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Dimeric cystic fibrosis transmembrane conductance regulator exists
in the plasma membrane
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CFTR (cystic fibrosis transmembrane conductance regulator)
mediates chloride conduction across the apical membrane of
epithelia, and mutations in CFTR lead to defective epithelial
fluid transport. Recently, there has been considerable interest in
determining the quaternary structure of CFTR at the cell surface,
as such information is a key to understand the molecular basis for
pathogenesis in patients harbouring disease-causing mutations.
In our previous work [Ramjeesingh, Li, Kogan, Wang, Huan and
Bear (2001) Biochemistry 40, 10700–10706], we showed that
monomeric CFTR is the minimal functional form of the protein,
yet when expressed in Sf9 cells using the baculovirus system, it
also exists as dimers. The purpose of the present study was to
determine if dimeric CFTR exists at the surface of mammalian
cells, and particularly in epithelial cells. CFTR solubilized from
membranes prepared from Chinese-hamster ovary cells stably
expressing CFTR and from T84 epithelial cells migrates as
predicted for monomeric, dimeric and larger complexes when sub-

jected to sizing by gel filtration and analysis by non-dissociative
electrophoresis. Purification of plasma membranes led to the en-
richment of CFTR dimers and this structure exists as the complex
glycosylated form of the protein, supporting the concept that
dimeric CFTR is physiologically relevant. Consistent with its
localization in plasma membranes, dimeric CFTR was labelled by
surface biotinylation. Furthermore, dimeric CFTR was captured
at the apical surface of intact epithelial cells by application of
a membrane-impermeable chemical cross-linker. Therefore it
follows from the present study that CFTR dimers exist at the
surface of epithelial cells. Further studies are necessary to under-
stand the impact of dimerization on the cell biology of wild-type
and mutant CFTR proteins.

Key words: biotinylation, chemical cross-linker, cystic fibrosis
transmembrane conductance regulator, non-dissociative electro-
phoresis.

INTRODUCTION

CFTR (cystic fibrosis transmembrane conductance regulator)
belongs to the superfamily of ATP-binding-cassette transporter
proteins [1]. Of this family of membrane proteins, CFTR is the
only member that exhibits intrinsic function as a chloride channel
[2]. Mutations in the CFTR gene cause cystic fibrosis (CF), a
disease affecting the epithelia of multiple organs, including the
airway, gastrointestinal tract, sweat ducts, pancreatic ducts and
the reproductive tract. Although the pathogenesis of CF lung
disease remains a subject of intense debate [3,4], the primary
defect leading to intestinal disease has been clearly linked to de-
fective chloride conductance [5].

Recent crystal structures support the concept that ion channels
are typically multimeric. For example, the selectivity filter of the
KcsA (potassium channel from Streptomyces lividans) channel
is formed by the symmetrical interaction of four polypeptides
[6,7]. ClC chloride channels are dimeric, yet in contrast with
the potassium channel structure, the selectivity filter and fast
gating mechanism reside within each polypeptide [8,9]. Based
on these findings, it is tempting to hypothesize that the chloride
channel function of CFTR may also be mediated by multimers
of this protein. However, although controversy remains [10,11],
there is compelling evidence suggesting that monomeric CFTR
is fully functional as a chloride channel [12,13]. For example,
co-expression of wild-type CFTR with a pore mutant, i.e. CFTR
S341A (Ser341 → Ala), leads to the appearance of two distinct
conductances, rather than a hybrid conductance path [12]. Further,
we developed methods for the purification and reconstitution
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of monomeric CFTR and determined that it exhibited normal
chloride channel activity [13].

The quaternary structure of CFTR that mediates its function
at the apical surface of epithelial cells is yet to be determined.
Although a monomer may be the minimal functional unit of
CFTR, there are several studies that suggest that CFTR molecules
may exist as dimers at the cell surface. Patch-clamp studies
have characterized the apparent co-operativity amongst multiple
CFTR channels [14–17]. Images of CFTR expressed in the
plasma membrane of Xenopus oocytes obtained by electron
microscopy were consistent with a dimeric structure [18]. To date,
few biochemical studies have directly assessed the quaternary
structure of CFTR at the cell surface. Mostly, biochemical studies
have assessed CFTR structure in the total cellular pool, which
includes CFTR protein at the cell surface as well as in the biosyn-
thetic and degradative pathways. Our studies showed that both
monomeric and dimeric CFTR can be detected in Sf9 insect
cells [13] using various methods including gel filtration, non-
dissociative PAGE and chemical cross-linking. Other studies,
using alternative biochemical approaches such as immuno-
precipitation, failed to find any evidence for dimeric CFTR
[12,19]. This lack of consistency may reflect variability in the
cell types studied, the extent of CFTR solubilized by different
detergents as well as the particular cellular pool of CFTR
studied.

