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I n t r o d u c t i o n

Members of the TMEM16 gene family are transmem-
brane proteins classified into two functional categories: 
Ca2+-activated ion channels (Caputo et al., 2008; Schroe
der et al., 2008; Yang et al., 2008) and phospholipid 
scramblases (Suzuki et al., 2010, 2013; Yang et al., 2012; 
Malvezzi et al., 2013). TMEM16A and TMEM16B in this 
family form Ca2+-activated Cl− channels (CaCCs) critical 
for various physiological processes, including regula-
tion of smooth muscle contraction, transepithelial fluid 
secretion, and neuronal excitation, etc. (Hartzell et al., 
2005; Huang et al., 2012; Scudieri et al., 2012). In con-
trast, TMEM16C through TMEM16J may function as 
lipid scramblases (Suzuki et al., 2013), the defect of 
which causes a variety of diseases, including gnathodi-
aphyseal dysplasia of bones (Katoh and Katoh, 2004; 
Tsutsumi et al., 2004; Marconi et al., 2013), muscular 
dystrophy (Bolduc et al., 2010; Mahjneh et al., 2010; 
Hicks et al., 2011), and a blood coagulation problem 
known as Scott syndrome (Suzuki et al., 2010; Lhermus-
ier et al., 2011; Bevers and Williamson, 2016), to name 
a few. Activation of TMEM16A or TMEM16B generates 
mostly Cl−-selective currents, whereas activation of 
TMEM16F induces ionic currents contributed by an-
ions (Grubb et al., 2013; Shimizu et al., 2013), and pos-
sibly also by cations (Yang et al., 2012; Adomaviciene et 
al., 2013; Yu et al., 2015a). The functional dichotomy 

and different ion selectivity associated with these two 
types of TMEM16 members are intriguing research sub-
jects (Kunzelmann et al., 2014; Pedemonte and Galietta, 
2014; Picollo et al., 2015).

Biochemical evidence suggests that a functional 
TMEM16 molecule is composed of two subunits (Fal-
lah et al., 2011; Sheridan et al., 2011; Tien et al., 2013). 
The recently solved crystal structure of a TMEM16 
family member from the fungus Nectria haematococca 
(nhTMEM16) confirmed that TMEM16 molecules 
adopt a homodimeric architecture (Brunner et al., 
2014), similar to that observed in members of the CLC 
Cl− channel/transporter family (Dutzler et al., 2002, 
2003). In addition, the high-resolution structure of 
nhTMEM16 (Fig. 1 A) revealed that each subunit of the 
TMEM16 molecule binds two Ca2+ ions via several che-
lating acidic residues (Brunner et al., 2014). Mutations 
of the corresponding acidic residues in TMEM16A 
greatly alter the apparent Ca2+ affinity in activating the 
channel: the half-activation concentration (K1/2) of the 
wild-type TMEM16A channel is in the submicromolar 
to micromolar range, whereas those of the mutants can 
increase by two to three orders of magnitude! Thus, 
these acidic residues, including the first two identified 
glutamate residues, E698 and E701 (Yu et al., 2012), 
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along with the three additional acidic residues E650, 
E730, and D734 (Tien et al., 2014), participate in form-
ing the Ca2+-binding sites.

As TMEM16 proteins adopt a dimeric architecture 
similar to that of the CLC chloride channels/transport-
ers, which are known to consist of two independent ion 
transport pathways, it is tempting to ask whether the 
TMEM16A channel also consists of two pores, and if so, 
whether the two pores function independently. These 
questions were unanswered because the nhTMEM16 
structure did not provide definitive information for 
identifying the channel pore or pores. We constructed 
covalently linked tandem dimers of TMEM16A and in-
troduced mutations that alter Ca2+ affinity to only one 
subunit. By doing so, we were able to create TMEM16A 
channels containing two subunits with different 
Ca2+-binding affinities. Our results demonstrate that ac-
tivation of the two subunits appears to be mostly inde-
pendent, although cooperativity between activation of 
the two subunits cannot be ruled out. By introducing a 
pore mutation in only one subunit, we further demon-
strate that the current generated by activating the dif-
ferent subunits may come through distinct pores.

M at e ria   l s  a n d  m e t h o d s

Molecular biology and channel expression
The wild-type mouse TMEM16A (mTMEM16A) cDNA 
(NCBI reference sequence: NM_001242349.1), which is 
the “a” alternative splice variant (Ferrera et al., 2009), 
was a courtesy from L.Y. Jan (University of California, 
San Francisco, San Francisco, CA). In comparison with 
the “a, c” splice variant used in the companion paper by 
Lim et al., the sequence referred in this paper is four 
residues shorter. For example, residues K584 and E698 
referred in this paper correspond to K588 and E702, 

respectively, in Lim et al. (2016). The monomeric and 
tandem dimeric wild-type and mutant cDNA constructs 
were subcloned in pEGFP-N3 or pIRES2 expression 
vectors (Takara Bio Inc.). Mutagenesis was achieved by 
using the QuikChange II site-directed mutagenesis kit 
(Agilent Technologies). To make the TMEM16A tan-
dem dimer, the cDNA of TMEM16A without stop codon 
was subcloned into the 5′ end of another TMEM16A 
cDNA already in the pIRES2 construct. The linker be-
tween the two subunits was thus encoded by the nu-
cleotide sequence of the 5′ untranslated region of the 
second subunit, leading to an insertion of 33 amino 
acids of the following sequence linking two subunits: 
TGG​PET​IAH​EAQ​DAG​TPN​SGD​ATG​VVD​GER​EAT. 
For simplicity, the symbols WT and MT will be used to 
represent the wild-type and the affinity-altered mutant 
subunit, respectively. Furthermore, WT∙WT represents 
the wild-type TMEM16A channel expressed from the 
monomeric cDNA construct, whereas the channel ex-
pressed from the monomeric E698C mutant cDNA will 
be called E698C∙E698C (the two subunits naturally 
assemble together). The tandem dimeric channels 
generated from linking two WT subunits, one E698C 
and one WT subunit, and two E698C subunits will be 
called WT-WT, E698C-WT, and E698C-E698C, respec-
tively (Fig. 1 B). The same principle of nomenclature is 
used for the E701C constructs. The K584Q mutant rep-
resents the channel in which both WT subunits contain 
the K584Q mutation. The symbols E698C(K584Q)-WT 
or E698C-WT(K584Q) will be used when the mutation 
K584Q is introduced specifically to the E698C or the 
WT subunit of the E698C-WT heterodimer.

