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TMEM16A Ca®*-activated chloride channels are involved in multi-
ple cellular functions and are proposed targets for diseases such as
hypertension, stroke, and cystic fibrosis. This therapeutic en-
deavor, however, suffers from paucity of selective and potent
modulators. Here, exploiting a synthetic small molecule with a bi-
phasic effect on the TMEM16A channel, anthracene-9-carboxylic
acid (A9C), we shed light on sites of the channel amenable for
pharmacological intervention. Mutant channels with the intracel-
lular gate constitutively open were generated. These channels were
entirely insensitive to extracellular A9C when intracellular Ca%* was
omitted. However, when physiological Ca®* levels were reestab-
lished, the mutants regained sensitivity to A9C. Thus, intracellular
Ca®* is mandatory for the channel response to an extracellular mod-
ulator. The underlying mechanism is a conformational change in the
outer pore that enables A9C to enter the pore to reach its binding
site. The explanation of this structural rearrangement highlights a
critical site for pharmacological intervention and reveals an aspect
of Ca?* gating in the TMEM16A channel.
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he calcium-activated chloride channel (CaCC) coded by the
TMEM16A gene (HUGO gene nomenclature: Anoctamin-1)

is expressed in a variety of cell types and is involved in vital
functions including the control of smooth muscle tone, epithelial
ion transport, and cell proliferation (1). TMEM16A channels are
typically activated by agonist-induced Ca®* release as a conse-
quence of Gy protein-coupled receptor activation. Therefore,
TMEMI6A channels couple changes in intracellular Ca®>* con-
centration to cell electrical activity. TMEM16A is the founding
member of a family composed of 10 proteins (TMEM16x) with
different function. Some TMEM16x proteins operate as CaCCs
(TMEMI16A and TMEMI16B) (2) while others work as lipid
scramblases (e.g., TMEM16K) (3) or have a combined channel
and scramblase function (e.g., TMEM16E and TMEMI16F) (4, 5).
TMEM16A channels have been proposed as novel therapeutic
drug targets. TMEMI16A activators could constitute new treat-
ments for conditions such as cystic fibrosis or chronic obstructive
pulmonary disease, while inhibitors may be exploited in the
treatment of problems such as hypertension and stroke (1, 6, 7).
As TMEM16A is up-regulated in cancer and has a role in the
control of cell proliferation, TMEM16A inhibitors may also have
implications for cancer therapy (8, 9). Since the cloning of the
TMEMI16A channel, several small molecule modulators have
been generated, including 2-(4-chloro-2-methylphenoxy)-N-[(2-
methoxyphenyl)methylideneamino]-acetamide (Ani9) (10) and
N-((4-methoxy)-2-naphthyl)-5-nitroanthranilic acid (MONNA)
(11). These molecules inhibit the channel at submicromolar
concentrations. Activators (such as (3,4,5-Trimethoxy-N-(2-
methoxyethyl)-N-(4-phenyl-2-thiazolyl)-benzamide) (E..)) po-
tentiate CaCC currents in airway epithelial cell lines (12), but
whether E, acts directly on TMEM16A has been questioned
(13). There is significant ongoing effort toward the identification
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of novel TMEMI16A inhibitors and activators (14-16). The
mechanisms of action and binding sites of these small molecules,
however, remain undefined. Some modulators, such as anthra-
cene-9-carboxylic acid (A9C), display a biphasic effect on the
TMEMI16A channel when applied to the extracellular side of the
membrane. Specifically, A9C inhibits the channel by acting as a
pore blocker and also allosterically activates the channel by en-
hancing the channel sensitivity to Ca®* and voltage (V,,) (thus
also acting as a “potentiator”) (17). These effects require the
binding of A9C to site(s) within the pore of the TMEMI16A
channel (17). Endogenous ligands such as intracellular Ca** and
plasmalemmal phosphatidylinositol 4,5-bisphospate (PIP,) also
modulate TMEMI16A gating (18, 19). Thus, fundamental and
structural knowledge underpinning channel-gating is required to
shed light on the mechanisms of ligand (endogenous or syn-
thetic) modulation of TMEMI16A channel activity.

The TMEMI6A channel is a homodimer encompassing two
pores that function independently (20, 21). Each monomer con-
tains two high-affinity Ca®*-binding sites that couple ion-binding
to channel-opening (22, 23). Each pore possesses a steric gate
constituted by an intracellular portion of the sixth transmembrane
helix (TM6). A hinge point formed by glycine at position 640 is
involved in the conformational change of this intracellular-facing
gate in response to Ca®*-binding (22, 24) (Fig. 14). Alanine
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substitution of neighboring amino acids, such as isoleucine and
glutamine at position 637 and 645 (I637A and Q645A), stabilizes
the TM6 in the open state and results in channels that are open in
the absence of intracellular Ca®* and at positive V,,, (here referred
to as “constitutively open”) (24, 25) (Fig. 1 B and C). A second
gating mechanism is constituted by the Ca®*-binding sites which
encompass a series of negatively charged residues (25). The vacant
Ca**-binding sites form an electrostatic barrier to anion perme-
ation (defined as the “electrostatic gate”). This electrostatic bar-
rier is removed upon Ca®*-binding due to attenuation of the
negative charge density of the Ca®*-binding pocket (25).

