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Abstract

The TMEM16 family of calcium-activated membrane proteins includes ten mammalian paralogs
(TMEM16A-K) playing distinct physiological roles with some implicated in cancer and airway diseases.
Their modulators with therapeutic potential include 1PBC, a potent inhibitor with anti-tumoral properties,
and the FDA-approved drug niclosamide that targets TMEM16F to inhibit syncytia formation induced by
SARS-CoV-2 infection. Here, we report cryo-EM structures of TMEM16F associated with 1TPBC and
niclosamide, revealing that both molecules bind the same drug binding pocket. We functionally and
computationally validate this binding pocket in TMEM16A as well as TMEM16F, thereby showing that
drug modulation also involves residues that are not conserved between TMEM16A and TMEM16F. This
study establishes a much-needed structural framework for the development of more potent and more
specific drug molecules targeting TMEM16 proteins.

Main Text

TMEM16 proteins are a family of transmembrane proteins conserved across eukaryotes, encompassing
10 paralogs (TMEM16A-K) in mammals. Despite high sequence similarity, TMEM16 proteins present
remarkable functional diversity (1, 2). For instance, TMEM16A is a calcium (Ca?*)-activated chloride
channel that opens in response to increased intracellular Ca* levels, enabling chloride ions to move
across the plasma membrane (3-5). In contrast, TMEM16F functions as both a Ca%*-activated ion
channel and a Ca%*-activated lipid scramblase. TMEM16F channels permeate cations including Ca?* ions
(6-8), however, its selectivity for cations versus anions may vary with the electrostatic field of the
permeant pathway (9). Through its lipid scrambling activity, TMEM16F allows diverse lipids, including
phosphatidylcholine (PC), phosphatidylethanolamine (PE) and phosphatidylserine (PS), to passively
move between the inner and outer leaflets of the plasma membrane (1, 2, 6, 7, 10, 11). Both TMEM16A
and TMEM16F play critical roles in numerous physiological processes and have emerged as important
targets for therapeutic intervention in multiple diseases, including cancer, asthma, and in particular
COVID-19 (1,2,12,13).

TMEMT16A is required for airway and secretory gland secretion (1, 2). Notably, a TMEM16A activator is
under consideration for the treatment of cystic fibrosis (14), whereas TMEM16A inhibitors with potent
bronchodilator activities are being tested as anti-asthma drugs (15, 16). Additionally, TMEM16A activity is
upregulated via gene amplification or enhanced expression in many types of cancers and is linked to
increased cell migration and proliferation as well as metastatic progression (12). Therefore, antagonists
of TMEM16A, such as 1PBC and niclosamide, provide a promising new avenue for the treatment of
diverse cancers (16).

TMEMT16F activity is important for blood coagulation (6, 17-19) and mutations in TMEM16F are linked
to the Scott syndrome bleeding disorder (20). TMEM16F also plays a critical role in extracellular vesicle
generation and release (21-24) and membrane repair as protection against bacterial infection (25).

Importantly, niclosamide, an FDA approved drug, has recently been shown to block SARS-CoV-2-induced
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syncytia formation and virus replication by inhibiting TMEM16F (13). The repurposing of niclosamide for
treatment of severe COVID-19 is currently under examination in more than a dozen clinical trials (26)
(clinicaltrials.gov). Niclosamide is also a potent inhibitor of TMEM16A and robustly mitigates the
symptoms of airway diseases in mice (15). Like niclosamide, most small molecule inhibitors identified to
date affect multiple TMEM16 paralogs, making off-target effects a major concern for clinical
applications. Elucidation of the ligand binding site is important not only for understanding the
mechanism of action of these molecules but also for designing more specific drugs for pharmacological
targeting of TMEM16 proteins.

