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Ca**-activated CI~ channels (CaCCs) are key regulators of numer-
ous physiological functions, ranging from electrolyte secretion in
airway epithelia to cellular excitability in sensory neurons and
muscle fibers. Recently, TMEM16A (ANO1) and -B were shown to
be critical components of CaCCs. It is still unknown whether they
are also sufficient to form functional CaCCs, or whether associa-
tion with other subunits is required. Recent reports suggest that
the Ca®* sensitivity of TMEM16A is mediated by its association
with calmodulin, suggesting that functional CaCCs are heteromul-
timers. To test whether TMEM16A is necessary and sufficient to
form functional CaCCs, we expressed, purified, and reconstituted
human TMEM16A. The purified protein mediates Ca?*-dependent
Cl~ transport with submicromolar sensitivity to Ca?*, consistent
with what is seen in patch-clamp experiments. The channel is
synergistically gated by Ca?* and voltage, so that opening is pro-
moted by depolarizing potentials. Mutating two conserved gluta-
mates in the TM6-7 intracellular loop selectively abolishes the Ca?*
dependence of reconstituted TMEM16A, in a manner similar to
what was reported for the heterologously expressed channel.
Well-characterized CaCC blockers inhibit CI~ transport with Kis
comparable to those measured for native and heterologously
expressed CaCCs. Finally, direct physical interactions between cal-
modulin and TMEM16A could not be detected in copurification
experiments or in functional assays. Our results demonstrate that
purified TMEM16A is necessary and sufficient to recapitulate the
biophysical and pharmacological properties of native and heterol-
ogously expressed CaCCs. Our results also show that association of
TMEM16A with other proteins, such as calmodulin, is not required
for function.
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Ca“-activated CI™ channels (CaCCs) regulate a number of
physiological functions including epithelial electrolyte se-
cretion in cardiac muscle contractility, preventing polyspermy in
oocytes, olfactory responses, and regulating the membrane po-
tential in the nervous system (1, 2). The initial discovery of these
channels dates to over 30 y ago in salamander photoreceptors (3)
and was followed by numerous reports of Ca**-activated Cl~
currents in salivary glands, airway epithelia, Xenopus oocytes,
and smooth muscle cells (1). The molecular identity of CaCCs
remained unknown until recently, when TMEM16A and -B (also
known as Anoctaminl and 2) were identified as pore-forming
components of Ca**-activated CI~ channels (4-6). This seminal
discovery allowed researchers to identify the novel roles played
by these channels in a variety of physiological processes (2) in-
cluding mediating salt secretion in kidneys, lungs, and airway
epithelia, controlling the excitability of cardiac and smooth
muscle cells (7, 8), nociception in sensory neurons (9, 10), and
cell proliferation (11-14).

Despite these breakthroughs, the TMEM16A channels remain
poorly understood at the molecular level, even for their most
basic features. Strikingly, two fundamental questions that remain
are as follows. (i) Is TMEM16A sufficient to form a functional
Ca?*-activated channel? Or, is association with ancillary subunits
required? (ii) Does Ca®* activate TMEMI16A directly or in-
directly? Recent work has shown that TMEM16A forms dimers
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in cells (15-17), associates with members of the ezrin-moesin
network of cytoskeletal proteins (18), and that channel activation
and ion selectivity require an obligatory association with cal-
modulin (CaM) (19, 20). It remains unclear, however, whether
these proteins are integral components of the functional CaCC
complex or whether they are dispensable for function. The
basis of the Ca>* sensitivity of TMEMI16A is controversial: Sev-
eral reports suggest that Ca®>* modulates TMEMI16A indirectly,
through association of the channel with calmodulin (19-21). In-
deed, the TMEMI16A primary sequence lacks recognizable
Ca’*-binding motifs (22), whereas it possesses at least two
putative calmodulin-binding domains (20). In contrast, a con-
served pair of acidic residues in the intracellular TM6-7 loop
was recently shown to play a key role in the Ca?* sensitivity of
TMEMI16A and -F (23, 24), suggesting that Ca** might di-
rectly interact with the channel.

To address these two questions, we purified the TMEM16A
channel and tested its function in vitro. We found that the pu-
rified human (h)TMEMI16A protein alone recapitulates all of
the fundamental biophysical and pharmacological properties of
native and heterologously expressed CaCCs. We could not detect
a direct interaction between purified TMEM16A and calmodu-
lin. Our results demonstrate that TMEM16A is necessary and
sufficient to form functional Ca®*-activated CI~ channels and
that association with other proteins, such as calmodulin, is not
required for their activity.