The TMEM16 scramblases such as TMEM16K and the As-
pergillus fumigatus TMEM16 (afTMEM16) have been structur-
ally shown to rearrange at the outer region of the pore to permit
lipid scrambling in response to Ca”*-binding (3, 26). Under-
standing whether analogous gating rearrangements in the outer
pore take place in TMEM16A is an important standing question
in the field, since this may affect the action of small molecules
acting from the extracellular side of the membrane.

Here, we set out to gain mechanistic insights into the action of
A9C, a modulator of TMEM16A channel activity that acts ex-
clusively when applied on the outer side of the membrane (17).
We found that mutant channels in which the TM6 steric gate is
stabilized in the open state in the absence of intracellular Ca®*
were entirely insensitive to extracellular A9C. However, when in-
tracellular Ca®* was present, these mutant channels regained
sensitivity to extracellular A9C, revealing the unexpected finding
that intracellular Ca®* is mandatory for the action of an extracel-
lular modulator. We provide evidence that Ca®* allows the action
of A9C on the channel by triggering a conformational change in
the outer pore that enables A9C binding/efficacy. Our work may
have significant implications for future drug design as it highlights
the outer mouth of the channel as a site for pharmacological
intervention.

Results

Ca”* Sensitivity of Constitutively Active TMEM16A Mutant Channels.
A9C acts as an open-channel blocker and allosteric activator of the
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channel sensitivity to intracellular Ca®* at a given V,,, (17). We
generated mutant channels that show activity in the absence of
intracellular Ca?*, termed TMEM16A-Q645A and TMEM16A-
1637A. The mutations bias the steric gate (constituted by TM6) of
the channel toward the open conformation (24, 25). This enables
the study of the effect of A9C on channels with the steric gate
open.

During inside-out patch-clamp recordings at a constant posi-
tive Vp,, (+70 mV), wild-type TMEM16A channels were inactive
in Ca**-free intracellular solution, and the current pro%ressively
increased as the intracellular Ca** concentration ([Ca®*];) was
raised up to ~80 uM (Fig. 1D). The relationship between [Ca®*];
and the TMEMI16A current was fitted with ST Appendix, Eq. S1
with half-maximal effective concentration (ECsg) of 0.7 pM (Fig.
1D and SI Appendix, Table S1). In contrast, both TMEM16A-
QO645A and -1637A channels mediated a significant basal current
in 0 [Ca®*]; (Fig. 1D). When the patch was exposed to [Ca®*];
ranging from ~0.05 to ~80 pM, an additional current increase was
observed (Fig. 1D). The [Ca®*];-response curves for TMEM16A-
QO645A and -1637A were characterized by ECsy of 0.22 pM and
0.19 uM, respectively (SI Appendix, Table S1). We hypothesized
that Ca®* activation of TMEM16A-Q645A and -I637A channels
may be due to either 1) disinhibition of the electrostatic gate and/
or 2) gating-associated conformational changes triggered by Ca®*.

Whole-Cell Current Magnitude and Kinetics of Wild-Type and Mutant
TMEM16A Channels. To examine whether Q645A and 1637A mu-
tations alter the channel response to the V,,,, whole-cell currents
were recorded in response to a “IV” protocol (S/ Apgendix,
Supplementary Information Text). In the absence of Ca®*, the
currents recorded from cells transfected with TMEM16A were
indistinguishable from the very-small currents observed from
mock-transfected cells (2, 25). In the presence of 0.3 uM [Ca**];,
hyperpolarizing and depolarizing steps showed instantaneous
TMEMI16A currents followed by time-dependent relaxations
toward new steady-state levels. For wild-type TMEM16A channels,
we observed a nearly linear relationship between the instantaneous
current (measured at the start of the pulse) and Vy,, (SI Appendix,
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Fig. 1. Ca®* sensitivity of TMEM16A, TMEM16A-Q645A, and -1637A channels. (A) Diagrammatic representation of the TMEM16A channel pore and associated
gating mechanisms based on previously published work (22, 24, 25, 31). The movement of the TM6 helix during gating is represented as a tilt on one side of
the pore as the result of Ca?* binding. The red and blue backgrounds depict negative and positive electrostatic potentials in the pore, respectively. The
electrostatic gate is attenuated upon Ca?* binding. (B) Diagrammatic representation of constitutively open channels (TMEM16A-Q645A and -1637A). The term
“constitutively open” is used here to denote channels that are open in the absence of intracellular Ca®* at positive V,,. Mutations are indicated by the star
symbol. In_these mutant channels, the electrostatic gate is presumably intact and can be attenuated upon Ca®* binding. (C) The cryo-EM structure of
TMEM16A with bound Ca?* shown in pink (PDB ID: 50YB). (D) Mean relationships between [Ca®*]; and the current measured at +70 mV for TMEM16A (n =
10), TMEM16A-Q645A (n = 7), and -1637A (n = 7), as indicated. The smooth curves are best fits of S/ Appendix, Eq. S1 to the data.
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Fig. S1B, i). However, the relationship between steady-state cur-
rent and the V., was outwardly rectifying (SI Appendix, Fig. S1B,
if). This phenomenon was expressed as the ratio between the
steady-state and instantaneous current at +100 mV (Iy/Tinst) (S
Appendix, Table S2). The extent of outward rectification was
quantified as the ratio between the steady-state current measured
at +100 mV (1100) and —100 mV (1_100). The 1100/1_100 (rectification
index) was —29 for the wild-type TMEM16A channel in 0.3 pM
[Ca**); (SI Appendix, Table S2). The time course of the V,,-de-
pendent current increase was calculated as the time required to
reach the half-maximal current (tos) at the different Vy,, (ST Ap-
pendix, Fig. S1B, ii, Inset).

