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Abstract: TMEMI6F is involved in several physiological processes, such as blood coagulation, bone
development and virus infections. This protein acts both as a Ca>*-dependent phospholipid scram-
blase and a Ca?*-activated ion channel but several studies have reported conflicting results about the
ion selectivity of the TMEM16F-mediated current. Here, we have performed a detailed side-by-side
comparison of the ion selectivity of TMEM16F using the whole-cell and inside-out excised patch
configurations to directly compare the results. In inside-out configuration, Ca?*-dependent activation
was fast and the TMEM16F-mediated current was activated in a few milliseconds, while in whole-cell
recordings full activation required several minutes. We determined the relative permeability between
Na* and Cl™ (Pna/Pcy) using the dilution method in both configurations. The TMEM16F-mediated
current was highly nonselective, but there were differences depending on the configuration of the
recordings. In whole-cell recordings, PN, /P was approximately 0.5, indicating a slight preference
for CI™ permeation. In contrast, in inside-out experiments the TMEM16F channel showed a higher
permeability for Na* with Py, /P reaching 3.7. Our results demonstrate that the time dependence
of Ca®* activation and the ion selectivity of TMEM16F depend on the recording configuration.

Keywords: ion channel; electrophysiology; permeability

1. Introduction

The TMEM16 (also named anoctamin or ANO) family is a heterogeneous functional
group of ten transmembrane proteins [1-4]. The first two members, TMEM16A (ANO1)
and TMEM16B (ANO2), encode for Ca%*-activated C1~ channels [5-9] and are involved in
several relevant physiological functions, such as control of fluid secretion, modulation of
smooth muscle cell excitability, regulation of neuronal signalling in various brain regions
and in olfactory and vomeronasal sensory neurons [1,10-14]. TMEM16F (ANO6) and most
of the other members of the TMEM16 family, with the exception of TMEM16H (ANOS),
function as both Ca%*-activated lipid scramblases and ion channels [15,16].

Scramblases mediate the diffusion of phospholipids between the two leaflets of the
membrane following their chemical gradient. For example, the activation of scramblases
allows phosphatidylserine, that is normally localised in the inner leaflet of the membrane,
to be exposed to the cell surface, generating a signal for several physiological processes,
such as phagocytosis of apoptotic cells, blood coagulation and bone mineralisation [17].
Suzuki et al., (2010) first showed that TMEMI16F is a Ca?*-activated phospholipid scram-
blase and that loss-of-function TMEM16F mutations cause the Scott syndrome, a human
bleeding disorder caused by a defect in phospholipid scrambling [16,18]. TMEM16F
is also involved in bone development [19], microglial response to injury [20] and virus
infections [21,22].

TMEMIG6F, besides being a scramblase, also mediates Ca?*-activated ion channel
activity [23] but several discrepancies have been reported regarding the properties of the
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TMEM16F-mediated current, especially about ion selectivity [24,25]. Indeed, although all
reports agree that TMEM16F is a poorly selective channel, several studies performed in
whole-cell recordings from TMEMI16F heterologously expressed in HEK-293 cells reported
a slightly higher permeability to C1™ than to Na* [26-33]. On the contrary, recordings
using inside-out excised patches showed that TMEM16F was more permeable to cations
than to anions [23,34,35]. The TMEM16F Q559K mutant was shown to have a reduced
permeability ratio Pn,/Pc) compared to TMEM16F wild type (wt) when measured in
inside-out patches [23], while its ion selectivity in the whole-cell configuration has not been
reported yet. Furthermore, a recent study suggested that TMEMI16F has a dynamic ion
selectivity that depends on Ca?* concentration [36].

As most studies of ion selectivity were obtained by different laboratories using one of the
two patch-clamp configurations with different Ca?* concentrations and ionic conditions, in
this study we asked whether there is a difference in ion selectivity of the TMEM16F channel
in different recording configurations. We performed a side-by-side comparison of the elec-
trophysiological properties of the TMEM16F wt and Q559K mutant using both whole-cell
and inside-out configurations with the same ionic solutions. We found that both the time
dependence of Ca" activation and ion selectivity depend on the recording configuration.

2. Results
2.1. Ca?* Activation of the TMEM16F wt Current in Whole-Cell and Inside-Out Configurations

We compared the Ca?*-dependent activation of TMEM16F wt currents between whole-
cell and inside-out patch-clamp recordings. Figure 1A shows a representative recording in
whole-cell configuration obtained by dialyzing HEK-293 TMEMI16F wt-expressing cells
with a pipette solution containing 100 pM Ca?* and recording the current induced by
repeated voltage steps to +80 mV applied every 10 s from the holding potential of 0 mV.
The current amplitude gradually increased with time after membrane breaking, reaching a
steady state level after approximately 2.5 min (Figure 1B). Recordings with intracellular free
Ca®* concentrations varying from 3.8 to 500 uM showed that the time necessary to activate
the TMEM16F wt current significantly increased with lower intracellular CaZt, ranging
from about 2.5 min at 100 and 500 uM Ca?* to about 20 min at 3.8 uM Ca?* (Figure 1C).
Control experiments with HEK-293 transfected with TMEM16A or TMEM16B did not
show a significant delay between membrane breaking and current activation, ruling out a
possible role of slow Ca?* diffusion in the delayed current activation (Figure S1).

