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The cystic fibrosis transmembrane conductance regulator
(CFTR) chloride channel is a membrane-integral protein that
belongs to an ATP-binding cassette superfamily. Mutations in
the CFTR gene cause cystic fibrosis in which salt, water, and
protein transports are defective in various tissues. Here we
expressed wild-type human CFTR as a FLAG-fused protein in
HEK293 cells heterologously and purified it in three steps: anti-
FLAGandwheat germagglutinin affinity chromatographies and
size exclusion chromatography. The stoichiometry of the pro-
tein was analyzed using various biochemical approaches,
including chemical cross-linking, blue-native PAGE, size exclu-
sion chromatography, and electron microscopy (EM) observa-
tion of antibody-decorated CFTR. All these data support a
dimeric assembly of CFTR. Using 5,039 automatically selected
particles from negatively stained EM images, the three-dimen-
sional structure of CFTR was reconstructed at 2-nm resolution
assuming a 2-fold symmetry. CFTR, presumably in a closed
state, was shown to be an ellipsoidal particle with dimensions of
120 � 106 � 162 Å. It comprises a small dome-shaped extracel-
lular and membrane-spanning domain and a large cytoplasmic
domain with orifices beneath the putative transmembrane
domain. EM observation of CFTR�anti-regulatory domain anti-
body complex confirmed that two regulatory domains are
located around the bottom end of the larger oval cytoplasmic
domain.

The cystic fibrosis transmembrane conductance regulator
(CFTR)3 (also termedABCC7) is a uniquemember of the ATP-
binding cassette (ABC) superfamily in that CFTR functions as
an anion channel, whereas most other members function as
active transporters. CFTR is expressed in the luminal mem-
branes of secreting and absorbing epithelia and plays a critical
role in transepithelial salt and water transport. Dysfunction of
CFTR leads to cystic fibrosis, the most common lethal autoso-
mal recessive disorder in Caucasians (1–3). On the other hand,
extremely high activity of CFTR, usually caused by bacterial
toxins, results in secretory diarrhea (4, 5), killing millions of
infants in developing countries every year (6). Understanding
the structure/function relationship and the underlying mecha-
nisms of CFTR are essential for developing novel therapeutics
for CFTR-mediated diseases.
Like other ABC transporters, CFTR is formed by two

repeated motifs, each of which has a membrane-spanning
domain (MSD) and a cytoplasmic nucleotide-binding domain
(NBD). However, a regulatory domain (R domain) located
between the first NBD (NBD1) and the secondMSD (MSD2) is
unique in CFTR among ABC transporters. This domain con-
tains several phosphorylation sites for protein kinase A and
protein kinase C, and the level of their phosphorylation con-
trols CFTR channel activity. Once they are phosphorylated,
opening and closing (gating) of the CFTR channel is con-
trolled by ATP binding and hydrolysis at its two NBDs (7).
Each NBD contains the Walker A and Walker B nucleotide-
binding motifs and the “signature sequence” LSGGQ, which
defines the ABC superfamily. It is generally accepted that
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NBD1 and -2 are dimerized in a head to tail configuration
with two ATP molecules sandwiched between the Walker
A/B motifs of one NBD and the signature sequences of the
counterpart NBD (8). There are lines of convincing evidence
that the opening of CFTR chloride channel is associated with
this NBD dimerization (9). The detailed dynamics of ATP
binding and NBD dimerization in CFTR gating has been
intensively investigated (10–12).
Despite a plethora of biochemical and electrophysiological

results, structural information ofCFTR is limited because of the
lack of abundant CFTR protein sources and the difficulties in
protein purification and crystallization. So far, only the struc-
ture of the NBD1 domain of CFTR has been determined by
x-ray crystallography using mouse (13) and human (14) pro-
teins. Ford and co-workers (15, 16) described low resolution
structures of wild-type human CFTR by two-dimensional elec-
tron crystallography (15) and by the single particle reconstruc-
tion technique (16). The two-dimensional crystallography
showed two different monomeric structures for CFTR (15). On
the other hand, the single particle analysis suggested a structure
whose particle size is compatible with a dimeric association by
two CFTR molecules (16).
In this study, we purified glycosylated mature CFTR and

reconstructed its three-dimensional structure from negatively
stained EM images. Our data suggest that two CFTR proteins
form an ellipsoidal “tail to tail” dimeric configuration with side
orifices in the cytoplasm and that at least part of the R domain is
located around the bottom end of the larger cytoplasmic
domain.

EXPERIMENTAL PROCEDURES

Expression Constructs, Transfection of HEK293 Cells, and
Membrane Preparation—Full-length human CFTR cDNA was
subcloned into pcDNA3.1 Zeo (Invitrogen) and tagged with
FLAG sequence at either theN (abbreviatedN-FLAGCFTR) or
C terminus (C-FLAG CFTR). The HEK293 cells were trans-
fected with 4 �g of the DNA construct/1 � 106 cells for 6 h
using the calcium phosphate precipitation method (17) to
express FLAG-fused CFTR protein. After 48 h, cells were
washed twice in TBS (20 mM Tris-HCl, pH 7.4 at 4 °C, and 140
mM NaCl) and harvested using Teflon cell scrapers. After the
cells were collected by centrifugation, they were first homoge-
nized with a Teflon homogenizer in 10 volumes (v/w) of TBS
and then centrifuged at 1,500 � g for 10 min to remove debris.
The supernatant was centrifuged at 100,000 � g for 60 min to
obtain the membrane fraction.
Immunofluorescence Experiments—HEK293 cells trans-

