provide the first evidence that A9C has multiple effects on TMEM16B and that the negative charge of
A9C is necessary both for voltage-dependent block and for potentiation. Future studies are required to identify
the molecular mechanisms underlying these complex effects of A9C on TMEM16B. Understanding these mecha-

nisms will contribute to the elucidation of the structure and functional properties of TMEM16B channels.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction TMEM16A and TMEM16B are closely related [21] and their expression

Ca%*-activated Cl~ currents (CaCCs) were originally identified in
rod segments from the salamander retina [1] and in Xenopus laevis
oocytes [2]. Later they have been observed in diverse tissues includ-
ing exocrine gland cells, neurons, heart, skeletal and smooth muscle
[3-12].

The molecular identity of CaCCs has been controversial for a long
time, until recently, when two members of TMEM16/anoctamin
gene family, TMEM16A/anoctaminl and TMEM16B/anoctamin2,
were shown to mediate CaCCs [13-21].

TMEM16A and TMEM16B were found to be expressed in many of
the cell types known to exhibit CaCCs [12,21-23]. Studies per-
formed with knockout mice for TMEM16A or TMEM16B [24,25]
and knockdown of these channels in specific cell types confirmed
their involvement in the generation of CaCCs [12,26-32].
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in diverse cell types gives rise to CaCCs with some different properties:
TMEM16B shows faster kinetics and lower sensitivity to cytosolic Ca>*
than TMEM16A [13-17,33].

Diverse classes of compounds were reported to block CaCCs in vari-
ous cell types, like fenamates (flufenamic acid, niflumic acid) [34-36],
stilbene derivatives (4,4-diisothiocyanato-stilbene-2,2-disulfonic acid,
known as DIDS) [37] and anthracene-9-carboxylic acid (A9C; [37]). Un-
fortunately, these compounds lack specificity and high affinity. Other
blockers, such as eugenol [38], digallic and tannic acids [39],
benzbromarone [40], CaCCi,,-AO1 [41] and the novel T16A;,,-A01 [42]
and MONNA [43], have been identified recently. The investigation of
their specificity and blocking mode is still in progress.

Anthracene-9-carboxylic acid (A9C) is an organic molecule tradi-
tionally used to block and identify CaCCs in various cell types, like
diverse smooth muscle cells (from portal vein [37,44]; esophageal
[45]; urethral [46]; anococcygeal [47] and lymphatic smooth muscle
cells [48]), but also in epithelial cells [49], in salivary gland cells [50]
and in X. laevis oocytes [51].

A9C has been described as a low-affinity open channel voltage-
dependent blocker of CaCCs measured in excised patches from
X. laevis oocytes, blocking the current at depolarizing voltages and
acting from the extracellular side [51].
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Piper and Greenwood [52] observed an anomalous and more com-
plex action of A9C on CaCCs recorded in rabbit pulmonary artery
smooth muscle cells, consisting of a weak block of outward currents
and an increase of the amplitude of instantaneous inward currents re-
corded at hyperpolarizing potentials after a depolarizing prepulse.

In this study, we used the analysis of the blocking mechanisms of
TMEM16B current by A9C as a method to contribute to the understand-
ing of the structure, functional properties and action mechanisms of
TMEM16B channels. We investigated the effect of extracellular A9C on
TMEM16B Ca®"-activated Cl~ currents, recorded in HEK 293T cells
using the whole-cell patch-clamp technique. We activated TMEM16B
including in the pipette solution either 13 uM Ca® ™, a concentration pro-
ducing an almost full activation of TMEM16B-mediated current, or
1.5 uM Ca” ™, a sub-saturating Ca®> " concentration. In the presence of
13 uM Ca®™, 1 mM A9C caused a voltage-dependent block of outward
TMEM16B-mediated currents. However, when channels were activated
by 1.5 uM Ca?*, A9C showed multiple effects: a voltage-dependent
block of outward currents, a strong potentiation of transient early in-
ward currents, as well as potentiation of tail currents at — 100 mV. We
also tested the effect of anthracene-9-methanol (A9M), a non-charged
analogue of A9C, and found that A9M produced a small not voltage-
dependent block and did not cause current potentiation, indicating
that the negative charge of A9C is involved in these effects.