In inside-out patches, we measured the Ca*-dependent activation by using a perfu-
sion system that allows a fast change of solution in less than 10 ms [8]. Figure 1D shows
currents activated by the exposure of the cytoplasmic side of a patch to 1 mM Ca?* for 2 s at
the holding potential of +50 mV. Unlike the results obtained in whole-cell recordings with
free Ca?" in the patch pipette, the TMEM16F current was rapidly activated upon applica-
tion of 1 mM Ca?* and the time course of Ca?*-dependent activation was well fitted with
the double-exponential function with time constants of 15 + 2 ms and 105 = 31 ms (n = 19).
Moreover, the TMEM16F wt current underwent an irreversible decrease in amplitude with
time, a process that we define as rundown (Figure 1D,E). To determine the time course
of the rundown, we repeatedly exposed the excised inside-out patches to 1 mM Ca?* for
2 s every 15 s, keeping them in the nominally 0 Ca?* solution between Ca* applications.
Subsequent exposures to Ca?* produced currents of decreasing amplitudes (Figure 1D,E).
We measured the peak current after each Ca?* application and calculated the ratio between
the values obtained at various times after patch excision and the maximal current measured
10 s after patch excision. The rundown was fast in the first minute after patch excision
and then slowed down with time and the current sometimes reached a stationary current
level. After 2.5 min, the average TMEM16F wt current decreased to 7 &= 1% (n = 31) of the
starting value (Figure 1E). In contrast, no significant rundown was observed in whole-cell
recordings after reaching the steady state level (Figure S2).

To determine the Ca?* sensitivity of the TMEM16F wt-mediated current in whole-
cell configuration, we performed experiments dialyzing various cells with intracellular
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solutions containing different free Ca?* concentrations. Figure 2A shows currents activated
by voltage steps of 2.5 s from —100 mV to +100 mV in 20 mV intervals, given from a
holding potential of 0 mV. Currents were measured at the time they reached the maximal
activation as shown in Figure 1A-C. Unlike the results obtained with TMEM16A and
TMEM16B [5-9,37,38], we did not observe a significant change in the rectification of
TMEMI16F wt depending on the intracellular Ca*, but we measured a strong outward
rectification at every Ca®* concentration (Figure 2B). Indeed, the ratio between the current
measured at the end of voltage pulses at +100 and —100 mV was 22 & 8 (n = 6) in the
presence of 3.8 uM Ca?* and 20 + 13 with 100 uM Ca?* (n =7, p = 0.28 Wilcoxon-Mann—
Whitney test). To analyse the Ca*-dependence of TMEM16F wt activation at various
voltages, we plotted the average current density measured at the end of voltage pulse
versus Ca?* concentration and fitted the data with the Hill equation D = Dax [/ (c"y +
Ki,2"n)], where D is the current density, Dmax is the maximal current density, c is the CaZ*
concentration, K, is the Ca?* concentration producing half-maximal current activation
and ny is the Hill coefficient. K /, slightly decreased with membrane depolarisation from
22.2 uM at +60 mV to 17.4 uM at +100 mV, while the Hill coefficient ranged from 1.6 to 3.8
(Figure 2C,F).

In inside-out patches, we measured the dependence of the TMEM16F wt-induced
current on the intracellular Ca?* concentration by exposing every single patch to solutions
containing various Ca?* concentrations. Each patch was kept in nominally 0 Ca?* solution,
exposed for 1 s to 1 mM Ca®* and returned to 0 Ca®* for 1 s to make sure that all Ca®*
was removed. Then the patch was exposed to increasing Ca?* concentrations in the range
between 3.8 and 100 uM and returned to 0. Finally, a test with 1 mM Ca?* was repeated to
establish if there was rundown of the current. Experiments were performed just after patch
excision and currents measured at different Ca?* concentrations were normalised to the
average value obtained with 1 mM Ca?* before and after the application of various test Ca?*
concentrations to minimise the possible effect of rundown. Figure 2D illustrates the results
of representative dose-response experiments at the holding potentials of +60 mV and
+100 mV. Normalised currents versus the Ca?* concentration are plotted in Figure 2E and
fitted by the Hill equation: I/Imax = AH/(eH 4 Ky /an), where c is the CaZ* concentration,
K15 is the Ca®* concentration producing half-maximal current activation and nyy is the Hill
coefficient. Similar to the data obtained in whole cell recordings, K /; slightly decreased
with membrane depolarisation from 43 £ 6 uM at +60 mV to 28 £ 1 uM at +100 mV
(n =7-8; p = 0.031 unpaired t-test, Figure 2F), while the Hill coefficient ranged from 2.4
to 2.8. Although K /, values measured in inside-out were significantly higher than those
obtained from whole-cell recordings, they all ranged between 17.4 and 43 puM, indicating a
low apparent affinity of TMEM16F wt for Ca?* in both configurations.
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Figure 1. Kinetics of Ca2+—dependent activation of the TMEM16F wt-mediated current. (A) Whole-cell recordings obtained
from TMEM16F wt-transfected cells with a pipette solution containing 100 uM Ca?*. The development of the current
with time was monitored by repeatedly applying a +80 mV step every 10 s, as indicated in the upper traces. (B) Current
amplitudes at the end of voltage steps were plotted against the time after membrane breaking for the recordings in (A).
(C) The time required to obtain the maximal current activation was plotted against the intracellular Ca?* concentration
(n = 3-8, ** p < 0.01 Dunn-Holland-Wolf test after Kruskal-Wallis test). (D) An inside-out excised membrane patch
expressing TMEM16F wt was repeatedly stimulated every 15 s with a solution containing 1 mM Ca?* as indicated in the
upper trace. The holding potential was +60 mV. The red line superimposed to the upper trace is the fit with a double
exponential function. (E) Ratios between the peak current values measured at various times after patch excision and the
value measured after 10 s were plotted against the time after patch excision for several patches (grey dots and lines). Black
circles are the average + sem from different patches (n = 31). The black line is the best fit to a single exponential.
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Figure 2. Ca%t sensitivity of the TMEM16F wt-mediated current. (A) Representative whole-cell currents recorded from
TMEM16F wt-expressing cells with a pipette solution containing the indicated intracellular Ca?* concentrations (x). The
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voltage protocol is shown at the top of the panel. (B) Average steady-state IV relationships from several cells at the indicated

