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TMEM16A/anoctamin-1 has been identified as a protein
with the classic properties of a Ca2�-activated chloride
channel. Here, we used blue native polyacrylamide gel elec-
trophoresis (BN-PAGE) and chemical cross-linking to as-
sess the quaternary structure of the mouse TMEM16A(a)
and TMEM16A(ac) splice variants as well as a genetically
concatenated TMEM16A(a) homodimer. The constructs
carried hexahistidyl (His) tags to allow for their purification
using a nondenaturing metal affinity resin. Neither His-tag-
ging nor head-to-tail concatenation of two copies of
TMEM16A(a) noticeably affected Ca2�-induced measured
macroscopic Cl� currents compared with the wild-type
TMEM16A(a) channel. The digitonin-solubilized, nondena-
tured TMEM16A(a) protein migrated in the BN-PAGE gel as
a homodimer, as judged by comparison with the concate-
nated TMEM16A(a) homodimer and channel proteins of
known oligomeric structures (e.g. the voltage-gated Cl�

channel CLC-1). Cross-linking with glutaraldehyde corrob-
orated the homodimeric structure of TMEM16A(a). The
TMEM16A(a) homodimer detected in Xenopus laevis oo-
cytes and HEK 293 cells dissociated into monomers follow-
ing denaturation with SDS, and reducing versus nonreduc-
ing SDS-PAGE provided no evidence for the presence of
intersubunit disulfide bonds. Together, our data demon-
strate that the Ca2�-activated chloride channel member
TMEM16A shares an obligate homodimeric architecture
with the hCLC-1 channel. Molecular & Cellular Proteom-
ics 10: 10.1074/mcp.M110.004697, 1–10, 2011.

Ca2�-activated Cl� channels (CaCCs)1, which are activated
by intracellular Ca2� at submicromolar and low micromolar

concentrations, were first identified in Xenopus laevis oocytes
(1, 2), where they generate the fertilization potential that pro-
vides a fast electrical block to prevent polyspermy (3). CaCCs
have been found in a wide range of organisms and tissues and
are implicated in important physiological processes, including
vascular smooth-muscle contraction, cell-volume regulation,
electrolyte secretion, and the regulation of neuron excitability
(4). All CaCCs possess similar biophysical characteristics,
including a small single-channel conductance, voltage-de-
pendent Ca2� sensitivity, and a characteristic halide-perme-
ability sequence (I� � Br� � Cl� � F�). In oocytes, CaCC-
mediated currents are mostly outwardly directed (reflecting
inward Cl� movement), because activation of the current
normally occurs at potentials more positive than the Cl� equi-
librium potential (5). The CaCC currents continuously report
the free ambient Ca2� levels immediately below the plasma
membrane (6, 7). CaCC-activating stimuli include Ca2� influx
from the extracellular space through voltage-gated Ca2�

channels opened by oocyte depolarization to potentials
around 0 mV (1), Ca2� released from intracellular IP3-sensitive
Ca2� stores (8), or intracellular Ca2� injection (5, 9). Indeed,
voltage-clamp recordings of endogenous CaCC currents are
a convenient reporter of the functioning of either endogenous
or ectopically expressed G-protein-coupled receptors that
stimulate Ca2� release through the inositol phospholipid mes-
senger pathway upon activation (10–12).

Although the molecular identity of CaCCs was unknown
until recently, three independent studies using different
strategies identified TMEM16A as a protein with classic
CaCC properties (13–15). The TMEM16 family includes ten
members (designated A through K) that share a common
topology, including long intracellular N- and C-terminal tails
and eight membrane-spanning segments (designated M1 to
M8) that are connected by intervening loops (Fig. 1A). Be-
cause of their role in anion transport and their eight-trans-
membrane, helical topology, TMEM16 proteins are also
designated as anoctamins (15). Further diversity in the
TMEM16A isoform arises from tissue-specific alternative
splicing of three exons: 6b, 13, and 15 (corresponding to
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22-, 4-, and 26-residue stretches, respectively, all located in
the cytoplasm) (16). The removal of exons 6b or 13 results in
an approximately fourfold increase in Ca2� sensitivity or a
change in the time-dependent CaCC current activation at
positive membrane potentials, respectively (16).

Mammalian chloride channels are broadly divided into five
classes based on their regulation: (i) cAMP-dependent cystic
fibrosis transmembrane-conductance regulators; (ii) CaCCs;
(iii) voltage-gated chloride channels (CLCs); (iv) inhibitory li-
gand-gated chloride channels, e.g. �-aminobutyric acid-acti-
vated receptors, and glycine-activated receptors; and (v) vol-
ume-regulated chloride channels of unknown molecular
identity (4, 17). To date, all investigated chloride channels
have displayed an oligomeric organization: homodimeric for
CLCs (18–22) and CFTR (23) and obligately pentameric for

�-aminobutyric acid-activatedA receptors and the glycine-
activated receptors (24–26). However, because of the lack
of sequence homology to these and other proteins, the
possible oligomeric structure of TMEM16A cannot be in-
ferred by analogy. To experimentally determine the higher
ordering of TMEM16A, we used blue native polyacrylamide
gel electrophoresis (BN-PAGE), which has been shown to
reliably determine the quaternary structure of various mem-
brane proteins (25, 27–34) and the scaffolding protein
gephyrin (35). We found that functional splicing variants of
TMEM16A assemble as homodimers in the endoplasmic
reticulum of X. laevis oocytes, and these homodimers are
efficiently exported to the cell surface. Partial results of this
work were presented in a poster at the 24th Annual Sympo-
sium of The Protein Society (36).