Significance

Calcium-activated chloride channels play key roles in physiol-
ogy, from mediating sensory transduction and nociception to
regulating mucine secretion in airway epithelia and controlling
excitability of smooth muscle fibers. Recently, TMEM16A was
identified as the pore-forming subunit of these channels. It
remains unclear, however, whether this protein is sufficient to
form calcium-activated chloride channels, or whether associa-
tion with other subunits is required for function. Recently, as-
sociation with calmodulin has been proposed to be required
for the calcium-dependent activation and ion selectivity of
these channels. Here we show that purified and reconstituted
TMEM16A is necessary and sufficient to recapitulate the
properties of native and heterologously expressed calcium-
activated chloride currents. Thus, association of TMEM16A with
other proteins is not required for function.
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Results

Purified hTMEM16A Forms Dimers. The abc splice variant of
hTMEMI6A (4, 25) was expressed in Sf9 insect cells and purified
using metal-affinity chromatography. The purified protein ran on
a geliltration column as one main peak eluting at ~10.4 mL
(Fig. 14). Of the two minor peaks in the elution profile, the first
was at ~8 mL whereas the second eluted at ~14 mL and was
a truncated TMEMI16A that lacks at least its N-terminal domain,
as verified by an antihistidine Western blot (Fig. S14), and
migrates as a monomer (Fig. 1B), consistent with the observation
that the N terminus is necessary for dimerization (17). The
identity of both bands was confirmed using mass spectrometry.
Rerunning the main peak through gel filtration after 12-24 h
yielded a single, monodisperse peak at the same position (Fig.
1A), indicating that the purified h"TMEMI16Aabc protein is stable.
The elution volume of the hTMEMI16A channel complex is
comparable to that of the purified MthK K* channel tetramer
(Fig. S1B), suggesting that the molecular mass of TMEM16A is
~250 kDa, consistent with the expectation that this CI~ channel
forms dimers (15-17). Further support for this conclusion comes
from experiments in which we used glutaraldehyde to cross-link
the channel complex (26, 27). Whereas the nonspecific nature of
this cross-linking reagent can lead to overestimating the size of
a molecular complex, in the case of purified TMEMI16A the
results are clean (Fig. 1C): Upon glutaraldehyde treatment, the
TMEMI6A protein band quantitatively shifts from its monomer
position (~120 kDa) to one consistent with a dimer (~250 kDa)
(Fig. 1C), with no higher molecular mass bands appearing. The
same treatment under denaturing conditions yielded a single
band at the monomer position, confirming that the dimer is
disrupted in SDS (Fig. 1C). In all cases, glutaraldehyde-treated
samples ran as poorly defined bands, consistent with the het-
erogeneous products of this reaction (28).

Purified hTMEM16A Is a Ca>*-Dependent and Cl~-Selective Channel.
We assayed the functionality of purified "\TMEMI16A by recon-
stituting it in proteoliposomes and testing whether it mediates
passive CI™ efflux using a Cl -selective electrode (29) (Fig. 24).
Proteoliposomes were reconstituted in the presence of a 300-fold
KCl gradient, and CI~ efflux was initiated by the addition of the
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Fig. 1. Purification of TMEM16A. (A) Size-exclusion chromatography profile
of purified hTMEM16Aabc (black). The numbers refer to the fractions col-
lected, with peak Il being the main peak where hTMEM16Aabc elutes. The
red trace corresponds to the rerun of peak Il after 16 h at 4 °C. (B) SDS/PAGE
of purified hTMEM16Aabc. Lane 1, marker; lane 2, after nickel column; lanes
3-5, peaks I/l from A. (C) Glutaraldehyde (GA) cross-linking. Lanes 1-6,
protein with and without Ca%* in the absence of GA; lane 7, marker; lanes 8-
11, cross-linking induced by 0.125% GA in the presence of 1 mM Ca®* (lane
8) or 1 mM EGTA (lane 10) is prevented by incubation with 2% SDS (lanes 9
and 11); lanes 12 and 13, cross-linking induced by 0.5% GA in the presence of
1 mM Ca* (lane 12) or 1 mM EGTA (lane 13). Arrowheads indicate the po-
sition of hTMEM16Aabc without GA treatment (red), with GA treatment
(green), and with GA treatment after incubation with SDS (blue). The yellow
arrowhead indicates the presence of a GA-induced large molecular mass
aggregate induced by high concentrations of GA.
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Fig. 2. Purified hTMEM16Aabc mediates Ca®*-dependent CI~ transport. (A)
Schematic representation of the CI~ efflux assay. (B) Time course of valino-
mycin-induced CI~ efflux from protein-free liposomes in the presence (blue)
or absence of extraliposomal Ca%t (cyan). The time course is normalized to
the value of CI~ after the addition of detergent (*) to dissolve all liposomes.
CI~ efflux from liposomes reconstituted with 5 pg TMEM16A/mg lipid in the
presence of 1 mM (red) and absence of Ca%* (purple). In all cases, efflux was
initiated at t = 0 by addition of a 1-pL solution of 2 mg/mL of valinomycin.
The asterisk denotes the addition of 40 pL of 1.5 M n-octyl-B-D-glucopy-
ranoside to dissolve all liposomes. (C) Protein dependence of CI~ efflux. Lip-
osomes were reconstituted at 0 (black), 0.25 (red), 0.5 (green), 1 (yellow), 2.5
(blue), 5 (purple), and 10 (cyan) pg protein/mg lipid. (D) Fraction of inactive
liposomes as a function of protein concentration. The solid line represents the
fit to Eq. 1 with 6 = 0.40 + 0.03, ¢ = 0.41 + 0.03, and po = 1.13 + 0.15. Each data
point represents the average of n = 3-6 independent experiments, and the
error is the SEM. The error on the fit parameters 0, ¢, and py is the uncertainty
on the fit.