Consistent with the measurement in inside-out patches described
above (Fig. 1D), significant currents were detected in 0 [Ca**]; in
whole-cell recordings from cells expressing TMEM16A-Q645A and
-1637A channels. These currents were activated almost instanta-
neously without the slow time-dependent activation observed for
wild-type channels. Thus, the instantaneous and the steady-state
currents essentially coincided (SI Appendix, Fig. S1 C, i and D, i);
the Iyl was 1.2 for TMEM16A-Q645A and -1637A channels (S7
Appendix, Table S2). The 7,5 was difficult to quantify since the small
time-dependent current activation occurred in less than ~10 ms.

To achieve a level of activation above the baseline in the mu-
tants comparable to the wild-type channels in 0.3 pM [Ca®*];, we
buffered [Ca**]; to 0.1 uM in the whole-cell TMEM16A-Q645A
and -I637A currents recording. Under these conditions, in re-
sponse to depolarizing pulses, the mutants showed a slow time-
dependent activation similar to that observed for wild-type chan-
nels (SI Appendix, Fig. S1 C, ii and D, ii). The LI, was 1.9 and
3.6, and the rectification index I;oy/1.;g0 was —27 for TMEMI16A-
Q0645A and -1637A currents, respectively (SI Appendix, Table S2).

Effect of A9C on Wild-Type and Mutant TMEM16A Channels in the
Absence or Presence of Ca’*. We next studied the effect of extra-
cellular A9C on wild-type and mutant channels. A concentration
of A9C (300 pM) close to the reported half-maximal inhibitory
concentration (ICsg) (17) was used. Whole-cell currents were
elicited in response to the “IV tail” protocol (SI Appendix,
Supplementary Information Text). Extracellular A9C induced
complex changes in the whole-cell TMEM16A current (Fig. 24)
(17). The current measured at the beginning of the tail pulse was
significantly potentiated in the presence of A9C (by approxi-
mately sevenfold at —100 mV) (Fig. 2 B, i). In contrast, the
current measured at the end of the tail pulse (steady-state) was
inhibited at positive V,, (by approximately threefold at +140
mV) (Fig. 2 B, ii). To our surprise, the TMEM16A-Q645A and
-1637A currents recorded in 0 [Ca>™]; were entirely insensitive to
extracellular A9C at all V,, tested. These channels remained
insensitive to A9C even at much higher concentrations (SI Ap-
pendix, Fig. S2). We also examined the effect of A9C on the
mutant channels in the presence of 0.1 uM [Ca**];. Strikingly,
intracellular Ca®* conferred the channels the ability to respond
to A9C in a manner quantitatively similar to that observed for
the wild-type channels (Fig. 2B and SI Appendix, Fig. S2). For
example, the TMEM16A-Q645A and -1637A currents were acti-
vated by approximately five- and threefold at —100 mV and
inhibited by approximately two- and fivefold at +140 mV, respec-
tively. For both wild-type and mutant channels, A9C did not pro-
foundly affect the E,.,, which was very close to the expected
equilibrium potential for CI™ (E¢) in our recording conditions (~0
mV) in each case (Fig. 2 B, i). Collectively, this set of experiments
demonstrated that intracellular Ca** is a key regulator of the
response of the TMEMI16A channel to A9C, an extracellular-
acting synthetic small molecule.

Separation of the Inhibitory and Activating Effects of A9C on the
TMEM16A Channel during Concentration Jump Experiments. To
separate the inhibitory and activating effects of A9C on wild-type
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and mutant TMEMI16A channels, whole-cell currents were
measured at +70 mV in the absence or presence of [Ca**]; while
A9C (300 pM) was rapidly applied to the cell (“concentration
jump”), as detailed in SI Appendix.

In 0 [Ca®*];, wild-type TMEMI16A channels were closed, and
extracellular A9C did not increase the current amplitude (Fig.
3A4) (17); the ratio between the current measured in the presence
(Inoc) or absence (Ip) of A9C was 1.06 + 0.05 (n = 5). In
0 [Ca2+],~, the TMEM16A-Q645A or -1637A currents were also
unaffected by extracellular A9C (300 pM) (Fig. 34), and the
Taoc/Ip was 1.01 + 0.01 (n = 5, Q645A2 and 0.99 + 0.01 (n =5,
1637A). In the presence of 0.3 pM [Ca®*];, when A9C was rapidly
applied to the bath solution, the TMEM16A current amplitude
quickly declined before increasing to a new steady-state level
(Fig. 34). As A9C was removed, a dramatic increase in the
current was observed followed by a return of the current to the
level measured in the absence of A9C (Fig. 34). A similar
complex response was observed when A9C was applied to cells
expressing TMEM16A-Q645A or -1637A channels and in the
presence of 0.1 uM [Ca?*];. These phenomena were interpreted
as the combination of an inhibiting (block) and activating effect
of A9C on TMEM16A channels. The initial decline in current at
the start of the concentration jump presumably represents fast
open-channel block by A9C, and the subsequent current poten-
tiation is probably caused by a slower allosteric effect on
channel-gating caused by A9C binding (17). The rapid washout
of A9C produced a fast relief of channel block, while an allo-
steric activating effect appeared to persist (17). Consistent with
this proposition, when [Ca?*]; was elevated to maximally activate
the channel, A9C only blocked the channel (SI Appendix, Fig.
S3), because the high open probability triggered by high [Ca®*];
leaves limited scope for further activation.

