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TMEM16A is a membrane protein forming a calcium-activated chloride channel. A homodimeric
stoichiometry of the TMEM16 family of proteins has been reported but an important question is whether
the protein resides always in a dimeric configuration in the plasma membrane or whether monomers of
the protein are also present in its native state within in the intact plasma membrane. We have deter-
mined the stoichiometry of the human (h)TMEM16A within whole COS-7 cells in liquid. For the purpose
of detecting TMEM16A subunits, single proteins were tagged by the streptavidin-binding peptide within
extracellular loops accessible by streptavidin coated quantum dot (QD) nanoparticles. The labeled pro-
teins were then imaged using correlative light microscopy and environmental scanning electron micro-
scopy (ESEM) using scanning transmission electron microscopy (STEM) detection. The locations of 19,583
individual proteins were determined of which a statistical analysis using the pair correlation function
revealed the presence of a dimeric conformation of the protein. The amounts of detected label pairs
and single labels were compared between experiments in which the TMEM16A SBP-tag position was var-
ied, and experiments in which tagged and non-tagged TMEM16A proteins were present. It followed that
hTMEM16A resides in the plasma membrane as dimer only and is not present as monomer. This strategy
may help to elucidate the stoichiometry of other membrane protein species within the context of the
intact plasma membrane in future.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

The TMEM16 or anoctamin family comprises membrane pro-
teins with high sequence conservation but diverse functions
(Pedemonte and Galietta, 2014; Whitlock and Hartzell, 2017).
Whereas TMEM16A (Ano1) and TMEM16B (Ano2) of this family
are calcium-activated chloride channels (Caputo et al., 2008;
Schroeder et al., 2008; Yang et al., 2008) TMEM16C to TMEM16J
may function as lipid scramblases (Brunner et al., 2014; Gyobu
et al., 2015; Malvezzi et al., 2013; Suzuki et al., 2010, 2013). A
homodimeric stoichiometry of the TMEM16 family of proteins
has been reported by biochemical studies (Fallah et al., 2011)
and fluorescence resonance energy transfer (Sheridan et al.,
2011); the dimeric organization (Tien et al., 2013) has been con-
firmed by X-ray crystallography of a TMEM16 member of the fun-
gus Nectria haematococca, nhTMEM16 (Brunner et al., 2014).
Because of the high sequence conservation (Brunner et al., 2014;
Pedemonte and Galietta, 2014; Whitlock and Hartzell, 2017), the
homodimeric structure of all members of the TMEM16 family
can be assumed. Each single subunit comprises 10 membrane-
spanning helices and its N- and C-termini are located at the cyto-
plasmic side of the membrane (Brunner et al., 2014). An important
question is if TMEM16 resides always in a dimeric configuration in
the plasma membrane or whether monomers of the protein are
also present or if mixed forms exist containing clusters of dimers
or larger channels exist as well. Such information is difficult to
obtain with biochemical methods that rely on the extraction of
protein from pooled cellular material of non-intact cells.
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mailto:niels.dejonge@leibniz-inm.de
http://dx.doi.org/10.1016/j.jsb.2017.05.009
http://www.sciencedirect.com/science/journal/10478477
http://www.elsevier.com/locate/yjsbi


D.B. Peckys et al. / Journal of Structural Biology 199 (2017) 102–113 103
In order to image the plasma membrane localization of individ-
ual TMEM16A proteins within the context of intact cells, we intro-
duced a streptavidin-binding peptide (SBP) tag into an
extracellular loop for the specific binding of a nanoparticle, a strep-
tavidin conjugated quantum dot (QD). The cells were then studied
with correlative light microscopy and ESEM-STEM in the sense that
the same intact cells where imaged in liquid with both microscopy
modalities, light microscopy was used to localize regions with
labels in transfected cells, and ESEM-STEM revealed the locations
of the individual QD labels. The described approach differs from
classical electron microscopy because it does not use thin sections
of cells embedded in plastic or in ice. Our approach, ESEM-STEM
detection, allows the specific analysis of tagged membrane pro-
teins within the intact plasma membrane at 3 nm spatial resolu-
tion. A statistical analysis of label positions was performed to
elucidate the stoichiometry of the hTMEM16A protein complex.

2. Materials and methods

2.1. Materials

COS-7 cells (CRL-1651) were obtained from American Type Cul-
ture Collection (ATCC, Manassas, Virginia, USA). Dulbecco’s Phos-
phate Buffered Saline (DPBS) was from Lonza Cologne GmbH,
Cologne, Germany. Dulbecco’s Modified Eagle’s Medium Gluta-
MAXTM with high glucose and pyruvate (DMEM), Fetal Bovine
Serum, certified, heat inactivated (FBS), Normal Goat Serum (GS),
GIBCOTM Opti-MEM I Reduced-Serum Medium, and Quantum Dot
(QD) Qdot� 655 Streptavidin Conjugate (strep-QD) were from Life
Technologies, Carlsbad, CA, USA. CellStripper was from Mediatech,
Manassas, VA, USA. HPLC grade acetone and ethanol, phosphate
buffered saline (PBS), 10� solution, electron microscopy grade glu-
taraldehyde (GA) 25% solution, D-saccharose, glycine, biotin free
and molecular biology grade bovine serum albumin fraction V
(BSA), and sodium cacodylate trihydrate were from Carl Roth
GmbH & Co. KG, Karlsruhe, Germany. Electron microscopy grade
formaldehyde (FA) 16% solution was from Electron Microscopy
Sciences, Hatfield, PA, USA. HPLC grade deionized water, 0.01%
poly-L-lysine (PLL) solution (mol wt 70,000–150,000), sodium
tetraborate, boric acid, and gelatin from cold water fish skin
(GEL) were from Sigma-Aldrich Chemie GmbH, Munich, Germany.
FuGENE� HD Transfection Reagent was from Promega, Mannheim,
Germany. COS-7 Cell AvalancheTM Transfection Reagent was from
EZ Biosystems, College Park, MD, USA. 35 mm-cell culture dishes
with uncoated glass bottom were from Greiner bio-one, Fricken-
hausen, Germany (CELLviewTM four compartments). Sample sup-
port microchips of dimensions 2.00 � 2.60 � 0.30 mm3 with a
central silicon nitride (SiN) membrane window of dimensions of
50 � 400 lm or 150 � 400 lm, and a thickness of 50 nm were cus-
tom made by DENSsolutions B.V., Delft, The Netherlands.