2. Materials and methods
2.1. Cell culture and heterologous expression of TMEM16B

The full length isoform of TMEM16B cDNA in pCMV-Sport6 mam-
malian expression plasmid was obtained from RZPD (clone identifi-
cation IRAV p968H1167D; NCBI protein database accession number
NP_705817.1). This is the retinal isoform with the same start site of
the olfactory isoform used by Stephan et al. [17] and contained the
exon 14 [53], named exon 13 in [17]. 2 pg cDNA coding for TMEM16B
together with 0.2 pg of pEGFP-C1 (Takara Bio Inc.) was transfected
into HEK293T cells using FUGENE 6 or X-tremeGENE 9 (Roche). Cells
were used for patch clamp experiments within 48 h of transfection.

2.2. Electrophysiology

Experiments were performed in the whole-cell voltage-clamp con-
figuration at room temperature (22-25 °C). Patch pipettes, made of bo-
rosilicate glass had a pipette resistance of ~3-5 MQ when immersed in
bath solution. Whole cell currents were recorded with an Axopatch 1D
amplifier controlled by pClamp 9.2 via a Digidata 1332A (Axon Instru-
ments or Molecular Devices). Data were low pass filtered at 5 kHz and
sampled at 10 kHz. Stimulation protocols consisted of voltage steps of
200 ms duration from a holding potential of 0 mV (or — 60 mV) ranging
from —100 mV to + 140 mV with an interval of 20 mV, followed by a
step to — 100 mV.

2.3. Solutions

The standard extracellular solutions (mammalian Ringer) contained
(in mM): 140 Nacl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 glucose and 10 HEPES ad-
justed to pH 7.4 with NaOH. The standard intracellular solutions
contained (in mM): 140 CsCl, 10 HEPES, 10 HEDTA, adjusted to pH 7.2
with CsOH, and various amounts of CaCl,, as calculated with the pro-
gram WinMAXC (C. Patton, Stanford University, Stanford, CA), to obtain
free Ca®™ concentrations of 1.5 and 13 uM [54]. Anthracene-9-
carboxylic acid, A9C, was dissolved in DMSO at a stock concentration
of 1 M and stored at — 20 °C. Final concentrations of A9C were achieved
by diluting the desired volume of stock into bath solution and sonicating
for 30 min at 37 °C. Anthracene-9-methanol, A9M, was dissolved in
chloroform at a concentration of 100 mM and diluted in bath solution
to a final concentration of 300 M. The solution was sonicated until it

became clear and was left open under chemical hood to evaporate the
remaining chloroform. The maximal nominal concentration of chloro-
form in the final solution was 0.3%. All the preparations and experi-
ments with A9C and A9M were done in dim light to minimize
solutions' light exposure. All the chemicals were purchased from
Sigma-Aldrich.

Different extracellular solutions were applied using a gravity fed
multibarrel perfusion system consisting of three square glass pipes of
1 mm diameter through which different solutions could flow (Perfusion
Fast Step SF-77B, Warner Instruments Corp.). Exchange of solutions
around the patched cell was achieved by positioning one of the glass
pipes, in which the test solution was flowing, in front of the cell.
Bath was grounded using a 3 M KCl agar salt bridge connected to an
Ag/AgCl reference electrode. Liquid junction potentials were of few
mV and were not corrected.

2.4. Data analysis

Data analysis and figures were made using IGOR Pro software
(WaveMetrics, Lake Oswego, OR, USA). Data are usually presented as
mean + SEM and the number of cells (n). Statistical significance was de-
termined using paired or unpaired t tests, or ANOVA, as appropriate.
When a statistically significant difference was determined with
ANOVA, a post-hoc Tukey's test was done to evaluate which data groups
showed significant differences. P values < 0.05 were considered
significant.

For the sake of clarity in the figures the capacitive transients of some
traces were trimmed.