In the presence of submaximal [Ca®™];, the inhibitory effect of
A9C was estimated by back extrapolating the current amplitude
(Iy) to the point when the drug was added. The current activation
(I,) was quantified via back extrapolation of the transient spike
of the current observed upon drug washout (S Appendix, Supple-
mentary Information Text). The extent of blockage was expressed as
Iy/Ip, and the extent of current activation was expressed as L,/
(Fig. 3C). This analysis demonstrated that in the presence of
[Ca**];,, TMEM16A-Q645A was less sensitive to A9C inhibition
and activation, consistent with our proposition that Q645 forms
part of the A9C binding site (see below, Identification of the A9C
Putative Binding Site). In contrast, TMEM16A-1637A channels
have a similar sensitivity to A9C inhibition but reduced activation,
possibly indicating a role for 1637 in the mechanism of A9C ac-
tivation. This is also manifested by the fact that the time course of
wash-out of the A9C effect (Fig. 34) was characterized by a dif-
ferent time constant of 0.29 + 0.01 s (n = 10) and 1.93 + 0.12 s
(n =9) for TMEM16A-Q645A and -1637A channels, respectively.
Taoc, the steady-state current measured during the application of
AO9C reflects the combined inhibitory and activating effects of
A9C. The Io9c/Ip was 1.78 + 0.18 (n = 6), 1.09 = 0.07 (n = 10), and
0.60 = 0.07 (n = 9) for TMEM16A, TMEM16A-Q645A, and
-1637A channels, respectively.

In summary, the data described above indicated that intracellular
Ca”* serves as “switch” to enable the action of A9C on the channel.
The experiments described below aimed to test the mechanism(s)
by which intracellular Ca** enables the action of extracellular A9C.

Assessing the Influence of the Electrostatic Gate on the Effect of A9C.
The vacant Ca®*-binding sites form an electrostatic gate for the
permeating ion (25). We hypothesized that in the absence of
Ca?*, the unoccupied Ca>* binding pocket, which is character-
ized by negatively charged residues (such as E650), might elec-
trostatically repel the carboxylate group on the A9C molecule.
To test this possibility, we mutated, in the background of the
QO645A (steric gate) mutation, E650 into alanine or arginine,
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Fig. 2. Effects of extracellular A9C on whole-cell TMEM16A, TMEM16A-Q645A, and -1637A currents in the absence or presence of intracellular Ca%. (A)
Whole-cell currents recorded from HEK-293T cells expressing TMEM16A, TMEM16A-Q645A, or -1637A channels in the absence (control) or presence of 300 pM
[A9C]ex and the indicated [Ca*];. The stimulation protocol is shown in the Upper Left. Dashed horizontal lines represent the zero-current level. (B) Mean-peak
(i) or steady-state (ii) whole-cell current density versus V,, relationships measured in the absence or presence of 300 uM [A9C].,: and various [Ca%*];, for the
various channel types, as indicated. The number of experiments was 6 to 10 in each case.

since this is expected to reduce Ca** binding and thus also im-
pact the extent of attenuation of the electrostatic gate by Ca**
(25, 27) (Fig. 44).

We tested the Ca®* sensitivity of TMEM16A-Q645A-E650A
and -Q645A-E650R channels using inside-out recordings gFig. 4B).
The double mutants were constitutively active in 0 [Ca**]; (Fig.
4B). The increase of [Ca**]; caused additional activation of
TMEM16A-Q645A-E650A and -Q645A-E650R currents; the
current versus [Ca”"]; relationships were respectively characterized
by an ECs, of 0.63 pM (n = 9) and of 0.93 pM (n = 9) (SI Appendix,
Table S1). This is consistent with the fact that mutations in E650
reduced the extent of Ca** binding (24, 25). In 0 [Ca**];, whole-
cell TMEM16A-Q645A-E650A and -Q645A-E650R currents in
response to the “IV tail” protocol were unaffected by application
of extracellular A9C (300 pM) at any V,, tested (Fig. 4C).