The aforementioned cDNA constructs produced chan-
nels with a GFP attached to the C terminus of the chan-
nel proteins (in pEGFP-N3 construct) or channels 
without a GFP tag but with a separate GFP protein ex-

Figure 1.  Constructing a covalently 
linked tandem dimer of the TMEM16A 
channel. (A) Structure of the nhTMEM16 
molecule, showing the positions of cor‑
responding amino acid residues, the 
mutations of which alter the Ca2+ affinity 
(E698 and E701) and current rectifica‑
tion (K584) of the TMEM16A channel. 
The nhTMEM16 residues corresponding 
to K584, E698, and E701 of TMEM16A 
are N378, E503, and E506, respectively. 
(B) Schematic diagrams and the nomen‑
clature of various homodimeric and het‑
erodimeric TMEM16A constructs. Red 
stars represent the E698C mutation.
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pressed in the same cell. The functional properties of the 
GFP-tagged and untagged TMEM16A were not distin-
guishable. Transfections of cDNAs to human embryonic 
kidney (HEK) 293 cells were performed using the Lipo-
fectamine transfection method (Ni et al., 2014; Yu et al., 
2014, 2015b). Cells expressing channels were identified 
by the green fluorescence in an inverted microscope 
(DM IRB; Leica) equipped with a fluorescent light source 
and a GFP filter (Chroma Technology Corp.).

Electrophysiological experiments
Excised inside-out patch recordings from GFP-
positive HEK293 cells were conducted 24–72  h after 
transfections. The extracellular (pipette) solution 
contained 140 mM NaCl, 10 mM HEP​ES, and 0.1 mM 
EGTA and had a pH of 7.4; this solution was defined 
to be the 0-Ca2+ solution. The intracellular solutions 
contained various concentrations of EGTA ([EGTA]) 
and [Ca2+], with free [Ca2+] ranging from ∼0.1 µM to 
20 mM (Ni et al., 2014; Yu et al., 2014). To construct 
[Ca2+]-dependent activation curves, all intracellular 
solutions contained 10  mM HEP​ES and had a final 
[Cl−] of 140  mM. [EGTA] of 0.1  mM was used for 
solutions with free [Ca2+] between 5  µM and 20  mM. 
For solutions containing 2–20 mM [Ca2+], the [NaCl] 
required for making final 140 mM [Cl−] was reduced 
according to the required [CaCl2]. For example, for 
the solution containing 20 mM [Ca2+], 100 mM NaCl, 
and 20.1  mM CaCl2 were added in the solution in 
addition to 0.1  mM EGTA. Solutions containing free 
[Ca2+] < 5 µM required higher Ca2+-buffered capacity, 
and thus 1 mM [EGTA] was used in these solutions. The 
required amounts of total Ca2+ for generating specific 
free [Ca2+] were calculated using the MaxChelator 
program with constants from the NIST database #46 v8 
available on the internet (http​://maxchelator​.stanford​
.edu​/CaEGTA​-NIST​.htm). All values of [Ca2+] referred 
in this paper are free [Ca2+], whereas total [Ca2+] added 
to the solutions are stated as [CaCl2].

The working solutions for constructing current-volt-
age relationship (or I-V curve) were made from four 
stock solutions, 1× NaCl and 1× NMDG-SO4 solutions, 
which contained 10 mM HEP​ES and 0.1 mM EGTA with 
or without 0.12 mM [CaCl2], pH 7.4. The two 1× NaCl 
solutions contained 140 mM NaCl and thus were equiv-
alent to the solutions with 0 and 20 µM [Ca2+] used in 
the dose–response experiments (140 mM NaCl, 10 mM 
HEP​ES, and 0.1 mM EGTA, with or without 0.12 mM 
[CaCl2], pH 7.4). The 1× NMDG-SO4 solutions con-
tained 140  mM NMDG buffered with sulfuric acid 
(H2SO4) to pH 7.4. Three working solutions, 1×, 0.6×, 
and 0.3× NaCl solutions, were made by mixing the 1× 
NaCl solution with the 1× NMDG-SO4 solution in 1:0, 
0.6:0.4, and 0.3:0.7 volume ratios, respectively, resulting 
in solutions containing 140 mM, 84 mM, and 42 mM 
[NaCl], respectively. In separate control experiments, 

NMDG+ and SO4
2− did not carry detectable current 

through the TMEM16A channel. The junction poten-
tial between 1× NaCl and 1× NMDG-SO4 solutions cal-
culated using the Clampfit program (Molecular 
Devices) was only ∼2 mV. The differences of junction 
potentials between any two of the three intracellular 
solutions were thus negligible (the largest junction po-
tential was 1.6 mV between 1× and 0.3× NaCl solutions) 
and were not corrected in I-V curve experiments.