K* ionophore valinomycin, which plays a dual role: It shunts the
voltage established by the ClI™ gradient and sets the membrane
potential to the K* reversal potential (30). Protein-free lip-
osomes reconstituted under these conditions showed no signifi-
cant CI” leak (Fig. 2B). In contrast, addition of valinomycin
induced CI™ efflux from hTMEM16A-containing liposomes (Fig.
2B). Consistent with expectations, the rate of CI™ transport was
enhanced by the presence of 1 mM Ca®* (Fig. 2B). These
experiments also demonstrate that TMEM16A forms Cl™-
selective channels with minimal permeability to cations. If the
channels had a finite permeability to K*, then the liposomes
would lose their CI” content before the addition of valinomycin,
as seen for the poorly selective TMEM16 channel afTMEM16
(31). Thus, purified "TMEM16A is a Cl™-selective channel that is
activated by Ca®*.

Estimating the Fraction of Active TMEM16A Channels. To determine
the fraction of active purified channels, we performed the re-
constitutions at various protein-to-lipid ratios. Assuming that the
reconstitution process randomly inserts proteins into liposomes,
the fraction of liposomes containing zero copies of a protein, fp,
is given by a modified Poisson distribution (29, 32),

fo=0+(1-0)xe?/(1=0k0 [1]

where 0 is the fraction of liposomes that is refractory to protein
incorporation, p is the protein density, pg =;%Z is the protein
density at which the expected occupancy of the liposomes by
the protein complex is 1, y is the number of liposomes per mass
of lipid, M), is ~228 kDa (the mass of the TMEM16A dimer), ¢ is
the unknown fraction of active proteins, and N4 is Avogadro’s
number. By fitting the experimentally determined fys at various
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protein densities (Fig. 2C), we found that pg ~ 1.1 and ¢ ~ 0.41.
The high refractory pool of liposomes, 6 ~ 0.4, leads to an
underestimation of the fraction of active proteins and is likely
due to the reconstitution method. Indeed, the f; of liposomes
containing high copy numbers of CLC-ecl, a well-character-
ized H*/Cl~ exchanger that has ~100% activity (29), is low
when prepared via dialysis and high when reconstituted via
Bio-Beads (Fig. S2). The idea that a large fraction of liposomes
is refractory to TMEM16A incorporation is also consistent with
the observation that f; is constant when the protein density
increases from 1 to 10 pg protein/mg lipid (Fig. 2D), indicating
that at 1 pg protein/mg lipid all accessible liposomes contain at
least one active protein.

Ca’* Directly Activates TMEM16A. We then determined whether
activation of purificd TMEMI16A by Ca** mirrors that of native
CaCC currents in cells. We prepared liposomes in 0 Ca®* and varied
the external Ca®* concentration (CaZ). As expected, the rate of C1~
efflux mediated by TMEMI16A increased as a function of CaZt
(Fig. 34), with a midpoint of activation of ~210 nM (Fig. 3B),
a value close to that found in electrophysiological measurements
(25). The curve is well-fit with a Hill coefficient of ~2 (Fig. 3B),
suggesting that binding of two Ca®* ions might be necessary to
open the channel.