FIG. 1. Functional characterization of mTMEM16A(a) in X. laevis oocytes. A, Topological model of mTMEM16A, as drawn with TeXtopo
(44). The indicated location of the transmembrane segments (TMI-TMVIII) was calculated with the topology prediction program MEMSAT3.0
(56). The C-terminal His tag (green) and the positions of the five luminally located N-glycosylation sequons (NXS/T) are also indicated. Human
TMEM16A(a) isoforms are generated by the inclusion or omission of three alternative segments, b-d (14), of which the sequence of segment
c (EAVK) was identified in the mouse genome following a BLAST search of DNA databases. B, Current responses were elicited in uninjected
control oocytes and mTMEM16A(a)-expressing oocytes by the addition of 1 �M A23187 for the time indicated by the horizontal bar. The
time-dependent outward conductances are the mean � S.E. of recordings from five to six oocytes per data point. C, The bars represent the
mean � S.E. (5 to 17 oocytes per bar) of the maximum outward conductance from the A23187-elicited current response in oocytes expressing
the indicated mTMEM16A(a) constructs, recorded as in B.
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EXPERIMENTAL PROCEDURES

Expression of Affinity-tagged TMEM16A(a) in X. laevis Oocytes—
Throughout this report, we follow the original nomenclature for the
human TMEM16A variants to indicate the presence of the alternative
exons a (116 N-terminal residues) and c (four residues) (14). Mouse
mTMEM16A(a) cDNA (GenBank accession number NM 178642.4)
was subcloned into the pNKS2 oocyte expression vector using Gate-
way cloning (Invitrogen) (37). A hexahistidyl (His) tag was introduced
immediately 3� or 5� of the ATG start codon or the stop codon,
respectively, to generate His-mTMEM16A(a) and mTMEM16A(a)-His.
The splicing variant mTMEM16A(ac)-His was generated by inserting
codons encoding the EAVK tetrapeptide (GeneID 101772 Ano1) be-
tween the codons for 447E and 448D of mTMEM16A(a)-His. A con-
struct encoding a concatenated homodimer of mTMEM16A(a) was
generated by covalently linking two copies of the mTMEM16A(a)
cDNA (the first copy without a His tag, the second with a C-terminal
His tag) in a single open reading frame to generate (mTMEM16A(a))2-
His (34, 38, 39). Oocyte expression plasmids encoding the human-
muscle chloride channel hCLC-1, the human hGlyR �1 subunit, and
the mouse serotonin type 3 receptor (m5HT3R) have been described
previously (25, 34). All mutations and insertions were performed using
a QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA)
with mutagenic primers that incorporated or removed a silent restriction
site. Positive clones were identified using restriction-enzyme analysis,
and the DNA sequences were confirmed by sequencing.

Oocyte Expression and Two-Electrode Voltage-Clamp (TEVC) Elec-
trophysiology—Collagenase-defolliculated Xenopus oocytes (Stage V
or VI) were isolated and injected with capped cRNAs, as previously
described (27). Oocytes were incubated at 19 °C in sterile frog Ring-
er’s solution (ORi: 90 mM NaCl, 1 mM KCl, 1 mM CaCl2, 1 mM MgCl2,
and 10 mM HEPES; pH 7.4) supplemented with 50 mg/l gentamycin.
One to 3 days after cRNA injection (23 nl of 0.3 �g/�l cRNA), current
responses were recorded with TEVC, as previously described (40).
The oocyte membrane potential was held at -40 mV and depolarized
every 6 s from -80 to �40 mV within 2 s in a ramplike fashion. To elicit
Ca2�-dependent ion currents, the Ca2� ionophore A23187 was
added to the ORi bath solution at a final concentration of 1 �M. To test
the Ca2� dependence of the response, Ca2� was excluded from the
ORi bath solution and 0.1 mM EGTA was added. To analyze the
permeation behavior of the A23187-induced currents, Na� or Cl� was
replaced with Tris� or glutamate, respectively. For the experiments in
low-chloride (4.5 mM Cl�) medium, we connected the bath electrodes
to the extracellular solution via 3 M KCl-agar bridges to avoid voltage
offsets associated with bath-solution changes. The A23187-induced
ramp currents were calculated by subtracting the average of three to
five ramp currents measured before the addition of A23187 from
those measured during A23187 addition. The outwardly directed
ramp conductance was determined by linear approximation of the
ramp currents in the �20 to �40 mV voltage range.

Protein Labeling, Purification, and PAGE—cRNA-injected oocytes
were metabolically labeled by overnight incubation with L-[35S]-me-
thionine and surface-labeled with cyanine 5 (Cy5) NHS ester (an
amine-reactive, membrane-impermeable fluorescent dye) just prior to
protein extraction, as previously described (41). His-tagged proteins
were purified by nickel-nitrilo acetic acid (Ni-NTA) agarose (Qiagen)
chromatography from digitonin (1%, w/v) oocyte extracts, as previ-
ously detailed (27, 30). BN-PAGE (42) was performed immediately
after protein purification (27) in the presence of 0.02% (w/v) Coomas-
sie blue G250, as described. Where indicated, the samples were
treated with 100 mM dithiothreitol (DTT), 0.001%–0.1% (w/v) SDS, or
a combination of both for 1 h at 37 °C prior to BN-PAGE to induce
partial dissociation of the channel complexes. During electrophoresis,
the BN-PAGE gel becomes strongly stained by the Coomassie G250
dye, and this intense staining completely extinguishes the fluores-

cence of the protein-bound Cy5. Therefore, BN-PAGE gels were first
destained by repeated cycles of incubation in 50% v/v acetonitrile
(Biosolve, Valkenswaard, Netherlands) supplemented with 25 mM

ammonium carbonate, following a previously described protocol (43).
After complete destaining, the acetonitrile mixture was replaced by
several washes with 0.1 M sodium phosphate buffer, pH 8.0, and the
gel was scanned wet in a Typhoon scanner (GE Healthcare). For the
subsequent visualization of 35S-labeled proteins, the BN-PAGE gels
were dried, exposed to a phosphor screen, and scanned on a Phos-
phorImager (Storm 820, GE Healthcare).