TMEM?16 proteins form dimers (1, 2); each subunit comprises 10 transmembrane helices (TMs) and
contains its own ion conduction pore enclosed and surrounded by TM3-7 (Fig. 1). Ca%*-dependent
activation involves direct binding of Ca?* ions in two contiguous Ca?*-binding sites that are formed
between TM6-TMS8 (Fig. 1). Structures of both TMEM16A and TMEM16F in Ca?*-free and Ca?*-bound
states reveal that TM6 undergoes major Ca?*-dependent conformational rearrangements, whereby Ca?*
binding stabilizes an extended conformation of TM6 (8, 27, 28). While numerous studies have
established a critical role for TM6 in binding Ca®* for channel activation (1, 2), it is an intriguing open
question as to how TMEM16A and TMEM16F functions might be modulated by small molecule drugs.

We determined cryo-EM structures of TMEM16F in three distinct unliganded states that reveal structural
asymmetry and shed light into the mechanisms underlying Ca%*-activated lipid scrambling. We also
determined structures of TMEM16F bound to niclosamide and 1PBC, revealing that both molecules bind
the same hydrophobic groove. We validated the binding site using computational docking and
mutagenesis analyses and our data also indicate that both niclosamide and 1PBC bind to the equivalent
site in TMEM16A. Our work establishes a structural foundation for designing more potent and specific
antagonists against TMEM16 proteins with critical implications for the treatment of cancer, asthma and
COVID-19.

Results

Cryo-EM analysis reveals an asymmetric state of the
TMEM16F dimer

A plethora of genetic, biochemical and electrophysiological studies show that binding of
phosphatidylinositol 4,5-biphosphate (PIP,) is important for activation of both TMEM16A and TMEM16F
(29-31). Combination of lipid nanodisc technology with single particle cryo-EM allows structural analysis
of membrane proteins embedded in a lipid bilayer (32, 33), which is critical for TMEM16 proteins and
other membrane proteins that are modulated by lipids. However, TMEM16 proteins in nanodiscs present
strong preferred orientation in particle distribution, severely limiting the attainable resolution of cryo-EM
structures of TMEM16 proteins and hampering the study of these proteins in the context of a lipid bilayer
(8, 27). We overcame this limitation by collecting data from tilted specimen and implementing an image
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processing pipeline that allowed us to systematically determine sub 3.5 A structures of TMEM16F in lipid
nanodiscs in the presence or absence of different ligands (see Materials and Methods, figs. S1, S2, S3, S4
and table S1).

First, we determined multiple structures of TMEM16F in the presence of Ca2* and PIP,. These structures
represent different conformations of TMEM16F in unliganded states. The quality of these reconstructions
enables atomic model building of the TM helices, most of the extracellular and intracellular domains, as
well as Ca?* ions and dozens of lipid densities associated with the protein (Fig. 1 and table S1). Whereas
all previously reported TMEM16F structures were determined with the assumption of C2 symmetry, we
did not impose symmetry and identified 3 distinct states with major differences in the conformation of
TM6 and the number of Ca?* atoms bound in each monomer (fig. S4). In State A, both monomers are
bound to 2 Ca?* ions and present a clear density for an extended TM6 (fig. S4). In State B, one monomer
has 2 Ca?* ions and a straight TM6, whereas the other monomer appears to contain a single Ca%* ion, as
density for the second Ca?* ion is significantly weaker. In this single Ca?*-bound monomer, TM6 presents
a kink at P628 (Fig. 1). Thus, this structure represents an asymmetric state of the dimer (Fig. 1). In State
C, both monomers contain only 1 Ca?* ion and TM6 is bent in both (fig. S4). Comparison between these 3
classes reveals that straightening of TM6 correlates with binding of the second Ca?* ion, whereas kinking
of TM6 is associated with an outward rigid body motion of the intracellular domain that brings it closer to
the nanodisc (Fig. 1A and fig. S4). Moreover, bending of TM6 directly correlates with distortion of the
nanodisc and significant thinning of the membrane at the kinking position (Fig. 1A and fig. S4).
Consistent with our previous study of TMEM16F (8), these observations support the notion that kinking
of TM6 at P628 causes membrane distortion.