The goal of the present study was to assess directly whether
dimeric CFTR can be detected at the plasma membrane in
mammalian cells stably expressing the protein and in epithelial
cell lines that express CFTR endogenously.
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EXPERIMENTAL

Materials

PFO (pentadecafluoro-octanoic acid), manufactured by Fluoro-
chem (Old Glossop, Derbyshire, U.K.), was obtained from
Oakwood Products (West Columbia, SC, U.S.A.). EZ-linkTM

sulpho-NHS-SS-Biotin, BS3 [bis(sulphosuccinimidyl) suberate]
and avidin beads were obtained from Pierce (Rockford, IL,
U.S.A.). T84 and Caco-2 cells were purchased from A.T.C.C.
(Manassas, VA, U.S.A.). Stably transfected CHO (Chinese-
hamster ovary) cells were a gift from G.L. Lukacs (Hospital for
Sick Children, Toronto, ON, Canada).

PFO/PAGE, SDS/PAGE and immunoblotting

SDS/PAGE, PFO/PAGE and Western blotting were performed as
described previously [13]. For immunoblotting, the protein was
transferred to a nitrocellulose membrane and probed with an anti-
CFTR polyclonal antibody generated against a fusion protein
corresponding to the predicted NBD2 (nucleotide-binding
domain 2) and C-terminus of CFTR (amino acids Asn1197-Leu1480).
Immunopositive bands were visualized by enhanced chemi-
luminescence (Amersham Biosciences, Oakville, ON, Canada).

Preparation of membrane fractions

CHO cells stably expressing CFTR were grown to confluence in
10 cm dishes. Cells were then harvested and pelleted at 1000 g
for 5 min. The supernatant was removed and the cells were gently
resuspended in PBS (150 mM NaCl/10 mM sodium phosphate,
pH 7.4) and protease inhibitors (Roche Diagnostics, Mannheim,
Germany). Resuspended cells were disrupted using a French
press (French® Pressure Cell Press; SLM-AMINCO Spectronic
Instruments, New York, U.S.A.) at 6.89 MPa. EDTA was added to
yield a final concentration of 1 mM, and cells were centrifuged at
500 g for 10 min at 4 ◦C. To prepare a crude plasma membrane,
the supernatant was spun at 100 000 g for 2 h. To prepare highly
purified plasma membranes, the supernatant was layered over
35 % (w/v) sucrose in 50 mM Tris/HCl, and centrifuged at
100 000 g for 1 h at 4 ◦C. The interface was resuspended in
25 mM sucrose, 50 mM Tris/HCl (pH 7.5) and centrifuged at
100 000 g for 30 min at 4 ◦C. The membrane pellet was washed
with PBS (115 mM NaCl/50 mM sodium phosphate, pH 7.5),
and centrifuged at 125 000 g for 20 min at 4 ◦C.

Separation of CFTR monomers and multimers by gel-filtration
chromatography

Total cell lysates, total membranes or purified plasma membranes
were solubilized using 4 % (w/v) PFO as the detergent in a buffer
solution also containing 25 mM sodium phosphate, 0.5 mM
EDTA and 1 mM DTT (dithiothreitol) at pH 7.5. A 500 µl aliquot
containing 10 µg of CFTR protein was applied to a Superose
6 column (120 cm×1 cm), and fractions were eluted with 25 mM
sodium phosphate, 100 mM NaCl, 4 % PFO, 0.5 mM EDTA and
1 mM DTT at pH 7.5 at a flow rate of 0.2 ml/min. The multimeric
status of the CFTR protein in each reconstituted fraction was
assessed immediately by PFO/PAGE, as described previously
[13].

Cell-surface biotinylation

Cells were grown to confluence in 10 cm dishes. After confluence
was reached, cells were washed twice with PBS (pH 7.2) at

4 ◦C and then washed once in solution A [PBS (pH 7.8) with
0.1 mM CaCl2 and 1 mM MgCl2]. After this, cells were incubated
with 1 mg/ml EZ-linkTM sulpho-NHS-SS-Biotin in solution A for
30 min at 4 ◦C. Biotinylation was quenched by washing the cells
twice with PBS (pH 7.8) containing 1 % BSA. Then, cells were
washed twice with solution B (50 mM Tris, pH 7.4) and finally
lysed with 4 % PFO in solution B.