For SDS-urea PAGE, we mixed the samples with SDS sample
buffer in the presence or absence of 20 mM DTT, as indicated, and
electrophoresed them in parallel with [14C]-labeled molecular-mass
markers (Rainbow, Amersham Biosciences) in linear or gradient poly-
acrylamide gels. To investigate the glycosylation state of the proteins,
samples were treated with either endoglycosidase H (Endo H) or
PNGase F (New England Biolabs, Beverly, MA) for 2 h in the presence
of reducing SDS sample buffer and 1% (w/v) Nonidet P40 to coun-
teract the SDS-mediated inactivation of PNGase F. After SDS-PAGE,
we directly scanned the wet tricine gels on a fluorescence scanner
(Typhoon, GE Healthcare) to visualize the fluorescently labeled
plasma membrane-bound proteins and then dried the gels for the
subsequent detection of 35S incorporation as described above.

Chemical Cross-linking—cRNA-injected X. laevis oocytes were
metabolically labeled overnight with [35S]-methionine, chased for
24 h, and then surface-labeled with Cy5 NHS ester for 30 min. The
cross-linking reaction was then immediately initiated by homogeniz-
ing the intact oocytes in 100 mM sodium phosphate buffer, pH 8.0,
and 1% (w/v) digitonin supplemented with the indicated concentra-
tion of dimethyl adipimidate (Pierce) or glutaraldehyde (Roth Chemi-
cals, Karlsruhe, Germany). The reaction was allowed to proceed for
30 min at 21–23 °C with continuous horizontal shaking and termi-
nated by the addition of Tris/HCl, pH 8.0, to a final concentration of
0.1 M to quench excess cross-linker. The proteins were then affinity
purified by nondenaturing Ni-NTA chromatography, as described pre-
viously (27, 30).

Generation of a HEK 293 Cell Line Stably Expressing the
mTMEM16A(ac) Channel—The mTMEM16A(ac) coding sequence
was subcloned into the pcDNA5/FRT/TO inducible expression vector
using the Gateway cloning system, following the manufacturer’s in-
structions (Invitrogen, Karlsruhe, Germany), to generate a stable
Flp-In HEK 293 cell line. Expression was induced in the cells by the
addition of 1 �g/ml tetracycline for 36 h. The cells were then surface
labeled with Cy5-NHS ester for 30 min at 21–23 °C and quenched
with 20 mM glycine for 5 min, and proteins were extracted using
digitonin (0.5%, w/v) in phosphate-buffered saline, pH 8.0. The
tagged proteins were purified using Ni-NTA resin, washed, eluted in
nondenaturing imidazole buffer, and subjected to SDS-PAGE and
BN-PAGE as described above. In the indicated experiments, the
digitonin was replaced with 0.01% (w/v) and 0.03% (w/v) dodecyl
maltoside (Biomol, Germany) for protein extraction and nondenatur-
ing elution, respectively.

Data Analysis—The intensity of the protein bands was quantified
using the ImageQuant TL software version 7.0 (GE Healthcare Bio-
sciences). Figures with halftone images were prepared with Image-
Quant TL for contrast adjustments, Adobe Photoshop CS 8.0 for level
adjustment and cropping, and Microsoft PowerPoint 2000 for label-
ing. The topology map was drawn with TEXtopo (44). The data were
analyzed using a one-way analysis of variance (ANOVA; p � 0.05) and
are presented as the mean � S.E. All line and bar graphs were
prepared using SigmaPlot 8.0 (Systat Software, San Jose, CA, USA).
Each experiment was performed at least three times with equivalent
results.
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RESULTS

Both X. laevis oocytes and HEK 293 cells were used to
express the various mTMEM16A(a) constructs, all of which
encoded a hexahistidine tag for one-step affinity purification.
After metabolic and/or cell-surface labeling with [35S]-methi-
onine and/or the covalently bound fluorescent Cy5 dye, re-
spectively, proteins were extracted with the mild nonionic
detergent digitonin in the presence of iodoacetamide to pre-
serve noncovalent protein-protein interactions and to prevent
artifactual intersubunit cross-linking by disulfide bonds, re-
spectively. The mTMEM16A(a) proteins were affinity-purified
on a Ni-affinity resin, eluted in nondenaturing buffer, and
analyzed using nonreducing SDS-PAGE, BN-PAGE, and
chemical cross-linking to determine their oligomeric state.
Additionally, the oocyte-expressed constructs were tested
functionally with TEVC electrophysiology.

N- or C-terminally His-tagged mTMEM16A(a) and a Tandem
mTMEM16A(a) Homodimer are Functional in X. laevis Oo-
cytes—To examine whether an N- or C-terminally positioned
His-tag affects the function of mTMEM16A(a), TEVC mea-
surements were performed. Increasing the intracellular Ca2�

concentration of intact oocytes by the addition of the Ca2�

ionophore A23187 induced transient outward currents that
were approximately fivefold greater in mTMEM16A(a)-ex-

pressing oocytes than in uninjected control oocytes (Fig. 1B).
The A23187-induced maximum outward conductances were
statistically similar among the oocytes expressing the vari-
ous mTMEM16A(a) constructs, including the wild-type
mTMEM16A(a) and the mTMEM16A(a)-His tandem ho-
modimer (Fig. 1C). On the basis of these results, tagging the
N- or C terminus of mTMEM16A(a) with a hexahistidyl se-
quence or genetically concatenating two mTMEM16A(a) cop-
ies in a head-to-tail fashion does not adversely affect the
Ca2�-gated Cl� channel function of mTMEM16A(a).