Our reconstructions also reveal previously unobserved features, including glycans and conserved
disulfide bonds in the extracellular region (Fig. 1 and fig. S5, A and B), as well as the presence of a third
Ca?* ion coordinated by E395 on TM2 as well as S854 and D859 on TM10, near the dimer interface in the
intracellular region of the protein (fig. S5C). These features are likely present in previous reconstructions
but not detected due to limited resolution. In fact, a similar Ca?*-binding site has been recently found in
TMEM16F (10) as well as TMEM16K (34), and biochemical studies indicate that an equivalent third Ca?*-
binding site allosterically regulates channel activity in TMEM16A (35).

We are also able to unambiguously assign the residues of TM4 and precisely determine the pore-lining
residues on TM4 (fig. S5D). These residues form a network of OH-containing side chains along the
hydrophilic pore that constitutes an ideal environment for ion conduction across the membrane (Fig. 1C).
However, the ion conduction pore is closed in all states resolved in this study and its hydrophilic interior is
not accessible to lipids from the surrounding membrane (fig. S5E).

TM1 and TM6 form a hydrophobic groove that can be
occupied by lipids
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In all three classes, we noticed a trail of densities that appear to correspond to a mixture of multiple lipids
extending across the entire lipid bilayer along the membrane-facing surface of each TMEM16F monomer
(Fig. 1B). A hydrophobic groove formed between TM1 and TM6 near the extracellular edge of the
membrane appears to play a major role in accommodating these lipids. Intriguingly, this area
corresponds to the position where membrane thinning occurs. To further investigate these lipid densities,
we combined particles from all three States and carried out focused classification around this groove in a
single monomer (See Materials and Methods, fig. S1). The particles clustered primarily to 2 classes that
each contained approximately 40% of the particles and rendered 3.1 A resolution structures (figs. S1 and
S2). The overall organization of Class 1 and 2 is essentially indistinguishable (Fig. 2). However, Class 1
almost entirely lacks lipid densities in the TM1-TM6 groove, whereas Class 2 has strong density for
numerous lipids in this area (Fig. 2, A and B). This indicates that our dataset contains a mixture of
monomers in lipid-free and lipid-bound states.

Niclosamide binds the hydrophobic groove formed
between TM1 and TM6

Niclosamide is an FDA-approved drug that has recently emerged as a promising drug for treating severe
cases of COVID-19 (26) (clinicaltrials.gov), and its propensity to inhibit syncytia formation has been
attributed to its ability to inhibit TMEM16F (13). Seeking to determine the binding site of this antagonist,
we added 50 mM niclosamide to our biochemical preparation and imaged this sample following identical
image processing pipeline as in the apo dataset presented above (figs. S1 and S2). In this case, however,
focused classification around the TM1-TM6 groove rendered 3 classes. Like in our control sample,
Classes 1 and 2 are distinguished by the absence or presence of lipids in the groove. Meanwhile, Class 3
contains a well-defined density in the TM1-TM6 groove that fits niclosamide well while no trail of lipid
densities is found in the hydrophobic pocket (Fig. 2C). The niclosamide-like density contacts F321 on
TM1, K370 on the TM1-TM2 loop, T606, T607 and T610 on TM6, and F685 and L687 on the TM7-TM8
loop (Fig. 2C). The resolution of our reconstruction is insufficient to unambiguously determine the precise
pose of the molecule within the density. To gain some insight into how niclosamide may be oriented
within TMEM16F, the compound was computationally docked using the Glide docking software. Using
only the atomic model of TMEM16F (without access to our cryo-EM density map), the software identified
this pocket as the most likely binding site and the highest-ranking pose fits our cryo-EM density well

(Fig. 2C and fig. S6). Notably, this pose had the lowest binding energy and predicts formation of a
hydrogen bond with T610. Taken together, our structural and computational data show that niclosamide
binds TMEM16F at the hydrophobic groove formed between TM1 and TM6 and that binding of
niclosamide prevents lipids from occupying this pocket.