Recording electrodes were made from borosilicate 
glass capillaries (World Precision Instruments) using 
the PP830 electrode puller (Narishige). When filled 
with the extracellular pipette solution, the resistance of 
the electrodes was between ∼1.5 and ∼3.0 MΩ. All ex-
periments were performed using the Axopatch 200B 
amplifier and the Digidata1440 analogue-digital sig-
nal-converting board controlled by the pClamp10 soft-
ware (Molecular Devices). Various solutions were 
delivered to the intracellular side of the excised in-
side-out patch using the SF-77 solution exchanger (War-
ner Instruments). To construct dose–response curves, 
we used a three-pulse protocol described previously (Ni 
et al., 2014), in which the cytoplasmic side of the patch 
was sequentially exposed to saturating [Ca2+] (20  µM 
for the wild-type channel and 20 mM for the channels 
containing E698C or E701C mutations), a test [Ca2+], 
and then again the saturating [Ca2+] (Fig. 2). In each 
recording trace, the current amplitude in 0-Ca2+ solu-
tion was subtracted from that obtained in the presence 
of Ca2+. The current activated by the test [Ca2+] was 
then normalized to the mean of the two maximum cur-
rents activated by the saturating [Ca2+] (or the maxi-
mum [Ca2+] in the case of E701C), and the normalized 
values were used for generating dose–response curves.

To construct I-V curves, two voltage protocols were 
used in various intracellular [NaCl] with or without 
20 µM [Ca2+] (Figs. 6 and 7). In one, a ramp voltage 
change (duration 1.6 s) from −80 to 80 mV was applied. 
The other voltage protocol used step voltage jumps 
from a holding voltage of 0 mV to a test voltage from 
−80 to 80 mV in a 20-mV step. Instantaneous current 
within 10 ms of voltage jump to the test voltage was mea-
sured. For each patch, the recordings in 0-Ca2+ solu-
tions were subtracted from that obtained in [Ca2+] 
(20 µM or 20  mM), and the resulting leak-subtracted 
I-V curves were used to determine the reversal potential 
(Fig.  6). To average I-V curves from different mem-
brane patches, the digitized data points from the ramp 
protocol were normalized to the last digitized point ob-
tained at 80 mV (Fig. 7, B and C). For the current ob-
tained at different step voltages, the instantaneous 
currents measured at different voltages were normal-
ized to that measured at 80 mV. These two voltage pro-
tocols gave nearly identical I-V curves as shown in Fig. 7 B.

Experimental data were analyzed using Clampfit 10.4 
software (Molecular Devices) and Origin Pro 8.0 soft-
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ware (OriginLab, Co.). All averaged data were pre-
sented as mean ± SEM. The dose–response results 
obtained in [Ca2+] up to 10 mM, after being normalized 
to the current obtained at 20 mM [Ca2+], were fitted to 
the Hill equation to evaluate the apparent Ca2+ affinity: 
Inorm = 1/(1 + (K1/2/[Ca2+])h), where Inorm is the normal-
ized current and K1/2 and h are the fitted half-effective 
concentration and the Hill coefficient, respectively.

To evaluate the permeability ratio PCl/PNa, reversal 
potentials (Erev) of the I-V curves were determined in 
the presence of various intracellular solutions contain-
ing 1× (140 mM), 0.6×, and 0.3× [NaCl], whereas the 
extracellular solution contained 1× [NaCl]. The rela-
tionship between Erev and PCl/PNa follows the Gold-
man-Hodgkin-Katz equation:

	​​ E​ rev​​  = ​ (​ RT ___ F ​ )​ln​(​ 
​P​ Na​​ ​​[​​ ​Na​​ +​​]​​​ o​​ + ​P​ Cl​​ ​​[​​ ​Cl​​ −​​]​​​ i​​  _______________  
​P​ Na​​ ​​[​​ ​Na​​ +​​]​​​ i​​ + ​P​ Cl​​ ​​[​​ ​Cl​​ −​​]​​​ o​​

 ​)​.​

The degree of the I-V curve rectification was evalu-
ated by a rectification index (RI), which is defined as 
the ratio of the absolute current amplitudes at −80 and 
80 mV in symmetrical 140 mM [Cl−]. Namely, RI = −I−80 

mV/I80 mV. Thus, a linear I-V curve will have an RI close to 
1 but RI < 1 for outwardly rectified I-V curves.

Fluorescence resonance energy transfer 
(FRET) experiments
FRET experiments were performed according to the 
previously described spectroFRET approach (Bykova 
et al., 2006; Yu et al., 2015b). In brief, the experiments 
were conducted with an inverted fluorescence micro-
scope (IX-81; Olympus) equipped with a 100-W mer-
cury lamp. The intensity and the duration of 
fluorescent light exposure were controlled by a com-
puter-driven neutral density filter and a shutter, using 
MetaMorph software (Molecular Devices/Invitrogen). 
A CCD camera (Roper 128B) was used, and Meta-
Morph user-designed journals initiated automatic col-
lection of fluorescence cell images and their spectral 
images obtained by feeding the cell images through a 
spectrograph (Acton SpectraPro 2150i). For obtaining 
the spectra of the FRET donor (cerulean, abbreviated 
as “C”) and FRET acceptor (eYFP, abbreviated as “Y”), 
the excitation light wavelengths were controlled by 
two filter cubes (Chroma Technology Corp.) filtering 
the excitation light for C (cube I: excitation filter 
D436/20 and dichroic mirror 455dclp) and Y (cube II: 
excitation filter HQ500/20 and dichroic mirror 
Q515lp). No emission filter was used in these two filter 
cubes. Background light spectra from the blank region 
in the same image were subtracted from the spectra of 
the fluorophores.