fected with CFTR constructs were cultured for 48 h and fixed
with 4% paraformaldehyde in phosphate-buffered saline (PBS;
136 mM NaCl, 1.4 mM KCl, 10 mM Na2HPO4, and 1.7 mM
KH2PO4, pH 7.4) at room temperature for 10 min. For mem-
brane permeabilization, cells were incubatedwith PBS contain-
ing 0.1% saponin and 2 mg/ml bovine serum albumin at room
temperature for 30 min. Cells were incubated with Cy3-conju-
gated anti-FLAGantibodies (Sigma) in PBS containing 2mg/ml
bovine serum albumin and 0.1% saponin at 4 °C for 6 h. They
were washed with PBS three times and incubated with PBS
containing 1 �g/ml of 4�,6-diamidino-2-phenylindole at room

temperature for 30 min. Samples were washed with PBS and
mounted on glass slides with 50% glycerol. Control cells with-
out membrane permeabilization were treated similarly except
that saponin treatment was not performed. Samples were
observed using an Olympus IX 71 microscope with a DP50
CCD camera (Olympus).
Electrophysiological Measurement—Channel functions of

C-FLAG CFTR expressed in Chinese Hamster ovary or
HEK293 cells were compared with those reported for wild-type
CFTR (10–12, 18, 19) by inside-out patch clamp recording
using an EPC10 Patch Clamp Amplifier (HEKA Electronik).
The pipette solution contained 140 mM NMDG-Cl, 2 mM
MgCl2, 5 mM CaCl2, and 10 mM HEPES, pH 7.4 with NMDG.
Cells were perfused with a bath solution containing 145 mM
NaCl, 5 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 5 mM glucose, 5
mMHEPES, pH 7.4 with NaOH, and 20mM sucrose. After the
establishment of an inside-out configuration, the patch was
perfused with a standard perfusion solution (i.e. intracellular
solution) containing 150mMNMDG-Cl, 2 mMMgCl2, 10mM
EGTA, and 8 mM Tris, pH 7.4 with NMDG. Patches were
held at �50 mV in all experiments. CFTR channel currents
were recorded at room temperature. The currents were fil-
tered at 100 Hz with an eight-pole Bessel filter (model LPF-8;
Warner Instruments) and digitized on line at 500 Hz. CFTR
channels were activated by the combined application of 1
mM MgATP and 25 units/ml cAMP-dependent protein
kinase. MgATP and cAMP-dependent protein kinase were
purchased from Sigma.
Protein Purification—The membrane fraction was homog-

enized in 5 volumes (v/w) of buffer A (TBS containing 25 mM
n-dodecyl �-D-maltoside (DDM) (Sigma), 300 mM MgCl2,
10% glycerol, protease inhibitors, and 0.02% sodium azide).
After centrifuging at 100,000 � g for 30 min, the supernatant
containing solubilized FLAG-tagged CFTR was loaded onto
an anti-FLAG affinity column (Sigma) equilibrated in
advance. The column was then washed with 10 column vol-
umes of buffer B (TBS containing 5 mM DDM, 300 mM
MgCl2, 10% glycerol, protease inhibitors, and 0.02% sodium
azide), and the bound CFTR protein was eluted with buffer B
containing 100 �g/ml FLAG peptide (Sigma). The eluates
from the FLAG column were analyzed by SDS-PAGE fol-
lowed by silver staining.
The CFTR-rich fractions were pooled and loaded to the

wheat germ agglutinin (WGA)-agarose column (Seikagaku).
Unbound protein was washed out by 5 column volumes of
buffer B. The bound CFTR protein was eluted by the linear
gradient ofN-acetylglucosamine (GlcNAc) from 20 to 100 mM.
The elution of CFTR protein was monitored by SDS-PAGE
analysis. The CFTR-rich fractions were pooled, concentrated
with a Microcon filter unit (YM-100; Millipore) and further
purified by Superdex 200 size exclusion chromatography (SEC)
in a SMART System (GE Healthcare) using buffer C (TBS con-
taining 5 mM DDM, 500 mM MgCl2, 10% glycerol, and 0.02%
sodium azide). The elution of protein from the SEC was moni-
tored by its UV absorbance at 280 nm and also by SDS-PAGE
analysis.
Estimation of Stokes Radius by SEC—The distribution coef-

ficient, Kav, was calculated from the equation Kav � (Ve � V0)/
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(Vt � V0) where Ve is the elution volume of high molecular
weight standards (GE Healthcare) or CFTR protein. Column
void volume (V0) was measured with blue dextran 2000, and
Vt represents total bed volume. The Stokes radius (RS) of
CFTR was determined using a calibration curve constructed
by plotting the RS of each reference protein versus (�log
Kav)

1⁄2 according to the relationship (�log Kav)
1⁄2 � �(� � RS)