1PBC is a potent inhibitor of TMEM16F

Niclosamide is known to inhibit both TMEM16F and TMEM16A channels (15). Given the structural
similarities between both paralogs, we reasoned that 1PBC, a potent inhibitor of TMEM16A, might also

modulate TMEM16F. To test this hypothesis, we first measured Ca2* influx using Fluo8 as a small

molecule Ca?* reporter dye. Application of 1PBC led to a significant decrease in TMEM16F-dependent
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Ca?* influx upon chemical induction (Fig. 3 and fig. S7). This indicates that TPBC is a potent inhibitor of
TMEM16F ion channel activity. Next, we explored whether TMEM16F lipid scramblase activity is also
inhibited by 1PBC by imaging PS exposure using pSIVA, a fluorescent annexin derivative. Upon chemical
induction, the average onset for PS exposure in vehicle controls was 17.23 min (Fig. 3 and fig. S7). TPBC
robustly delayed the onset of TMEM16F-dependent PS exposure to 32.06 min (Fig. 3). We conclude that,
like niclosamide, 1TPBC potently inhibits TMEM16F function by reducing both ion conduction and lipid
scrambling activity.

1PBC and niclosamide target the same site in TMEM16F

To elucidate the binding site of 1PBC, we supplemented our TMEM16F sample with 100 mM 1PBC. Here
too we identified 3 distinct classes that closely resemble the 3 states observed in our drug-free sample.
However, lipid densities along the membrane-facing surface of each monomer are absent. Instead, in all
three classes we found a strong oval-shaped density in the same hydrophobic groove identified as the
drug binding site in our niclosamide-supplemented dataset (Fig. 2D). This density, which is remarkably
different from the lipid-like and niclosamide-like densities in our ligand-free and niclosamide-bound
structures, fits TPBC well. Overlay of the TPBC-bound structure with our control revealed subtle side chain
rearrangements of the residues surrounding this density. More specfically, K370 appears to shift from
interacting with E366 to establishing a hydrogen bond with the compound (fig. S5F). Consistent with
these observations, computational docking using Glide independently predicts formation of a hydrogen
bond between K370 and 1PBC and identifies a pose for the ligand that fits our density map well (Fig. 2D
and fig. S6). Together, our data show that 1PBC and niclosamide target the same site in TMEM16F and
appear to replace bound lipids in the hydrophobic groove formed between TM1 and TM6.

Functional validation of the drug binding site in TMEM16F

We previously showed that chemical induction of giant plasma membrane vesicle formation involves
TMEM16F-dependent Ca?* influx as well as TMEM16F-dependent PS exposure in HEK293 cells (7, 8), so
it is a robust assay for evaluating TMEM16F activity. We thus generated stable cell lines expressing
wildtype or mutant TMEM16F-mScarlet containing alanine substitutions of the residues surrounding the
inhibitor densities: F321 on TM1, K370 and F374 on the TM1-TM2 loop, T606 on TM6, and F685 on the
TM7-TM8 loop. Interestingly, mutation of these residues altered the basal activity of TMEM16F.
Compared to the wildtype control, F321A shortened the onset of Ca2* influx by nearly twofold and
reduced the onset latency of the PS exposure from 17.23 min to 11.61 min (Fig. 3). In contrast, K370A
significantly delayed the onset of PS exposure to 30.16 min. These results indicate that this pocket and
its endogenous lipids are critical for scramblase activity of TMEM16F (Fig. 3 and fig. S7). Importantly, in
wild type controls, both 1PBC and niclosamide significantly delayed the onset of internal Ca2* rise and PS
exposure (Fig. 3). The inhibitory effect of both antagonists was significantly decreased by all the
mutations, confirming that these residues are important for binding these inhibitors (Fig. 3). In fact, the
F321A mutation almost completely obliterated the inhibitory effect on the onset of both Ca?* rise and PS
exposure (Fig. 3). In summary, we show that residues in the TM1-TM6 groove are important for

niclosamide- and 1PBC-mediated inhibition of TMEM16F and this area is critical for scramblase activity.
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Functional and computational validation of the niclosamide
and 1PBC binding site in TMEM16A