Fluorescence analyses were conducted as described 
previously (Bykova et al., 2006; Yu et al., 2015b). Theo-
retically, the efficiency of the energy transfer (E) de-
pends on the distance, R, between the two fluorophores 

according to the Förster equation, E = (R0)6/[(R0)6 + 
R6], where R0 is a spectroscopically determined distance 
when E = 0.5 (or 50% of FRET efficiency). In practice, 
because the FRET donor–containing subunit and the 
FRET acceptor–containing subunit are coexpressed, the 
channel molecules can contain two FRET donors, two 
FRET acceptors, or one donor and one acceptor. For 
cells expressing many more acceptor-containing sub-
units but a very small number of donor-containing sub-
units, the apparent FRET efficiency (Eapp) will be very 
small because of the presence of many molecules con-
taining two FRET acceptors, whereas a cell with a high 
donor/acceptor ratio will give a value of Eapp approach-
ing the true FRET efficiency. Therefore, the FRET effi-
ciency depends on the ratio of the expressed donor and 
acceptor molecules in the cells. We calculated the FRET 
efficiency from individual cells by the approach briefly 
described below (for more detailed description, see 
Bykova et al., 2006; Yu et al., 2015b). From cells express-
ing only the FRET acceptor (Y)–tagged subunit, ratio A0 
is determined as the ratio between the fluorescence ex-
cited by the light passing cube I (FY(Direct)

436) and the 
fluorescence excited by the cube II–filtered light (FY

500). 
Namely, ratio A0 = FY(Direct)

436/FY
500. From cells cotrans-

fected with donor (C)-containing subunits and acceptor 
(Y)-containing subunits, we determined another ratio, 
ratio A. In this case, the spectrum from cells expressing 
C only was first subtracted from the C excitation spec-
trum obtained from cells coexpressing C and Y, resulting 
in a Y-only spectrum, which includes two components: 
the Y emission caused by FRET (FY(FRET)

436) and the emis-
sion caused by direct excitation of Y (FY(Direct)

436). Thus, 
ratio A = FY

436/FY
500 = (FY(FRET)

436 + FY(Direct)
436)/FY

500. The 
FRET ratio (FR) was defined as the ratio of A and A0: FR 
= ratio A/ratio A0 = (FY(FRET)

436 + FY(Direct)
436)/FY(Direct)

436 = 
1 + FY(FRET)

436/FY(Direct)
436, and the apparent FRET effi-

ciency (Eapp) is calculated according to Eapp = (εY/εC) × 
(FR − 1), where εC and εY are molar extinction coeffi-
cients of C and Y, respectively. Finally, Eapp obtained from 
each cell was plotted against the C/Y ratio as shown in 
Fig. 4. The true FRET efficiency is the asymptotic value 
of Eapp when the C/Y ratio approaches infinity.

Online supplemental material
Fig. S1 shows dose–response curves of the wild-type 
TMEM16A channel (WT∙WT) from 0.1 µM to 10 mM 
[Ca2+]. Fig. S2 shows precisions of Erev measurements 
are affected by leak current subtraction. Table S1 shows 
reversal potentials in millivolts (mean ± SEM) for the 
wild-type TMEM16A channel and various channel con-
structs harboring the K584Q mutation.

R e s u lt s

In the absence of Mg2+, the apparent half-effective 
[Ca2+] (K1/2) for activating wild-type TMEM16A chan-
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nels is in the submicromolar range (Ni et al., 2014). 
Fig. 2 A illustrates that the WT∙WT channel can be sig-
nificantly activated by 0.247 µM [Ca2+] (Fig. 2 A, left), 
whereas the current activated by 0.562 µM was close to 
that activated by 20 µM (Fig. 2 A, right). In comparison, 
mutations of several acidic residues coordinating Ca2+ 
binding changed the apparent Ca2+ affinity by two to 
three orders of magnitude (Yu et al., 2012; Brunner et 
al., 2014; Tien et al., 2014), as illustrated in Fig. 2 B, in 
which 5  µM [Ca2+] activated very little current in 
E698C∙E698C, whereas 500 µM [Ca2+] was not a saturat-
ing concentration. These results corroborate the idea 
that E698 of TMEM16A participates in forming the 
Ca2+-binding site.

Because TMEM16A is a dimeric channel, the contri-
bution from each subunit activation to the current in-
duction can be evaluated by using a covalently linked 
tandem dimeric channel in which the mutation that 
reduces the apparent Ca2+ affinity is introduced into 
one or both subunits. As shown in Fig. 2 C, when two 
E698C-containing subunits were linked together 
(namely the E698C-E698C tandem dimer), the Ca2+ 
sensitivity of this concatemer was very similar to that of 
the channel expressed from the monomeric cDNA 

construct containing the E698C mutation (namely, 
E698C∙E698C). In contrast, when E698C was intro-
duced to only one subunit (E698C-WT), the heterodi-
meric mutant channel was significantly activated by 
5 µM [Ca2+], whereas 500 µM [Ca2+] was still not a sat-
urating concentration (Fig. 2 D). The heterodimeric 
mutant channel with a reverse arrangement of the two 
subunits (namely, WT-E698C) also showed similar re-
sults (not depicted).