Ca?* concentrations (n = 4-10). (C) Averages + sem of the current density at different voltages were plotted against Ca>*
concentration (n = 4-10). The continuous lines are the fit with the Hill equation. (D) An inside-out excised membrane patch
expressing TMEM16F wt was kept in 0 Ca* and exposed for 1 s to solutions containing different free Ca?* concentrations
(x) at the time indicated in the upper traces. The holding potential was +60 mV, or +100 mV as indicated. (E) Dose-response
relations of activation by Ca®* obtained by normalised currents and fitted to the Hill equation. Current amplitudes were

calculated as the average value in the last 50 ms to each Ca?* exposure and the current amplitude in 0 Ca>* was subtracted.

(F) Comparison of K; /; obtained in different recording configurations (n = 7-8 for inside out, * p < 0.05).

2.2. Comparison between Ion Selectivity of TMEM1I6F wt in Whole-Cell and
Inside-Out Configurations

To compare the ion selectivity of TMEM16F wt in the whole-cell and inside-out configura-
tions we first investigated the permeability ratio between Na* and C1™ by diluting the external
NaCl concentration from 140 mM to 14 mM. As the I-V relations measured in whole-cell
recordings showed a very pronounced outward rectification, we measured tail currents by first
activating the channels with a prepulse at +80 mV followed by voltage steps between —20 and
+50 mV (Figure 3A,B). It is interesting to note that the I-V relation obtained from tail currents
measured at the beginning of each step was almost linear (Figures 3C and 5A), whereas the
steady state I-V had a strong outward rectification (Figure 2B), clearly demonstrating that
the I-V relation of the open channel was almost linear, and therefore the strong outward
rectification mainly depends on voltage-dependent gating.

In whole-cell recordings, dilution of NaCl in the extracellular solution caused a posi-
tive shift of reversal potential to 14 & 1 mV as expected for channels more permeable to
anions than to cations (Figure 3C). The relative permeability ratio between Na* and C1™
(Pna/Pcp) calculated with the Goldman-Hodgkin-Katz equation was 0.52 = 0.03 (n =7,
Figure 3F), indicating that the TMEM16F wt channel was more permeable to C1™ than to
Na*. Similar results were obtained also using voltage ramps (Figure S3).

In inside-out patches, reduction of the cytoplasmic NaCl concentration from 140
to 14 mM caused a positive shift of the reversal potential to 25.5 & 0.6 mV (n = 19), as
expected for channels more permeable to cations than to anions. Pn,/Pc; was 3.7 £ 0.1
(n =19), very different from the value of 0.52 £ 0.03 (n = 7) calculated from whole-cell
recordings (Figure 3F). Thus, the TMEM16F wt channel recorded in inside-out excised
patches was more permeable to Na* than to C1™, whereas it was the opposite in the
whole-cell configuration. However, since NaCl concentrations were modified at different
sides of the channel in the two patch-clamp configurations (Figure 3C,F), we reasoned
that the different permeabilities could be due to an asymmetric channel pore. To test
this possibility, we evaluated the ionic permeability in the inside-out configuration by
reducing the NaCl concentration to 14 mM in the pipette solution bathing the extracellular
side of the membrane (Figure 3E). The average reversal potential in these ionic conditions
was -26 £ 2 mV (n = 7) and Pna /P was 3.9 £ 0.5 (n = 7), showing that also in these
experimental conditions Na* was more permeant than Cl™. Thus, the significant difference
between Py, /Pc; measured in whole-cell or in the inside-out configuration was not due to
an asymmetric channel pore (Figure 3F).

Since using the dilution method could cause significant deviations from the expected
value of PN, /P from the Goldman-Hodgkin-Katz equation [36,39], we tested this possi-
bility in inside-out patches by varying the NaCl concentration in the bath solution from
14 mM to 280 mM (Figure 4A) and we found significant deviations from prediction of the
Goldman-Hodgkin-Katz equation (Figure 4B). Indeed, PN, /Pc; obtained with solutions
containing 280 and 70 mM NaCl were 1.98 £ 0.09 and 2.3 + 0.2 respectively, significantly
different from the value of 3.7 £ 0.1 measured in 14 mM NaCl (n = 12-19; p < 0.001 Dunn-
Holland-Wolf test after Kruskal-Wallis test p = 2 x 10~°). However, although P, /Pc;
changed with the variation of ionic strength, the TMEM16F wt channel in inside-out
patches remained more permeable to Na* than to C1™.
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Figure 3. TMEMI16F wt ion permeability ratio Pn,/Pc; depends on the recording configuration. (A,B) Representative
whole-cell voltage-clamp recordings obtained from representative TMEM16F wt-transfected cells with intracellular solution
containing 50 pM Ca2*. Voltage protocols are shown at the top of the panels. (B) A cell was first exposed to a control solution
containing 140 mM NaCl, then to 14 mM NaCl and returned to 140 mM NaCl. (C) IV relations measured from tail currents of
the cell shown on the left with 140 mM NaCl (squares), 14 mM NaCl (circles) and after returning to 140 mM NaCl (triangles).
(D,E) Inside-out patches expressing TMEM16F wt were exposed to the indicated NaCl concentrations and the IV relations
were determined by voltage ramps from +100 to —80 mV. Only the regions around the reversal potentials are shown.
Currents were activated by 100 uM CaCl, and leakage currents measured in 0 Ca?* were subtracted. The pipette solution
contained 140 mM NaCl (D) or 14 mM NaCl (E). (F) Comparison of Py, /P calculated with the Goldman-Hodgkin-Katz
equation from reversal potentials measured in different recording conditions (n = 7-19; *** p < 0.001 Tukey test after ANOVA,
F=48256p=42 x 10719).