3. Results
3.1. Voltage-dependent A9C block of TMEM16B currents

To measure the extracellular effect of A9C on TMEM16B-mediated
currents, we recorded from HEK293T cells transiently transfected with
TMEM16B using the whole-cell patch-clamp configuration in the
presence of 1.5 or 13 uM free Ca®* in the intracellular solution. Control
experiments were performed in mock transfected cells and the average
current in the presence of 1.5 (n = 12) or 13 uM (n = 11) free Ca®* in
the intracellular solution was respectively —10 + 2 pA and — 135 +
55 pA at —100 mV and 142 + 29 pA and 385 4 133 at +100 mV.

In the first set of experiments, currents were activated by 13 uM
Ca?™, a concentration that has been previously reported to produce an
almost full activation of TMEM16B-induced currents [16,17,55,56].
Fig. 1A shows representative whole-cell recordings measured in control
and in the presence of 1 mM A9C, obtained in response to voltage steps
between — 100 and + 140 mV, from a holding potential of 0 mV, follow-
ed by a step to — 100 mV. I-V relations at the end of voltage steps show
that outward currents were partially reduced by A9C (Fig. 1B). The av-
erage ratios between current in A9C and control (Iagc/Icr) plotted versus
voltage reveal that the block was voltage-dependent and that A9C
inhibited a larger fraction of the current when depolarization increased
(Fig. 1C). A9C application to mock transfected cell had no effect (data
not shown).

3.2. Multiple effects of A9C

In the second set of experiments, we reduced channel activation by
decreasing intracellular Ca®* to 1.5 UM, a concentration at which
about 50% of the maximal TMEM16B-induced current is activated at
+ 100 mV (Fig. 4A in [55]). Fig. 2A shows that, when the holding poten-
tial was 0 mV, addition of 1 mM A9C produced not only a voltage-
dependent block of outward currents, as observed with 13 uM Ca? ™
(Fig. 1), but also a transient increase of early inward currents recorded
at hyperpolarizing voltages.
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Fig. 1. Voltage dependence of A9C block in 13 uM Ca®*. (A) Whole-cell currents recorded
in the presence of 13 uM intracellular Ca?*, with voltage steps from —100 to + 140 mV
from a holding potential of 0 mV in control (black) or in the presence of 1 mM A9C
(red). Stimulation protocol is shown in top right side. (B) I-V relations measured at the
end of the voltage steps from the cell shown in A normalized to the control value at
+ 140 mV. (C) Average fractional current as a function of voltage (n = 4).

Fig. 2B shows currents recorded from the same cell as in A, from a
holding potential of —60 mV. In the presence of 1 mM A9C, the ampli-
tude of transient early inward currents did not change compared to con-
trol (Fig. 2C), whereas the voltage-dependent block of outward currents
was similar to that measured from a holding potential of 0 mV (Fig. 2A, B
and D). Similar results were obtained in 5 cells, in which currents were
recorded at a holding potential of both 0 and —60 mV.

In addition, in 1.5 M Ca? ", we observed a strong potentiation of tail
currents measured at — 100 mV after depolarizing voltages (Fig. 2A and
B), as we will describe in more detail in a subsequent section.

These results show that 1 mM A9C has multiple effects on TMEM16B
in the presence of 1.5 uM Ca?*, consisting of a voltage-dependent block
of outward currents, and potentiation of tail currents measured
at —100 mV after depolarizing voltages. In addition, early inward cur-
rent potentiation was elicited by 1 mM A9C from a holding potential
of 0 mV, whereas no potentiation was observed from a holding potential
of —60 mV.