Comprehensive evaluation of the Ca2+ sensitivity in 
the two subunits was obtained by constructing dose–re-
sponse curves. The E698C mutants expressed either 
from the monomeric cDNA construct (E698C∙E698C) 
or from the dimeric cDNA construct (E698C-E698C) 
exhibited a Ca2+-dependent activation curve easily fit to 
a single Hill equation, with K1/2 in the hundreds of mi-
cromolar range. These results are consistent with those 
reported previously by others (Yu et al., 2012; Brunner 
et al., 2014; Tien et al., 2014). For the E698C-WT het-
erodimer, the dose-dependent activation cannot be eas-
ily fit by a single Hill equation. Rather, the dose–response 
activation appeared to occur in two different [Ca2+] 
ranges, one in the range that activates WT∙WT and the 
other in the range similar to that of activating 

Figure 2.  Recording traces of wild-type TMEM16A and tandemly linked dimers. Channel currents were induced by a test [Ca2+] 
pulse (the middle pulse, indicated by red horizontal lines) and two saturating [Ca2+] pulses (indicated by blue horizontal lines) before 
and after the test pulse for inducing maximal current. Red traces: 40 mV; black traces: −40 mV. (A) Wild-type TMEM16A (namely, 
WT∙WT). (B) E698C∙E698C. (C) E698C-E698C. (D) E698C-WT.
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E698C∙E698C or E698C-E698C. Indeed, the dose–re-
sponse curve resembles a weighted sum of the WT∙WT 
and E698C∙E698C dose–response curves (Fig.  3  A). 
This observation suggests that the two subunits are acti-
vated fairly independently; activation of the two sub-
units can be separated if the two subunits have 
significantly different Ca2+-binding affinities. To con-
firm this conclusion, we repeated similar experiments 
with a different point mutation, E701C (Fig. 3 B), which 
also altered the apparent Ca2+ affinity of the channel 
(Yu et al., 2012; Brunner et al., 2014; Tien et al., 2014). 
In fact, the E701C mutation led to an even greater de-
crease in Ca2+ affinity: the decrease in the apparent Ca2+ 
affinity was so drastic that the highest [Ca2+] used in 
constructing the dose–response curve (10 mM) was not 
even a saturating concentration as compared with an 
even higher [Ca2+] (20 mM). Nonetheless, the dose–re-
sponse relationship obtained from the E701C-WT het-
erodimer also appears to be a weighted sum of the 

dose–response curves of the WT∙WT channel and the 
E701C∙E701C mutant (Fig. 3 B).

It has been reported that tandem linkage of channel 
subunits may not ensure the stoichiometry of expressed 
channels (McCormack et al., 1992). To exclude the pos-
sibility that the aforementioned data resulted from two 
separate populations of WT∙WT and E698C∙E698C 
channels because of the assembly of the same subunit 
(WT or MT) from two E698C-WT heterodimeric mole-
cules, we conducted a FRET analysis with cerulean (C) 
or eYFP (Y) tagging on the C terminus of the channel 
protein. FRET is a highly sensitive measurement of dis-
tance between the FRET donor (here C) and FRET ac-
ceptor (Y; Bykova et al., 2006). Fig.  4 shows that 
coexpressing WT-C and WT-Y subunits resulted in a pos-
itive FRET signal at high C/Y ratios (black symbols), 
indicating that the C and Y tags from different subunits 
are close enough to allow for FRET. This result is consis-
tent with a previous FRET study in TMEM16A channels 

Figure 3.  Dose–response curves of various wild-type and mutant TMEM16A channels. (A) Comparison of the dose–response 
curves of WT∙WT, E698C∙E698C, E698C-E698C, and E698C-WT obtained at −40 mV (top) and 40 mV (bottom). The dose–response 
curve of the WT∙WT channel was obtained from Ni et al. (2014). Values of K1/2 (µM) and h for WT∙WT, E698C∙E698C, and E698C-
E698C are shown. The curves for the tandem heterodimeric channel (E698C-WT) in two regions were scaled from the dose–response 
curves of the WT∙WT channel (I = a × IWT∙WT, black) and the E698C∙E698C channel (I = a + (1 − a) × IE698C∙E698C, red), where the values 
of a (0.39 and 0.44 in the top and bottom panel, respectively) were determined by averaging the values of Inorm at [Ca2+] = 3.13 µM 
and [Ca2+] = 5 µM. (B) Comparison of the dose–response curves of WT∙WT, E701C∙E701C, and E701C-WT obtained at −40 mV 
(top) and 40 mV (bottom). Values of the K1/2 and h for E701C∙E701C are not depicted because of the lack of current saturation in 
the dose–response curve. The curves for E701C-WT were scaled from those of the WT∙WT channel (I = b × IWT∙WT, black) and the 
E701C∙E701C channel (I = b + (1 − b) × IE701C∙E701C, red). The values of b (0.542 and 0.566 in the top and bottom panel, respectively) 
were obtained by averaging the values of Inorm at [Ca2+] = 3.13 µM and [Ca2+] = 5 µM. All data points in A and B are depicted as mean 
± SEM. The fitted values of K1/2 and Hill coefficient are shown next to the fitted curves.
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(Sheridan et al., 2011). In comparison, coexpression of 
E698C-WT-C and E698C-WT-Y (Fig. 4, red symbols) did 
not show a detectable FRET signal. These results indi-
cate that the WT subunit in the heterodimer did not 
assemble with the WT subunit of another heterodimer 
to form a WT∙WT channel, and likewise, the two E698C 
subunits from two heterodimers do not form an 
E698C∙E698C mutant.

The aforementioned results thus suggest that the cur-
rent of the E698C-WT channel activated by [Ca2+] < 
20 µM is caused by the activation of the high-affinity WT 
subunit. We thus expect that the dose–response curve 
of the E698C-WT channel should be similar to that of 
the WT∙WT or the WT-WT channel in low [Ca2+] where 
activation of the E698C-containing subunit is minimal. 
Fig. 5 shows a comparison of the dose–response curves 
of the WT-WT channel and the E698C-WT channel in 
[Ca2+] < 5 µM. Fitting the data points to the Hill equa-
tion gave K1/2 = 655 nM and Hill coefficient h = 1.8 for 
the E698C-WT heterodimer and K1/2 = 525 nM and h = 
2.7 for the WT-WT channel, indicating that impairing 
the affinity in one subunit does not drastically affect the 
other subunit. However, the overall apparent Ca2+ sensi-
tivity of the WT subunit of the heterodimer may be 
slightly diminished compared with that of the WT-WT 
channel because the heterodimer appears to have a 
larger K1/2 and a smaller Hill coefficient.