Recently, a conserved diacidic motif in the intracellular TM6-7
loop was shown to be important for the Ca®* sensitivity of
TMEMI16A (23) (Fig. 3C). We therefore purified and recon-
stituted the E724Q/E727Q double mutant of TMEMI16A and
tested its sensitivity to Ca’*. As expected, this mutant mediates
slow and Ca**-independent CI~ fluxes: An ~10°-fold increase in
free Ca2+, from ~8 nM to 2 mM, failed to activate CI™ transport
(Fig. 3 B and D).
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Fig. 3. Ca?" dependence of TMEM16A. (A) Cl~ efflux mediated by
TMEM16A in the presence of 0 (black), 100 nM (red), 150 nM (brown), 200
nM (pink), 300 nM (yellow), 400 nM (green), 1 pM (cyan), and 1 mM (blue)
external Ca®* and 0 internal Ca2*. (B) Ca®* dependence of the normalized CI~
efflux velocity of WT (black symbols) and E724Q/E727Q (red symbols). The
velocity of the mutant was normalized to the maximal efflux velocity of the
WT channel. The solid line is the fit to a Hill equation with Ky, =210 + 3 nM
and n = 2.2 + 0.7. Each data point represents the average of n = 3-6 in-
dependent experiments, and the error is the SEM. The error on the fit
parameters Ky, and n is the uncertainty on the fit. (C) Sequence alignment
of the TM6-7 intracellular loop of TMEM16A, -B, -E, and -F. The two con-
served glutamates are highlighted in red. (D) CI~ efflux mediated by purified
E724Q/E727Q mutant of TMEM16A in 0 (black), 1 pM (red), 10 pM (green),
100 uM (yellow), 1 mM (blue), and 2 mM (pink) Ca®*. The asterisk denotes
the addition of 40 pL of 1.5 M -OG to dissolve all liposomes.
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Synergistic Activation of TMEM16A by Ca** and Voltage. One of the
defining characteristics of native CaCCs and of TMEMI16A is
that Ca”* and voltage synergistically gate the channel (22). To
test whether the purified TMEMI16A protein also recapitulates
this key property, we oriented our system by reconstituting the
proteoliposomes in 0 internal Ca?*, Ca%!, and 0 or 1 mM ex-
ternal Ca®", CaZi In this way, we could selectively activate the
channels oriented with the C terminus to the external solution
(Fig. 44) and apply different voltages using valinomycn in the
presence of opportune K* gradients. In the absence of voltage
(V = 0 mV) and Ca®*, TMEMI6A is inactive (Fig. 4B, blue
trace). Application of a high transmembrane voltage, V' ~ +140
mV (Fig. 4B, green trace), or the addition of saturating CaZ; elicits
robust efflux gFig. 4B, red trace), consistent with the idea that
voltage or Ca™" are sufficient to promote channel opening. The
rate of Cl™ efflux is maximal in the presence of both Ca™ and
voltage (Fig. 4B, black trace), indicating that the two synergistically
gate the purified TMEM16A channels. By systematically varying
the applied potential between 0 and +137 mV, we found that
the voltage dependence of TMEM16A can be well-described
by a modified Boltzmann function (Fig. 4 C and D), with a V,
of ~100 mV. The presence of Ca®* on both sides of the mem-
brane does not appreciably shift this voltage dependence (Fig.
4D). Finally, the Ca®*-insensitive E724Q/E727Q mutant remains
voltage-dependent, as Cl~ efflux mediated by this mutant is neg-
ligible at 0 mV and maximal at +137 mV (Fig. S3 4 and B). This
suggests that the mutation selectively ablates the Ca®* sensitivity but
not the voltage dependence of TMEMI16A, as previously reported
(23). Thus, Ca®* and voltage act synergistically to open purified
TMEMI16A, as they do on the channel in live cells.

Pharmacological Profile of Purified TMEM16A. We tested whether
the purified channel is also sufficient to recapitulate the pore
properties of the CaCC currents recorded in live cells. To this
end, we tested whether addition of known CaCC blockers, such
as NPPB [5-nitro-2-(3-phenylpropylamino)-benzoate], NFA (niflu-
mic acid), NPA (n-phenylanthranilic acid), and DIDS (4,4'-
di-isothiocyano-2,2’-stilbenedisulfonic acid), inhibit TMEM16A-
mediated CI~ efflux. Consistent with work on CaCCs in native
and heterologous systems (1, 5, 6), all tested compounds inhibited
TMEMI6A to varying degrees (Fig. 5 4 and B). In the presence
of the blockers, the time course of CI™ efflux becomes a double
exponential (Fig. 54 and C), with a fast component, with kinetics
similar to those seen in unblocked channels, and a slow compo-
nent, which reflects the reduced transport by the blocked chan-
nels. For this reason, we focused our analysis on the total CI™
efflux rather than on the initial velocity. We found that 50 pM
external NPA and DIDS inhibits ~20% of CI~ efflux whereas
NFA and NPPB are more potent, with 50-60% block (Fig. 5B).
The inhibition constant of NPPB for the reconstituted "TMEM16A
is K ~ 15 pM (Fig. 5 C and D), a value comparable to the ~22 uyM
reported for native CaCCs (33).