Niclosamide and 1PBC are potent inhibitors of both TMEM16A and TMEM16F (15). Since the binding
pocket we identify in TMEM16F presents a high degree of conservation in TMEM16A, we reasoned that
both inhibitors may bind equivalent sites in TMEM16A and TMEM16F. To investigate this hypothesis, we
tested whether mutations of residues in the putative binding pocket affect 1PBC- or niclosamide-
mediated inhibition of TMEM16A (Fig. 4). We used whole cell patch clamp electrophysiology to measure
CaZ*-activated Cl™ currents from HEK293 cells expressing either wildtype or mutant TMEM16A and tested
the effects of alanine substitutions of F353 on TM1, R399 and F404 on the TM1-TM2 loop or F720 on the
TM7-TM8 loop. In the absence of antagonists, these mutations did not alter the CI™ current induced by
Ca?* activation of TMEM16A. R399A and F720A significantly reduced the inhibitory effects of both 1PBC
and niclosamide while F353A affected the inhibitory effects of niclosamide but not 1PBC, confirming that
these residues are important for the interaction of these drugs with TMEM16A (Fig. 4, A to D). Notably,
FA404A did not alter the efficiency of either of the inhibitors, whereas the equivalent mutation in TMEM16F,
F374A, decreased inhibition (Fig. 3). It thus appears that the functional relevance of the specific residues
within the binding site might vary between TMEM16A and TMEM16F.

We further used Glide to computationally dock niclosamide and 1PBC into the Ca*-bound TMEM16A
structure following identical procedures as in TMEM16F, for docking into a cube of 30 A length on each
side. In both cases, the software found binding in this pocket to be most energetically favorable (fig. S6).
Taken together, our data indicate that 1PBC and niclosamide bind the same binding pocket in a
hydrophobic groove formed between TM1 and TM6 in both TMEM16A and TMEM16F.

Discussion

TMEM16 proteins assemble as dimers and whether the two monomers function independently or
cooperatively is unclear. Unlike all previously solved structures of TMEM16 proteins, our reconstructions
of TMEM16F in the presence of PIP, with or without drug molecules reveal a high degree of asymmetry
within the dimer (Fig. 1). It is important to note that previous studies of TMEM16 proteins in lipid
nanodiscs imposed C2 symmetry during cryo-EM data processing. The asymmetry of TMEM16F dimers
we observe in our C1 reconstructions is likely linked to the mechanism(s) underlying TMEM16F function
and PIP,-mediated activation.

Structural analysis of TMEM16F in lipid nanodiscs supplemented with PIP, reveals 3 distinct coexisting
states and a direct correlation between kinking of TM6 and membrane distortion (fig. S4). A continuous
trail of lipids connects the intra- and extracellular sides of TMEM16F at the membrane distortion site

(Fig. 1B). These findings are consistent with our previous structural and mutagenesis data (8) and
support a model for TMEM16F-mediated scrambling of lipids, whereby TMEM16F distorts the membrane,
minimizing the distance between the inner and outer leaflets of the lipid bilayer (Fig. 5A). We further find
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that residues along this lipid trail, such as K370 and F321, are important for scramblase activity. In fact,
K370 is a positively charged residue that is ideally positioned for interacting with negatively charged
phospholipid heads at the membrane interface. The fact that TMEM16A, which cannot scramble lipids,
contains an alanine in this position reinforces the notion that this basic residue is critical for lipid
scrambling (Fig. 5B). Together, our data suggest that the lipid trail we identify on TMEM16F might
correspond to the pathway for lipid scrambling. We propose that the lipids “surf” along this membrane-
facing groove, crossing between the inner and outer leaflets through a path that does not directly involve
the hydrophilic ion conduction pore (Fig. 5A).