2.2. TMEM16A cDNA expression constructs

The full-length TMEM16A (anoctamin1) cDNA
(XP_011543429.1) was cloned from human placenta using
oligodeoxynucleotide primers derived from expressed sequence
tags EST CF593428 (forward primer) and EST CD628900 (reverse
primer). The consensus sequence for initiation of translation in
vertebrates GCC GCC ACC (Kozak, 1987) was introduced immedi-
ately upstream of the first AUG codon. The cDNA was subcloned
into the EcoRV site of the eukaryotic expression vectors pcAGGS-
IRES-GFP (Philipp et al., 1998) and pcDNA3 (Invitrogen) and
sequenced. The bicistronic expression vector pcAGGS-
hTMEM16A-IRES-GFP allows simultaneous expression of the
TMEM16A and the GFP cDNAs. To generate a TMEM16A-mCherry
fusion protein, the TMEM16A termination codon in the pcDNA3
vector was replaced by the cDNA encoding a 14-amino acid (aa)
linker (RILQSTVPRARDGS) fused to the mCherry cDNA (Clontech)
to yield pcDNA3-TMEM16A-mCherry. A similar construct was
cloned to yield pcDNA3-TMEM16A-eGFP. As described elsewhere
(Sheridan et al., 2011), the linker ensures that the mCherry (or
eGFP) does not interfere with TMEM16A function. Using the Q5�

site-directed mutagenesis kit (New England Biolabs) FseI restric-
tion sites were inserted following nucleotides 1135 to 1137
(encoding the cysteine at position 379 of TMEM16A, Fig. 1a) and
nucleotides 2470 to 2472 (encoding the asparagine at position
824 of TMEM16A, Fig. 1b), respectively to yield pcDNA3-
TMEM16A-mCherry-FseI 1137 and pcDNA3-TMEM16A-mCherry-
FseI 2272. According to the structure determination of TMEM16
from the fungus Nectria haematococca (nhTMEM16) and because
of the high conservation of the nhTMEM16 and human TMEM16A
protein sequences the cysteine 379 and the asparagine 824 are
predicted to reside within the extracellular linkers connecting
transmembrane helices 1 and 2 (C379) and transmembrane helices
9 and 10 (N824) (Fig. 1). Previously, Yu et al. (2012) demonstrated
the accessibility of a HA epitope inserted at N824 of the mouse
(m)TMEM16A protein (Accession: Q8BHY3) to extracellularly
applied antibody. Both proteins, the mTMEM16A protein and the
hTMEM16A used in this study comprise 960 amino acid residues
and share 92.1% sequence identity. The FseI recognition sequences
were fused 50 and 30 to the cDNA encoding the 38-amino-acid
streptavidin-binding peptide (Keefe et al., 2001) and the resulting
cDNA encoding grpMDEKTTG WRGGHVVEGL AGELEQLRAR
LEHHPQGQRE Prpa (aa encoded by the added FseI recognition site
in lower letters) was subcloned into the FseI cut constructs to yield
pcDNA3-TMEM16A-SBP-379-mCherry (pCS-33) and pcDNA3-
TMEM16A-SBP-824-mCherry (pCS-32). All expression constructs
were sequenced on both strands and all plasmids were prepared
by the EndoFree Plasmid Kit (Qiagen). Fluorescence pictures shown
in Fig. 1d were acquired for COS-7 cells expressing the pcDNA3-
TMEM16A-eGFP at an Axio Observer Z1 microscope (Zeiss)
equipped with a 63x Plan Apochromat objective (Zeiss), a HXP
120 C lamp (Zeiss) and an Axiocam color CCD camera (Zeiss), using
a GFP (excitation 470/40 nm, dichroic mirror 495 nm, emission
>500 nm) filter set (AHF Analysentechnik AG, Tübingen, Germany).

2.3. Western blot

Lysates were prepared from non-transfected COS-7 cells and
COS-7 cells transfected with the TMEM16A cDNAs, grown up to
80 to 90% confluence on 3.5 cm dishes. After removing the medium
and washing with PBS cells were lysed in the presence of 150 ml
Lämmli sample buffer (60 mM Tris HCl, pH 6.8, 4% SDS, 10% glyc-
erol, 0.72 M b-mercaptoethanol). The proteins of the lysate were
denatured at 37� C for 30 min, run on a 7.5% SDS-polyacrylamide
gel and subsequently transferred onto a nitrocellulose membrane.
Blotted proteins were probed with anti-TMEM16A antibodies, rab-
bit polyclonal antibody (ab) 1192 generated in-house against the
C-terminus of human TMEM16A and mouse monoclonal antibody
C338794, generated against the N-terminus of human TMEM16A
(LifeSpan BioSciences, Seattle, WA, USA). Primary antibodies were
visualized by horseradish peroxidase-coupled secondary antibod-
ies and the Western Lightning chemiluminescence reagent Plus
(PerkinElmer). Original images were saved as TIFF files from LAS
3000 (Fujifilm) and further processed by CorelDRAW (Corel).

2.4. Preparation for cell settlement in dishes and on microchips

Microchips were prepared (Peckys and de Jonge, 2015; Ring
et al., 2011) for cells by rinsing the microchips for 2 min in acetone,
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followed by a 2 min rinse in ethanol (both solvents were of HPLC
grade). The dried microchips were cleaned with Ar/O2 plasma for
5 min and immediately placed in 0.01% PLL for 5 min at room tem-
perature. Subsequently the microchips were rinsed in HPLC grade
water twice, and kept in FBS supplemented cell medium until
the cell suspension was ready (within 10–15 min). Preparation of
the glass bottom cell culture dishes was the same, except that ace-
tone and ethanol rinses were omitted.
2.5. Cell culture, cell seeding on microchips and cell culture dishes,
transfection

COS-7 cells were cultured with cell media (DMEM, supple-
mented with 10% FBS), in a 5% CO2 atmosphere, at 37� C. The cells
were maintained according to the ATCC guidelines. Prior to trans-
fection, the cells were harvested at confluency by rinsing the
attached cell layer in DPBS, detachment with CellStripper (5 min
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at 37 �C), and quenching with cell media. The beforehand prepared
microchips were positioned at the bottom of a compartment of a
plasma cleaned, and PLL-coated 4-compartment dish, filled with
250 lL of cell media per compartment. To each compartment
250 lL of harvested cells in suspension were added (Peckys and
de Jonge, 2015; Ring et al., 2011). Usually 10–20 cells adhered on
the SiN window area of a microchip. The dish was then incubated
for 30–60 min in a 5% CO2 atmosphere at 37� C until the cells had
firmly adhered to the substrate. The cell density in the dish was
usually between 50 and 70% confluency. Transfection was done
according to the supplier protocols, using FuGENE� HD or COS-7
Cell AvalancheTM Transfection Reagents (both reagents worked well,
but the latter had a higher transfection rate). For localization in the
plasma membrane and the stoichiometric determination of
TMEM16A, COS-7 cells were transfected with the cDNA constructs
encoding TMEM16A-mCherry, with the inserted SBP-tag at the
fifth extracellular loop (position 824, pCS-33) or at the first extra-
cellular loop (position 379, pCS-32). For control experiments COS-7
cells were transfected with the pCS-33 and pcAGGS-hTMEM16A-
IRES-GFP DNAs at a ratio of 1:1 (mg/mg). The total amount of DNA
used for cell transfection in a dish compartment was usually
0.75 mg, for the control experiments with two DNAs the amount
of each DNA was 0.4 mg.