The results shown above demonstrate independent 
activation of the two subunits of the TMEM16A chan-
nel. However, whether activation of separate subunits is 
associated with different pore openings is still not clear. 
To address this question, we initially planned to gener-
ate, in a particular subunit, the K584Q mutation, which 
was reported to alter the PCl/PNa permeability ratio of 
the pore (Yang et al., 2012). Unfortunately, we were un-
able to observe the change of PCl/PNa caused by the 

K584Q mutation (Fig. 6, A and B). The reversal poten-
tials measured in different intracellular [NaCl] 
(140  mM vs. 84  mM or 140  mM vs. 42  mM) were all 
similar among various channel constructs whether the 
K584Q mutation was introduced in only one subunit or 
in both subunits (Fig. 6 B; also see Table S1). The fail-
ure of altering PCl/PNa by the K584Q mutation excluded 
our initial plan of using the discrimination of Cl− versus 
Na+ as a pore property to address the pore architec-
ture of TMEM16A.

In constructing I-V relationships, we noticed that with 
20  µM [Ca2+] the I-V curve of the K584Q mutant 
(namely, K584Q mutation in both WT subunit) is out-
wardly rectified (Fig. 7, A and B). The outward rectifica-
tion of this mutant is not caused by gating change at 
different voltages because the I-V relationships obtained 
from a ramp protocol and from measuring the instanta-
neous current immediately after step voltage jumps are 
nearly identical. Furthermore, the rectification of the 
I-V curve at a much higher [Ca2+] (20 mM) is nearly the 
same as that obtained in 20 µM (Fig. 7 B). In compari-
son, the I-V curve of the WT∙WT channel is linear 
(Fig. 7 C, left). Thus, if activation of individual subunits 
is associated with distinct pores, we expect that the 
E698C-WT heterodimer containing the K584Q mutant 
in the E698C subunit, namely, E698C(K584Q)-WT (ab-
breviated as MT(K584Q)-WT in Fig. 7 C), will have the 
same I-V curve rectification as the E698C-WT heterodi-
mer when only the WT subunit is activated by low [Ca2+] 
(such as 20 µM). Experiments in Fig. 7 C (middle) in-
deed confirmed this prediction. In contrast, when the 
K584Q mutation was made in the WT subunit of the 
E698C-WT heterodimer, namely E698C-WT(K584Q) 
(also abbreviated as MT-WT(K584Q)), the rectification 
of the I-V curve was significantly more rectified than 

Figure 4.  Comparison of the apparent FRET efficiencies 
(Eapp) between C/Y-tagged monomeric WT constructs (black) 
or C/Y-tagged tandem E698C-WT dimeric constructs (red).

Figure 5.  Dose–response curves of the WT-WT linked ho-
modimer and the E698C-WT linked heterodimer at [Ca2+] < 
5 µM. All current was normalized to that obtained with 5 µM 
[Ca2+]. Error bars represent SEM. The fitted values of K1/2 and 
Hill coefficient are shown next to the fitted curves.
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that of the E698C-WT channel (Fig. 7 C, right) and was 
similar to that of the K584Q mutant.

Di  s c u s s i o n

Members of the TMEM16 family are known to consist of 
two identical subunits (Fallah et al., 2011; Sheridan et 
al., 2011; Tien et al., 2013; Brunner et al., 2014). The 
present study examines whether the two subunits of a 
TMEM16A CaCC can be independently activated by 
Ca2+ and whether activation of different subunits is asso-
ciated with the opening of different pores. By linking 
two TMEM16A subunits together, we are able to intro-
duce the mutations that alter the Ca2+-binding affinity 
to only one subunit. FRET experiments showed that co-
expressing E698C-WT-C and E698C-WT-Y did not pro-
duce detectable FRET signals between the FRET donor 
and acceptor (Fig.  4), rendering the possibility less 
likely that WT∙WT and MT∙MT channels are formed 
from assembling two heterodimeric molecules together. 
Rather, it appears that expressing heterodimeric con-
structs produces a homogeneous population of chan-
nels containing one WT subunit and one MT subunit. 

Interestingly, the Ca2+ dose–response curves in both the 
E698C-WT and E701C-WT heterodimers can be de-
scribed by the weighted sum of two Ca2+ activation 
curves, one with a K1/2 similar to that of the WT∙WT 
channel in the submicromolar range and the other with 
a K1/2 in the hundreds of micromolar range like that of 
the mutant channel (Fig. 3).

The biphasic activation by Ca2+ can also be observed 
in wild-type TMEM16A (Fig. S1; also see Lim et al. [2016] 
for detailed characterization). However, the biphasic ac-
tivation in the wild-type channel (namely, WT∙WT or 
WT-WT) is very different from that of the heterodimeric 
channel in several aspects. First, the fractions of the 
high-affinity versus the low-affinity components of the 
dose–response curves are different between the wild-type 
channel and the heterodimer. In the WT∙WT channel, 
the low-affinity component of the dose–response curve 
(namely, the fraction of the current activated by [Ca2+] 
> 20 µM) is ∼25–30% of that of the total current induced 
by 20 mM [Ca2+] (Fig. S1). In the heterodimer, the frac-
tion of the low-affinity component is much larger, at least 
50%, possibly up to 70%, of the maximal current ob-
tained at [Ca2+] = 20 mM (Fig. 3). Second, the K1/2 of 