The disengagement of the electrostatic gate is manifested by
loss of rectification (25). When the inside-out patches expressing
TMEM16A-Q645A-E650A or -Q645A-E650R were exposed to
increasing [Ca**];, the current amplitude increased, especially at
positive Vy,, (Fig. 4 D, i). Fig. 4D shows that despite the current
increase, there were modest changes in the extent of rectification,
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suggesting that the electrostatic gate was only partially disengaged,
presumably because the E650A/R mutation reduced binding of
Ca”* to one of the two sites. In contrast, exposure of the intra-
cellular side of the patch to 5 mM Gd** ([Gd**];) led to a nearly
linear current-voltage relationship, consistent with a more sub-
stantial attenuation of the electrostatic gate caused by this trivalent
cation (Fig. 4D) (25). In fast perfusion experiments, the extent of
(extracellular) A9C inhibition in the presence of Gd** was ~20%
and 5% for TMEMI16A-Q645A-E650A and -Q645A-E650R
channels, respectively (Fig. 4E). However, in presence of high (~12
or 200 uM) [Ca**];, which caused a lesser degree of attenuation of
the electrostatic gate (Fig. 4D), extracellular A9C caused ~40%
inhibition of TMEM16A-Q645A-E650A and - Q645A-E650R
currents (Fig. 4F). Collectively, these data suggest that the elec-
trostatic gate has a moderate influence on the action of A9C and
that the effect of Ca>* on the action of A9C may be secondary to
Ca**-induced gating rearrangement of the outer pore.

Assessing the Effect of Ca?* on CI~ Permeation: Evidence for a
Structural Rearrangement of the Outer Pore Region. To probe for
potential Ca®*-mediated structural rearrangements in the outer
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Fig. 3. Separation of inhibiting and activating effects of A9C on TMEM16A, TMEM16A-Q645A, and -1637A channels. (A) Whole-cell currents recorded from
HEK-293T cells expressing TMEM16A, TMEM16A-Q645A, or -1637A channels, as indicated. V,, was +70 mV, and [Ca%*]; was 0, 0.1, or 0.3 pM, as indicated.
Extracellular A9C (300 M) was applied (“concentration jump”) as indicated by the horizontal bars. Dashed horizontal lines represent the zero-current level.
The shaded gray bars indicate regions of the recording that were expanded in B. (B) The continuous red traces represent single exponential fits used to back-
extrapolate the currents to obtain I, (Left) and |, (Right). (C) Mean current inhibition (I/l, Left) and activation (I./lo, Right) plotted for each channel type in
box plots, as indicated. The number of experiments was 6 to 10 in each case. *P < 0.05, compared to TMEM16A.

pore, we assessed the apparent affinity of CI™ for the binding site(s)
within the pore of the TMEM16A-Q645A channel in the absence or
presence of intracellular Ca®* and extracellular A9C. In these ex-
periments, intracellular CI~ was replaced with methanesulphonate,
and strongly depolarizing V,,, was used to favor unidirectional in-
ward CI™ fluxes through the pore during whole-cell recordings. The
current was measured in the presence of varying concentrations of
extracellular CI™ ([Cl7],). This allowed us to assess the relationship
between the current amplitude and [Cl7], at various Vi, (Fig. 5 4
and B). The relationship between the apparent dissociation constant
for CI™ (Kos) obtained from the Hill fit (SI Appendix, Eq. S5) of
these relationships and the Vy, is shown in Fig. 5C.

To investigate the cross-influence of Ca** and A9C, we con-
sidered the thermodynamic cycle shown in Fig. SE and calculated
the coupling coefficient, Q, as detailed in SI Appendix, Supple-
mentray Information Text. Q was greater than 1 at each V
(Fig. 5D), which indicated that Ca** and A9C synergistically
modulate CI™ fluxes. This corresponds to a negative AAGijy,
spanning from ~—0.4 kcal/mol (at +70 mV) to —1 kcal/mol (at
+140 mV). Collectively, these results indicate that A9C and
Ca** are strongly coupled in their effect on Cl~ transport in the
TMEM16A channel. These results suggest that the effect of A9C
on the channel is secondary to a Ca”*-dependent gating rear-
rangement of the outer pore. This effect becomes more pro-
nounced as the V,, is increased, presumably because membrane
depolarization favors both 1) binding of intracellular Ca** and 2)
entry of the negatively charged extracellular A9C into the pore.

Molecular Dynamics Simulations Offer Insight into the Structural
Rearrangement of the Outer Pore Region. We used molecular mod-
eling and molecular dynamics (MD) simulations to gain insights
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into the Ca®*-dependent conformational rearrangements of the
outer pore. As there is not yet an experimentally determined
structure of a fully open state of TMEMI16A, we used the struc-
ture of TMEM16K (Protein Data Bank (PDB) entry: 50C9) (3)
and Ca**-bound TMEM16A (SOYB) (22) to build a model of
TMEMI16A in an open conformation. These structures mainly
differ in the position of the TM4 helix. We therefore modeled the
coordinates of TM4 from TMEMI6K within the Ca®*-bound
TMEMI16A structure.