2.6. Labeling of SBP-tagged TMEM16A

The cells on microchips and in dishes were labeled 24–48 h
after transfection. Strep-QD stock solution (1 lM) was diluted
1:20 in 40 mM borate buffer (sodium tetraborate, boric acid, pH
8.3), and then brought to a final concentration of 10 nM by dilution
in PBS, pH 7.4, supplemented with 1% GS, and 1% BSA (GS-BSA-
PBS). Cells were rinsed once, and then incubated for 10 min at
21� C in PBS, pH 7.4, supplemented with 1% GS, 1% BSA, and 0.1%
GEL (GS-BSA-GEL-PBS) to inhibit non-specific binding of Strep-
QD. Subsequently, the cells were incubated with Strep-QD labeling
solution for 12 min, at 21� C. After rinsing 3� with PBS supple-
mented with 1% BSA (BSA-PBS) and once with 0.1 M cacodylate
buffer, supplemented with 0.1 M saccharose, pH 7.4 (CB), the cells
were fixed with 3% formaldehyde (FA) in CB for 10 min. Cells were
rinsed once with CB, and 3� with PBS, followed by incubation in
0.1 M glycine in PBS, pH 7.4, (GLY-PBS) for 2 min, and 2� rinsing
with BSA-PBS.

2.7. Light microscopy

The cells grown on microchips were imaged with direct inter-
ference contrast (DIC)- and fluorescence microscopy in BSA-PBS,
whereby microchips with cells were placed in a new glass bottom
dish. The cells were imaged with an inverted light microscope
(DMI6000B, Leica, Germany), with a 40� objective, or a 63� oil
immersion objective, and with filter sets for DIC, mCherry (540 –
580 nm excitation and 607–683 nm emission windows), GFP
(460 – 500 nm excitation and 512–542 nm emission windows)
Fig. 1. Expression of tagged human TMEM16A. (a, b) Sequence alignments of transmemb
transmembrane a-helices 9 (TM9) and 10 (TM10) and connecting fifth extracellular lin
003045982), human (h)TMEM16A (XP_011543429.1) and mouse (m) TMEM16A (Q8BH
2014) and indicated by horizontal lines above the sequences. Highlighted in green are the
linker which are followed by the 38-amino-acid streptavidin binding peptide in the
nhTMEM16- dimer (Brunner et al., 2014) (Protein Data bank (PDB) ID 4WIT, monomers in
within the first and the fifth linker indicated in red (F216) and orange (N585) as well
TMEM16A linker regions are considerably larger than those of nhTMEM16A and there
monomers are an approximation for the corresponding positions in the hTMEM16A mole
Upper: Brightfield image of COS-7 cells (left) and fluorescent staining of COS-7 cells on
(right). Lower: Brightfield image of non-transfected COS-7 cells (left) and fluorescence im
Western blot of non-transfected Cos-7 cells (lanes 2 and 5) and of COS-7 cells transfec
mCherry (lane 3) and hTMEM16a-SBP-379-mCherry (lane 4) using an anti-hTMEM16A

3

and QD655 (340–380 nm excitation and >420 nm emission win-
dows). The transfected cells were identified by the expression of
the fluorescence marker mCherry, and GFP. QD emission was
detected using short excitation wavelengths provided by the QD
filter set. Note that the emission window for mCherry also cap-
tured a part of the QD fluorescence, but the distinct use of non-
overlapping excitation wavelengths for mCherry and for QDs
allowed to discern the respective emission signals of the fluores-
cent protein against those of the QDs.

2.8. Cell fixation

Directly following light microscopy, cells that were grown and
labeled on microchips were fixed with 2% glutaraldehyde (GA) in
CB to increase the stability of the cellular material during the
experiments, noting that unfixed cells would decompose during
the transition of buffer to pure water as needed for the ESEM
experiments. Therefore, the cells were rinsed once with CB, and
fixed for 12 min at RT. Finally, the cells were rinsed once with
CB, 3� with BSA-PBS, and kept in BSA-PBS at 4 �C until electron
microscopy, usually performed within the next 1–7 days.

2.9. Loading a sample into the ESEM and preparation for STEM
imaging

Labeled cells on microchips were imaged in liquid state with
the dark field contrast mode using a scanning transmission elec-
tron microscopy (STEM) detector in an environmental scanning
electron microscope (ESEM) (Quanta 400 FEG, FEI, USA) (Bogner
et al., 2005). Therefore, the microchips were placed in a stage with
a Peltier cooling element, the STEM detector was located under-
neath the sample, a detailed description of the setup for STEM in
ESEM can be found elsewhere (Peckys et al., 2013). The sample
was loaded by rinsing a microchip 4� in cooled (3 �C) HPLC grade
water (to remove salts), briefly blotting the backside and position-
ing in the pre-cooled stage (3 �C). The sample was covered with
3 lL cooled HPLC grade water and 3 additional 3 lL water droplets
were deposited close to the sample on the stage as supplemental
water source, preventing drying out of the cells during the purging
procedure of the specimen chamber. The purging was done by
cycling the pressure in the chamber 5 times between 800 and
1500 Pa, leading to its filling with saturated water vapor. After-
wards, controlled reduction of the water film on the cells was
achieved by decreasing the pressure to 740 Pa. ESEM-STEM imag-
ing began after a few minutes, when the water layer was thin
enough for high-resolution imaging.

2.10. Wet ESEM-STEM imaging

An electron beam energy of 30 kV, a spot size of 1 nm, a probe
current of 600 pA, and working distances between 5.8–6.2 mm
were used. Every sample was first imaged with low magnification
to get an overview ESEM-STEM image covering all cells on the
rane a-helices 1 (TM1) and 2 (TM2) and connecting first extracellular linker (a) and
ker (b) from Nectria haematococca (nh) TMEM16 (GenBank accession number XM_
Y3). TM positions are according to the nhTMEM16 X-ray structure (Brunner et al.,
C379 and the N824 in the first and fifth extracellular human (and mouse) TMEM16A
two hTMEM16A constructs used in this study. (c) Ribbon representation of the
green and cyan) with phenylalanine (F) and asparagine (N) at positions 216 and 585
as the distances of both residues in the dimeric structure. The human and mouse
fore the distances between the F216 residues and the N585 residues of the two
cule. (d) The hTMEM16A protein is present at the plasma membrane of COS-7 cells.
e day after transfection with the cDNA encoding a hTMEM16A-GFP fusion protein
aging of GFP with equal settings as for transfected cells (right). Scale bar, 10 mm.e

ted with the cDNAs of hTMEM16A-IRES-GFP (lanes1 and 6), hTMEM16a-SBP-824-
antibody.

http://XM_003045982
http://XM_003045982
Administrator
Highlight
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complete SiN membrane window area. These images were used to
provide a spatial correlation to the light microscopic images. After-
wards, overview images were recorded at a higher magnification
from individual, transfected cells, as detected from the fluores-
cence signatures of the light microscopic images. To discern indi-
vidual TMEM16A-bound QDs on the plasma membrane, the
magnification was increased to 50,000–75,000� in combination
with pixel-dwell times between 30 and 50 ls. Fixed cells have
been shown to be stable during electron microscopy under these
conditions (Hermannsdörfer et al., 2016). The standard image size
was 1024 � 884 pixels, but numerous images with
2048 � 1886 pixels were also recorded. For the larger-sized images
magnifications of 25,000–37,500� were used. Stage temperature
was constantly kept at 3 �C, chamber pressure ranged between
720 and 740 Pa. These pressure and temperature settings guaran-
teed 100% relative humidity in the ESEM chamber as needed to
warrant the constant coverage of the cells with a thin water layer
(Peckys et al., 2013).