The A23187-induced outward conductance in mTMEM16A(a)-
expressing oocytes was reduced in Ca2�-free or glutamate-
based low Cl� bathing solution. Also, the reversal potential (�
-10 mV in ORi bath solution) shifted by �50 mV when Cl� was
replaced by glutamate (data not shown). Replacing Na� with
Tris� did not significantly change the outward conductance or
the reversal potential (data not shown). These results are in
line with the induction of a Ca2�-dependent Cl� current.

mTMEM16A(a) Does Not Form Disulfide-linked Oligomers
and is Efficiently Exported to the Plasma Membrane as a
Complex-type Glycoprotein—The freshly isolated [35S]-methi-
onine-labeled mTMEM16A(a) subunit (956 amino acids)
tagged with either an N- or a C-terminal His-tag migrated in
4%–10% nonreducing SDS-urea-PAGE gradient gels as a

FIG. 2. Total and cell-surface expression of the Cl�-conducting channels mTMEM16A(a), hCLC-1, and hGlyR �1. A, B, The indicated
[35S]-methionine- and Cy5-labeled proteins were purified by Ni-NTA chromatography and resolved with both reducing and nonreducing
SDS-urea-PAGE. The incorporated [35S]-methionine (A) and Cy5 fluorescence (B) was visualized with phosphorimaging and Typhoon
fluorescence scanning to display the total and cell-surface pools of the proteins, respectively. N and C in the figure legend indicate whether
the His tag was N- or C-terminally positioned, respectively. C, D, Aliquots of the same protein samples used in A and B were deglycosylated
with Endo H and PNGase F, as indicated, and were found to exist exclusively in the complex-glycosylated form in the plasma membrane (D).
In contrast, the [35S]-methionine-labeled protein was partially Endo H-sensitive (C, red arrowheads).

TMEM16A(a) Assembles as a Homodimer
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single band with a molecular mass of �120 kDa (Fig. 2A,
lanes 1 and 3), which is in agreement with the sequence-
predicted 110-kDa protein core (excluding the His-tag and
carbohydrates). Reduction with DTT resulted in a small in-
crease in the apparent molecular mass of the mTMEM16A(a)
polypeptide (Fig. 2A, lanes 2 and 4) compared with the oxi-
dized form (Fig. 2A, lanes 1 and 3). Although this small shift
may have resulted from the reduction of intrasubunit disulfide
bonds, the absence of a large decrease in the molecular mass
clearly indicates the absence of intersubunit disulfide bonds.
A faint, �250-kDa band (suggestive of a homodimer resistant
to both SDS and DTT) could only be detected at extremely
high image intensity settings (data not shown). However, fol-
lowing storage of the isolated proteins for one or more days,
the intensity of the 250-kDa band increased significantly (data
not shown). Therefore, we only show data obtained with pro-
teins analyzed on the day of their purification, with the sole
exception of the deglycosylation experiments, which were
performed on older proteins.

In their nonreduced forms, the analyzed His-hCLC-1 and
hGlyR �1 protomers migrated as 113-kDa (Fig. 2A, lane 5)
and 42-kDa (Fig. 2A, lane 7) bands, respectively, which is
close to the masses of their sequence-predicted protein
cores (110 kDa and 39 kDa). As with mTMEM16A(a), reduc-
tion with DTT slightly reduced the apparent mass of the
hCLC-1 and the hGlyR �1 protomers (Fig. 2A, lane 8);
disulfide-linked multimers were not detected in the freshly
purified protein samples.

All three proteins (mTMEM16A(a), hCLC-1, and hGlyR �1)
were incorporated into the oocyte plasma membrane, as il-
lustrated by the Cy5 fluorescence, which was covalently
linked to lysine residues that were accessible on the external
oocyte surface when the intact oocytes were incubated with
Cy5 NHS ester prior to affinity purification (Fig. 2B). Although
the mTMEM16A(a) channel and hGlyR �1 exhibited relatively
strong Cy5 fluorescence (Fig. 2B, lanes 1–4 and 7–8), an
8-fold higher image gain setting was required to visualize the
Cy5-labeled hCLC-1 channel (Fig. 2B, lanes 5–6). This low
fluorescence may reflect less efficient incorporation of the
hCLC-1 channel into the plasma membrane and/or a lower
number of cell surface-exposed lysine residues that were
accessible for the labeling reaction. Similar to the above re-
sults, at the plasma membrane level, none of the three chlo-
ride channels existed as disulfide-linked oligomers.

As detected following deglycosylation with Endo H and
PNGase F, 67 and 87% of the total 35S-labeled His-
mTMEM16A(a) and mTMEM16A(a)-His subunits, respectively,
were in the mature complex-glycosylated form (Fig. 2C, lanes
8 and 11), indicating efficient egress from the ER to the Golgi
and later compartments. Only the complex-glycosylated form
of His-mTMEM16A(a) (Fig. 2D, lanes 7–9) and mTMEM16A(a)-
His (Fig. 2D, lanes 10–12) reached the plasma membrane,
similar to the hGlyR �1-His (Fig. 2D, lanes 1–3) and His-
hCLC-1 (Fig. 2D, lanes 4–6) anion channels.