SI Appendix, Fig. S4 provides a structural alignment of our
open-state TMEM16A model with the deposited TMEM16x
structures and the recently developed model of the PIP,-bound
open TMEMI16A channel (28). The analysis demonstrates that
our model closely resembled these structures and almost com-
pletely overlapped with the PIP,-bound open TMEM16A channel
model (28) with C, RMSD of 1.8 A (SI Appendix, Fig. S4 E and
F). Our open-state model also showed comparable stability with
the TMEM16A wild-type structures and PIP,-bound model over
three 200-ns simulations (SI Appendix, Fig. S4G). To test whether
our model was conductive to solvent, we calculated the occupancy
of the water molecules within the pore in the last 100 ns of the
800-ns simulation trajectory (Fig. 64 and Movie S1). The open-
state model showed water molecules within the outer pore region.
These simulations also reveal Cl™ binding at K584 and K641 and
permeation of CI™ within the pore (SI Appendix, Fig. S5), con-
sistent with published experimental studies demonstrating that
K641 serves as CI™ binding site (29, 30). We studied the effect of
Ca®" on the open pore in 800-ns simulations (n = 3); as Ca®* was
removed, the pore narrowed, especially in proximity of V539
(TM4) and 1636 (TM6) (Fig. 6 and Movie S2). These residues are
in the vicinity of a gate (1637, 1546, and 1547 in the «a TMEM16A
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Fig. 4. Assessment of the contribution of the electrostatic gate on the effect of extracellular A9C on the TMEM16A channel. (A) The cryo-EM structure of
TMEM16A with Q645 and E650 highlighted and bound Ca®* shown in pink (PDB ID: 50YB). (8) Mean relationships between [Ca?*]; and the current measured
at +70 mV in inside-out patches expressing TMEM16A-Q645A-E650A (n = 9) or -Q645A-E650R channels (n = 9). Dashed black and red lines are mean rela-
tionships between [Ca?*]; and the current measured at +70 mV for TMEM16A and TMEM16A-Q645A, respectively, and are replotted from Fig. 1. (C) (/) Whole-
cell TMEM16A-Q645A-E650A/R currents recorded in response to the “IV tail” protocol. [Ca%*]; was 0. (i/) Mean whole-cell TMEM16A-Q645A-E650A or -Q645A-
E650R current versus V,, relationships measured in the absence or presence of 300 pM [A9C]. The number of experiments was 6 to 8 in each case. (D) Mean
current versus Vy, relationships obtained in inside-out patches expressing TMEM16A-Q645A-E650A/R in the presence of (i) various [Ca®*]; or (i) 5 mM [Gd**];,
as indicated. Currents were normalized for the current measured at +140 mV in (i) 200 pM [Ca®*]; or (ii) 5 mM [Gd>*],. (ii/) Mean TMEM16A-Q645A-E650A/R
currents versus V, relationships normalized for the current measured at +140 mV in each case. The number of experiments was 6 to 8 in each case. (E) (i)
Whole-cell TMEM16A-Q645A-E650A currents measured at +70 mV and in the presence of 0, 12, 200 pM [Ca?*];, or 5 mM [Gd3*];, as indicated. Extracellular A9C
(300 pM) was applied (“concentration jump”) as indicated by the horizontal bar. (ii)) Mean current inhibition (Ip/lo) plotted as box plot for each channel type.
The number of experiments was 5 to 7 in each case. Dashed horizontal lines in Ci and Ei indicate the zero-current level.

variant) proposed in recent studies from the Dutzler group (31, 32).
This suggests that by removing the Ca®* from its binding site, the
conformation of the outer pore converges toward the closed-state
Ca®*-free structure (SOYG) (22). These conformational rear-
rangements appear also in three 500-ns simulations of both
TMEM16A-Q645A and -1637A (SI Appendix, Fig. S6 A and B).
Collectively, our simulations indicate that Ca** ions are required to
retain stable opening of the outer pore of the TMEM16A channel.

In addition to a closure of the outer pore without Ca®*, we ob-
served a kink in the TMG6 helix, near the Ca**-binding site, equivalent
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to that observed in the cryo-electron microscopy (cryo-EM) struc-
tures without Ca** (ST Appendix, Fig. S6C and Movie S2). In com-
parison with the wild-type open-state model, 500-ns simulations (n =
3) of the TMEM16A-Q645A and -1637A channels did not demon-
strate the same degree of TM helix kinking in the absence of Ca*™.
This suggests that these mutations, at least partially, prevent the clo-
sure of the steric gate (TMO6) of the channel (SI Appendix, Fig. S6C).

Identification of the A9C Putative Binding Site. We used AutoDock
Vina to position A9C above the outer pore of the open-state
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TMEMI16A model. In the presence of Ca**, A9C translocated
from the extracellular side of the membrane to its putative
binding site in the first 100 ns and remained at this site for the
entire duration (200 ns) of the simulation (Fig. 74). In the
simulation in which A9C was applied to the intracellular side,
is in agreement
at A9C was not

M16A channel

able to act from the cytosolic side of the channel during patch-
clamp experiments (SI Appendix, Fig. S7). In the absence of
Ca?t, pore closure at V539 and 1636 prevented A9C from
reaching the binding site (Fig. 7.4 and B). Our simulations also
demonstrated that A9C could not reach this binding site in any
of the cryo-EM structures, which all have a closed outer pore
(Fig. 7C). The residues forming the putative A9C-binding site
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Fig. 6. Occupancy of water molecules inside the TMEM16A pore. (A) Rep-
resentative calculations of the average occupancy of the water molecules
inside the pore of the open TMEM16A channel over the last 100 ns of an
800-ns simulation with and without Ca®*. The occupancy of the water mol-
ecules is shown in blue. The phosphate headgroups are shown as dark gray
spheres. The protein is represented as cartoon in orange. V539 and 1636 are
shown in green. Ca®* is shown in pink. (B) Calculated minimum distance
between V539 and 1636 in the Ca?*-bound (red) and the Ca®*-free (black)
state across 800-ns simulations (n = 3). The lighter shaded lines show the
distance calculated every 10 ps, and the darker lines show running averages
over 1 ns. (C) Histogram showing V539-1636 distance in the last 100 ns of the
simulations. The two conditions, Ca?*-bound (red) and the Ca®*-free (black)
states, were sampled with the bin size of 0.17 A and sampled every 1 ns
(n=3).