2.11. Correlative image analysis

Image processing was done with the Leica LAS microscope soft-
ware and with ImageJ (NIH, version 1.49v). Images were usually
fine-tuned in brightness and contrast, cropping was done for cer-
tain images as indicated in the figure captions. Matching light
microscopic and ESEM overview images provided a practical way
to visually identify individual cells, for a detailed description,
please see (Peckys et al., 2016).

2.12. Particle detection

The positions of the QD labels were determined with an auto-
mated process programmed for use with ImageJ using a procedure
described elsewhere (Peckys et al., 2015). Briefly, the individual
particle positions were determined by applying noise filtering with
a Gaussian filter of 1 pixel, deletion of background variations by
applying a Fourier filter removing spatial frequencies a factor of
3 smaller and a factor of 3 higher those of the expected particle
diameter, binarization using an automated threshold with maxi-
mum entropy setting, and particle selection using the Analyze Par-
ticles tool detecting particles with an area within a factor of 5 of
the expected area. Only a few particles (compared to hundreds
automatically detected per image) were not detected by these
procedures.

2.13. Statistical analysis using the pair correlation function

As explained in detail elsewhere (Peckys et al., 2015), the pair
correlation function g(r) is defined as (Stoyan and Stoyan, 1996):

gðrÞ ¼ 1
pq2rcðrÞ

XN

i¼1

XN

j¼iþ1

kðr � jxi � xjjÞ ð1Þ

with radial distance r, the labeling density in the image q, the
covariance function c, the kernel k, and the distance between two
points i and j indicated by the modulus |xi � xj| with the x the
two-dimensional position (x, y) of a particle in the image. Software
of local design in c++ was used to calculate g(r) of the particle posi-
tions an image, whereby the label positions were assumed to be
planar. A histogram of r with a bin width of 2.5 nm was defined
and the value of g(r) was calculated for each bin r. The bandwidth
was adjusted to 5 nm to obtain an optimal balance between a sharp
response and the lowest fluctuation level of the obtained curves.
The data of two or more images was averaged in such way that
the average was computed from fractions weighted by the particle
density. Values smaller than 10 nmwere not allowed taking the size
of the nanoparticles into account. The g(r) function is a two-
dimensional model only and the labels are considered to be in a
horizontal plane. Including spots into this calculation that are at a
closer distance than the diameter of the label and thus not in a hor-
izontal plane could result in incorrect determination of the g(r)
curve.
2.14. Analysis of single- and double label densities

The amounts of single labels and double labels were automati-
cally counted using software of local design in c++ programming
language. Double labels were regarded as a pair with a center-to-
center distance �35 nm. A few pairs were found at a dis-
tance < 10 nm but these were not counted to remain consistent
with the g(r) curve. Only 11 distances were ignored from all dis-
tances determined. Groups consisting of more than 2 labels were
also contained for completeness. The pair density was also tested
for simulated random distributions of particles at similar densities
as used in the experiment. The amounts of labels were counted for
all analyzed images and divided by the total analyzed area to
obtain label densities. The results were then fitted using the non-
linear least-squares Marquardt-Levenberg algorithm implemented
in Gnuplot.
3. Results

3.1. Expression of SBP-tagged hTMEM16A cDNAs

For the purpose of detecting single TMEM16A proteins within
whole cells using liquid STEM, a nanoparticle needs to be attached
to the protein. This was accomplished via including a SBP-tag in an
extracellular loop of the membrane protein allowing the specific
binding of streptavidin-coated QDs. Based on the X-ray structure
of N. haematococca TMEM16 (Brunner et al., 2014) and the align-
ment of its amino acid sequence (nhTMEM16), with the mouse
(m) and human (h) TMEM16A sequences, accessible localizations
of the SBP-tag within hTMEM16A are predicted within the first
extracellular loop linking transmembrane a-helix (TM) 1 and TM
2 (Fig. 1a), and within the fifth extracellular loop linking TM9
and TM10 (Fig. 1b). Although human hTMEM16A and the
nhTMEM16 share considerable homology, the mammalian protein
contains long insertions especially in the first and fifth extracellu-
lar loops not present in the nhTMEM16. The tag position was taken
approximately in the middle of these extra loops at C379 and N824
for TM1-2 and TM9-10, respectively. An estimate of the minimal
distance between the SBP-tags of a dimeric hTMEM16A is, there-
fore, given by the distance between the two corresponding pheny-
lalanines (F) at position 216 of nhTMEM16 (39.74 Ǻ) and
asparagine (N) at position 585 (35.28 Ǻ) (Fig. 1c) for the 379 inser-
tion positions 379 and 824, respectively. Fig. 1d demonstrates that
the hTMEM16A protein is present at the plasma membrane of COS-
7 cells. The Western blot of the wild-type, hTMEM16A with a flu-
orescent label as control, and the tagged proteins indicates that
all TMEM cDNA constructs used in this study are efficiently
expressed in COS-7 cells (Fig. 1e).
3.2. Correlative fluorescence microscopy and ESEM STEM of QD-labeled
TMEM16A

COS-7 cells transfected with the TMEM16A-SBP-824-mCherry
cDNA were labeled with Strep-QDs, and first imaged with light
microscopy. Fig. 2a is the overlay image of corresponding direct
interference contrast (DIC)- and mCherry fluorescence images,
showing a group of cells grown on the SiN membrane window



Fig. 2. Light microscopy and scanning transmission electron microscopy (STEM) images of QD-labeled COS-7 cells expressing TMEM16A-SBP-824-mcherry. (a) Overlay image
of direct interference contrast (DIC) and mCherry fluorescence (displayed in cyan) showing a group of cells, grown and transfected on a SiN membrane microchip. Transfected
cells are recognized by their mCherry signals. An example of a non-transfected cell is indicated with an asterisk. (b) QD-fluorescence image of the same cells shows
exclusively QD signals on mCherry positive cells. (c) Electron microscopic overview image of the cell marked with yellow rectangles in a and b. Because the cells were kept
under a thin water film during imaging in the ESEM chamber, all ESEM-STEM images were thus recorded from fully hydrated cells. (d) ESEM-STEM image recorded with
50,000� magnification from the marked area of the boxed cell in (c). The electron dense cores of individual QD labels indicate the locations of individual TMEM16A proteins.
Arrows point to several examples of double-labeled protein dimers. A rare cluster of 3 labels is located within the circle. (e) The pair correlation function g(r) from all labels
(n = 1541) detected on a series of high-resolution images from this cell shows a marked peak at �20 nm, thus revealing the dimeric state of TMEM16A.
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area. The mCherry-emitted fluorescence (represented in cyan)
served to identify transfected cells, for example in the boxed area,
in which the spatial distribution of the proteins spans the entire
cell. The corresponding fluorescence image of the TMEM16A-
bound QDs, recorded from same group of cells, is shown in Fig. 2b.
QD-emitted fluorescence was only detectable on transfected cells
visible from the mCherry fluorescence, while non-transfected cells
had negligibly low levels of non-specifically bound QDs. See, for
example, the non-transfected cell indicated with an asterisk in
Fig. 2a and b and further examples (Fig. A1a). Since the QD labels
adhere extracellularly at the intact plasma membrane, it can be
concluded that the QD-labeled TMEM16A was membrane bound.