(20, 21). All the standards and the CFTR were solubilized in
the same buffer used for CFTR purification. The standard
proteins used were thyroglobulin (RS � 85.0 Å), ferritin (RS
� 61.0 Å), catalase (RS � 52.2 Å), and aldolase (RS � 48.1 Å).
The elution of CFTR was repeated five times; the data are
presented by average � S.D.
SDS and Blue-Native PAGE—The standard method of Lae-

mmli (22) was applied for SDS-PAGE. Samples were mixed
with an equal volumeof sample buffer containing 62.5mMTris-
HCl, pH 6.8, 2% SDS, 25% glycerol, 0.04 M dithiothreitol, and
0.01% bromphenol blue and then incubated at 60 °C for 15min.
Proteins were separated in a 5–20% polyacrylamide gel and
visualized by silver staining. For Western blots, electrophore-
sed proteins in the gel were transferred to a polyvinylidene
difluoride membrane and analyzed with alkaline phosphatase-
labeled anti-FLAG antibodies (Sigma). For blue-native PAGE,
purified CFTR was mixed with an equal volume of sample
buffer (1% Coomassie G-250, 100 mM NaCl, 20% glycerol, and
100mM bis-Tris, pH 7.2) and electrophoresed in a 4–16% poly-
acrylamide gel using a cathode buffer containing 50 mM bis-
Tris, 50 mM Tricine, pH 6.8, and 0.002% Coomassie G-250 and
an anode buffer containing 50 mM bis-Tris and 50 mM Tricine,
pH 6.8 (23, 24). Electrophoresis started at 50 V for 30 min and
was continued at 150 V for 90 min at room temperature. After
destaining the gel with a solution containing 50%methanol and
10% acetic acid, the protein in the gel was visualized by silver
staining or analyzed by Western blotting. The molecular mass
of intact CFTRwas estimated from a calibration curve obtained
by plotting the mobility of standard proteins relative to the dye
front against the logarithm of their molecular masses. The
standards used were thyroglobulin (669 kDa), ferritin (440
kDa), catalase (232 kDa), lactate dehydrogenase (140 kDa), and
bovine serum albumin (67 kDa).
Chemical Cross-linking—The TBS component in the buffer

was substituted with PBS by dialysis. Glutaraldehyde or disuc-
cinimidyl suberate was mixed with CFTR-containing solution
to the indicated final concentration at room temperature for 30
min. Cross-linking was terminated by incubation with an equal
volume of SDS sample buffer at 60 °C for 15 min. The proteins
were separated in a 2–15% acrylamide gel and analyzed by
Western blotting using anti-FLAG antibody. A protein sample
treated similarly but without cross-linker was prepared as a
control.
Transmission Electron Microscopy—Purified CFTR proteins

of�50 �g/ml were adsorbed by thin carbon films supported by
copper mesh grids, which were rendered hydrophilic in
advance by glow discharge in low air pressure. Samples were
washed with five drops of double distilled water, negatively
stained with 2% uranyl acetate solution for 30 s twice, blotted,
and dried in air. Micrographs of negatively stained particles
were recorded in a JEOL 100CX transmission electron micro-

scope at �52,100 magnification with 100-kV acceleration volt-
age and an electron dose of �30 electrons/Å2 at the specimen
level. Themagnification calibration was performed by a grating
replica (Nissin EM Co.). Images were recorded on SO-163
image films (Eastman Kodak Co.) developed with a D19 devel-
oper (Kodak) and digitized with a Scitex Leafscan 45 scanner
(Leaf Systems) at a pixel size of 1.92 Å at the specimen level.
Molecular complexes between CFTR and the antibodies

were generated by mixing the purified CFTR with an anti-
FLAG M2 antibody (Sigma) or an anti-R domain MAB1660
antibody (R&D Systems) at 4 °C for 30 min. After removing
excessive antibodies by SEC, the complexes were negatively
stained and observed by EM. To obtain clearer images of the
CFTR�anti-FLAG antibody complexes, Fab fragments were
generated from the antibodies by papain digestion and con-
jugated with colloidal gold (BBInternational). The conjugate
was isolated from non-reacted Fab molecules by 10–30%
glycerol gradient centrifugation and then mixed with CFTR
at 4 °C for 30 min. Protein G conjugated with colloidal gold
(BBInternational) was used to obtain clearer images of
MAB1660 binding. The protein G-gold was mixed with
CFTR�MAB1660 complexes on the WGA-agarose, and then
excessive gold was washed out. The gold-labeled complexes
were eluted with 100 mM GlcNAc, negatively stained, and
observed by EM.
Automated Particle Selection and Image Analysis—We have

developed a single particle image analysis method using neural
network (25–27) and simulated annealing (28, 29) named
SPINNS (30). The following image analysis was performed
using our SPINNS and IMAGICV (31). CFTR projections were
first picked up using the autoaccumulation method with simu-
lated annealing (SA) (28). 291 particles in 160 � 160-pixel sub-
frames were selected and used to train a three-layer pyramidal-
type neural network (NN) (25, 26). Using the trained NN, 5,039
particles were selected. After background subtraction, the par-
ticles selected by the NN were aligned rotationally and transla-
tionally (32, 33) by the reference-free method (26). The aligned
images were sorted into 150 classes by the modified growing
neural gas network method (27). Their class averages were
adopted as new references, and this cycle, from alignment to
averaging, was repeated 11 times.
The Euler angles of the class averages were automatically

determined by the echo-correlated three-dimensional recon-
struction method with SA (29). In this step, C2 symmetry was
imposed because top and bottom images in averaged projec-
tions exhibited 2-fold symmetry. These Euler angles were used
to calculate a primary three-dimensional structure by the
simultaneous iterative reconstruction technique (34). The
reprojections from the volumewere used as references formul-
tireference alignment, and raw images in the library were
aligned and further clustered, providing improved cluster aver-
ages. From these averages, a new three-dimensional map was
generated by the reconstruction method using SA without a
three-dimensional reference.
The three-dimensional map was further refined by the pro-

jection matching method (35) followed by an optimization
using echo-correlated reconstruction. This cycle was repeated
for seven cycles. Particle images that correlated poorly with the
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projections from the three-dimensional structure were automati-
cally rejectedusing thecross-correlation function.The final recon-
struction includes 4,206 particles, 83.5% of all the selected images.
The resolution of the final three-dimensional map was assessed
using the Fourier shell correlation function (36) at the threshold
of 0.5.