Since it has been recently reported that Py, /Pc; of TMEM16F wt in inside-out patches
may depend on Ca?* concentration [36], we investigated this possibility by reducing Ca?*
from 100 to 13 uM, a concentration that produced about 10% of the maximal current at
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+100 mV (Figure 2E). We found that the value of Pn,/Pc; measured by diluting the bath
solution from 140 to 14 mM NaCl in 13 uM Ca?* (Figure 4C) was not significantly different
from that determined in 100 pM Ca2* (Figure 4D), indicating that PN, /Pc; permeability of
TMEMI16F wt in inside-out patches did not change with Ca* concentration. Furthermore,
in patches with a slow rundown, we repeated measurements of the reversal potential
at different times after patch excision and found similar values, indicating that the ion
selectivity did not change with time.

A

140/280
I (pA) 70
200
140 mM ] .
NaCl .
100 -
100 uM Ca’" : 14
x mM NaCl V (mV)
104 20 30 40
-20 T I T I T I
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Figure 4. TMEM16F wt ion permeability ratio Pnj, /P¢; in excised inside-out patches depends on ionic
strength but not on intracellular Ca?* concentration. (A) An inside-out patch expressing TMEM16F
wt was exposed to the indicated cytoplasmatic NaCl concentrations (in mM) and the IV relations
were determined by a voltage ramp from +100 to —80 mV. Only the regions around the reversal
potentials are shown. The current was activated by 100 uM CaCl,. Leakage currents measured in 0
Ca’* were subtracted. (B) Average reversal potentials (Vyey) corrected for liquid junction potentials
were plotted versus NaCl concentrations (n = 11-19). The continuous line was calculated according
to the Goldman-Hodgkin-Katz equation with Prj, /Pc; = 3.7. (C) An inside-out patch expressing
TMEMI16F was exposed to 140 or 14 mM cytoplasmatic NaCl and the IV relation was determined by
a voltage ramp from +100 to —80 mV. The current was activated by 13 uM CaCl,. (D) Comparison of
Pna/Pcy calculated with the Goldman-Hodgkin-Katz equation from reversal potentials measured
with the indicated Ca?* concentration (n = 8-19, p = 0.19 unpaired f-test).

To further investigate the permeability of TMEM16F wt to different cations and anions,
we replaced NaCl in the bathing solution with NMDG-Cl, NaMeS or NaSCN and compared
the shift of the reversal potentials by taking into account that ion replacements occurred at
the opposite side of the membrane in the two patch-clamp configurations (Figure 5A,B).
We found that the large cation NMDG" was poorly permeant through the TMEM16F
wt pore without any significant difference between whole-cell and inside-out recordings,
indeed the change of reversal potential was —2.9 = 1 mV in whole cell and 4.3 = 0.7 mV in
inside-out patches (Figure 5C, n = 4-5, p = 0.29, unpaired ¢-test). The large anion MeS™
was also permeant, although at different extents depending on the recording method.



Int. J. Mol. Sci. 2021, 22, 8578

9 of 20

140 mM NaCl
140 mM NMDG-CI

140 mM NaCl
140 mM NaMeS

140 mM NaCl
140 mM NaSCN

Indeed, substitution of NaCl with NaMeS in whole-cell shifted the reversal potential of
21.5 £ 0.5 mV (n = 3), indicating that MeS™ was much less permeant than CI™, whereas in
inside-out the change was only —1.6 &= 0.7 mV (n = 14) showing a very small difference
between MeS™ and Cl ™ permeability (Figure 5C). SCN™ showed a higher permeability
than C1™ in both recording conditions, although it was found to be more permeant in the
inside-out configuration (Figure 5C). Using the inside-out configuration, we also tested
the permeation of several other anions finding the following permeability sequence for
TMEM16F wt: SCN™ >1" >NO3™ >Br~ >Cl™ (Figure 54).
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Figure 5. TMEMI16F wt ion permeability depends on the recording configuration. (A) Representative whole-cell voltage-
clamp recordings obtained from TMEM16F wt-transfected cells with intracellular solution containing 100 uM CaCl,. Each
cell was exposed to a control solution containing 140 mM NaCl (black traces) or other salts as indicated (brown traces). On
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the right, IV relations measured from tail currents of the cells on the left with 140 mM NaCl (black squares) or 140 mM of the
indicated salt (brown circles). (B) An inside-out patch expressing TMEM16F wt was exposed to bath solutions containing
140 mM NaCl (black traces) or the indicated salts (blue traces). The grey traces represent the wash out with NaCl. IV
relations were determined by voltage ramps from +100 to —80 mV. Only the regions around the reversal potentials are

shown. Currents were activated by 1 mM CaCl, and leakage currents measured in 0 Ca2* were subtracted. (C) Comparison

of the shift of reversal potentials obtained in different recording configurations for the indicated ionic solutions (*** p < 0.001,
for NaMeS: p =9.7 x 10712 and for NaSCN: p=8x 1070, unpaired f-test).

2.3. Comparison between Ion Selectivity of TMEM16F Q559K in Whole-Cell and
Inside-Out Configurations

TMEM16F Q559K is considered to be a pore mutant because it altered ion selectivity
in inside-out patches by reducing the selectivity of the channel to Na* with respect to
Cl™ [23]. We repeated the same experiments in excised patches and investigated whether a
change of selectivity was present also in whole-cell recordings.