Deglycosylation with PNGase F reduced the average mo-
lecular mass of the mature mTMEM16A(a) subunit by �17
kDa (Figs. 2C and 2D, lanes 9 and 12). Because of the heter-
ogeneity of complex-type carbohydrates, the mass of individ-
ual complex-type N-glycans is unknown, and thus, their num-
ber cannot be ascertained from the size of the mass shift.
Therefore, we purified the mTMEM16A(a) protein directly fol-
lowing a 4-h [35S]-methionine pulse, when virtually all N-
glycans on the [35S]-methionine-labeled proteins are still in
the uniform high-mannose form, each adding �3 kDa to the
protein core. Deglycosylation of the mTMEM16A(a) polypep-
tide with Endo H resulted in an �9-kDa shift (data not shown),
suggestive of the removal of three 3-kDa N-glycans. To de-
termine whether 375N was a putative N-glycan acceptor site,
we mutated 375N to glutamine (see Fig. 1A). This mutation
resulted in a 3-kDa decrease in the molecular mass of the
high-mannose form of mTMEM16A(a), thereby verifying 375N
as one of the several N-glycosylation sites (data not shown).

In contrast, no change in the molecular mass was observed
when we mutated 591N, which is located in the extracellular
TM3-TM4 loop, to glutamine (data not shown), indicating that
591N is not glycosylated. Both the N-glycosylation-blocking
proline residue present at the �4 position of the 591NSSP
sequence and the relatively short distance to the membrane
(Fig. 1A) are sufficient restraints to prevent the N-glycosyla-
tion of 591N. Together, these data suggest that the
mTMEM16A(a) protomer contains one N-glycan in the extra-
cellular TM1-TM2 loop and at least two additional N-glycans
in the TM7-TM8 ectoloop, where four NXS/T sequons are
present (see Fig. 1A for the position of these residues). Two
N-glycans have also been detected in the TM7-TM8 ec-
toloop of anoctamin-7 at sequons 809NFT and 824NRT (45),
which correspond to 802NHT and 815NGT of mTMEM16A(a),
respectively.

mTMEM16A(a) and mTMEM16A(ac) Migrate as Discrete
Homodimers in BN-PAGE—To determine the higher-order
structure of TMEM16A(a), we analyzed the protein purified
under native conditions with BN-PAGE. As positive controls,
we coanalyzed two chloride channels of known quaternary
structure (the homopentameric hGlyR �1 and the ho-
modimeric hCLC-1) and one cation channel, the homopen-
tameric m5HT3R. In addition, we used hGlyR �1 and m5HT3R
as well as their well-defined lower-ordered intermediates gen-
erated by partial denaturation as reliable molecular-mass
markers for the determination of the mass of the assembled
and SDS-disassembled mTMEM16A(a). By substituting these
well-defined membrane proteins for the common soluble cal-
ibration proteins, the errors that arise when estimating the
mass of membrane proteins by comparison with soluble pro-
teins are avoided (27, 39, 46). Nondenatured mTMEM16A(a)
(Fig. 3A, lanes 3 and 9) migrated as a distinct band in the
BN-PAGE gel to the same position as the �320-kDa m5HT3R
(Fig. 3A, lane 15; 64 kDa per triglycosylated protomer) and
with a somewhat higher mass than the �260-kDa hGlyR �1

TMEM16A(a) Assembles as a Homodimer
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(Fig. 3A, lane 2; 52 kDa per monoglycosylated protomer).
Note that all three proteins migrated as single, well-defined
oligomeric complexes and that higher-order aggregates were
almost completely absent.

To determine the number of protomers incorporated in the
mTMEM16A(a) channel, we weakened the noncovalent sub-
unit interactions by treating the natively purified, nonreduced
protein with increasing concentrations of SDS. Incubation
with 0.01% to 0.1% SDS resulted in the partial or complete
disappearance of the 320-kDa mTMEM16A(a) band and the
appearance of a faster migrating band (Fig. 3A and B, lanes
6–8 and 12–14). Upon a similar SDS denaturation, hGlyR �1
(Fig. 3A and B, lane 1) and m5HT3R disassembled into ho-
motetramers, homotrimers, homodimers, and protomers (Fig.
3A and B, lane 16), consistent with their well-known ho-
mopentameric nature. Using the homodimers and homotrim-
ers of hGlyR �1 (Fig. 3A and B, lane 1) and m5HT3R (Fig. 3A
and B, lane 16) as molecular-mass markers, we determined
that the SDS-disassembled mTMEM16A(a) protein in the
BN-PAGE gel had an apparent molecular mass of �150 kDa
(Fig. 3A and B, lanes 6–8 and 12–14). Because no faster
migrating band was observed, it is likely that the 150-kDa
band corresponds to the mTMEM16A(a) protomer, which mi-
grates at �130 kDa in a standard SDS-PAGE gel. The differ-

ence in the molecular masses indicated by SDS-PAGE and
BN-PAGE is likely be because of the different separation
principles of the two methods, i.e. charge-to-mass ratio and
protein size, respectively (42).

As an additional positive control, we analyzed the hCLC-1
channel in parallel with the mTMEM16A(a) channel by
BN-PAGE. In the nondenatured state, the homodimeric
hCLC-1 channel migrated to a similar position in the
BN-PAGE gel as the mTMEM16A(a) channel (Figs. 3C and 3D,
compare lanes 1 and 6), indicating a similar molecular mass.
Disassembly of the hCLC-1 complex with SDS resulted in the
appearance of one smaller protein band (Figs. 3C and 3D,
lanes 2–4) that comigrated with the SDS-disassembled
mTMEM16A(a) protein in the BN-PAGE gel (Figs. 3C and 3D,
lanes 8–9). Because the hCLC-1 protomer and the
mTMEM16A(a) protomer share a similar molecular mass, their
identical migration pattern in both the nondenatured and de-
natured states suggests that the mTMEM16A(a) channel and
the hCLC-1 channel also share a homodimeric structure.