RESULTS

Heterologous Expression of CFTR Protein—We first con-
structed vectors containing human CFTR cDNA tagged with
FLAG sequence at either the N or C terminus and transfected
HEK293 cells with the vectors by the calcium phosphate pre-
cipitationmethod. The expressions of CFTRwere compared by
immunofluorescence using Cy3-conjugated anti-FLAG anti-
body. After the membrane permeabilization of the cells, the
antibody reacted with �10% of cells expressing C- or N-FLAG
CFTR (Fig. 1a, first and third rows). The level of Cy3 fluores-
cence was higher in the cells transfected with C-FLAG CFTR
than those with N-FLAG CFTR. In contrast, the non-perme-
abilized control cells were negative to the antibody (Fig. 1a,
second and fourth rows), confirming that both N and C termini
are located inside the cells. The expressed CFTR proteins were
solubilized with DDM and analyzed by Western blotting using
anti-FLAG antibody. The antibody detected a broadened band
at the expected size for themature fully glycosylatedCFTR (Fig.
1b, black arrowheads; estimated size, 177 kDa (169 kDa for the
monomeric CFTR protein plus FLAG tag and associated gly-
can)) (37). A sharp band beneath the mature CFTR is likely the
core-glycosylated immature CFTR (indicated by a small arrow)
(37). The expression of C-FLAG CFTR increased during the
30-h period after transfection and reached its plateau at 48 h.
The expression of N-FLAG CFTR was faintly detected at the
corresponding position. We confirmed that both constructs
retain ATP and cAMP-dependent protein kinase phosphoryla-
tion-dependent channel functions (see below). However,
because the expression level of N-FLAGCFTRwasmuch lower
than that of C-FLAG CFTR, we adopted C-FLAG CFTR for
further studies.
Electrophysiological Measurement of C-FLAG CFTR—The

channel function of C-FLAG CFTR was examined using the
patch clamp technique. Both cAMP-dependent protein
kinase and ATP were applied to the cytoplasmic (bath) side of
the inside-out patch obtained from HEK293 cell expressing
C-FLAG CFTR (Fig. 2a). Once the C-FLAG CFTR was phos-
phorylated, the channel was opened by ATP alone (Fig. 2a).
Single channel conductance (�6 picosiemens) and the ATP-
dependent gating behavior are similar to those in non-FLAG-
tagged wild-type CFTR (10–12, 18, 19). The ATP dependence
of the channel activity of C-FLAG CFTR is almost identical
between the HEK293 and Chinese Hamster ovary expression
systems (Fig. 2, b and c) and also comparable to that of non-
FLAG-tagged wild-type CFTR (10–12, 18, 19). These data con-
firmed that the mechanisms of cAMP-dependent protein
kinase phosphorylation-induced ATP-dependent gating and
the ion conducting functions were retained in C-FLAG CFTR.
Purification of CFTR Proteins from Heterologously Expressed

HEK293 Cells—CFTR proteins were purified from the mem-
brane fraction by a combination of anti-FLAG immunoaffinity

chromatography, lectin affinity chromatography, and SEC. The
CFTR bound to the FLAG affinity column was competitively
eluted with 100 �g/ml FLAG peptides and analyzed by SDS-
PAGE. Although CFTR was electrophoresed as a predominant
band at 177 kDa, several contaminants including a sharp band
at 100 kDa and an immature CFTR moving slightly faster than
the mature protein were also observed (Fig. 3a). To isolate
mature CFTR, the eluate from the FLAG column was further
subjected to WGA chromatography, which has been shown to
be effective for CFTR purification (15). The bound CFTR was
eluted using a linear gradient of GlcNAc from 20 to 100 mM in

FIGURE 1. Expression of recombinant CFTR in HEK cells. a, immunofluores-
cent images of HEK293 cells expressing FLAG-tagged CFTR. Top row, cells
transfected with C-FLAG CFTR and permeabilized with 0.1% saponin. CFTR
protein was detected using Cy3-conjugated anti-FLAG antibody (middle
panel, red). Cell nuclei were visualized by 4�,6-diamidino-2-phenylindole
(DAPI) (right panel, blue). Second row, cells expressing C-FLAG CFTR were
examined without saponin treatment. The cells were negative to the FLAG
antibody, suggesting that the C-terminal epitope is inside the cell. Third row,
cells transfected with N-FLAG CFTR and permeabilized by saponin. The level
of Cy3 immunofluorescence is lower than that of C-FLAG CFTR. Fourth row,
the non-permeabilized cells transfected with N-FLAG CFTR were also nega-
tive to the antibody. Cells were cultured for 48 h after transfection. The scale
bar represents 50 �m. b, Western blot with anti-FLAG antibody. Left panel,
cells were transfected with C-FLAG CFTR and cultured for the indicated peri-
ods. Proteins were solubilized from the membrane using DDM and precipi-
tated with anti-FLAG gel. Expression of CFTR increased with the culture
period up to 48 h. Right panel, the expression of N-FLAG CFTR was very low
but was detected at the same size as C-FLAG CFTR. The broad bands at 177
kDa are glycosylated mature CFTR (arrowheads), and the sharp bands that
move faster than the mature protein are core-glycosylated but immature
CFTR (small arrow).
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which the CFTR was mainly eluted between 40 and 60 mM
(Fig. 3b).
Although the CFTR was highly concentrated after this puri-