TMEM16 proteins have emerged as important pharmacological targets for the treatment of cancer,
asthma and more recently COVID-19 (12, 13) (26) (clinicaltrials.gov). Our data indicate that niclosamide
and 1PBC bind the same, conserved site in both TMEM16A and TMEM16F (Fig. 5B and fig. S6). With
both antagonists directly contacting the extracellular-proximal end of TM6, our mutagenesis studies
suggest that residues on this helix are critical for drug binding (Figs. 3 and 4). TM6 is the main gating
element of the channel as well as part of the ion conduction pore in both TMEM16A and TMEM16F (1, 2).
We thus speculate that, by binding to the upper part of TM6, these antagonists simultaneously lock the
ion conduction pore and the gating element in a closed configuration.

Interestingly, the binding site of TPBC and niclosamide coincides with the position where we observe the
maximum degree of membrane distortion and thinning in the TMEM16F structures. In our model for
TMEM16F activity, this site corresponds precisely with the entry and exit point of the lipids as they
transition between the inner and outer leaflets of the plasma membrane (Fig. 5A). Our structures show
that both antagonists replace the lipids found in this pocket in our drug-free sample (Fig. 2). This
suggests that TPBC and niclosamide might directly inhibit TMEM16F scramblase activity by physically
occluding the path of the lipids across the membrane (Fig. 5A). In fact, lipid densities along this path are
significantly reduced in our 1PBC- and niclosamide-bound structures (Fig. 2). Consistent with a critical
role of this region for lipid scrambling, alanine substitutions of residues within the drug binding pocket
significantly alter the lipid scrambling activity of TMEM16F in the absence of inhibitors, whereas

equivalent mutations in TMEM16A do not affect Ca?*-activated Cl™ channel activity (Figs. 3 and 4).

Like 1PBC and niclosamide, most drug molecules identified to date are not specific for any particular
TMEM?16 paralog and instead broadly target TMEM16 family members. This raises concerns about
potential off target effects in the clinic. Additionally, our whole cell patch clamp electrophysiology
experiments, as well as previous studies (36), show that niclosamide may activate an ion channel.
Although both niclosamide and 1PBC appear to bind the same, conserved hydrophobic pocket in
TMEM16A and TMEM16F, our data also show that the specific contribution of different residues to the
interaction is distinct in TMEM16A and TMEM16F (Figs. 3 and 4). We further demonstrate that non-
conserved residues within this region, such T606 and K370 in TMEM16F, are important for the inhibitory
effects of TPBC and/or niclosamide (Fig. 3). In fact, comparison between the two pockets reveals that the
TMEM16A binding pocket consists almost exclusively of hydrophobic residues, whereas the equivalent
site in TMEM16F includes several charged and OH-containing side chains (Fig. 5B). Niclosamide is a

Page 9/18



highly hydrophobic molecule that presents extremely poor solubility in aqueous solutions (37). Thus, the
identification of non-conserved hydrophilic residues within the drug binding pocket in TMEM16F opens
the door for the development of niclosamide analogs with better pharmacological properties that
exclusively target TMEM16F for the treatment of severe COVID-19. Taken together, our work establishes a
much-needed structural framework for designing more potent and more specific antagonists against
individual members of the TMEM16 family with critical implications for the treatment of asthma, cancer
and COVID-19.
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Figure 1

Cryo-EM analysis reveals asymmetry within the TMEM16F dimer. (A) Cryo-EM density of the asymmetric
state of the TMEM16F dimer with the monomers colored blue and light blue, respectively, and the lipid
densities in grey. The gaussian filtered cryo-EM density (semitransparent) reveals distortion of the lipid
nanodisc. (B) Side view of a TMEM16F monomer (blue) highlighting the trail of lipids (grey) covering the
TM region. (C) Front and side view of the atomic model of the asymmetric state of TMEM16F with Ca?*
atoms and glycans shown in green and red, respectively. The ion conduction channel identified by HOLE
is represented by spheres colored in rainbow scale based on the local width of the channel, where red
<1.5 A and blue >7.5 A.
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Figure 2