Calmodulin and TMEM16Aabc Do Not Form a Stable Complex. Our
results show that Ca®* directly binds to and activates purified
TMEM16A. However, it was suggested that calmodulin forms an
obligatory and permanent complex with TMEM16A (19, 20),
and that this interaction is required for channel activation. To
address this discrepancy, we tested whether we could detect the
formation of a TMEM16A—calmodulin complex in vitro. First,
we mixed the two proteins at a 1 TMEM16A:4 calmodulin molar
ratio in the presence of 0.5 mM Ca?* and ran the mixture on
a size-exclusion column (Fig. 64). The two proteins ran in-
dependently: The peak at ~10.4 mL contained only TMEM16A
and the one at ~16.2 mL contained only calmodulin (Fig. 6 4
and B), suggesting that the two proteins do not form a stable
complex. However, this experiment might not detect a weak in-
teraction between calmodulin and the channel, as the different
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Fig. 4. Synergistic activation of reconstituted TMEM16A by Ca* and volt-
age. (A) Schematic representation of the experimental setup. (B) Time course
of CI~ efflux from TMEM16A proteoliposomes in 0 CaZ at 0 (blue) or 137 mV
(red) and 1 mM CaZi at 0 (green) or 137 mV (black). (C) CI~ efflux of
TMEM16A in 0 Ca%'/1 mM CaZ} and V = 0 (pink), 47 (blue), 68 (yellow), 98
(green), 116 (red), and 137 mV (black). (D) Normalized velocities of CI~
transport as a function of membrane potential in 0 Ca%{/1 mM CaZ (black)
and symmetrical 1 mM Ca* (red). Solid lines correspond to a fit to a modi-
fied Boltzmann function with v(0) = 0.12 + 0.005, z = 0.6 + 0.2, and V;,; =
100 + 5 (black trace) and v(0) = 0.27 + 0.005, z=0.4 + 0.2, and V;,, =90 + 5
(red trace). Each data point represents the average of n = 3-6 independent
experiments, and the error is the SEM. The error on the fit parameters v(0),
V12, and n is the uncertainty on the fit.

migration speeds of the two proteins over the size-exclusion
chromatography column might lead to their eventual separation.
We therefore tested whether TMEM16A bound to Ni-NTA
beads through its His tag can pull down calmodulin. We tested
this by premixing the two proteins and then loading them onto
the beads or by binding TMEM16A to the beads and then adding
calmodulin (Fig. 6C). In both cases, calmodulin and TMEM16A
elute separately, consistent with the idea that they do not form
a stable complex. To place an upper limit on the amount of
calmodulin that might be copurifying with TMEMI16A in these
experiments, we loaded on an SDS gel predefined mixtures of
calmodulin and TMEM16A at various molar ratios (Fig. 6D).
The calmodulin band is visible even at a ratio of 0.1 calmodulin:
TMEMI16A, indicating that the calmodulin contamination in our
experiments is <<10%.

Finally, we tested whether calmodulin modulates the function
of TMEM16A reconstituted in proteoliposomes (Fig. 6 E and F).
We prepared proteoliposomes in 0 Ca%} and 1 mM Ca’% to
selectively activate the channels with a cytosolic domain facing
the external solution. The rates of ClI™ efflux mediated by
TMEMI6A in the presence of 30 pM external calmodulin (red
trace) or without calmodulin (black trace) are indistinguish-
able, v(—Calm) = 2.9 + 0.5 nmol CI” s™" and v(+Calm) = 2.8 +
0.3 nmol CI~ s~'. These experiments show that calmodulin
does not modulate the activity of TMEM16A.

Discussion

Recent work from multiple independent laboratories has dem-
onstrated that TMEMI16A is a necessary component of the
ubiquitous Ca**-activated CI~ channels (4-6). However, the
question of whether TMEMI16A is sufficient to form CaCCs
remains open. Several reports have suggested that functional
CaCCs are complexes in which TMEM16A associates with other
proteins, such as calmodulin, and that these interactions are
required for the Ca**-dependent gating of the channel (19-21).
To address this question, we purified and functionally reconstituted
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hTMEM16A. We found that the isolated protein recapitulates
the essential biochemical, biophysical, and pharmacological
characteristics of native and heterologously expressed CaCCs.
Our data also suggest that TMEM16A is very selective for CI~
over cations. This conclusion is in slight contrast with the
nonideal selectivity reported for TMEM16A using macro-
scopic current recordings in cells (23, 24). However, it is
possible that a small cationic current, endogenous to the cells,
might be contaminating those measurements. Additional experi-
ments, such as single-channel recordings, will be needed to resolve
this issue.