Fig. 3A shows that, in the presence of 1.5 uM Ca? ™, the kinetics of de-
activation of tail currents recorded at — 100 mV after several prepulse
voltages could be well described by a single exponential function in
control, whereas the deactivation kinetics in the presence of 1 mM
A9C was complex. To quantify tail current potentiation after each
prepulse voltage, we evaluated the maximal tail currents with respect
to the values measured at steady state at — 100 mV. In control, we cal-
culated the current value obtained from a single-exponential fit of tail
currents extrapolated to the beginning of the step to —100 mV
(Fig. 3B, exponential fit in gray). In the presence of A9C, we measured
the current peak that developed between 2.5 and 3 ms after the voltage
step to — 100 mV. Both in control and in A9C the corresponding values
of steady state currents at — 100 mV were subtracted from the above
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Fig. 2. Holding potential affects early inward current potentiation. Whole-cell currents re-
corded in the same cell in the presence of 1.5 uM intracellular Ca?*, with voltage steps
from —100 to + 140 mV from a holding potential (Vyiding) 0f 0 mV (A) or —60 mV
(B), in control (black) or in 1T mM A9C (red). (C) I-V relations from — 100 to 0 mV of
early peak inward currents evaluated at the time indicated by the green vertical line for
the cell shown in A, B. Peak inward currents were strongly potentiated in A9C when
Vholding Was 0, but not —60 mV. (D) I-V relations at the end of the voltage steps (at the
time of the blue vertical line) for experiments shown in A and B.

values. Fig. 3C shows that maximal tail current amplitudes in A9C
became large than control as prepulse voltages were more depolarized.

In the presence of A9C, tail current decays had complex kinetics that
could not always be fit by one or two exponentials, we therefore mea-
sured the decay time necessary to reach 50% of the maximal tail current
(Fig. 3B, dotted blue line) recorded at — 100 mV. Fig. 3D shows that, as
expected, tsq did not change with voltage in control, as it represents the
channels' closure at — 100 mV, whereas ts5q increased with voltage in
1 mM A9C.

These results show that both tail current potentiation and tsq
increased with depolarization of the prepulse voltage.

3.3. Concentration dependence of A9C effects

Fig. 4A shows representative whole-cell recordings at 1.5 uM Ca™
control and in the presence of various concentrations of A9C from 33 M
to 1 mM. All the effects of A9C, block, potentiation and change in kinet-
ics were reversible, as shown by the washout traces in the right column
of Fig. 4A. I-V relations measured at the end of voltage steps are shown
in Fig. 4B. Average fractional currents, Iagc/Ict, plotted as a function of
voltage show the presence of a voltage-dependent block at every A9C
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Fig. 3. Multiple effects of A9C. (A) Current recordings in the presence of 1.5 uM intracellu-
lar Ca%™, from the same cell in Fig. 2, with voltage steps from —100 to + 140 mV from a
holding potential of 0 mV in control (black) or in the presence of 1 mM A9C (red). Only
recordings every 40 mV are shown. (B) Tail current decay shown in enlarged scale. To
evaluate potentiation and slowing of current decay, maximal tail current amplitudes and
time of 50% current decay, tso, were calculated with respect to steady-state current at
—100 mV. (C) Maximal tail currents, It max, plotted versus membrane potential in
control and in 1 mM A9C for the experiment shown in A. Continuous lines represent
data interpolation. (D) Time of 50% current decay, tso, versus membrane potential for
the experiment shown in A.

concentration (Fig. 4C; n = 4-8 for each concentration). However,
Fig. 4B (inset) and C illustrates that in 300 pM A9C there was also a
small potentiation (Iagc/Ict > 1) of outward currents at voltages be-
tween 420 and +60 mV. On average, Ipoc/Ict at +40 mV was
1.22 £ 0.07 (n = 6, p < 0.05).

As the presence of potentiation prevents a correct evaluation of the
blocking potency of A9C at every voltage, we made a rough evaluation
of the concentration-dependent block between + 80 and + 140 mV
without taking into account values at 300 pM A9C, because potentiation
obscured the blocking effect especially at this concentration. Fig. 5A
shows the fractional current Ixoc/Icr plotted versus A9C concentration
atvarious voltages. The continuous lines correspond to the fit according
to the following equation:

Inoc/lIer = 1/(1 + [ASC]/Kp) (1

where Kp is the concentration of A9C producing 50% of the control cur-
rent at a given voltage.