Human TMEM16A exists as several splicing variants that
differ in the presence of the alternative exons b (22 codons), c
(4 codons), or d (26 codons) (14). Using a BLAST search, we
identified a mTMEM16A(ac) sequence that shares an exon
c-encoded EAVK sequence identical to the human

FIG. 3. BN-PAGE analysis of the oligomeric structure of mTMEM16A(a). The indicated channel proteins were purified by nondenaturing
Ni-NTA chromatography from digitonin extracts of X. laevis oocytes, resolved by BN-PAGE, and visualized in the [35S]-methionine-labeled total
form or the Cy5-labeled plasma membrane-bound form with phosphorimaging (upper panels) or Typhoon fluorescence scanning (lower
panels), respectively. Protein migration is shown both under native conditions and after partial denaturation following a 1-h incubation with SDS
and/or DTT at 37 °C, as indicated. A, B, The yellow and blue ovals schematically illustrate the oligomeric states (protomers to pentamers) of
the partially denatured hGlyR �1 and m5HT3R, respectively. C, D, The orange ovals schematically illustrate the native homodimeric and the
denatured protomeric states of the hCLC-1 channel; the homodimeric structure of prokaryotic CLCs was verified by x-ray crystallography (54).
The number in the right margin indicates the mass of the partially disassembled hGlyR �1, which resolved in the BN-PAGE gel as a ladder of
proteins consisting of one to five 52-kDa protomers (cf. Figs. 3A and 3B, lane 1).
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TMEM16A(ac). Therefore, we inserted the four exon c
codons (Fig. 1A) to generate an mTMEM16A(ac)-His-encod-
ing construct. Following BN-PAGE, the nondenatured
mTMEM16A(ac)-His protein migrated to the same position
(Supplemental Figs. 1A and 1B, lane 1) as the mTMEM16A(a)-
His protein (Supplemental Figs. 1A and 1B, lane 3), indicat-
ing that the EAVK insertion had no obvious effect on the
oligomeric state. Additionally, the cell-surface abundances
of mTMEM16A(a) (Supplemental Fig. 1C, lane 2) and
mTMEM16A(ac) (Supplemental Fig. 1C, lane 1) were not
noticeably different.

To unequivocally define the migration position of the
mTMEM16A(a) homodimer, we analyzed a concatena-
ted mTMEM16A(a)-His homodimer encoded by two
mTMEM16A(a) monomers joined head-to-tail in a single
open reading frame. The noncovalently assembled wild-
type mTMEM16A(a) protein and the genetically fused
mTMEM16A(a)-His tandem homodimer migrated to identical
positions in the BN-PAGE gel, strongly corroborating the ho-
modimeric nature of the noncovalently linked wild-type 320-
kDa mTMEM16A(a)-His protein (Supplemental Figs. 1A and
1B, compare lanes 3 and 5). As expected for a covalently
linked dimer, the size of the mTMEM16A(a)-His tandem dimer
was unaffected by SDS treatment, in contrast to the nonco-
valently assembled wild-type mTMEM16A(a)-His homodimer,

which readily disassembled into free protomers (Sup-
plemental Figs. 1A and 1B, compare lanes 4 and 6). Further-
more, the approximately twofold greater molecular mass of
the concatenated mTMEM16A(a) homodimer (Supplemental
Figs. 1C and 1D, lane 3) compared with the mTMEM16A(a)
protomer (Supplemental Figs. 1C and 1D, lane 2) is apparent
from the SDS-PAGE gel.

Chemical Cross-linking Generates Covalently Linked
TMEM16A(a) Dimers—To determine the quaternary structure
of TMEM16A(a) whereas it is still incorporated in the natural
lipid bilayer, we homogenized mTMEM16A(a)-expressing oo-
cytes following Cy5 surface labeling in the presence of in-
creasing concentrations of chemical cross-linkers. The imi-
doester dimethyl adipimidate, which has an 8.6-Å spacer arm,
failed to generate mTMEM16A(a) oligomers (Figs. 4A and 4B,
lanes 1–6). Next, we used glutaraldehyde, which has a shorter
spacer arm length of �5 Å. Glutaraldehyde exists in multiple
forms in aqueous solutions and, similarly to dimethyl adipimi-
date, generates chemically stable cross-links between the
�-amino group of lysine residues (47). As detected using
reducing SDS-urea-PAGE, glutaraldehyde cross-linked the
mTMEM16A(a) protein very efficiently into a single higher
molecular mass adduct (Figs. 4A and 4B, lanes 8–11). At 10
and 30 mM glutaraldehyde, very little or no protomer was
visible, indicating that mTMEM16A(a) was almost fully fixed in