Our results indicate that the TMEM16A protein contains all
of the necessary machinery for Ca?*- and voltage-dependent
gating of these channels, and that association with other proteins is
not required. This conclusion is also consistent with the idea that
a conserved pair of acidic residues in the TM6-7 intracellular
loop is essential for Ca*" sensitivit;r of TMEMI16A (13),
strengthening our conclusion that Ca** binds to TMEMI16A
directly rather than indirectly. Similarly, known CaCC inhibitors
block reconstituted TMEM16A, suggesting that the pore prop-
erties of the channel are also preserved in the purified protein.
Taken together, our results demonstrate that TMEM16A is
necessary and sufficient to form functional CI™ channels that are
directly activated by Ca?" and whose properties closely resemble
those seen in native systems and in cells heterologously expressing
TMEMI16A (1, 5, 6, 33).

This conclusion is in contrast with reports that suggested that
calmodulin binds to and modulates the function of TMEM16A,
and that the two proteins form an obligatory complex and their
interaction is required for channel activation (19, 20). Although
our results cannot rule out the possibility that calmodulin may,
under specific conditions, bind to and modulate the function of
TMEMI16A, our results indicate that these two proteins in-
teract weakly, if at all. It is also possible that the formation
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Fig. 5. Inhibition of purified TMEM16A. (A) Time course of CI~ efflux from
TMEM16A proteoliposomes with saturating Ca®* (black), with DMSO (red),
and in the presence of 50 uM inhibitor: NPA (green), DIDS (yellow), NFA
(blue), and NPPB (pink). (B) Steady-state normalized activity in the presence
of inhibitors. The activity, A/Aq = (1 — F§)/(1 — fo), where f} is the fraction of
inactive liposomes under each condition and fy is the fraction under control
conditions. (C) Time course of CI~ efflux from TMEM16A proteoliposomes in
the presence of varying amounts of NPPB: 0 (black), 1 pM (cyan), 5 pM (pink),
10 pM (blue), 25 pM NPPB (yellow), 50 uM (green), or 80 uM (red). (D) Steady-
state normalized activity as a function of [NPPB]. The solid line is a fit to a Hill
equation with K1, =15+ 5pM, n=1.2 +£ 0.4, and A, = 0.3 £ 0.1. In all cases
data points represent the average of n = 3-6 independent experiments, and
the error is the SEM. The error on the fit parameters Anin, K12, and n is the
uncertainty on the fit.
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Fig. 6. Calmodulin and TMEM16Aabc do not form a stable complex. (A)
Size-exclusion chromatography profiles of TMEM16Aabc (black) and CaM
(green) alone and after a 20-min incubation together in a 1:4 molar ratio
(red) in the presence of 0.5 mM Ca®*. Arrows denote elution times of
TMEM16A (black) and CaM (green). (B) Coomassie-stained SDS gels of the
peaks from the elution profile in A. Lane 1, marker; lane 2, TMEM16A alone;
lane 3, calmodulin; lane 4, 4:1 mixture of calmodulin and TMEM16A loaded
on the size-exclusion chromatography column; lane 5, shoulder eluting at ~8
mL; lane 6, peak at 10.4 mL; lane 7, peak at 16.2 mL. (C) Elution fractions
from the pull-down assay. Lane 1, marker; lane 2, premix of 7 pM TMEM16A,
30 uM calmodulin, and 0.5 mM Ca*; lane 3, wash; lane 4, elution with 300
mM imidazole; lane 5, beads incubated first with TMEM16A and then cal-
modulin in the presence of 0.5 mM Ca?*; lane 6, wash; lane 7, elution with
300 mM imidazole. (D) Coomassie-stained SDS gels of mixtures of calmodulin
and TMEM16A. Lane 1, marker; lane 2, TMEM16A alone; lanes 3-7, mixtures
of calmodulin and TMEM16A at the indicated molar ratios. Arrowheads in-
dicate the position of TMEM16A (black) and calmodulin (green). (E) Time
course of CI~ efflux from TMEM16A proteoliposomes at +80 mV, with 1 mM
CaZf and 0 mM Ca?%fin the presence of 30 uM external calmodulin (red) or in
its absence (black). (F) Efflux velocity of TMEM16A alone (black; n = 4) and
TMEM16A with 30 pM calmodulin (red; n = 5).

of a TMEM16A—calmodulin complex might require the presence
of additional, but still unknown, partner proteins that act as
intermediaries between the two and/or of a specific lipid or ionic
environment. The tissue specificity of the putative interactions
between TMEM16A and calmodulin would be consistent with this
hypothesis. Finally, in our experience, TMEMI16A is extremely
sensitive to the detergent used for extraction from cellular
membranes. Out of >20 different detergents screened, digito-
nin was the only one that successfully preserved the structural
integrity and functional properties of the purified TMEM16A
channel. It is therefore possible that the detergent used to ex-
tract the protein in pull-down assays might adversely affect the
stability of the channel. In turn, this might lead to the exposure
of domains that are inaccessible to calmodulin in a correctly
folded TMEMI16A protein.