fication step, a broad band at 110 kDa still remained (Fig. 3b). It
was recognized by anti-FLAG antibody (data not shown) and
speculated to be degraded CFTR. To remove this contaminant,
the eluate from the WGA column was concentrated using a
Microcon YM-100 filter unit and further purified by Superdex
200 SEC. The elution of CFTR from the columnwasmonitored
by UV absorption at 280 nm (Fig. 3c), and the aliquot of each
fraction was analyzed by SDS-PAGE followed by silver staining
(Fig. 3d). A sharp peak at 1.04-ml elution in the SEC was con-
firmed to be CFTR (Fig. 3d). The 110-kDa contamination was
fainter than the band of CFTR and mainly eluted at 1.12–1.16
ml. A rise at 0.87-ml elution and large absorbance at 1.5 ml did
not accompany detectable proteins; these are speculated to be
absorptions due to micelles of lipids derived from the plasma
membrane. Absorbance of FLAG peptides was observed at
2.00-ml elution. An aliquot at 1.04-ml elution (Fig. 3, c and d,
arrow) was used for the EM study. This fraction contained
highly concentrated mature CFTR with a minimal contamina-
tion of the 110-kDa proteins.
Using the purified CFTR, the hydrated size (Stokes radius,

RS) of CFTRwas calculated from the elution volume in SEC (20,
21) where CFTR was eluted between the thyroglobulin (eluted
at 0.991 ml, RS is 85.0 Å) and ferritin (eluted at 1.129 ml, RS is
61.0 Å). The RS of CFTR was determined to be 74.8 � 1.1 Å
(mean � S.D., n � 5) from the calibration curve (Fig. 3e).
Chemical cross-linking and blue-native PAGE were used to

determine the stoichiometry. Purified CFTR was treated with

various concentrations of glutaral-
dehyde or disuccinimidyl suberate
and analyzed by SDS-PAGE fol-
lowed by Western blotting using
anti-FLAG antibody (Fig. 4a). The
TBS in the buffer composition was
replaced with PBS by dialysis in
advance. The band of CFTR treated
with either chemical was shifted to a
higher position with a molecular
weight expected for a CFTR dimer.
To more accurately estimate the
molecular mass of the purified
CFTR, we ran the blue-native PAGE
and found the band of CFTR
between the standards of 232 and
440 kDa (Fig. 4b, indicated by
arrow). From the calibration curve
obtained from the standard pro-
teins, the molecular mass of the
purified CFTR was determined to
be 353 kDa (Fig. 4c), nearly double
the size of the CFTRmonomer (177
kDa including tag and glycan).
These results suggest that purified
CFTR proteins may assume a dimer
configuration.
Electron Microscopy and Three-

dimensional Reconstruction of CFTR—Purified CFTR proteins
were blotted onto a glow-discharged carbon film supported by
a copper mesh grid, negatively stained with 2% uranyl acetate,
and imaged using an electron microscope at �52,100 magnifi-
cation. Variously shaped particles of uniform size were
observed (Fig. 5). Most particles were triangular or polygonal
with round corners. The variation in shapes is interpreted to
reflect different orientations of the same molecule on the grid.
The elliptical particles, although rarely observed, are postulated
to be top views of the dimeric CFTR, whereas the triangular or
polygonal shapes likely represent side views.
Because the hydropathy plot of CFTRpredicted that 79.5% of

the CFTR sequence is in the cytoplasm (see Fig. 9a), the larger
domain of the protein is speculated to be cytoplasmic. To con-
firm this hypothesis, the FLAG tag at the cytoplasmic C termi-
nus (38) was decorated with the anti-FLAG antibody, and the
complex was negatively stained and observed by EM. The anti-
bodies indeed attached to the larger domain of CFTR, confirm-
ing that this side of the molecule represents the cytoplasmic
domain (Fig. 6a). It should be noted that we frequently
observed CFTR particles bearing two antibodies (Fig. 6a, right
end column). This observation further supports the dimeric
assembly of CFTR. The bound antibodies were much more
clearly observed using the Fab fragments conjugated with col-
loidal gold. Gold particles were again observed on the larger
domain of CFTR (Fig. 6b).
The projections of CFTRwere picked up by a combination of

two automatic programs: the autoaccumulation method using
SA (28) and the three-layered neural network method (25, 26).
The three-dimensional structure was reconstructed with echo-

FIGURE 2. Channel function of C-FLAG CFTR. a, activation of C-FLAG CFTR by cAMP-dependent protein kinase
(PKA)-dependent phosphorylation and ATP. Single channel currents were obtained from an inside-out patch
from HEK293 cells expressing C-FLAG CFTR. After phosphorylation, ATP alone can gate C-FLAG CFTR. Vm � �50
mV. The dashed line indicates the closed level. b, ATP-dependent macroscopic currents of cAMP-dependent
protein kinase-phosphorylated C-FLAG CFTR in the inside-out configuration. The concentrations of ATP in the
bath are indicated above. Vm � �50 mV. c, ATP concentration dependence of macroscopic currents of C-FLAG
CFTR expressed in HEK293 (red) and Chinese Hamster ovary (green) cells. Vm � �50 mV. These results are also
comparable to the channel function of non-FLAG-tagged wild-type CFTR (10 –12, 18, 19).
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correlated reconstructionmethods using SA assumingC2 sym-
metry in our SPINNS (25–30) and other algorithms in the
IMAGIC V software (31) (see “Experimental Procedures” for
details). The final reconstruction included 4,206 particles,
83.5% of all the selected images.
Representative raw images are presented (Fig. 7a, first row)with