Kp as a function of membrane potential is plotted in Fig. 5B together
with the fit to the Woodhull equation [57,58]:

10gKp (V) = logKp (0 mV) + 26V, F/2.3 « RT )

where V,,, is the voltage, z is the electrical charge of the blocker, & is the
fraction of the voltage field sensed by the blocker from the extracellular
side, F is the Faraday constant, R is the gas constant, and T is the absolute
temperature.

From the best fit of the Woodhull equation to the data (Fig. 5B), with
z = —1 for A9C, we obtained 6 = 0.57 and Kp (0 mV) = 4450 puM.

We quantified the potentiation of tail currents and the deactivation
kinetics at —100 mV at various A9C concentrations as previously
described in Fig. 3. Fig. 6A and B show respectively the maximal tail
currents and tso measured at — 100 mV after a prepulse to + 120 mV
as a function of A9C concentration.

These results show that tail current potentiation had a biphasic
dependence on A9C concentration, reaching a maximum amplitude at
300 puM A9C and then decreasing as A9C further increased (Fig. 6A),
while tso monotonically increased with A9C concentration (Fig. 6B).

3.4. Effects of A9M, a non-charged analogue of A9C

To test the role of the negative charge of A9C, we used anthracene-9-
methanol (A9M), a non-charged analogue of A9C and compared the
effect of A9C and A9M at 300 pM. Fig. 7A and B show that A9M had a
very small blocking effect on outward currents and did not cause po-
tentiation of inward currents. In the same cell, 300 uM A9C had the
typical voltage-dependent effect, blocking outward currents at high
depolarizing voltages (Fig. 7A-C) and potentiated early inward
currents and tail currents at —100 mV, in agreement with Figs. 4
and 6, while potentiation was not present in 300 uM A9M.

Fig. 7C shows that the small block by ASM was not voltage-
dependent (n = 4, the broken line refers to the experiment in panel
A). Moreover, the blocking effect of 300 uM A9M was smaller than
that of A9C at high depolarizing voltages (V, > + 60 mV), similar at
about +60 mV, and higher than that of A9C at low positive voltages
(420 < Vi, < +40 mV), which is the voltage range in which we
observed potentiation by 300 uM A9C (Fig. 4C). Thus, the blocking effect
by A9C may be underestimated at low positive voltages because of a
simultaneous potentiating effect.

In addition, Fig. 7D shows that A9M slowed activation kinetics. On
average, Tact at +120 mV in control was 7.55 + 0.17 ms, whereas it
became slower, 18.9 4 2.1 ms, in the presence of 300 pM A9M (n = 7,
p < 0.05). Similar values were obtained at voltages between + 20
and + 140 mV, with T, about 2.5 fold larger than in control (Fig. 7D).
Thus, ASM weakly blocked TMEM16B currents recorded in the presence
of 1.5 uM Ca?*, and produced a strong and reversible prolongation of
the activation kinetics (Fig. 7A, D).

We also compared the effect of A9M and A9C on the tail currents
measured at —100 mV after prepulse voltages from — 100 to
+ 140 mV. Fig. 8A shows tail currents from the same experiment of
Fig. 7A on an expanded time scale. A9C greatly potentiated tail current
amplitude and slowed deactivation as previously shown, while AAM
caused a small block of tail current amplitude and a prolongation of
the deactivation kinetics, which could be fitted by a single exponential
function as in control (Fig. 8B and C).

Taken together, these results show that 300 uM A9M produced a
small, not voltage-dependent block of outward currents, did not poten-
tiate tail currents, but prolonged both the activation and deactivation
kinetics of TMEM16B.

4. Discussion

Here, we have provided the first study characterizing the effect of
extracellular A9C and of its non-charged analogue A9M on the
TMEM16B channel. In addition, to the best of our knowledge, this is
the first report investigating the action of A9M on a CaCC. Our results,
together with future studies aimed at the identification of the specific
regions responsible for these effects, will contribute to the elucidation
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Fig. 4. Concentration dependence of A9C effects. (A) Representative whole-cell recordings in 1.5 uM intracellular Ca?*. Voltage protocol as in Fig. 1. Each cell was exposed to control (black
traces on the left), to the indicated concentration of A9C, followed by washout (black traces on the right). (B) I-V relations measured at the end of the voltage steps from the cells shown in
A in control (empty square), A9C (filled squares), or after washout (cross squares). Currents were normalized to the value in control at 140 mV. The inset shows the IV on expanded scale
for the cell exposed to 300 uM A9C and the potentiating effect of the compound on the current. (C) Average fractional current (Iaoc/Ict) as a function of voltage (mean + SEM n = 4-8 for

each A9C concentration).

of the structure, functional properties and action mechanisms of
TMEM16B channels.