The availability of the purified protein will ease the way to-
ward more detailed mechanistic and structural investigations of
TMEMI16A. The comparison of the properties of these channels
studied in a reduced and biochemically defined system with those
seen in live cells will be able, for example, to elucidate the
mechanistic bases for their modulation by key parameters such
as [Ca**] and lipid composition and to determine the role of
partner proteins that might associate with TMEM16A to mod-
ulate its function in physiologically meaningful ways.

19358 | www.pnas.org/cgi/doi/10.1073/pnas.1312014110

Materials and Methods

Molecular Biology. The hTMEM16Aabc gene was inserted into pFastBacHTa
(Invitrogen). Mutagenesis was carried out using QuikChange (Agilent Tech-
nologies) and the plasmid was fully sequenced.

Protein Expression and Purification. Protein was expressed in baculovirus-
infected Sf9 cells using the Bac-to-Bac system (Invitrogen). Infected cells were
incubated at 27 °C for 60-72 h, collected by centrifugation at 800 x g for
15 min, and then suspended in buffer A [20 mM Hepes-NaOH, 300 mM KCl,
10% (wt/vol) glycerol, pH 7.4] with the addition of a protease inhibitor
cOmplete tablet (Roche). Cells were disrupted via sonication for 2 min and
centrifuged at 2,000 rpm for 15 min. The membrane fraction was isolated via
ultracentrifugation (150,000 x g for 1 h), and the pellet was resuspended in
buffer A with 1% (wt/vol) digitonin (EMD Biochemicals) and extracted with
gentle stirring for 1 h at 4 °C. Insoluble material was removed via centrifu-
gation (40,000 x g for 45 min) and the cleared supernatant was loaded onto
an Ni-NTA resin (Qiagen) column preequilibrated in buffer A with 0.12%
digitonin. Nonspecifically bound proteins were removed with 40 mM imid-
azole, and hTMEM16Aabc was eluted in 300 mM imidazole. After elution,
the protein was run on a size-exclusion chromatography column (Super-
dex200 10/30GL; GE Healthcare) in buffer A with 0.12% digitonin. In some
preparations, an aggregate peak was visible (eluting at ~8 mL); in these
cases, the protein was rerun through gel filtration to separate the functional
protein from the aggregate. In some cases, the His tag was removed via a 3-h
incubation at room temperature (RT) with tobacco etch virus protease fol-
lowed by gel-filtration chromatography. Because the presence of the His tag
did not alter the function of reconstituted hTMEM16A (Fig. $4), most of the
experiments were carried out in the construct still bearing the His tag.

Glutaraldehyde Cross-Linking. The protein was concentrated to 0.25 mg/mL in
the presence of 1 mM Ca(NOs), or 1 mM EGTA. Glutaraldehyde was added to
a final concentration of 0.125% or 0.5% and incubated at room temperature for
3 min, and the reaction was stopped by the addition of 50 mM Tris in SDS
loading buffer. In the control samples, 2% SDS was added to unfold the protein
before the addition of glutaraldehyde. The samples were run on 6% (wt/vol)
SDS/PAGE.

Liposome Reconstitution. Liposomes were prepared from a 3:1 mixture of
Escherichia coli polar lipids and L-a-phosphatidylcholine Egg PC (60%)
(Avanti Polar Lipids). Lipids were dried under N,, dissolved in pentane, dried
again, and resuspended in buffer B (300 mM KCI, 20 mM Hepes-NaOH, pH
7.4) by sonication. The Ca* concentration was adjusted to the desired values
(see below) and freeze-thawed three times. Liposomes were destabilized by
adding 35 mM CHAPS for 15 min at RT, after which the protein was added at
the desired concentration. The lipid-detergent-protein mixture was in-
cubated for 15 min at RT and then added to preequilibrated Bio-Beads SM2
(Bio-Rad) at 80 mg beads per 500 pL suspension and incubated at RT for 2 h
under constant rotation. Detergent was removed by three successive addi-
tions of Bio-Beads at 4 °C for a total incubation time of ~24 h.