their corresponding class averages (second row) and with the sur-

face representations and the projec-
tions of the reconstructed three-di-
mensional structure (third and fourth
rows). A high level of consistency was
observed in size, shape, and inner
structure among these data sets (Fig.
7a), indicating successful three-di-
mensional reconstruction from the
original particle images. According to
the Fourier shell correlation function
(36), the resolution limit is 2 nm by
the correlation coefficient	0.5 crite-
rion (Fig. 7b). A plot of the Euler
angles of the 94 adopted class aver-
ages shows that CFTR is almost ran-
domly oriented on the grid surface
(Fig. 7c).
Structural Features of the CFTR

Molecule—The surface representa-
tion demonstrates that CFTR is an
ellipsoidal molecule of 162 Å in
height. The elliptical top view has a
major diameter of 120 Å and minor
diameter of 106 Å (Fig. 8a). The
three-dimensional map is con-
toured at an isosurface containing a
volume corresponding to 276 kDa
assuming a protein density of 1.37
g/cm3, which is 81.7% of the dimeric
CFTR mass (338 kDa) calculated
from the amino acid composition.
The putative position of the mem-
brane-spanning region is indicated
by a blue line in Fig. 8a (�30 Å in
width) so that the ratio of each
domain is close to the prediction
from the hydropathy plot (i.e. the
volumes of extracellular, mem-
brane-spanning, and cytoplasmic
domains are 3.8, 16.7, and 79.5%,
respectively; Fig. 9a).

The surface of the dome-shaped
extracellular domain and the MSD
is seamless and smooth, whereas the
cytoplasmic surface is rough and
contains orifices under the putative
transmembrane region. Large ori-
fices of �50 � 30 Å are prominent
in the center of the wider side views
(Fig. 8b, panels 11 and 12), and
small elliptical orifices of 20 � 25 Å

are prominent at the narrower side views (panel 15). These
orifices might correspond to the region of intracellular loops
between MSDs (1).
Sections normal to the symmetry axis demonstrate the

tightly packed internal density at extracellular and transmem-
brane domains (Fig. 8c, panels 1–6). In contrast, the density
inside the cytoplasmic domain is low (arrows, panels 8–10)

FIGURE 3. Purification of the CFTR protein from transiently expressed HEK cells. Silver staining of aliquots
at each purification step from anti-FLAG (a) and from WGA columns (b). Proteins bound to the WGA column
were eluted by a linear gradient of GlcNAc from 20 to 100 mM. Bands of fully glycosylated mature CFTR are
indicated by arrowheads. c, CFTR-rich eluates from the WGA column were concentrated using the Microcon
YM-100 filter unit and analyzed by Superdex 200 SEC. CFTR was eluted in a sharp peak at 1.04-ml elution
(indicated by an arrow). d, SDS-PAGE analysis of the SEC fractions. The intensity of the CFTR band in the gel
corresponds to absorption in SEC. The fraction at 1.04 ml (arrow) was used for EM image analysis. e, from the
elution volumes of CFTR and the standards, the RS of CFTR was calculated as 74.8 � 1.1 Å (mean � S.D., n � 5).
T, thyroglobulin (RS, 85.0 Å); F, ferritin (RS, 61.0 Å); C, catalase (RS, 52.2 Å); A, aldolase (RS, 48.1 Å).
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probably because of the stain permeation through the orifices
(arrowheads).

To determine the location of the R domain in the reconstruc-
tion, purified CFTR was mixed with an R domain-specific anti-
body, MAB1660, and the complex was negatively stained and
observed by EM. The antibodies attached to the larger domain
suggesting that the R domain is located around the bottom end
of the cytoplasmic domain (Fig. 9b). CFTRparticles bearing two
antibodies were frequently observed, and this again supports
the dimeric stoichiometry of reconstructedCFTR (Fig. 9b, right
end). The MAB1660 bound to the CFTR molecule was clearly
demonstrated by the binding of gold-conjugated protein G
where one or two gold conjugates bound to the larger domain of
CFTR (Fig. 9c). When two gold conjugates were observed for
one CFTR particle, these two gold conjugates were closely
located next to each other at the cytoplasmic end of the particle,
indicating that the CFTR particle assumes a tail to tail configu-
ration. Perhaps because of the steric hindrance and increased

ion strength in the buffer composition, not all the epitopeswere
bound with antibodies or gold conjugates.

DISCUSSION

Purification of CFTR Protein—The insect Sf9 expression sys-
tem has been shown to express a large quantity of CFTR pro-
teins (39).We adopted human embryonic kidney HEK293 cells
because, contrary to the insect cell system, mammalian cells

FIGURE 4. Chemical cross-linking and native PAGE analysis of CFTR.
a, purified CFTR was treated with glutaraldehyde or disuccinimidyl suberate
(DSS) at the indicated concentrations and separated by SDS-PAGE followed
by Western blotting using anti-FLAG antibody. The band of CFTR (gray arrow-
heads) was shifted upward at the corresponding position of a dimer (black
arrowheads) by treatments with both cross-linkers. b, blue-native PAGE of
CFTR. Purified CFTR was separated in a blue-native gel and visualized by silver
staining (Silver) or Western blotting using anti-FLAG antibody (anti-FLAG). The
CFTR protein was detected between the standards of 232 and 440 kDa
(arrow). c, calculation of molecular mass from the blue-native PAGE. From the
mobility of proteins relative to the dye front (Rf), the molecular mass of
native CFTR was calculated to be 353 kDa, suggesting dimeric assembly
(i.e. 177 kDa � 2 � 354 kDa). T, thyroglobulin (669 kDa); F, ferritin (440
kDa); C, catalase (232 kDa); L, lactate dehydrogenase (140 kDa); A, bovine
serum albumin (66 kDa).