were identified as being within 4 A from the A9C molecule for at
least 50% of the last 100 ns of the simulation. These residues
were: S513, V539, 1636, K641, and Q645 (Fig. 7D). The same
residues were identified when the simulation was performed on
the PIP,-bound TMEMI16A open state structure (28) (SI Ap-
pendix, Fig. S8). The carboxyl group of A9C coordinated with
K641, while its aromatic rings interacted with the hydrophobic
side chains of 1636 and V539 (2F1g 7 A, Right). Overall, our
simulations suggested that a Ca**-dependent outer-pore rear-
rangement crucially enables A9C to reach its putative binding
site, consistent with the electrophysiology data shown above.

We mutated the residues that form the putative binding site
(S513, V539, 1636, K641, and Q645) to alanine one at a time.
The sensitivity of these mutant channels to A9C was tested using
concentration jump experiments during whole-cell recordings.
Fig. 7E shows that both the inhibitory (I,/Iy) and activatory
(I/1p) effects of A9C were dramatically reduced for all mutant
channels. The most significant inhibition was observed for the
1636 mutant (Fig. 7E), which abolished the effects of A9C. The
effect of A9C on the 1636 mutant was therefore tested in a
broader A9C concertation range. SI Appendix, Fig. S9 shows that
the channel is virtually insensitive to A9C concentrations as high
as 1 mM.

Discussion

Our key findings highlight the link between the action of intra-
cellular Ca®* and extracellular A9C on the TMEM16A channel.
The underlying mechanism is a Ca?*-triggered conformational
change at the outer pore, which allows A9C to reach the center of
the channel. Guided by the cryo-EM structures of the Ca**-bound
TMEM16A and TMEM16K proteins, we generated an open-state
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model of the TMEMI16A channel. Using MD simulations, we
identified a path for the A9C molecule to access its binding pocket
inside the pore from the extracellular side of the channel. The
A9C-binding pocket is partially hydrophobic and shares the same
basic residue, K641, required for CI™ coordination (29, 30). Our
results highlight a potential druggable site at the outer pore of
the channel and shed light on an aspect of Ca®*-gating of the
TMEM16A channel.

Gating Mechanisms of TMEM16 Channels and Scramblases. Like
some other anion channels, such as mammalian CLC and pro-
karyotic FluC channels (33, 34), the TMEM16A channel is a
homodimer encompassing two pores that function independently
from one another (20, 21). Ca®* binding to sites in each monomer
triggers channel activation (22, 23) by promoting a hinging motion
of TM6 which evoke opening of the “steric gate” at the intracel-
lular pore (22, 24, 31, 32) (Fig. 1). In line with a recently published
structural work (32), we note that in our simulations, the
TMEM16A-Q645A and -1637A channels in the absence of Ca2+
have the TM6 helix in a pre-open intermediate state with poten-
tially incomplete pore opemng (SI Appendix, Fig. S4C). In these
channels, intracellular Ca®* triggers a conformational change in
the outer pore. This conformational change enables A9C to reach
its putative binding site.

Negatively charged residues at the Ca®*-binding sites constl-
tute an electrostatic gate/barrier, which is attenuated by Ca?*
occupancy (25). Here, we provide evidence of a previously an-
ticipated gating component of the channel constituted by the
hydrophobic residues between TM4 and TM6, in particular V539
and 1636. Other hydrophobic residues on TM4 (such as 1546 and
1547) and TM6 (such as 1637) have recently been demonstrated
to form a gate (31, 32). The Ca®*-dependent widening of the
outer pore at V539 and 1636 is similar to that seen in TMEM16
scramblases such as Nectria haematococca TMEM16 (nhTMEM16).
Lipid transport in nhTMEMI16 requires the opening of the outer
region of the permeation pathway involving residues homologous
to V539 and 1636 in TMEM16A (nhTMEM16 T333 and Y439)
(35, 36). Our data suggest that TMEM16x channels and scram-
blases may share a common Ca”*-dependent mechanism that
widens the outer pore. The notion that a single-point pore mu-
tation confers scramblase activity on TMEM16A (37) is consistent
with the idea that the lipid and ion permeation pathways in
TMEM16x proteins may share a similar overall geometry.

Identification of a Putative Binding Site for A9C in the TMEM16A
Channel. We showed that A9C penetrates the channel when the
outer pore is open and reaches a region composed of five amino
acids (S513, V539, 1636, K641, and Q645). While separating the
effects of mutations on gating and binding poses challenges (38),
the combined use of electrophysiology and MD simulations
suggests that this region is a binding site for A9C. This is con-
sistent with our previous work in which we suggested that for
wild-type TMEM16A channels, extracellular A9C competes with
the permeating ion within the pore (17). A9C is a widely used
tool compound in CI™ channel research (17, 39). Our discovery
of the A9C-binding region on the TMEM16A channel has sig-
nificant implications for future drug discovery as it may consti-
tute a possible site of action for synthetic modulators of
the channel.