Niclosamide and 1PBC bind the same hydrophobic groove in TMEM16F. Atomic model of the TM1-TM6
region of (A) Class1 and (B) Class 2 of the drug-free control, (C) niclosamide- and (D) 1PBC-
supplemented datasets. In each case, the additional cryo-EM densities found in the area are shown.
Below, zoom into the TM1-TM6 groove with the residues shown as sticks and colored by heteroatom and
the additional density found within the pocket shown in semitransparent. Structures of niclosamide and
1PBC as determined by computational docking using Glide are shown in purple and green, respectively.
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Figure 3

Functional validation of the drug binding site in TMEM16F. Representative curves of live imaging of
TMEM16F-dependent PS exposure (A) and (C); and Ca?* influx (E) and (G). Data are represented as mean
+ SEM. Scattered dot plots of time of onset of TMEM16F-dependent PS exposure [(B) and (D)] and Ca?*
influx [(F) and (H)]. Time of onset could not be determined for time courses with a linear rather than
sigmoidal rise. The mean + SEM is shown along with the statistical significance determined by unpaired

pSIVA
kA ns ns * ok ns
60- |
F R
H o "] s g
40+ S e * i 4 =
° o o
3 L] ': ° o » %
IR ENA TS &
& &r ?
LY ¢k 7 ?
F F P S E S °
FEITET TS P
& & &S & & «@‘F
pSIVA
kdk ns ns ns ns ns
1
60—
EEPE.
° L)
.
w- ‘ . a 5 &
L ° %
.. .
mq 1 L ] aﬁ g -
s t X
. N » ‘
0= v + b
& o0 I S RN &
“#0 ’80 ":?0"(\ NQQS’ Qv.(r NQQ \QQ b."'(’& é@vﬁ
TS E T E

Calcium influx

*kEH ns * ns ns HhAE
> <
~ v
& 2
l—'I'—T—';\T——-- —'&: e
F ¢ & &
,v»‘\\ & .hv-'a‘\ F &
& & & Q@ﬁ
Calcium influx
i | o ns ns ns ns
404 ™
30 v
L] L)
20 # . , = . a . .
Sf AT B ROU
u-_?_*_*_ﬁ-_?_.' _k_q.n_j:-_l _:s:—-_.r._
O
9 '&’395’ 'i\‘_c.’*"\ v:s‘b @‘_o ‘;SQ(‘ ‘\#c’#\ ‘?'sé’t@v_o d:sec‘ "vo &
«'h é‘;b *'_5 D Q‘b Q‘S\ <8 ‘@ «é “ﬁ

Page 16/18



t-test for each mutant as compared to vehicle controls (*p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001).
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Figure 4

Electrophysiology-based validation of the binding site in TMEM16A. Representative voltage clamp current
traces at +70 mV with holding potential at -5 mV of wildtype mTMEM16A and alanine substitution
mutants in the absence or presence of (A) 3 uM niclosamide or (B) 30 pM 1PBC recorded in 500 nM

[Ca?*]; or 12 mM [Ca?*], respectively. Graphs showing the coefficient of the steady-state current measured
for the wildtype control and each mutant upon addition of (C) niclosamide and (D) 1PBC divided by the
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maximum Intensity (I/1,,45) in each case. The mean = SEM is shown along with the statistical

significance determined by unpaired t-test for each mutant as compared to wildtype controls (*p <
0.05; **p < 0.01; ***p < 0.001).
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Figure 5

Comparison of the drug binding pocket in TMEM16A and TMEM16F. (A) Schematic representation of the

TMEM16F dimer (light blue and blue) embedded in a lipid bilayer (grey), where Ca%* atoms are shown as
green circles and the inhibitors as a purple polygon and dotted black lines represent the closed ion
conduction pore. (B) Structure of the drug binding pocket in TMEM16F (blue, left) and TMEM16A (grey,
right) with the side chains of the surrounding residues shown as sticks and the non-conserved residues
highlighted in orange. Computationally docked structures of niclosamide and 1PBC are shown in purple
and green, respectively. All atoms are colored by heteroatom.
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