4.1. Blockage

We found that extracellular A9C produced a voltage-dependent
block of TMEM16B-induced outward currents with a stronger block of
A9C at high depolarizing potentials, indicating that A9C may bind to a
site in the pore inhibiting the flow of permeant anions, whereas A9M,
a non-charged analogue of A9C, produced a small, not voltage-
dependent block of outward current, probably binding to a site outside
the electrical field.

By fitting data obtained with various concentrations of A9C with the
Woodhull equation, we estimated that A9C experienced about 57% of
the voltage field calculated from the extracellular side and that Kp
(0 mV) was about 4450 uM.

Previous studies on endogenous CaCCs have found a voltage-
dependent blocking effect of A9C in several cell types ([37,44] in smooth
muscle cells from rabbit portal vein; [51] in Xenopus oocytes). Moreover,
some authors also estimated the A9C concentration inhibiting 50% of
the control current (Kp) at different voltages and the location of the
blocking site in the voltage field. Qu and Hartzell [51] analyzed A9C
block on CaCCs in X. laevis oocytes and found that the blocker was sen-
sitive to 60% of the voltage field, similar to our result of 57%. However,
they estimated that, at +100 mV (0 mV), the Kp value for A9C was
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18.3 uM (158 puM), while we obtained the larger values of 502 uM
(4450 uM) for TMEM16B (Fig. 5A). This difference can be due to the
fact that CaCC in X. laevis oocyte is generated by TMEM16A [15], that
might be more sensitive to A9C. Indeed, Bradley et al. [59] recently in-
vestigated A9C block of hTMEM16A-acd mediated currents in HEK293
transfected cells and found Kp = 56 uM for A9C at + 80 mV, a value sim-
ilar to that reported for CaCCs from rabbit portal vein [37,50]. Although
these reports seem to indicate that A9C has a higher apparent affinity for
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Fig. 6. Concentration dependence of A9C tail current potentiation and prolongation of de-
activation kinetics, evaluated as described in Fig. 3B. (A) Average ratios between maximal
tail currents, I max, in A9C and control and (B) time of 50% current decay, tso, evaluated
at — 100 mV, after a prepulse to + 120 mV, plotted as a function of A9C concentration
(mean £ SEM n = 4-8 for each A9C concentration). Broken line in A and B represents re-
spectively I, max and tso in control. The values of tso at each A9C concentration, except for
5 M, are statistically different from control (ANOVA and post-hoc Tukey's test, p < 0.05).

TMEM16A than for TMEM16B, [50] estimated that the Kp for A9C was
between 700 and 1000 uM for TMEM16A cloned from mouse subman-
dibular glands (Fig. 2D in [50]). Thus, further studies are needed to de-
termine the effect of A9C on different TMEM16A and TMEM16B
isoforms and elucidate the molecular mechanisms underlying the dif-
ferent results.

Nonetheless, since the voltage dependence of the block is commonly
interpreted to reflect binding of the blocker to a site in the permeation
pathway, the similar & values of about 0.6 found both in our study and
by Qu and Hartzell [51], indicate that A9C may bind to a similar location
in the pore of TMEM16A and TMEM16B.