To determine the labeling specificity of Strep-QD to TMEM16A,
the cellular mCherry and QD fluorescence emission intensities
were quantified and compared between transfected and non-
transfected cells using DNA encoding hTMEM16a-mCherry (Fig. 2a,
b, Figs. A1b, c). For this experiment the cells were grown in cell cul-
ture dishes with glass bottom instead of in a microchip. Represen-
tative 50 to 200 lm2 large membrane regions were marked on the
transfected cells, and the average emission intensities in the QD-
and in the mCherry fluorescence channels were measured in these
regions. Non-transfected cells were recognized from the DIC chan-
nel image and analyzed the same way. The relative intensity level
of the QD signal was found to resemble the relative intensity of the
mCherry signal (Fig. A2a). The average fluorescence intensities
were finally computed for each group from a multiple of cell com-
parisons (Table 1). It followed that the QD-emission intensities
were on average 52-fold higher in transfected than in nontrans-
fected transfected cells for cells expressing hTMEM16a_SBP-
AS824-mCherry. In combination with the correlation of mCherry
and QD emission, these ratios demonstrate the highly specific
binding of Strep-QDs to the SBP-tagged proteins.



Table 1
Overview of the average fluorescence emission intensity values from three cells types, expressing hTMEM16a_SBP-AS824-mCherry, hTMEM16a_SBP-AS379-mCherry, or 1:1 mix
of hTMEM16a_SBP-AS824-mCherry and untagged TMEM16a + GFP. Both the relative emission intensities of mCherry and QD fluorescence are indicated as well as their standard
deviation. A comparison was made between transfected and non-transfected cells.

hTMEM16a_SBP-AS824_mCherry hTMEM16a_SBP-AS379_mCherry 1:1 mixed SBP-tagged (AS824)
and untagged TMEM16a + GFP

mCherry QD Nr cells mCherry QD Nr cells mCherry QD Nr cells

mCherry positive cells 1264 ± 941 1302 ± 592 9 956 ± 361 835 ± 205 10 258 ± 179 179 ± 147 10
mCherry negative cells 24 ± 26 28 ± 23 5 9 ± 7 43 ± 17 3 20 ± 8 27 ± 23 5
Ratio of fluorescence for transfected/non-transfected 52 46 110 25 13 7
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A typical transfected cell, boxed in Fig. 2a and b, is shown in the
low magnification ESEM-STEM image of Fig. 2c. Such overview
images served as orientation for identifying cellular positions at
the edge of the cell appropriate for high resolution ESEM-STEM.
The small yellow box in this cell marks the position of the ESEM-
STEM image recorded with 50,000� magnification, shown in
Fig. 2d. The achieved spatial resolution of 3 nm on QD labeled pro-
teins in the ESEM-STEM approach (Peckys et al., 2015) allows dis-
cerning the electron dense cores of individual QDs, each
representing the position of an individual TMEM16A protein. How-
ever, it should be noted that the labeling efficiency is not 100%. For
each transfected cell to be analyzed, several regions were imaged
along the outer edge of the cell where it was thin enough for
high-resolution ESEM-STEM (Fig. A3). The QD label density varied
between the imaged regions, for instance from the cell shown in
Fig. 2a–c a total the label density in 17 ESEM images was on aver-
age 12,1/lm2 (±9,3), with a maximum of 35,4/lm2 and a minimum
of 1,4/lm2 reflecting the local variations of protein density in the
plasma membrane. Arrows in Fig. 2d point to examples of paired
proteins with a typical QD-center-to-center distances of �20 nm.
Many single labels are also present as well as a rare example of a
cluster of three labels.
3.3. Statistical analysis of label pairs

These pairs seem to indicate the presence of TMEM16A dimers
but in order to rule out random positioning into pairs, a statistical
analysis of the label distances was conducted. Analysis of the pair
correlation function g(r) from a total of 1541 detected particles in
17 images, covering 139 lm2 of this cell, resulted in the graph
shown in Fig. 2e. The value of the g(r) represents the likelihood
of two labeled TMEM16A proteins occurring at a certain distance
(r), whereby a value of unity represents a random distribution.
N824

Fig. 3. Schematic model of two quantum dot (QD) labels (bullet shape) bound to a TMEM
as seen from the top. The streptavidin-binding tag is located at N824. The approximate
The prominent peak at 20 nm shows that this distance occurred
much more often than what would be expected for a random label
distribution and so an underlying biological mechanism for the for-
mation of the pairs is likely (Peckys et al., 2015). An approximate
molecular model was constructed of the TMEM16A dimer with
attached QD labels (Fig. 3). The X-ray structure of N. haematococca
TMEM16 (Brunner et al., 2014) was used for this model, noting that
the SBP positions in hTMEM16A are inserted in a relatively long
loop not present in nhTMEM16 so that uncertainty exists about
the exact distance between the label binding positions. This model
shows that a label distance of 20 nm is a realistic value for a dimer
with bound labels.

Further data was collected from another 24 cells expressing
TMEM16A-SBP-824-mCherry imaged with correlative light micro-
scopy and ESEM-STEM. The total of 25 cells yielded information
from 10,731 detected particles, covering a total membrane area
of 1700 lm2, with an average density of 6.3 labels/lm2. The pair
correlation function of the pooled label position data is shown in
Fig. 4 (black line). The value of the dimer peak at 20 nm is a factor
12 larger than the random level, which shows together with the
absence of any other preferred distances separately visible in the
curve that TMEM16A is present in dimeric form. But since many
single labels are visible in the ESEM image it must be concluded
that a fraction of the protein resided as monomer and/or was pre-
sent as dimer but had incomplete labeling.
3.4. Control experiment on label-induced pairing

An important question is whether the observed label pairs are
attached to actual TMEM16A dimers or whether pairs of labels
are adhered to proteins regardless of their stoichiometry. A first
possibility is that the Strep-QD labels pair by themselves prior to
incubation with the cells. Strep-QD labels did not bind in pairs to
10 nm

~20 nm 

16 dimer (ribbon representation of PDB IDs: 4WIT) via streptavidin proteins (1STP)
distance between the QD centers is 20 nm. The model is drawn to scale.

http://4WIT


Fig. 4. Pair correlation functions g(r) derived from three different TMEM16A
expression experiments. The function g(r) was determined from 1) the data of COS-
7 cells expressing hTMEM16A-SBP-824-mCherry (black curve, 25 cells, 10,731
labels), 2) hTMEM16A-SBP-379-mCherry (red curve, 6 cells, 5291 labels), 3) a 1:1
mixture of TMEM16A-SBP-824-mCherry and non-tagged TMEM16A-IRES-GFP (blue
curve, 6 cells, 2685 labels), and 4) Streptavidin-QDs randomly bound to a biotin
coated SiN surface (green curve, 24 images, 4506 labels). All COS-7 graphs show
marked peaks, for 1) and 3) the preferred peak distance was �20 nm, and for 2) it
was �15 nm. The smaller peak value found in cells expressing a 1:1 mixture of
untagged and tagged (at position 824) TMEM16A indicates that in these cells a large
fraction of TMEM16A dimers includes one protein without tag.