TMEM16A as a Therapeutic Drug Target. TMEM16A has been
proposed as a drug target for a range of human pathologies.
TMEMI6A is a key depolarizing mechanism in arterial smooth
muscle, and opening of TMEMI16A results in arterial smooth-
muscle contraction (40-44). TMEMI16A activators/potentiators
and blockers could be employed to treat diseases associated with
altered arterial tone including orthostatic hypotension and (sys-
temic and pulmonary) hypertension, respectively. TMEM16A is
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Fig. 7.

Identification of the putative A9C binding site. (A) z-axis position of an A9C molecule within our open-state model (center of the bilayer set as 0). The

positive and negative values define the movement of the A9C toward the extracellular or intracellular side of the pore, respectively. The simulations were run
in the presence (red) or absence of Ca%* (purple). The initial position of both simulations is marked with the top horizontal line. The bottom horizontal line
shows position of the A9C binding site. For each trace, the distance calculated every 10 ps (shaded), and running averages over 1 ns are shown (n = 3). The
Right shows A9C (blue) after 200 ns of simulation. The residues with a contact probability greater than 0.5 are shown in green. (B) Histogram (bin size: 0.05 A)
of V539-1636 distance in the Ca?*-bound (red) and the Ca*-free (purple) state during the last 100 ns of the simulation (sampled every 100 ps) (n = 3). (C) z-axis
position of an A9C molecule. The simulations were run in presence of Ca%* in the open-state model (red), 50YB structure (yellow), and 50YG (blue). (D)
Contact probability across three repeats in the last 100 ns of the 200-ns simulation trajectory of residues shown in A. Individual repeats are shown as individual
data points; horizontal lines denote mean values. (E) (i) Whole-cell currents recorded from HEK-293T cells expressing TMEM16A, TMEM16A-S513A, -V539A,
-1636A, -K641A, or -Q645A channels, as indicated. Extracellular A9C (300 pM) was applied as indicated by the horizontal bar (“concentration jump”). Dashed
horizontal lines indicate the zero-current level. (i) Mean current inhibition (I,/lo) or (iii) current activation (1,/lp) plotted as box plot for each channel type, as

indicated. The number of experiments was 5 to 9 in each case. *P < 0.05, compared to TMEM16A.

overexpressed in pulmonary arteries during pulmonary hyper-
tension (45), and up-regulation of CI™ currents has been implicated
in the proliferation of pulmonary artery smooth-muscle cells (46).
TMEMI16A blockers could provide a therapeutic benefit in pul-
monary hypertension by both inducing smooth-muscle relaxation
and possibly by reducing cell proliferation. TMEM16A blockers
might also be employed in the treatment of diseases of altered tone
of the cerebral microcirculation such as ischemic stroke and Alz-
heimer’s disease (47). Small molecules that activate the TMEM16A
channel could be used in cystic fibrosis (48, 49), where TMEM16A
activators may promote Cl™ fluxes in epithelial cells in which CFTR
channels are defective. In general, modulators that, like A9C, act at
depolarized V,,, by entering into the channel pore may be especially
effective for the control of TMEMI16A in excitable cells, including
nociceptive neurons, where TMEM16A is a proposed target for
pain (50). Another target for voltage-dependent modulators of

Dinsdale et al.
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TMEM16A may be the detrusor smooth muscle (51), in which the
Vi may go above 0 mV during micturition, and TMEM16A inhi-
bition may be beneficial in overactive bladder treatment. Our de-
termination of a putative binding site for A9C may offer avenues
for rational drug design targeted to this region of the channel and
the development of therapeutic drugs.

Methods

Detailed descriptions of cell culturing, single-point mutagenesis, electro-
physiology, generation of molecular models of TMEM16A, and MD simula-
tions are included in S/ Appendlix.

Electrophysiology. Wild-type and mutant mouse TMIEM16A (isoform a) subcloned
into the pcDNA3.1 vector were transiently transfected into Human embryonic
kidney 293T (HEK-293T) cells. TMEM16A currents were recorded with whole-
cell or inside-out configuration of the patch-clamp technique (17, 18). The ex-
change of solutions was achieved by using a local perfusion system consisting of
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eight tubes of 1.2-mm diameter, into which the tip of the patch pipette was
inserted or using an ultra-rapid (<50 ms) computer-controlled perfusion system
(Warner Instruments, Hamden, CT). Composition of solutions and stimulation
protocols are detailed in S/ Appendix.

Molecular Modeling. Molecular models of TMEM16A were generated us-
ing Modeler, and MD simulations were carried out with GROMACS ver-
sion 2020.1. Analysis was performed using GROMACS version 2020.1,
MDAnalysis, Visual Molecular Dynamics (VMD) version 1.9.3 and PyMOL
version 2.0.

Statistical Analysis. Data are given as mean + SEM, unless stated otherwise.
Statistical significance was determined with two-tailed paired or unpaired
t tests or one-way ANOVA with Bonferroni’s post-test, as appropriate. For all
statistical tests, P values <0.05 were considered significant.

Data Availability. The open-state molecular model of TMEM16A developed
and used in this study can be accessed at https://zenodo.org/record/
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