Since A9C and A9M are hydrophobic molecules (although A9C also
has a negative charge), it is possible that they traverse the membrane
bilayer and block from the intracellular side. Qu and Hartzell [51],
showed that block of CaCCs in X. laevis oocytes by A9C was much faster
and that the apparent affinity of A9C was about 5-6 fold greater in
outside-out rather than inside-out patches, showing that the block oc-
curred from the extracellular side of the membrane [51]. In our experi-
mental condition, we observed a fast and reversible block both for A9C
and A9M, compatible with the time of complete solution exchange,
supporting an action from the extracellular side. Furthermore, by
performing experiments with 1 mM A9C added to the intracellular solu-
tion in the pipette, we measured TMEM16B currents with properties
similar to control that could be blocked by the subsequent application
of 1 mM extracellular A9C (data not shown)

4.2. Potentiation

In addition to a voltage-dependent block, A9C also caused potentia-
tion of tail current amplitudes, whereas A9M did not produce an in-
crease in tail current amplitude, showing that the negative charge of
A9C is required to produce potentiation.

Furthermore, our data indicate that, in the presence of 1.5 uM Ca*,
potentiation required a previous depolarization. Indeed, 1 mM A9C in-
creased the amplitude of transient inward currents (leary in the
Results section, identified by the green line in Fig. 2A) following a hold-
ing potential of 0 mV, but not of —60 mV. Furthermore, we showed that
the amplitude of tail currents recorded at —100 mV after various
prepulse voltages became larger in 1 mM A9C compared to control
when the prepulse voltage was more depolarized (Result section 3.2).
Although both current block and potentiation of tail current amplitudes
require depolarization, the two effects may be caused by different
mechanisms. Indeed, tail current potentiation was already present
when the prepulse voltage was 0 or +20 mV (Fig. 3C), voltages at
which the block was negligible (or perhaps masked by potentiation).
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Fig. 7. Effect of A9M, a non-charged analogue of A9C. (A) TMEM16B currents recorded in the presence of 1.5 pM intracellular calcium. The same cell exposed to control solution (black),
300 pM A9M (blue), 300 uM A9C (red) and back to control (black). (B) I-V relations measured at the end of the voltage steps from the cell in A. (C) Comparison of fractional currents (Inoc/
Icr) in A9M and control as a function of voltage (n = 5). Broken line refers to the experiment in panel A. (D) Time constant of activation in A9M and control as a function of voltage, showing
that application of A9M slowed the activation kinetics (n = 5; paired t-test at each potential, p < 0.01).

Moreover, application of low concentrations of A9C, such as 33 uM pro-
duced a clear tail current potentiation although the block was small
(Figs. 4 and 5A). Also this observation is consistent with the hypothesis

A
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Fig. 8. Comparison of tail currents in ASM and A9C. (A) Tail currents at — 100 mV from the
same cell in Fig. 7A, shown on an expanded time scale. Currents were recorded in the pres-
ence of 1.5 uM intracellular calcium in control bath, 300 uM A9M and A9C. (B) Ratio with
respect to control of maximal current amplitudes in the presence of 300 M A9M or A9C,
recorded at — 100 mV from a prepulse of 4+ 120 mV. Broken line refers to control (n = 5;
ANOVA and post-hoc Tukey's test p < 0.01). (C) Time of 50% current decay, tso, in control
(CT), 300 uM A9C and 300 uM A9M (n = 5; ANOVA and post-hoc Tukey's test p < 0.05 be-
tween control and A9M, control and A9C, A9M and A9C).

that potentiation of tail currents is not caused by the same mechanism
responsible for block of outward currents.

Interestingly, potentiation of tail current amplitudes had a biphasic
dependence on A9C concentration (Figs. 4 and 6A), reaching a 3-fold in-
crease at 300 puM, whereas block of outward currents further increased
with A9C concentration, further indicating that potentiation and block
effects may not be correlated.

Moreover, potentiation of tail currents at — 100 mV was accompa-
nied by a marked slowing of channels’ closure (Fig. 3). The prolongation
of tail current deactivation at — 100 mV increased with depolarization
of the prepulse potential (Fig. 3D) and, at a given voltage, increased
monotonically with A9C concentration (Figs. 4 and 6B).

In the presence of A9C, an initial rising phase was clearly visible in
the tail current recorded at — 100 mV (Fig. 3). This feature is usually
observed in the presence of open channel blockers that have to unbind
before channel closure [57,60-62].