Fig. 5. Light microscopy images of a control experiment showing COS-7 cells after transfe
824-mCherry at a ratio of 1:1 (mg:mg) for QD labeling. (a) DIC image showing all cells pr
hTMEM16A-IRES-GFP only. In the upper right part of the image two cells are marked wit
that neither form of hTMEM16A cDNA is expressed. (b) Fluorescence image of the green c
(c) Fluorescence image showing cells transfected with TMEM16A-SBP-824-mCherry (cy
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monomeric binding positions in previous work for the labeling of
HER2 proteins using an Affibody-biotin tag (Peckys et al., 2015).
A control experiment was carried out in which Strep-QD labels
were incubated with a microchip without cells but coated with a
layer of immobilized biotin. ESEM-STEM images were acquired
(Fig. A4), and label positions analyzed. The corresponding g(r)
curve (Fig. 4) is around 1 indicating a random distribution. The
label is thus not present in a pre-clustered form in significant
amounts.

A second possibility is that the presence of multiple strepta-
vidin proteins per QD induces TMEM16a dimerization. If this had
happened, however, we would not have observed paired labels
but rather single labels. Too rule out further possibilities and to
ensure the observed g(r) curve provides information about the
TMEM’s stoichiometry, we tested the influence of a changed stoi-
chiometry. A control experiment was conducted in which the share
of TMEM16s proteins having an SBP-tag was decreased by letting
the cells co-express untagged TMEM16a. Therefore, the cells were
transfected with a 1:1 mixture of hTMEM16A-SBP-824-mCherry
and non-tagged hTMEM16A-IRES-GFP cDNAs. Transfection, label-
ing and imaging was done as for the aforementioned experiments,
except that another fluorescence channel was added to allow the
imaging of GFP fluorescence. Light microscopic examination
(Fig. 5) verified that QDs specifically bound to cells expressing
TMEM16A-SBP-824-mCherry (compare Fig. 5c and d). QDs did
not bind to cells expressing untagged TMEM16A only (dotted
white ovals). Moreover, cells expressing neither form for
ction with DNA encoding both untagged hTMEM16A-IRES-GFP and TMEM16A-SBP-
esent in the imaged area. Dotted white ovals mark cells transfected with untagged
h asterisks, which do not show any GFP expression and also no mCherry, indicating
hannel reflecting cells with GFP, that is cells transfected with hTMEM16A-IRES-GFP.
an). (d) Fluorescence image revealing cells with attached QD labels (magenta).
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TMEM16A also did not bind QDs. But the unspecific background
labeling in this experiment was higher than for the non-mixed
TMEM16A experiment, and amounted to 1/7th of the total
(Table 1).

Six cells expressing both TMEM16A constructs were examined.
The pair correlation analysis was calculated from 2685 particles,
covering a membrane area of 555 lm2, with an average label den-
sity of 4.8/lm2, and is represented in Fig. 4 as blue line. In agree-
ment with the results from the first single expression
experiment, the graph shows the same preferred distance of
20 nm as found in cells expressing the tagged TMEM16A alone.
However, the peak value was reduced by a factor of 3 confirming
that the relative amount of double labeled dimers was reduced
for these cells that is, a fraction of dimers consisted of one tagged
and one non-tagged protein. Note that the height of the g(r) peak
does not scale linear with the amounts of dimers but reflects rela-
tive probabilities. If on the contrary, the labels had paired by them-
selves, we would have obtained a similar g(r) curve for both
experiment and control. The 20-nm peak in the g(r) curve thus
measures relative amounts of TMEM16A dimers and can be influ-
enced by changing the dimer concentrations.

As a second test of the labeling, we also examined cells express-
ing hTMEM16A-SBP-379-mCherry. This is a similar TMEM16A DNA
construct, only differing with respect to the position of the SBP-tag,
which is inserted at position 379, thus in the extracellular loop
between TM1 and TM2. Transfection, Strep-QD labeling and imag-
ing of TMEM16A-SBP-379-mCherry expressing cells were per-
formed identical to the first experiment. High labeling specificity
was obtained as well as a negligible unspecific background labeling
(Fig. A1b, Fig. A2b, Table 1). The pair correlation analysis for
TMEM16A (AS379) construct was calculated from 5291 particles,
recorded from 6 cells, covering a membrane area of 360 lm2, with
an average label density of 14.7/lm2, and is depicted in Fig. 4 as a
red line. Similar as for the graph of other TMEM16A protein, one
peak rises above the random level, although here it is at the dis-
tance of 15 nm. The position of the g(r) peak was thus influenced
by the tag position. On account of the uncertainty of the structure
of the inserted loop for hTMEM16A it is impossible to relate the
observed difference in the label difference with structural proper-
ties but this experiment serves as control experiment verifying
that g(r) measures by the protein stoichiometry.
3.5. Analysis of densities of single labels and label pairs

The densities (labels/analyzed membrane area) of observed sin-
gle labels N1 and labels in pairs N2 (see Table 2) were analyzed in
Table 2
Densities of all labels (N), single labels (N1), and double labels (N2) observed in
different experiments indicated in labels/lm2. Two labels were considered a pair if
they were spaced �35 nm apart. Three cell types were examined, one expressing
TMEM16A cDNA with a label position at 824, one with a label at position 379, and one
in which TMEM16A with tag and TMEM16A without tag were mixed in a 1:1 ratio and
used for cell transfection. For completeness, the densities of labels clustered by 3 or
more are also added (N�3 and N0

�3). The total amounts of examined labels for the three
cell types were 10,879, 6019, and 2685, respectively. Random simulations at the
corresponding label densities but with 30,000 particles are also included. A control
experiment is also included with 2647 randomly dispersed QD-streptavidin label
bound to a biotin coated surface.

Tag N N1 N2 N�3

tag@824 6.34 5.47 0.72 0.13
rnd ,, 6.19 0.14 0
tag@379 15.2 11.87 2.49 0.83
rnd ,, 14.43 0.73 0.04
tag@824/no tag 4.84 4.35 0.35 0.09
rnd ,, 4.76 0.08 0
Strep-QD 17.15 16.39 0.95 0.08
rnd ,, 16.41 0.94 0.06
order to estimate the labeling efficiency g, and to be able to con-
clude on the presence of TMEM dimers versus monomers. Densi-
ties of pairs were measured from the amounts of labels
positioned at a distance of maximal d = 35 nm. This distance
enclosed the width of the main peak of the g(r) curve (Fig. 4)
reflecting dimers. Larger clusters than 2 labels were also counted.
A total of 11% of the labels was found in pairs for the TMEM16A-
824. But this number should be considered with caution. In addi-
tion to real dimers, the measured number of pairs may also be
influenced by the presence of i) monomers positioned at a close
distance by random chance, ii) two dimers or a monomer and a
dimer at close distance with each having only one label attached,
iii) larger protein complexes than dimers with incomplete labeling,
and iv) QD labels pre-clustered in pairs attached to any protein.
The density of randomly positioned labels within 35 nm distance
rnd was determined from a simulated image of randomly posi-
tioned labels at the same density as the experiment (Table 2),
and can thus be corrected for. Higher-order multimers are not
likely present because other methods reported a homodimeric sto-
ichiometry of the TMEM16 family of proteins (Brunner et al., 2014;
Fallah et al., 2011; Tien et al., 2013).