FIGURE 5. Electron microscopy of negatively stained CFTR. After adsorp-
tion to hydrophilic carbon film, negatively stained samples were imaged on a
JEOL 100CX electron microscope at a magnification of �52,100 with 100-kV
acceleration voltage. The CFTR particles were observed as uniformly sized
projections. For statistical analysis, 291 particles were automatically picked
up by the autoaccumulation method and utilized as training data for the
three-layer NN autopicking system. Using the trained NN, 5,039 particles were
picked up and used for the analysis. The scale bar represents 200 Å.

FIGURE 6. Assignment of the cytoplasmic C terminus of CFTR. a, gallery of
negatively stained CFTR�anti-FLAG-antibody complexes. Schematic diagrams
of CFTR (open particles) and antibodies (filled in gray) are presented below. The
location of the cytoplasmic C terminus was assigned to the larger end of the
CFTR molecule. CFTR decorated with two FLAG antibodies was frequently
observed (right end column). b, gallery of CFTR�Fab-gold complexes. Fab frag-
ments of anti-FLAG antibodies were conjugated with colloidal gold and
then mixed with purified CFTR. Similar to the observation in a, the gold
conjugate binds to the periphery of the larger domain. CFTR particles
bearing two gold particles were also observed (right end column). The
scale bars represent 100 Å.
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allow production of mature CFTR proteins with full glycosyla-
tion, which enables us to useWGAchromatography for protein
purification. As the CFTR protein is reported to bind to various
chaperones and regulatory proteins in the cell and to form a
global protein interaction network (40), we developed a purifi-
cation protocol aimed at removing tightly bound associated
proteins from theCFTR.One successful approachwas the care-
ful selection of buffer components. We increased the ionic
strength in the buffer to eliminate bound proteins. By adding
300–500 mM magnesium chloride in the buffer, we could
obtain highly purified CFTR proteins without disrupting the
subunit assembly. Alkaline treatment of the plasmamembrane,
a method that has been commonly applied to remove associ-
ated proteins from the membrane-integral proteins (41), was
not adopted in this study. Our experiments demonstrated that
CFTR purified using alkaline treatment was eluted at a very
early fraction in SEC where aggregated proteins are frequently
eluted (data not shown). Another important key wasWGA col-
umn chromatography, which concentrates fully glycosylated
CFTR and excludes immature CFTR and associated proteins
(15). To eliminate minor contaminants, we applied SEC as the

final step for CFTR purification; this step was not used in the
previous structural study (15). At the end of this purification
process, fully glycosylatedmature CFTR proteins were purified
as a sharp single peak in SEC.
Structure of the Reconstructed CFTR—In this study, using the

single particle analysis of the negatively stained EM images, we
reconstructed the three-dimensional structure of unphospho-
rylated CFTR under a nucleotide-free condition. We applied
2-fold symmetry in the three-dimensional reconstruction.
Because of a small number of symmetry axes, we used our echo-
correlated reconstruction method. Because this method does
not compress projections into sinograms for a posteriori angu-
lar assignment of the projections, it enables accurate three-di-
mensional reconstruction of the molecules without high point
symmetries. The particles are also picked up using our pro-
grams with SA and NN to avoid any human intention and
preference.
The structure of wild-type human CFTR, reconstructed at

2-nm resolution, was an ellipsoidal molecule with 120 � 106 �
162-Å dimensions. It was larger than the two different confor-
mations of CFTR with 6–7-nm diameter obtained from two-
dimensional crystallography (15). Because these reported
CFTR structures were suggested to be monomeric (15), the
vertical dimension of 120 � 106 Å in our reconstruction is
comparable with that expected for a dimer.
TheRdomain is unique inCFTRamong theABC transporter

family and important for the regulation of gating. TheRdomain
contains multiple phosphorylation sites, and the level of their
phosphorylation regulatesCFTRchannel activity (42). Recently
Baker et al. (43) suggested that these phosphorylation sites are
allocated in the multiple helical segments of the R domain and
interact with NBD1 when they are unphosphorylated. How-
ever, once they are phosphorylated, the helicity around them is
reduced, hence reducing their interaction with NBD1 (43). In
our experiments, the R domain should be mostly unphospho-
rylated and presumably bound to NBD1 (and possibly to NBD2
as well). Both monoclonal antibodies against the C-terminal
FLAG and R domain bound to the cytoplasmic end of CFTR,
indicating that the R domain/NBD system is organized in the
larger cytoplasmic domain (Figs. 6 and 9). The fact that the
anti-R domain antibody can bind to theCFTRparticle indicates
that at least the epitope of the R domain is located at a position
accessible from the outside of the molecule under the unphos-
phorylated condition.
In contrast to the large cytoplasmic domains, the dome-

shaped extracellular andmembrane-spanning domains are rel-
atively small. This is in good agreement with a homologymodel
of CFTR using the crystal structure of Sav1866 as a template
(44). The low resolution of our EM structure does not reveal the
extracellular pore entrance of the CFTR channel. Thus, it is
unclear whether the ion conduction pathway is formed by one
or two CFTR molecules.
Orifices observed under the putative transmembrane region,

presumably in the intracellular loops region (44), were promi-
nent (Fig. 8a). Similar side pores are also reported in the
voltage-sensitive sodium channel (45) and Kv1.2 potassium
channel (46). They are thought to be part of the exit pathway
for permeant ions into the cytosol. Whether these side pores