First, we characterised the activation by CaZ* of the Q559K mutant that showed, as
the TMEM16F wt, a slow increase of current with time in whole-cell and a fast activation in
the inside-out configurations (Figure S5). The dose-response curve in inside-out patches
showed a lower apparent Ca?* sensitivity for Q559K compared to wt.

For ion selectivity, we confirmed the previous data in inside-out patches showing
that Q559K was less permeable to Na* than TMEM16F wt. In 1 mM Ca?*, Py, /Pc; was
0.71 £ 0.01 (n = 18) in Q559K (Figure 6D,F) to be compared with the value of 3.7 + 0.1
(n=19) in TMEM16F wt. Moreover, reduction from 140 to 14 mM NaCl in the pipette
solutions bathing the extracellular side of the membrane did not significantly modify
Pna/Pcy that had a value of 0.62 & 0.04 (n = 5), indicating that the pore of the Q559K
mutant was not asymmetric, similarly to the wt pore (Figure 6E,F). In addition, we also
confirmed that ion selectivity of Q559K depends on intracellular Ca?* concentration as
previously reported [36]. Indeed, we found that activation of the Q559K channel by
13 uM Ca?* produced a significantly higher Py, /P¢ of 1.9 4 0.1 compared to 0.71 + 0.01
measured in 1 mM Ca?* (Figure S6), although we did not measure any change of Py, /Pc;
with Ca?* concentration in the TMEM16F wt channel (Figure 4D).

Whole-cell recordings showed that the value of Py, /Pc for the Q559K mutant ac-
tivated by 300 uM Ca?* was 0.41 & 0.03 (n = 8, Figure 6A-C,F), significantly different
from 0.62 + 0.04 measured for Q559K in inside-out, but not significantly different from
0.52 £ 0.03 (n = 7) for the wt channel (Figure 6F), showing that the mutation did not modify
selectivity in the whole-cell configuration.
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Figure 6. Q559K ion permeability ratio P, /Pc) depends on the recording configuration. (A,B) Representative whole-cell
voltage-clamp recordings obtained from TMEM16F Q559K mutant-transfected cells with intracellular solution containing
300 uM Ca?*. Voltage protocols are shown at the top of the panels. (B) A cell was exposed to a control solution containing
140 mM NaCl, then to 14 mM NaCl, followed by wash out with 140 mM NaCl. (C) IV relations measured from tail currents of
the cell shown on the left with 140 mM NaCl (squares), 14 mM NaCl (circles) and after wash out (triangles). (D,E) Inside-out
patches expressing TMEM16F were exposed to the indicated NaCl concentrations, and the IV relations were determined by
voltage ramps from +100 to —80 mV. Only the regions around the reversal potentials are shown. Currents were activated by
1 mM CaCl, and leakage currents measured in 0 Ca>* were subtracted. The pipette solution contained 140 mM NaCl (C) or
14 mM NaCl (D). (F) Comparison of P, /P in different recording conditions for Q559K and wt (n = 5-19; *** p < 0.001,
* p < 0.05 Tukey test after ANOVA, F = 18.271, p = 8.36 x 107°; ### p < 0.001, unpaired t-test).

2.4. Ion Selectivity and Scramblase Activity

As TMEMI6F functions both as Ca®*-activated ion channel and as Ca?*-activated
lipid scramblase, we also tested if ion selectivity depends on scramblase activity by using
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two mutants that differently affect the scrambling activity, the scrambling-deficient D703R
mutant and the constitutive scrambling Y563A mutant [40]. Figure 7A shows currents
activated by the exposure of the cytoplasmic side of inside-out excised patches to 1 mM
Ca?* at the holding potential of +60 mV. Currents were rapidly activated by Ca?* in the
two mutants with kinetics similar to the wt channel. To determine if scramblase activity
modifies the Py, /P permeability, we measured reversal potentials upon reduction of bath
NaCl from 140 to 14 mM (Figure 7B). The positive shifts of reversal potentials, 38 £ 3 mV
(n =3) for D703R and 26 4+ 2 mV (n = 6) for Y5634, indicate that both mutants measured
in the inside-out configuration were more selective for Na* than for C1™ similarly to
wt (25.5 + 0.6 mV, n = 19). Furthermore, Pn,/Pc; (3.9 £+ 0.4, n = 6) for the constitutive
scramblase mutant Y563A was not significantly different from the wt value, whereas
PNa/Pcy for the scrambling-deficient D703R mutant (9 £ 2, n = 3) was significantly higher
than the wt value (3.7 £ 0.1, Figure 7F), indicating an even higher selectivity for Na* than
for CI"™ of D703R compared to wt.

Furthermore, we extended the comparison of permeabilities to other ions by substitut-
ing NaCl in the bathing solution with NMDG-CI, NaMeS or NaSCN (Figure 7C-E,G). All
three channels were permeable to the large cation NMDG* and to the large anion MeS™,
with the scrambling-deficient D703R mutant more permeable to these ions than the other
two channels. SCN™ was equally permeant in the three channels. Thus, data obtained
with the constitutive scrambling Y563 A mutant were not significantly different from the
wt, while the scrambling-deficient D703R mutant showed some difference (Figure 7G).
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expressing TMEM16F wt or the indicated mutant were stimulated with a solution containing 1 mM CaZ* at the time

indicated in the upper traces. The holding potential was +60 mV. Patches were exposed to 140 mM NaCl and (B) 14 mM
Na(l, (C) 140 mM NMDG-C], (D) 140 mM NaMeS or (E) 140 mM NaSCN. IV relations were determined by voltage ramps
from +100 to —80 mV. Only the regions around reversal potentials are shown. Leakage currents measured in 0 Ca®* were
subtracted. (F) Comparison of Py, /P for TMEM16F wt and the indicated mutants (n = 3-19, *** p < 0.001, Dunnett test
after ANOVA F = 19.303, p = 7.26 x 107°). (G) Comparison of the shift of reversal potentials after the replacement of
140 mM NaCl with 140 mM NMDG-CI, NaMeS or NaSCN for TMEM16F wt and the indicated mutants (for NMDG-CIl:
*** p < 0.001, Dunnett test after ANOVA F = 30.569, p =7.79 x 107%; for NaMeS: *** p <0.001, Dunnett test after ANOVA
F=26.3,p =386 x 1077; for NaSCN: ANOVA, F = 1.499, p = 0.25).