Figure 6.  Comparison of Na+ and Cl− permeation properties through the pores of the WT∙WT channel (abbreviated as WT) 
and the K584Q mutant. (A) I-V curves of the wild-type channel (left) and the K584Q mutant (right) in three [NaCl]i conditions: 
140 mM (black traces), 84 mM (red traces), and 42 mM (blue traces). The reversal potentials (Erev) in each recording are better 
shown in the inset of each panel. (B) Averaged values of Erev of WT∙WT (black), K584Q mutant (red), E698C-WT(K584Q) (green), and 
E698C(K584Q)-WT (blue) in 140, 84, and 42 mM [NaCl]i. Values of Erev of various channels in the same ionic conditions (Table S1) 
were not significantly different from one another (P > 0.05, one-way ANO​VA).
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the low-affinity component of the wild-type channel was 
∼2 mM, whereas in the heterodimer the K1/2 appears to 
depend on the mutation made in the affinity-altered 
subunit because scaling the dose–response curve of the 
mutant appears to describe the low-affinity component 
well (Fig. 3). Finally, the biphasic activation of the wild-
type channel can never explain the different Ca2+ acti
vation between the mutant homodimer (such as 
E698C∙E698C or E698C-E698C) and the heterodimer 
(such as E698C-WT). For example, with 5 µM [Ca2+], the 
current activated in E698C∙E698C (or E698C-E698C) is 
very small (Fig. 2, B and C). However, by replacing one 
E698C subunit with the WT subunit (the E698C-WT het-
erodimer), the current activated by the same [Ca2+] is 
significantly increased (Fig. 2 D). In comparison, 5 µM 
[Ca2+] already activates at least 70% of the maximal cur-
rent in the WT∙WT channel (Fig. S1). Thus, the most 
straightforward interpretation for the biphasic dose–re-
sponse curve of the heterodimer is an independent ac-
tivation of the two subunits of the heterodimeric channel 
instead of the biphasic activation of the WT subunit.

The independent activation of the two TMEM16A 
subunits does not necessarily mean that different sub-
unit activation leads to the opening of distinct pores. It 
is arguable that only one pore could exist in a channel 
and that activation of one subunit contributes to a par-
tial opening of the pore. To explore whether the activa-
tion of individual subunits is associated with the 
opening of separate pores, we first attempted to take 
advantage of the altered discrimination of Cl− from 
Na+ by K584Q mutation and link this mutation to indi-
vidual subunits. The ion permeation through TMEM16 
proteins has been thought not to be particularly selec-
tive in discriminating anions from cations. For exam-
ple, the current associated with the activation of 
TMEM16F is contributed significantly by Na+ (Yang et 
al., 2012; Adomaviciene et al., 2013; Yu et al., 2015a), 
with a PNa/PCl ratio estimated to be as high as 6.8 in one 
previous study (Yang et al., 2012). However, other stud-
ies still consider TMEM16F as more anion selective 
(Grubb et al., 2013; Shimizu et al., 2013), and a PNa/PCl 
ratio of ∼0.3 had been estimated by Grubb et al. (2013). 

Figure 7.  Pore properties of the wild-type TMEM16A channel, K584Q mutant, and the MT-WT(K584Q) and MT(K584Q)-WT 
heterodimeric channels, where MT refers to the E698C subunit. WT(K584Q) and MT(K584Q), respectively, represent the WT and 
E698C subunits harboring K584Q mutation. [Cl−]i = [Cl−]o = 140 mM in all recordings. (A) Recordings of the K584Q mutant in 20 µM 
[Ca2+] (left) in response to a voltage step family from −80 to 80 mV (right). Leak current has been subtracted. (B) I-V relationships of 
the K584Q mutant obtained from a ramp voltage protocol (−80 to 80 mV) in 20 mM [Ca2+] (black) and 20 µM [Ca2+] (red) and from a 
voltage step protocol like that shown in A (red squares, n = 5). For the two ramp I-V curves, the width of each curve represents the 
SEM of the averaged current of each digitized data point in the I-V curve. RI = 0.45 ± 0.01 (n = 7) and 0.48 ± 0.01 (n = 5) for the I-V 
curves in 20 µM [Ca2+] and 20 mM [Ca2+], respectively. (C) Comparison of the I-V curve rectifications between the wild-type channel 
and K584Q mutant (left) and between E698C-WT (abbreviated as MT-WT; blue) and MT(K584Q)-WT (red, middle) or MT-WT(K584Q) 
(red, right). All I-V curves were obtained with 20 µM [Ca2+]. Four to seven normalized I-V curves were averaged. The width of each 
I-V curve represents the SEM of the averaged values. RIs for WT, K584Q, MT-WT, MT(K584Q)-WT, and MT-WT(K584Q) were 1.00 ± 
0.02, 0.45 ± 0.01, 0.78 ± 0.06, 0.78 ± 0.05, and 0.47 ± 0.04, respectively.
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Compared with TMEM16F, TMEM16A is much more 
anion selective, but even so, a PCl/PNa ratio of only ∼7 
was reported (Yang et al., 2012). The mechanism un-
derlying the different selectivity for anions versus cat-
ions between TMEM16A and TMEM16F was thought 
to be caused by a positively charged lysine residue, 
K584, in TMEM16A versus a corresponding uncharged 
glutamine residue, Q559, in TMEM16F; mutation of 
K584 in TMEM16A into a glutamine residue (K584Q) 
was shown to reduce the PCl/PNa ratio from 7.0 to 4.1, 
whereas mutating the corresponding residue from Q 
to K in TMEM16F (Q559K) reduced the PNa/PCl of 
TMEM16F from 6.8 to 2.2 (Yang et al., 2012). These 
results thus suggested the possibility that K584 residue 
could be located in the TMEM16A channel pore to dis-
criminate anions from cations.