The control experiment using a sample with randomly dis-
tributed strep-QD labels bound to a surface coated with biotin,
revealed that the distribution of detected single labels and pairs
was similar (within ±0.02/mm2 deviation) to a simulated random
distribution (Table 2). Combined with the absence of a peak in
the g(r) function (Fig. 4), it can thus be concluded that pre-
formed labels did not exist within the accuracy of our measure-
ment. The analysis of densities of N1 and N2 also revealed a small
fraction (2% of the total number of labels for TMEM16A-824) in
clusters of 3 or more labels (Table 2). This fraction presumably con-
tained multiple dimers (or monomers) randomly placed at close
distance, or possibly clustered by association in lipid rafts (Jin
et al., 2013; Sones et al., 2010). Indeed, the value of g(r) is larger
than 1 (Fig. 4) also beyond the main peak indicating some level
of clustering of the proteins. This fraction was added to N2 in the
further analysis to count all paired TMEM.

In order to determine the density of dimers, it was assumed that
each dimer had two independent binding sites with equal g. The
probability to observe a dimer labeled with two labels thus equals
g2�m2, with the density of actual dimers given by m2 (N2 = 2 m2 for
100% labeling efficiency). The value of rnd needs to be added in a
quadratic manner to the density of dimers as both numbers are
uncorrelated. The probability of finding a dimer with one attached
label only is 2(1-g)g, whereby the factor of two follows from the
binomial coefficients. Since monomers may be present as well,
we would expect the amounts of observed single labels to depend
on the densities of monomers m1 and dimers m2 as follows:

N1 ¼ g �m1 þ 2ð1� gÞg �m2 ð2Þ

N2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2g2 �m2Þ2 þ rnd2

q
ð3Þ

The presence of unspecific labels was neglected since it repre-
sented only a fraction of 1/42 of the number of labels (Table 1). This
set of equations cannot be solved without knowing g. Additional
data was, therefore, used in which the TMEM16A had its SBP tag
at position 379. This data had different values ofm1_b,m2_b, gb, rndb
fitting Eqs. (2) and (3). The respective total amounts of labels N and
Nb equal:

N ¼ g � ðm1 þ 2m2Þ ð4Þ
Nb ¼ gb � ðm1 b þ 2m2 bÞ ð5Þ

The ratio N/Nb = 0.42 is known from the experiment (Table 1).
The ratio of g and gb was determined from analyzing the fluores-
cence data (Table 1). Although the fluorescence measures were
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not calibrated in absolute levels, their relative values can be com-
pared. The quotient of the QD- and the mCherry fluorescence is a
measure of the relative labeling efficiency. Comparing these values
between both mutants provided the ratio g/gb = 0.8. Substituting
this information into Eqs. (4) and (5) eliminated n as well as one
density parameter; we eliminated m1 via:

m1 ¼ Ngb

Nbg
� ðm1 b þ 2m2 bÞ � 2m2 ð6Þ

It was thus possible to determine a unique combination of
parameters fitting the experimental data via Eqs. (2) and (3). To
increase the accuracy of the fitting, we also included data of the
experiment using the mixed DNA in which TMEM16A with SBP
tag was mixed with TMEM16A without tag. Here, the density of
TMEM16A-SBP/TMEM16A(no tag) = s. The average densities of m1

and m2 as well as g were assumed to be equal in this experiment
compared to the experiment in which all TMEM16A contained a
SBP tag. A complicating factor was that fluorescence data showed
that the mixed data exhibited a non-negligible density of unspeci-
fic labels visible as spots in Fig. 5. Therefore, a background level
bkg = 0.7 (Table 1) was added. The probability of finding labels
attached thus follows as:

N1 s ¼ g � fs �m1 þ 2ð1� sÞs �m2g þ 2ð1� gÞgs2 �m2 þ bkg ð7Þ
N2 s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2g2s2 �m2Þ2 þ rnd2

mix

q
ð8Þ

The factor s was unknown even though the mixed experiment
was carried out in equal DNA amounts because the exact protein
expression may differ somewhat, and the cells selected for the
experiment might not have an exact ratio of 50%. Now, with two
more measurements (N1_s and N2_s) and only one further unknown
parameter, it was possible to determine all parameters and their
error margin. We obtained the values g = 0.17 ± 0.01, m2 = 15 ± 3/
mm2, m1_b = 0 ± 8/mm2, m2_b = 35 ± 8/mm2, and s = 0.8 ± 0.1. It thus
follows that gb = 0.21 ± 0.01. The labeling efficiency for the TMEM
is similar as obtained by others in experiments using gold nanopar-
ticle labels (Fiala et al., 2013). Substituting these values back into
Eq. (6) results in m1 = 8 ± 6/mm2. The densities of labels in pairs
of 30 and 70/mm2 for TMEM16A-A824 and TMEM16A-A379,
respectively, were much larger than the densities of monomers.
Moreover, the determined densities of monomers are within the
error margin of this fit. It is thus concluded that TMEM16A is pre-
sent mostly as homodimer in the plasma membrane, whereas the
data did not reveal significant fractions of TMEM16A residing as
monomer in the plasma membrane.
4. Discussion

By combining a labeling approach consisting of a SBP tag linked
to a streptavidin-conjugated nanoparticle, and subsequent imaging
with correlative light microscopy and liquid-phase electron micro-
scopy, we determined the stoichiometry of the TMEM16A protein
in the intact plasma membrane of COS-7 cells. For this purpose,
the inter-label distances of QD label positions were statistically
analyzed including the control experiments. High-resolution
ESEM-STEM images revealed the presence of single labels and pairs
of labels with center-to-center label distances smaller than 35 nm.
The pair correlation function showed clearly preferred distances
(peak in the g(r) curve) of 20 nm, respectively 15 nm (note that
the bin width was 2.5 nm) for the protein variant with a different
SBP-tag position, between the centers of two labels and the range
of these distances is consistent with a schematic model of QD
labels bound to a TMEM16A dimer (Fig. 3). We conclude that
hTMEM16A resides as dimer only and that monomers are absent
by combining data of three experiments with varying protein
densities.

The TMEM16A channel examined in our study is supposed to be
a permanent or obligate oligomer, that is the protein occurs only in
the oligomeric state, as is the case for most homodimeric proteins
(Jones and Thornton, 1996). With very few exceptions, ion chan-
nels have an oligomeric arrangement (compare Brookhaven Pro-
tein Data Bank) whereby the channel consists of oligomeric
complex of 2, like TMEM16 (Brunner et al., 2014), or 3, 4, 5 or 6
similar subunits with an aqueous pore at its center. It was thus
expected prior to our experiment that the protein resided in
dimeric form. The identical homodimeric assembly of both the
TMEM16A resident in the endoplasmic reticulum and plasma
membrane-bound has been reported using extracted protein com-
plexes (Fallah et al., 2011). These authors conclude that the
TMEM16A channel stably assembles as the subunits fold into a
homodimeric assembly. Our results now provide evidence for data
obtained from imaging proteins in the intact plasma membrane that
the homodimeric form is the only form present. In contrast, from
studies using single-molecule fluorescence photo bleaching experi-
ments such as described in (Sheridan et al., 2011; Tien et al., 2013),
the presence of monomers cannot be ruled out, as is done here.