3. Discussion

Our results provide a detailed side-by-side comparison of the electrophysiological
properties of TMEM16F wt and Q559K recorded in the whole-cell and inside-out modes. We
measured the important differences between several features of the TMEM16F-mediated
currents depending on the recording configuration. Indeed, in inside-out recordings, the
TMEMI16F wt channel was rapidly activated by Ca?* and had a higher permeability to Na*
than to C1~, while in the whole-cell configuration the channel was activated by Ca?* only
after a delay of several minutes and was slightly more permeable to C1™ than to Na*.

3.1. Calcium Activation

Our data confirm that the kinetics of activation by Ca* strongly depend on the
recording configuration. Indeed, in the inside-out configuration, both TMEM16F wt and
Q559K currents were rapidly activated within a few ms from Ca?* application (Figure 1D)
in agreement with previous results [23,35,36]. Moreover, the amplitude of TMEM16F
Ca?*-activated currents in inside-out underwent a progressive rundown as previously
observed by Ye et al. [41], who showed that the rundown was due to depletion of
phosphatidylinositol-(4, 5)-bisphosphate (PIP,) in excised patches. Both the fast Ca?* acti-
vation and the rundown in inside-out patches resemble those measured in TMEM16A [42]
and TMEM16B [8,9].

In contrast, the TMEM16F Ca%*-activated current in whole-cell recordings slowly
and progressively developed after a delay of some minutes following membrane break-
ing and did not show rundown. The time necessary to obtain the maximal current was
about 2 min with 100 uM Ca?* in the patch pipette and increased to about 20 min with a
reduction in intracellular Ca®* to 3.8 uM (Figure 1B,C). This slow activation is in agree-
ment with the results from previous studies for TMEMI16F [27,43], while it differs from
the fast kinetics of activation by Ca?* measured in whole-cell mode for TMEM16A and
TMEM16B [5,7,8,38]. For TMEM16E, which acts both as an ion channel and scramblase
similarly to TMEM16F, whole-cell currents were rapidly activated by intracellular Ca®* in a
study by Di Zanni et al. [44], while another study reported current activation after a delay
of several minutes [45]. For TMEM16F, activation kinetics by Ca®* in whole-cell mode have
been shown to be modified by the actin cytoskeleton, as molecules that interfere with actin
polymerisation accelerated TMEM16F activation [46].

Our dose-response experiments showed that TMEM16F wt requires several uM of
CaZ* to be activated and that the Q559K mutant has an even lower CaZ* sensitivity, in
agreement with the previous results [34,35]. The low sensitivity of the Q559K mutant
to Ca?* is likely to explain why a previous attempt by Scudieri et al. [47] to measure
Q559K ion selectivity in whole-cell did not produce any current as they were using a
Ca?* concentration of 20 pM that was sufficient to activate the TMEM16F wt current but
probably too low to measure a current in the mutant.

The low Ca®* sensitivity of TMEM16F suggests that its activation requires the presence of
local nano- or micro-domains where Ca?* can reach elevated local concentrations. A similar
organisation was reported also for the activation of Ca?*-activated K* channels [48] and is
important for the activation of TMEM16B in the cilia of olfactory sensory neurons [12,49].
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3.2. Ion Selectivity

Measurements of the ion selectivity of TMEM16F wt gave rise to contrasting results in
previous reports and our side-by-side comparison indicates that several discrepancies are due to
the different recording configurations used. In our experiments, TMEM16F wt measured in the
presence of a high Ca®* concentration had a slightly higher permeability to C1~ than to Na* in
whole-cell, with a permeability ratio Pxy /Pcy of 0.52, while an opposite higher permeability to
Na* than to C1™, with Py, /P of 3.7, was measured in the inside-out configuration (Figure 3).
We also tested the possibility that the different permeabilities could be due to an asymmetric
channel pore or to a change of ionic strength, because NaCl concentration was reduced at
different sides of the channel in the two patch-clamp configurations (extracellular in whole-cell
and intracellular, in inside-out). Reduction of the NaCl concentration from 140 to 14 mM at
the extracellular side of the membrane produced a Pnj,/P¢; of 3.9 similar to the value of 3.7
obtained by varying NaCl at the intracellular side, showing that also in these experimental
conditions Na* was more permeant than C1™ in the inside-out mode. Thus, the significant
difference between Py, /P measured in whole-cell and in the inside-out configuration was
not due to an asymmetric channel pore or to a change of ionic strength (Figure 3E). Moreover,
as a previous study [36] reported that permeability may change with Ca?* concentration, we
also compared Py, /P when TMEM16F wt was activated by a lower Ca?* concentration and
found that the value measured at 13 uM (4.1) was not different from that measured at 100 uM
Ca?* (3.7, Figure 4D).

TMEMI16F wt is permeable to several anions, including the large anion MeS ™, and
to many cations, including the large cation NMDG™" (Figure 5). The anion permeability
sequence in inside-out was SCN™ >1" > NO3;~ > Br > Cl™ (Figure S1) in agreement
with other studies in inside out and whole-cell recordings [26,27,35] and is similar to that
measured for TMEM16A and TMEM16B [7-9,50]. These data show that anions with lower
dehydration energy are more permeant compared to those with higher dehydration energy
and suggest a conserved mechanism of anion permeation among these channels.