At all potentials the uncharged analogue A9M slowed the kinetics of
both current activation and deactivation, although the kinetics was sim-
pler with respect to A9C and not accompanied by potentiation.

An anomalous effect of A9C on endogenous CaCCs was reported by
Piper and Greenwood [52] in rabbit pulmonary artery smooth muscle
cells. Application of 500 uM A9C produced a small inhibition of the max-
imum outward current at + 70 mV, but augmented the amplitude of the
instantaneous inward relaxation at —80 mV from an average of
— 122 pA to —461 pA (about 3.8 fold, Fig. 1B and C in [52]). The same
authors also reported the appearance of an initial growth phase in the
tail current at —80 mV in the presence of A9C (inset in Fig. 1B in
[52]). Moreover, Piper and Greenwood [52] did not observe a significant
slowing of the deactivation kinetics at —80 mV.

In a recent study, Bradley et al. [59] also reported a potentiation of
A9C on tail currents and a prolongation of tail currents' deactivation of
hTMEM16A-acd channels, in addition to the voltage-dependent block
of outward currents (Figs. 1 and 2 in [59]). However, the kinetics of
tail currents was rather different between TMEM16A and TMEM16B.
In TMEM16A tail currents decayed mono-exponentially both in control
and in the presence of A9C [59], whereas in TMEM16B, A9C produced a
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complex kinetics with a decay that could not be fitted with one or two
exponentials.

A9C is a well-known blocker not only of CaCCs, but also of diverse Cl
conductances such as CFTR and CLC-1 [63-65], although the proteins
underlying these currents are not structurally related. It is of interest
to note that A9C acts from the intracellular side on CFTR-mediated cur-
rents, producing both voltage-dependent block and potentiation
[63-66]. In addition, the non-charged A9M fails to block CFTR-induced
currents, whereas it still causes potentiation, indicating that in CFTR
the negative charge is only involved in the voltage-dependent block
but not in the potentiation effects [66].

4.3. Mechanisms for the multiple effects of A9C on TMEM16B

We analyzed possible mechanisms that may be responsible for the
block and potentiation effects of A9C on TMEM16B-induced currents.
We first considered the possibility that A9C could be an open channel
blocker acting with a “foot-in-the-door” mechanism, which prevents
channel closure [57,67]. In the presence of 1.5 uM Ca® ™, a voltage step
to 4+ 100 mV causes the opening of about 50% of the channels in control
conditions (Fig. 4Ain [55]), and a subsequent voltage step to — 100 mV
produces a tail current which declines with channels' closure (Fig. 5C in
[55]). If A9C acts with a “foot-in-the-door” mechanism, channels will be
in at least three different states: open, closed or blocked and, as channels
reach equilibrium, more than 50% of the channels will be open or
blocked. When the voltage is stepped to — 100 mV in the presence of
A9C, the release of open channel block will occur producing a potentia-
tion of tail current amplitude and a slowing of deactivation compared to
control. However, this mechanism cannot explain all our data, as for
example we observed that a large potentiation of tail current amplitude
at —100 mV was already present at low concentrations of A9C, when
the block was very small.

Another possible mechanism responsible for the multiple effects of
A9C involves the presence of at least two binding sites for A9C: a site
within the channel pore mediating the voltage-dependent open chan-
nel block, and a distinct site responsible for potentiation. Although the
presence of two binding sites for A9C is consistent with our data, our re-
sults are not demonstrative of this hypothesis and we cannot exclude
other mechanisms.

5. Conclusions

In conclusion, in this paper we described for the first time the inter-
action of the traditional CaCC blocker A9C and its non-charged analogue
A9M with TMEM16B. A9C inhibited TMEM16B currents at positive volt-
ages, while it enhanced tail currents at negative potentials and strongly
prolonged channel closure. A9M caused a weak voltage-independent
block of TMEM16B currents, modified current kinetics, but was not
effective in potentiating tail currents.

Further studies are needed to understand the complex effects of A9C
on TMEM16B channels, as well as on TMEM16A channels, and to iden-
tify the molecular mechanisms and the channel's regions responsible
for potentiation and block.
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