The detection of proteins in intact cells is a favorable condition
for direct probing of any spatial heterogeneity of biomolecules
under physiological conditions, and to selectively examine specific
local substructures of interest within the plasma membrane. So far,
the only strategy for the examination of protein stoichiometry in
the natural environment of the plasma membrane was subunit
counting by single-molecule fluorescence photobleaching (Hines,
2013; Ulbrich and Isacoff, 2007). This technique determines the
stepwise reduction of the fluorescence intensity to count the num-
ber of fluorescent protein-tagged subunits in the membrane pro-
tein complex of interest. It is an indirect technique requiring a
very low density of the expressed proteins, usually obtained in
Xenopus laevis oocytes, in the range of 1–2 proteins/lm2, and strict
surveillance of several other demanding technical efforts to pre-
vent over counting (Shivanandan et al., 2014; Veatch et al.,
2012). The challenges associated with the photobleaching tech-
niques might lead to differences in reported subunit numbers, as
is the case, for instance, for the calcium release-activated calcium
(CRAC) channel ORAI (Demuro et al., 2011; Hou et al., 2012). Elec-
tron microscopy is typically used for thin sections but several
approaches are available to image whole cells in liquid (de Jonge
et al., 2009; Maruyama et al., 2012; Nishiyama et al., 2010;
Peckys et al., 2013) or in an ice layer (Elbaum et al., 2016;
Kourkoutis et al., 2012) allowing nanometer resolution as required
to examine protein complex stoichiometry.

A particularly important advantage of ESEM-STEM detection is
that labeled proteins can be studied at endogenous protein concen-
trations for example, EGFR on COS7 cells (Peckys et al., 2013), as
well as for overexpressed concentrations, for instance of HER2 in
breast cancer cells (Peckys et al., 2015) contrasting the capabilities
of super resolution fluorescence microscopy. The latter method
does not have sufficient spatial resolution to resolve the individual
subunits of membrane protein complexes, while indirect methods
such as Förster resonance energy transfer are prone to artifacts
and are incapable of handling the often high endogenous protein
concentrations (Piston and Kremers, 2007).

The examination of the TMEM16A’s stoichiometry was enabled
by the use of a streptavidin binding peptide tag accessible from the
extracellular site of the plasma membrane to a nanoparticle. The
small tag comprises the �4.3 kDa-sized SBP (Barrette-Ng et al.,
2013), a streptavidin of �5 nm diameter, and a QD label of
dimensions 6 � 14 nm2 (Peckys et al., 2015). The resulting label-
target distance of <10 nm, allows an analysis of the pair correlation
function g(r) for analyzing protein complex formation and
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clustering of labeled membrane proteins (Peckys et al., 2013). The
SBP-tag was, similar to many other peptide tags, originally
designed to facilitate the purification and detection of recombinant
proteins (Keefe et al., 2001). Using such tags as tools to label and
study proteins through microscopy (McCann et al., 2005) is
another, but less frequent application. Due to their sixfold smaller
size than fluorescent proteins, peptide tags reduce the risk of per-
turbation of protein trafficking, function, and impaired protein–
protein interaction (Lotze et al., 2016). The label containing
streptavidin-coated QD nanoparticles is also much smaller than
conventional immunogold labels, which consist of antibody-
based linkers resulting in distances of �30 nm between the
nanoparticle label and its target (Bergersen et al., 2008), thus pre-
venting a stoichiometric analysis.

For the purpose of stoichiometry investigation several require-
ments have to be fulfilled. i) A 1:1 ratio between label and pro-
tein should be provided. This condition was met by using one tag
in each single TMEM16A protein, and by avoiding steric hin-
drance (see Fig. 3). Since the two SBP-tag binding epitopes were
at opposing sides of the streptavidin molecule (Barrette-Ng et al.,
2013), only one label bound to the TMEM16A protein, and a con-
figuration in which two QD labels bind to a TMEM16A monomer
was highly unlikely. ii) The labels should have access to all tags
present in a protein complex, thus the tag positions and the size
of the label should not restrict the binding of all labels. Dimeric
label positions were indeed observed for both tagged variants of
the TMEM16A protein, with tags either at position 824 or 379.
Both tag positions thus allowed specific QD labeling of the
TMEM16A dimer complex, as was revealed by the presence of
the respective g(r) peaks. The difference in peak position and
peak height between these two variants reflects differences in
accessibility of the label to the different epitope landscape at
and around the respective tag positions, and indicates a restric-
tion in the spatial orientation between the respective tag in a
TMEM16A protein and a bound QD.

The describedmethod also functions formuch highermembrane
protein densities (Peckys et al., 2015) as a consequence of the high
spatial resolution. It would still be possible to detect closely packed
proteinswith a pitch of d = 20 nm, and a protein density on the order
of �103/mm2. The accuracy of the method reduces for lower densi-
ties due to unspecific labeling, which was now �2% for TMEM-
824. But allowing an accuracy in the measurement of the number
of single labels of 20% that would still be acceptable for fitting the
variables, a factor of 10 lower protein density would still be accept-
able, and thus a density of �0.5/mm2. The detection of protein com-
plexes of higher orders than dimers is possible as we have already
demonstrated for hexameric ORAI 1 proteins using a different QD
label (Peckys et al., 2016) but a higher labeling efficiency would
be desirable for precise analysis. The analysis of intracellular struc-
tures and protein distributions is possible but requires different
protocols (Maruyama et al., 2012) since the cells are not sectioned.

For studies in which the inclusion of a SBP-tag is impossible or
undesired several other labeling strategies exist based on the
streptavidin-conjugated QD as nanoparticle label. A biotin-
conjugated ligand of a receptor can be employed as tag, for
instance, epidermal growth factor (EGF) (Peckys and de Jonge,
2015; Peckys et al., 2013). Another option is the usage of high affin-
ity peptides, such as Affibodies (Peckys et al., 2015), and further-
more the hemagglutinin (HA)-tag binding an antibody fragment
against the tag (Anti-HA Fab) has been demonstrated in combina-
tion with STEM detection (Peckys et al., 2016). These labeling
methodologies differ from the here presented new approach by
their need for two labeling steps, the first being the binding of
the biotin-conjugated peptide, ligand or Fab to the target protein,
followed by fixation of the cells, and subsequent incubation and
binding of the QD labels.
5. Conclusions

We have demonstrated the applicability of a new strategy for
determination and visualization of the stoichiometry of a plasma
membrane resident ion channel by measuring the inter-label dis-
tances of recombinant SBP-tagged TMEM16A proteins labeled with
QDs and imaged with liquid-phase electron microscopy in intact
cells. Statistical analysis using the pair correlation function g(r)
confirmed a dimeric conformation of the protein. The analysis of
detected amounts of label pairs and single labels revealed that
hTMEM16A is not present as monomer. The obtained information
supplements data obtained using biochemical methods for which
proteins were extracted from cells contrasting our approach in
which the proteins are examined in their native state of the intact
plasma membrane. We expect this newmethodology to help in the
elucidation of stoichiometry of membrane protein species for
which this information is not yet available.
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