In agreement with a previous report [23], we found that cation selectivity in inside-
out patches was reduced by the Q559K pore mutation. In our experiments, the value of
PNa/Pcp was 0.71 (or 0.62) when NaCl concentration was reduced from 140 to 14 mM at the
intracellular (or extracellular) side of the patch membrane and channels were activated by
high Ca?* concentrations. Py, /Pc increased to 1.9 when TMEM16F Q559K was activated
by 13 uM Ca?* (Figure S3), in agreement with the trend of permeability change with Ca*
concentration previously reported [36].

When the permeability ratio was measured in whole-cell, Pnj, /Pc; of Q559K was 0.41,
slightly lower than the value of 0.71 measured in inside-out. Surprisingly, Pna /Pc; of the Q559K
pore mutant (0.41) measured in whole-cell was not different from the value of TMEM16F wt
(0.52), showing that the mutation did not modify selectivity in the whole-cell configuration.

We also investigated whether the Ca®*-activated scramblase activity of TMEM16F
could play a role in ion selectivity. Indeed, previous work [43] identified a protein domain
required for scrambling of TMEM16F that is sufficient to produce scramblase activity also
in TMEM16A, and Jiang et al. [51] showed that the TMEM16A V543S mutation conferred
scramblase activity to TMEMI16A. In both studies, TMEM16A (that is anion selective)
became more cation selective after phospholipid scrambling occurred, showing that ion
selectivity was influenced by scramblase activity. In another study (Malvezzi et al., 2013),
ion channel properties of afTMEM16 (TMEM16 from the fungus Aspergillus fumigatus)
reconstituted in lipid bilayers were reported to strongly depend on the lipid composition,
suggesting that different lipid environments generated by the scramblase activity may affect
the properties of the TMEM16F pore. Le et al. [40] identified residues that play important
roles in scramblase activity and showed that the TMEM16F Y563A mutant Fproduced a
constitutive scrambling activity while the D703R mutant abolished scrambling activity.
They also compared ion selectivity between Y563A and wt (but not for D603R) showing
that Pn, /P increased in the mutant (Figure S4E,F in [40]). In our experiments, Pn,/P¢;
for the constitutive scramblase Y563A mutant was 3.9 similar to 3.7 measured in the
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wt, while it increased to 9 for the scrambling-deficient D703R mutant, indicating that a
higher selectivity for Na* than for CI~ was measured in the absence of scramblase activity
(Figure 7). We also compared the selectivity to other anions and cations and confirmed the
absence of differences between Y563A and wt, while the large cation NMDG" and anion
MeS™ were more permeant in the scrambling-deficient D703R mutant than in wt. These
results do not support the possibility that TMEM16F could become more cation selective
after lipid scrambling as was shown for TMEM16A [43,51].

One possible explanation of the differences we measured in the two configurations
could be the different tension of the membrane in inside-out with respect to whole-cell
configuration [52]. Indeed, recent studies showed that many ion channels are modulated
by mechanical forces applied to lipid bilayer [53,54].

It is also tempting to speculate that the different data obtained using the two recording
configurations could be due to a still unidentified factor that binds TMEM16F in the whole-
cell configuration and is lost in excised patches. Interestingly, calmodulin has been shown
to be able to modulate the Ca* sensitivity [55] and permeability [56] of TMEM16A, even
if these results were challenged [57]. Several other possible binding partners of TMEM16
proteins have been reported. Huang et al. [58] showed that TMEM16C binds the Na*-
activated K* channel Slack, increasing the single-channel activity and sodium sensitivity
of Slack channels; structural data by Pan et al. [59] revealed that TMC1 channels share a
common architecture with the TMEM16 channel, raising the possibility that some TMC-
binding proteins could also bind TMEM16F; Avalos-Prado et al. [60] reported that KCNE1
is an auxiliary subunit of TMEM16A. However, also several other modulators including
cholesterol, fatty acids, phosphorylation, have been shown to regulate the activity of some
TMEM16 family members [4,61].

3.3. Conclusions

In summary, our data provide a clear demonstration that the time dependence of Ca®*
activation and the ion selectivity of TMEM16F depend on the recording configuration,
contributing to a clarification of the previous conflicting data.

4. Materials and Methods
4.1. Cell Culture and Transfection

HEK-293 cells were grown in medium composed of DMEM (Gibco, Milano, Italy)
supplemented with 10% foetal bovine serum (Sigma, Milano, Italy), 100 IU/mL penicillin
and 100 pg/mL streptomycin (Sigma, Milano, Italy) at 37 °C in a humidified atmosphere
of 5% CO;.

pEGEFP-N1 plasmids containing the cDNA of mouse TMEM16F wt (version 1 as in [46])
or Q559K mutant were provided by Professor Lily Jan (UCSE, San Francisco, CA, USA).
PEGFP-N1 plasmids containing the cDNA of D703R and Y563A mutants were provided
by Professor Huanghe Yang (Duke University, Durham, NC, USA). HEK-293 cells were
transfected with 2 pg TMEM16F cDNA using the transfection reagent XtremeGENE (Roche
Diagnostic, Milano, Italy). Twenty-four hours after transfection, the cells were sub-cultured
in 35-mm Petri dishes at a lower density. Electrophysiological recordings were performed
between 48 and 72 h after transfection.