However, our data shown in Fig. 6 do not support the 
conclusion that K584 is critical for discriminating Cl− 
from Na+ in the TMEM16A channel pore. In fact, our 
results showed that the I-V curves of the wild-type chan-
nel and the K584Q mutant have indistinguishable re-
versal potentials in various intracellular [NaCl] 
(Fig. 6 B). Furthermore, the calculated PCl/PNa ratio for 
the wild-type channel from our experiments is much 
higher than that reported previously. The reversal po-
tentials of the WT∙WT channel in our measurements 
were −31.5 ± 0.3 mV, −13.0 ± 0.4 mV, and −0.5 ± 0.5 mV 
in 0.3×, 0.6×, and 1× intracellular [NaCl], respectively 
(Fig. 6 B). For comparison, theoretical values of Erev in 
0.3× and 0.6× solutions based on the Goldman-Hodgkin- 
Katz equation would be −21.8 mV and −9.6 mV, −28.2 
mV and −12.1 mV, and −29.8 mV and −12.7 mV when 
PCl/PNa ratios are 7, 30, and 100, respectively (T = 
295°K). Our results thus suggest that the permeability 
of Na+ through the TMEM16A pore is negligible in 
comparison with the Cl− permeability. Studies from oth-
ers have also suggested that TMEM16A has a nearly 
ideal anionic selectivity (Yang et al., 2008; Terashima et 
al., 2013). The reasons for the qualitative and quantita-
tive differences between our results and those reported 
in Yang et al. (2012) are not clear to us, but we suspect 
that differences in experimental methods, for example, 
using NMDG-SO4 versus sucrose to replace intracellular 
NaCl (Lim et al., 2016), and/or analyses (such as sub-
traction of the endogenous leak current; Fig. S2) may 
explain the discrepancy.

Although we are unable to confirm that residue K584 
helps in discriminating anions versus cations for 
TMEM16A, our experiments do suggest that K584 is a 
pore residue because of the prominent rectification of 
the I-V curve of the K584Q mutant in symmetrical 
140 mM [NaCl]. The I-V curve of the wild-type TMEM16A 
pore in a saturating [Ca2+] is linear with a unity RI. In 
contrast, the I-V curve of the K584Q mutant is outwardly 
rectified (RI = ∼0.45; Fig. 7). This outward rectification 
in K584Q is not caused by the voltage-dependent change 

of gating properties because the same rectification is 
observed in the I-V relationship constructed from instan-
taneous currents upon jumping membrane potential to 
various voltages (Fig. 7 B). Furthermore, with 20 mM 
[Ca2+], the I-V curve of the K584Q mutant remains out-
wardly rectified (Fig. 7 B). It is possible that K584 is lo-
cated at the intracellular pore entrance, and therefore 
the positive charge on the sidechain helps recruit Cl− to 
the intracellular pore entrance, similar to the electro-
static control of the conductance of CLC-0 by a lysine 
residue (Middleton et al., 1996; Chen and Chen, 2003).

If there are separate pores associated with different 
subunits and if the I-V curve rectification caused by the 
K584Q mutation is indeed a pore property, we expect 
that introducing K584Q mutation to the WT subunit or 
to the E698C-containing subunit in the E698C-WT het-
erodimer would produce different degrees of I-V curve 
rectification when only the high-affinity WT subunit is 
activated. Fig. 7 C indeed shows the fulfillment of this 
prediction, indicating that activation of different sub-
units is associated with the opening of distinct pores. 
Thus, it appears that the TMEM16A channel may also 
contain multiple (most likely two) pores, and Ca2+ acti-
vation of an individual subunit opens the pore associ-
ated with that activated subunit. This scenario is similar 
to the “double-barrel” feature of CLC channels (Miller, 
1982; Miller and White, 1984; Ludewig et al., 1996; Mid-
dleton et al., 1996), except that the opening of the CLC 
channel pores is apparently voltage dependent, whereas 
the TMEM16A pores are opened by ligand binding.

Although the results presented in this study suggest 
that activation of different subunits of TMEM16A opens 
distinct pores, the exact mechanism of TMEM16A acti-
vation is still a subject of much speculation. The fact 
that the wild-type TMEM16A channel has a dose–re-
sponse curve with a Hill coefficient h > 1 indicates coop-
erative binding of multiple Ca2+ in the channel activation 
process. Our observation that the dose–response curve 
of the E698C-WT channel in the range of [Ca2+] < 5 µM 
still has a Hill coefficient substantially greater than 1 
(Fig. 5) indicates multiple Ca2+-binding sites within one 
subunit, consistent with the high-resolution crystal 
structure of the nhTMEM16 molecule. Nonetheless, it 
appears that the cooperativity of channel opening may 
not all come from Ca2+ binding within one subunit be-
cause the dose–response curve of the E698C-WT in the 
low [Ca2+] range (<5 µM) has a lower apparent affinity 
and a smaller Hill coefficient than that of the WT-WT 
channel. This observation suggests that some coopera-
tivity in the channel activation resulting from cross-talk 
of the two subunits cannot be ruled out. Finally, the ac-
tivation of the wild-type channel by [Ca2+] in the mM 
range (Fig. S1) may suggest low-affinity Ca2+-binding 
sites not seen in the nhTMEM16 crystal structure.

In conclusion, by constructing covalent tandem di-
mers for TMEM16A channels and introducing muta-
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tions to specific subunits, we altered the Ca2+-binding 
affinity and induced the rectification of the channel 
current associated with individual subunits. Our results 
suggest that the two subunits with different apparent 
Ca2+ affinities can be independently activated and that 
the activation of individual subunits is associated with 
the opening of separate pores. Thus, the pore architec-
ture of TMEM16A appears to be similar to the “dou-
ble-barrel” structure found in members of the CLC 
channel/transporter family.
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