FIG. 4. Analysis of the oligomeric structure of mTMEM16A(a) following chemical cross-linking. mTMEM16A(a)-expressing X. laevis
oocytes were metabolically labeled with [35S]-methionine overnight. After an additional 24-h chase, the outer oocyte surface was labeled with
Cy5-NHS-ester. Immediately thereafter, the oocytes were homogenized in the presence of the indicated concentration of dimethyl adipimidate
(DMA) or glutaraldehyde (GA). The proteins were purified by nondenaturing Ni-NTA chromatography and resolved in the fully SDS-denatured
state with reducing SDS-urea-PAGE (A, B) and in the nondenatured and partially SDS-denatured state with BN-PAGE (C, D). The upper and
lower panels present the [35S]-methionine-labeled total form and the Cy5-labeled plasma membrane-bound form of the polypeptides. Note that
no protein could be isolated following treatment with 100 mM glutaraldehyde. The concatenated mTMEM16A(a) dimer was also analyzed. The
orange and green double ovals indicate the position(s) of the concatenated mTMEM16A(a) homodimer following no treatment or treatment with
10 mM glutaraldehyde, respectively. Lanes 12–14 were taken at threefold higher image gain settings than the other lanes.
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the higher-order structure (Figs. 4A and 4B, lanes 10 and 11).
We estimated that the apparent molecular mass of the
adduct (Figs. 4A and 4B, lanes 9–11) was 2.4 times that of
the mTMEM16A(a) protomer (Figs. 4A and 4B, lane 7) and
1.2 times that of the concatenated mTMEM16A(a) ho-
modimer (Figs. 4A and 4B, lane 13), and thus, somewhat
larger than expected for a homodimer. It should be noted,
however, that the treatment with glutaraldehyde retarded
protein mobility in the SDS-PAGE gel to a certain degree, as
evidenced by the apparent 20% increase in the mass of the
concatenated mTMEM16A(a) homodimer following treat-
ment with 10 mM glutaraldehyde (Figs. 4A and 4B, lane 14).
Indeed, the 10 mM glutaraldehyde-treated concatenated
mTMEM16A(a) homodimer (Figs. 4A and 4B, lane 14) and
the mTMEM16A(a) adduct generated by cross-linking with
10 mM glutaraldehyde (Figs. 4A and 4B, lane 10) migrated
to virtually the same position in the BN-PAGE gel. These
findings are fully consistent with the view that chemical
cross-linking by glutaraldehyde generated homodimeric
mTMEM16A(a) adducts. The shift in mass may arise following
the glutaraldehyde concentration-dependent formation of
mono-linked and loop-linked byproducts of the cross-linking
reaction (48).

Further strong support for the homodimeric structure of the
glutaraldehyde-cross-linked mTMEM16A(a) protein comes
from BN-PAGE analysis (Figs. 4C and 4D), which showed that
glutaraldehyde only marginally affects the migration of the
nondenatured mTMEM16A(a) protein (Figs. 4C and 4D,
lanes 1–10). Furthermore, the glutaraldehyde-cross-linked
mTMEM16A(a) protein migrated to a similar position as the
concatenated mTMEM16A(a) homodimer (Figs. 4C and 4D,
lanes 13 and 15). As expected for a covalently cross-linked
protein, partial denaturation with SDS failed to dissociate the
mTMEM16A(a) homodimer into the protomer (Figs. 4C and
4D, lanes 8 and 10). In contrast, without cross-linking or upon
incomplete cross-linking at low glutaraldehyde concentra-
tions, efficient SDS-induced dissociation into mTMEM16A(a)
protomers occurred (Figs. 4C and 4D, lanes 2, 4, and 6).

mTMEM16A(ac) is Organized as a Homodimer in HEK 293
Cells—To test whether oligomerization of TMEM16A(ac) is
affected by the host-cell type, we purified stably expressed
mTMEM16A(ac) from tetracycline-inducible HEK 293 cells.
After labeling the outer cell surface with Cy5 NHS ester, the
His-tagged mTMEM16A(ac) channel was purified by nonde-
naturing Ni-NTA chromatography and resolved by BN-PAGE
(Supplemental Fig. 2A). One discrete protein band was ob-
served (Supplemental Fig. 2A, lane 1) that comigrated with
nondenatured mTMEM16A(ac) protein from X. laevis oocytes
(data not shown). Pretreatment with SDS resulted in an SDS
concentration-dependent dissociation of the mTMEM16A(ac)
homodimer into the protomer. The SDS sensitivities of the
mTMEM16A(ac) proteins from X. laevis oocytes and HEK 293
cells were virtually identical (cf. Figs. 3A and 3B, lanes 12–14
and Supplemental Fig. 2A, lanes 3–5). We also extracted the

mTMEM16A(ac) protein from HEK 293 cells with dodecyl
maltoside and reproducibly observed a significant fraction of
the mTMEM16A(ac) protomer, even without obvious denatur-
ation of the protein sample (Supplemental Fig. 2A, lanes 6–7).

In addition, we performed cross-linking experiments on
HEK 293 cells and observed mTMEM16A(ac) homodimers at
glutaraldehyde concentrations similar to those in X. laevis
oocytes (Supplemental Fig. 2B, lanes 1–4). Even when dode-
cyl maltoside was used for protein extraction, mTMEM16A(ac)
could be quantitatively fixed in the homodimeric state by
glutaraldehyde cross-linking (Supplemental Fig. 2B,
lanes 5–6). Whether chemically cross-linked by glutaralde-
hyde or not, the mTMEM16A(ac) homodimers from HEK 293
cells (Supplemental Fig. 2C, lanes 1–6) migrated to the
same position in the BN-PAGE gel as the concatenated
mTMEM16A(ac) homodimer purified from X. laevis oocytes
(Supplemental Fig. 2C, lane 7). Together, the data obtained
using HEK 293 cells are fully consistent with the view that the
mTMEM16A(ac) channel is organized as a homodimer.

DISCUSSION

TMEM16A is Organized as an Obligate Homodimer—Our
data provide strong evidence that the TMEM16A(a) CaCC and
its splicing variant TMEM16A(ac) are organized as relatively
stable, noncovalent assemblies of two identical subunits. This
conclusion is based on a comparison of the digitonin-solubi-
lized mTMEM16A(a) and mTMEM16A(ac) channels in their
nondenatured and denatured states with other channel pro-
teins of known oligomeric structure in BN-PAGE gels. Fur-
thermore, this conclusion is supported by glutaraldehyde
cross-linking experiments, and similar results were seen using
either X. laevis oocytes or HEK 293 cells as the host cell. The
homodimeric mTMEM16A assembly could be separated into
monomers by destabilizing denaturation with SDS but not by
chemical reduction with DTT. This indicates that the subunits
are held together by noncovalent interactions. In further sup-
port of this finding, the use of reducing versus nonreducing
SDS-PAGE provided no evidence for intersubunit disulfide
bonds. On the basis of the identical homodimeric assembly of
both the ER-resident and the plasma membrane-bound
TMEM16A(a) protein, the noncovalent homodimerization
must have already occurred in the ER. This observation clas-
sifies the TMEM16A(a) channel as a permanent or obligate
oligomer (i.e. a protein that occurs only in the oligomeric
state), as is the case for most homodimeric proteins (49) and
ion channels in general. This further suggests that the
TMEM16A(a) channel stably assembles as the subunits fold.