4.2. Electrophysiological Recordings

TMEM16F-transfected HEK-293 cells were identified by EGFP fluorescence using an
Olympus IX70 microscope (Olympus, Tokyo, Japan) equipped with the appropriate filter.
TMEMI6F currents were recorded in whole-cell or inside-out configurations in voltage-
clamp mode using an Axopatch 1-D amplifier controlled by Clampex 9.2 via Digidata
1322A (Axon Instruments, San Jose, CA, USA). The data were acquired at a rate of 10 kHz,
and the signals were low-pass filtered at 5 kHz. Patch electrodes were made of borosilicate
glass (WPI, Friedberg, Germany) and pulled with a PP-830 micropipette puller (Narishige,
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Tokyo, Japan). Pulled patch electrodes had a resistance of 2-3 M() for whole-cell recordings
and 0.5-1 MQ) for the inside-out configuration when filled with pipette solution.

The bath was ground with a 3 M KCl agar bridge connected with an Ag/AgCl
reference electrode. In experiments with pipette solution without C1—, a 3 M KCl agar
bridge was used. All experiments were conducted at room temperature. Solutions were
rapidly changed close to the cells or excised patches using multibarrel glass tubes. Each tube
composing the multibarrel had an internal diameter of 0.9 mm (Vitro Dynamics, Trenton, NJ,
USA). Changes between different solutions were performed using the Perfusion Fast-Step
SF-77B (Warner Instrument Corp., Holliston, MA, USA).

For IV relations in the inside-out configuration, we exposed the patches to Ca®*-
containing solution for 1 s at +100 mV and then applied a ramp from +80 to —80 mV at
0.36 mV /ms. Leak currents measured in nominally 0 Ca?* solution were subtracted. The
reversal potential (Erev) was estimated by using a fit with the polynomial functionI=a; +
oV +a3V2 + a4 V2 + a5V* + agV® + a; VO, where I is the current, V is the voltage and a; are
numerical parameters.

For whole-cell recordings of tail currents, the protocol consisted of voltage steps of
500 ms duration from a holding potential of 0 mV to + 80 mV followed by voltage steps
ranging from —20 to +50 mV. A single-exponential function (I = Aj exp (—t/t;)), was fitted
to tail currents to extrapolate the tail current value at the beginning of the step. Tail current
values were plotted as a function of voltage, and E..y was estimated using a fit with a
polynomial function.

To measure dose-responses and ion selectivity, currents in whole-cell were measured
at the time they reached the maximal activation as shown in Figure 1A-C, while experi-
ments in inside-out were performed just after patch excision to avoid current rundown
(Figure 1D,E). However, in patches with a slow rundown several recordings were obtained
from the same patch.

Liquid junction potentials were calculated using the pClampex software (Axon Instru-
ments, San Jose, CA, USA), and applied voltages were corrected off-line.

4.3. Solutions

Cells were kept in mammalian Ringer’s solution composed of (in mM) 140 NaCl,
5 KCl, 2 CaCl,, 1 MgCly, 10 glucose and 10 HEPES, pH 7.4 with NaOH.

For whole-cell recordings, the pipette solution contained (in mM) 140 NaCl, 10 HEPES
and 10 HEDTA, pH 7.2 and 5.86, 8.26 or 9.26 mM CaCl, to obtain 3.8, 13 or 30 uM free Ca?t,
respectively. For intracellular solutions containing Ca* concentrations >30 uM HEDTA
was omitted and an appropriate amount of CaCl, was used. For permeability experiments,
cells were bathed with solution containing (in mM) 140 NaCl and 10 HEPES, pH 7.4. NaCl
was reduced to 14 mM or replaced with N-Methyl-D-glucamine chloride (NMDG-CI),
sodium methanesulfonate (NaMeS) or sodium isothiocyanate (NaSCN). The osmolarity in
the low NaCl solution was adjusted with sucrose.

For inside-out recordings, the pipette solution contained (in mM) 140 (or 14) NaCl,
5 EGTA and 10 HEPES, pH 7.2 with NaOH. The patches were maintained in nominally
0 Ca?* solution containing (in mM) 140 NaCl, 10 HEDTA or 5 EGTA and 10 HEPES, pH
7.2. For dose-response relations, the bath solution was the same as that used in the pipette
for whole-cell recordings. For permeability experiments using the dilution method, the
bath solution contained (in mM) 140 NaCl, 10 HEPES and 0.1 or 1 mM CaCl, and NaCl
was changed to 280, 70, 28, or 14 mM. The osmolarity in the low-NaCl solution was
adjusted with sucrose. In some experiments, NaCl was replaced with NMDG-CI, NaMeS,
NaSCN, NaBr, NaNOs or Nal. All chemicals, unless otherwise stated, were purchased from
Sigma-Aldrich (Milano, Italy).

4.4. Data Analysis

Data analysis and figures were made with IgorPro software (Wavemetrics, Lake
Oswego, OR, USA). Data are presented as the mean + sem (standard error of the mean),
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with n indicating the number of cells or excides patches. The double exponential function
used to fit the data in Figure 1D was I = Aj exp (—t/t1) + Ay exp (—t/tp), where t; and tp
are the time constants. The normality of the data was tested with the Shapiro-Wilk test,
while the homogeneity of variance was tested with Levene’s test. For normally distributed
data, statistical significance was determined using paired unpaired f-tests or ANOVA as
appropriate. When a statistically significant difference was determined with ANOVA, a
post-hoc Tukey test or Dunnett test was performed to evaluate which data groups showed
significant differences. For non-normally distributed data, we used the Wilcoxon-Mann-—
Whitney test. For multicomparison of the data we used Dunn-Hollander-Wolfe test after
Kruskal-Wallis analysis. Data in Figure 2F were analysed using the methods developed by
Crawford and Garthwaite [62] using R. p values < 0.05 were considered significant.
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