Preparation of Ca>* Solutions. The free [Ca?*] present in our standard solution
(300 mM KCl, 20 mM Hepes, pH 7.4) was measured with a Ca-sensitive
electrode (Orion Research) and found to be 55 + 5 uM. The amounts of Ca%t
and EGTA to generate the desired free Ca?* concentrations were calculated
using the program Ca-EGTA Calculator v1.3 (www.stanford.edu/~cpatton/
CaEGTA-TS.htm), and the values were verified (for [Ca?*]fee > 1 pM) using
a Ca-sensitive electrode. For solutions containing less than 1 uM [Ca%*1frees
the predicted value was used. Our 0 Ca®* solution was obtained by adding
1 mM EGTA to our solution for a predicted [Ca*]¢ec Of ~8 NM.

CI~ Flux Assay. CI~ fluxes were assayed as described previously (29). Briefly,
liposomes were extruded through a 400-nm membrane filter and spun
through a Sephadex G-50 column (Sigma-Aldrich) preequilibrated in the
external buffer (1 mM KCl, 300 mM Na glutamate/K glutamate, 20 mM
Hepes, pH 7.4) and [Ca**]free Was adjusted as described. Two hundred
microliters of liposomes was diluted in 1.8 mL of buffer and the CI~ time
course was monitored with an Ag:AgCl electrode. After baseline stabiliza-
tion, 1 pL of the K* ionophore valinomycin (2 mg/mL) was added to initiate
CI~ efflux. The experiment was terminated by addition of 40 pL of 1.5 M
n-octyl-B-b-glucopyranoside (Affymetrix) to dissolve liposomes. The velocity
of CI™ transport, v, was determined as v=ACf’f'" (29), where AClg, is the total
amount of ClI~ released at steady state and t is the time constant of CI~
efflux and is derived by fitting the data to a single exponential. The velocity
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of non-channel-mediated CI~ leak was determined by measuring CI~ efflux
from protein-free liposomes and subtracted from v.

Transmembrane voltage was applied to the liposomes by varying the
external K* concentration from 300 to 1 mM. The velocity of CI~ efflux at
different voltages was then fit to a Boltzmann function with an offset of the

%, where vy and v(0) are the maximal and min-

1+e RT
imal efflux velocities, respectively, V;,, is the half-activation potential,
z is the apparent gating charge, and the other symbols have their
usual meaning.

form ;-=v(0) +

Calmodulin Overexpression and Purification. DNA encoding rat calmodulin
CaM;_145 was cloned into a pT7-7 bacterial vector and overexpressed in
E. coli following published protocols (34). Briefly, cells were grown to an
ODggp of 0.4-0.6 and induced with 0.4 mM lIsopropyl B-D-thiogalactopy-
ranoside for 4 h, after which cells were pelleted and resuspended in buffer
(20 mM Tris, 1 mM EDTA, pH 7.2). Cells were lysed by sonication and debris
was removed by ultracentrifugation at 35,000 rpm at 4 °C for 45 min. Su-
pernatant was then loaded onto a phenyl Sepharose column (Amersham
Pharmacia Biotech) preequilibrated in buffer C (20 mM Tris, 10 mM CaCl,, pH
7.4), washed first with buffer C, then with buffer C with 0.5 M Nadl, again
with buffer C, and finally eluted with 20 mM Tris, 1 mM EDTA (pH 7.4). Purified
rat CaM was dialyzed into 50 mM Hepes, 100 mM KCl, 50 pM EGTA (pH 7.4).
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Pull-Down Experiments. Pull-down experiments were performed by premixing
7 pM TMEM16A with 30 pM calmodulin in the presence of 0.5 mM CaCl, for
20 min. The mixture was then loaded onto a 0.4-mL Ni-NTA column pre-
equilibrated in buffer A and washed with 20 mL of buffer, and TMEM16A
was eluted with buffer A with 300 mM imidazole. Alternatively, purified
TMEM16A was first loaded onto a 0.4-mL Ni-NTA column preequilibrated in
buffer A, and 30 uM calmodulin was loaded onto the column. After 20 min
of incubation the beads were washed with buffer A and TMEM16A was
eluted with 300 mM imidazole. Each experiment was performed three or
four times with comparable results.

Data Analysis and Statistics. Data were analyzed using Ana software (by
M. Pusch, Istituto di Biofisica, Genoa, Italy) and SigmaPlot 10.0 (Systat
Software). The experiments were repeated 3-20 times; exact numbers are
reported in the text or in the figure legends. Data points are reported as
mean + SEM. The error reported for parameters derived from fits is the
uncertainty of the fit given by the analysis programs, rather than the SEM.
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