Although purification with digitonin provided clear evidence
for an exclusively homodimeric assembly, we observed a
significant fraction of free protomers in the BN-PAGE gel
when we purified the mTMEM16A(a) channel using dodecyl
maltoside. However, no such protomers were observed when
the dodecyl maltoside-based protein extraction was com-
bined with glutaraldehyde cross-linking. Taken together,
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these results suggest that dodecyl maltoside partially desta-
bilizes the assembly interface within the mTMEM16A ho-
modimer to enable dissociation of the free protomers unless
the dissociation is prevented by intersubunit cross-linking.
The destabilization may be related to the observation that
certain hydrophobic protein-protein interactions are not as
well preserved following extraction with dodecyl maltoside as
with digitonin (50). Thus, the existence of free TMEM16A(a)
monomers in the living cell appears unlikely.

The Head-to-Tail mTMEM16A(a) Tandem Dimer is Func-
tional—The concatemer strategy was first successfully ap-
plied to voltage-gated K� channels (51) and subsequently
extended to other ion channels, primarily to assess their stoi-
chiometry and subunit arrangement (for a review, see (52)).
We used the concatenated mTMEM16A(a) homodimer as a
molecular-mass marker to corroborate the assignment of the
dimeric mTMEM16A(a) protein to the correct band and for
functional analysis. The low level of aggregation, the efficient
incorporation into the plasma membrane (as judged by the
low fraction of Endo H-sensitive glycans), and the efficient
mediation of a Ca2�-activated Cl� current all suggest that the
mTMEM16A(a) tandem dimer readily adopts a properly folded
conformation similar to the mTMEM16A(a) homodimer as-
sembled from free protomers. In particular, we did not ob-
serve the formation of a monomeric byproduct from the ex-
pressed mTMEM16A(a) tandem dimer. This result is in
contrast to our previous experience with concatemers of
other membrane proteins, such as the ATP-gated P2X1 re-
ceptor (39), the glutamate transporter from Escherichia coli,
ecgltP (32), and rat prestin (SLC26A5), a member of the sol-
ute-carrier family (34). The expression of concatemers of
these proteins was associated with the formation of minute
amounts of lower-molecular-weight byproducts (such as
monomers and dimers) that functionally coassembled,
thereby impairing the interpretation of the functional results. A
possible clue to the difference between these concatemers
and the mTMEM16A(a) tandem dimer may be the high pro-
pensity of the mTMEM16A(a) tandem dimer to fold into a
native conformation that is not prone to aggregation. The
feature that head-to-tail concatenation does not noticeably
affect macroscopic Cl� currents is shared with CLC channels
(21, 22).

mTMEM16A(a)-1 Shares a Homodimeric Architecture with
hCLC Chloride Channels—The mTMEM16A(a) and hCLC-1
protomers consist of similar numbers of amino acids (956 and
988, respectively). Because the homodimeric architecture of
CLC-type chloride channels is well established (20–22), we
consider the migration of the nondenatured and SDS-dena-
tured forms of mTMEM16A(a) and hCLC-1 to almost identical
positions in the BN-PAGE gel as an additional strong argu-
ment in favor of a shared homodimeric architecture.

CLC proteins function as either CLC channels or as H�/Cl�

exchangers that share a common structural organization (53).
An obvious difference in the secondary structure compared

with TMEM16A(a) proteins is that the large cytoplasmic do-
main of CLC follows the transmembrane segments, whereas
it precedes the transmembrane segments in TMEM16A(a).
Additionally, the number of transmembrane segments differs
significantly between the two proteins. The CLC protomer
exhibits a complex topology with two structurally related
halves, comprising a total of 16 membrane-embedded �-hel-
ices of variable length in a strongly tilted orientation (54). A
biochemical analysis of the anoctamin-7 protein supports the
existence of eight transmembrane segments, as predicted by
hydropathy analysis (45). However, given the limited structural
resolution of biochemical topology mapping compared with
x-ray crystallographic structures, a more complex arrange-
ment of the membrane-embedded helices of TMEM16A(a)
seems possible.

Oligomerization provides different structural and functional
advantages to proteins, including protection against denatur-
ation because of a reduced surface area, control over the
accessibility and specificity of active sites, and increased
diversity in the formation of regulatory complexes (55). In the
case of most cation channels, the most important role of
oligomerization is the formation of a unique central ion path-
way by the circular arrangement of a defined number of
protomers. It will be interesting to learn whether each subunit
of a TMEM16 homodimer contains its own physically separate
Cl�-conducting pore (similar to the CLC channels (54)) or
whether the pore is formed at the interface within the ho-
modimer in a manner analogous to cation channels.
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27. Nicke, A., Bäumert, H. G., Rettinger, J., Eichele, A., Lambrecht, G., Mut-
schler, E., and Schmalzing, G. (1998) P2X1 and P2X3 receptors form
stable trimers: a novel structural motif of ligand-gated ion channels.
EMBO J. 17, 3016–3028

28. Nicke, A., Rettinger, J., Mutschler, E., and Schmalzing, G. (1999) Blue
native PAGE as a useful method for the analysis of the assembly of
distinct combinations of nicotinic acetylcholine receptor subunits. J.
Recept. Signal. Transduct. Res. 19, 493–507
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