FIGURE 7. Three-dimensional reconstruction of CFTR. a, raw images of
CFTR with different Euler angles (row 1) are compared with the corresponding
two-dimensional averages (row 2), the surface views of the three-dimensional
reconstruction (row 3), and the reprojections of the three-dimensional recon-
struction (row 4) consistent through the reconstruction. Protein is displayed
in bright shades. The scale bars represent 100 Å. b, Fourier shell correlation
function indicates the resolution limit of 2 nm by the Fourier shell correlation
	0.5 criterion. c, plot of the Euler angles (�, �) of 94 adopted class averages
demonstrates almost random orientations of CFTR molecules on the carbon
surface.
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have equivalent function for CFTR remains unclear. Further
improvement in resolution using cryo-EM single particle
analysis may shed light on the functional role of these side
pores.
Dimeric Stoichiometry of theCFTRMolecule—Analysis of the

quaternary structure of CFTR is essential to understand the
mechanisms of ion permeation and gating regulation of CFTR;
however, the stoichiometry of functional CFTR has not been
clearly determined yet (47). Bear et al. (48) succeeded to recon-
stitute a cAMP-dependent protein kinase-activated ATP-de-
pendent low conductance chloride channel in lipid bilayer
using purified CFTR proteins. This study provided evidence
that the CFTRmolecule alone is sufficient to form a functional
channel. Subsequent biochemical and physiological studies
indicated that CFTR behaves as a monomer (49), and the mon-
omer has both channel function and ATPase activity when
expressed in Sf9 cells (50). Zhang et al. (51) proposed, from

analyses of magnitudes and distri-
butions of subconductance states
of CFTR mutations in the sixth
transmembrane segment, that a
single CFTR polypeptide can form
an anion-conducting pore.
On the other hand, many studies

suggested that themajority of CFTR
molecules in the plasma membrane
exist and function as dimers.
Freeze-fracture images of CFTR
protein expressed in Xenopus
oocytes demonstrated that CFTR
forms a dimer-like structure at the
membrane-spanning region (52).
Also atomic forcemicroscopic stud-
ies of CFTR expressed in Xenopus
oocytes showed that CFTR assumes
a 2-fold symmetry to the central
pore (53). Tandemly linked het-
erodimers of wild-type CFTR and a

R mutant CFTR showed mixed
gating properties between these
channels, indicating that the two
CFTR molecules interact to form a
single ion conductance pore (54).
Raghuram et al. (55) revealed that
the activity of the CFTR channel is
enhanced by intermolecular inter-
actions via bivalent PDZ domains,
supporting the hypothesis that biva-
lent PDZ domains of sodium hydro-
gen exchange regulatory factor reg-
ulate CFTR by cross-linking two
CFTR molecules at the C-terminal
tails. Ramjeesingh et al. (56) re-
ported that CFTR exists as mono-
mers, dimers, and multimers in
mammalian cells. Among them,
dimeric CFTR is the predominant
form in the plasma membrane.

In the present study, both the chemical cross-linking exper-
iments and blue-native PAGE revealed that CFTR has a molec-
ular mass corresponding to a dimer. A diameter derived from
the SEC (estimated at 149.6 Å, assuming it is a hydrated sphere)
also agrees well with the dimensions of a CFTR dimer. Further-
more two antibodies simultaneously bound to the large cyto-
plasmic domain of a single CFTR particle in both experiments
using anti-FLAG and anti-R domain antibodies, supporting the
dimeric assembly of the purified CFTR.
The dimeric structure in the current study contradicts the

previously reported structures of CFTR using two-dimensional
crystals (15). However, our results corroborate a more recent
report that the EM structure of CFTR has a dimension that is
consistent with two copies of the homology model of CFTR
(16). It is interesting to note that the thickness of the recon-
structed molecule in Awayn et al. (16) was �5 nm, approxi-
mately half of that in our reconstruction (�10-nm thickness),

FIGURE 8. Surface representation of CFTR. a, side and top views of the CFTR protein. CFTR presumably in a
closed state is shown to be an ellipsoidal particle with dimensions of 120 � 106 � 162 Å. The molecular mass
enclosed by the isosurface is 276 kDa, corresponding to 81.7% of the dimeric CFTR protein. The putative
position of the plasma membrane is indicated on the side view by a blue line of 30 Å in thickness (M) so that the
ratio of each domain is close to the prediction from the amino acid sequence. b, surface views from 25 different
angles. c, sections normal to the symmetric axis at 9.5-Å intervals through the molecule. The number in each
panel corresponds to the slice position indicated on the narrower side view (left). Slices included in the trans-
membrane domain are marked by blue. Rifts in the cytoplasmic surface (arrowheads in panels 8 –10) correspond
to the orifices in the surface representation. The inside of the molecule is mostly low density (arrows), suggest-
ing that stain permeates into the molecule. The scale bars represent 100 Å.
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and the structure was labeled with only a single (rather than
two) nickel-nitrilotriacetic acid-nanogold C-terminal decora-
tor. These discrepancies may be due to differences in methods
for protein purification.
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