Isolation of biotinylated proteins on streptavidin beads

Solubilized biotinylated cells were sheared through a pipette tip
and then incubated with washed avidin beads at room temperature
(24 ◦C) for 30 min. Beads were then washed five times with buffer
A (100 mM NaCl/25 mM sodium phosphate/4 % PFO; pH 8.0).
Biotinylated protein was eluted from the beads after incubating for
30 min at room temperature in buffer B (100 mM NaCl/25 mM
sodium phosphate/5 mM DTT/5 % 2-mercaptoethanol/4 % PFO;
pH 8.0). Beads were centrifuged at 9300 g for 1 min and the
supernatant containing the protein was harvested and subjected
to PFO/PAGE or SDS/PAGE and Western blotting as described
above.

Chemical cross-linking

Stably transfected CHO cells or Caco-2 cells were grown to con-
fluence in 10 cm dishes. Cells were harvested by trypsinization,
washed and then resuspended in PBS (pH 8.0). The cell-
impermeant cross-linker BS3 was prepared fresh in PBS (pH 8.0)
and added to the cells to reach a final concentration of 1 or
5 mg/ml. Cells were then incubated with shaking for 1 h at 4 ◦C.
After the reaction, Tris base was added to a final concentration of
20 mM and incubated for 15 min at room temperature to quench
the reaction. After this, cells were washed with PBS, solubilized
in 2 % SDS and then subjected to SDS/PAGE as described above.

RESULTS

CFTR exists as monomers and dimers in mammalian cells

We have defined conditions for the optimal solubilization, sep-
aration and analysis of dimeric and monomeric CFTR expressed
in Sf9 cell membranes in our previous studies [13]. Briefly, we
showed that the anionic detergent 4 % PFO permits the solu-
bilization of CFTR monomers and CFTR-containing complexes.
Further, as reported previously, PFO-solubilized CFTR monomers
and dimers can be separated by gel filtration. Finally, the sub-
stitution of SDS with PFO permits analysis of the oligomeric
structure of CFTR and membrane proteins by gel electrophoresis
[20]. In the present study, we applied these methods to the study
of the oligomeric structure of CFTR in mammalian cells.

Whole cell lysates of stably transfected CHO cells, solubilized
in 4% PFO, were subjected to gel filtration on a Superose
6 column. This column had been previously calibrated using the
intrinsic membrane protein AE1 (monomers and dimers) and
the ryanodine receptor 2 monomer in the same detergent, as shown
in Figure 1. The fractions containing CFTR protein were assessed
by dot-blot analysis, and pixel intensity was determined using
NIH Image software to provide an estimate of the relative
quantities of CFTR in each fraction. The elution profile is shown in
Figure 1(A). Fraction 54 mainly contained monomeric CFTR
(approx. 165 kDa), whereas fractions 47–49 contained multimeric
CFTR, migrating as predicted for the dimeric protein (approx.
330 kDa) as assessed by PFO/PAGE (Figure 1B, upper panel).
This method for molecular sizing suggests that CFTR molecules
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Figure 1 Monomeric and multimeric complexes containing CFTR can be
separated by gel filtration

PFO-solubilized lysate of CHO cells stably expressing CFTR was passed through a Superose
6 column, previously calibrated using the membrane proteins: RyR (ryanodine receptor;
565 kDa), AE1 (dimer, 180–200 kDa) and AE1 (monomer, 90–100 kDa). The elution profile
for CFTR was determined by dot-blot analysis, using a polyclonal antibody directed against
CFTR, and the pixel intensity was quantified using NIH Image software (A). Specific eluted
volumes were analysed by non-dissociative PFO/PAGE (B, upper panel) and by SDS/PAGE
(B, lower panel). Both the Western blots were probed using an anti-CFTR polyclonal antibody
generated against a fusion protein, corresponding to the predicted NBD2 and C-terminus
of CFTR (amino acids 1197–1480). PFO/PAGE reveals separation of monomeric and dimeric
CFTR. SDS/PAGE resolves whether CFTR is immature (band B) or mature (band C). The results
are representative of three studies.

associate directly to form dimeric structures; however, it
remains formally possible that we may be capturing heteromeric
complexes that contain CFTR and migrate as expected for CFTR
dimers.

The fractions analysed by PFO/PAGE were subjected to
SDS/PAGE. This is mostly dissociative of multimeric complexes,
yet permits the resolution of the immature (band B) and mature
(band C) proteins (Figure 1B, lower panel). SDS/PAGE analysis
revealed that the fractions that contain dimeric CFTR contained
primarily the mature band C form of the protein, whereas the
monomeric fractions contained both immature (band B) and
mature (band C) proteins. These findings are consistent with the
suggestion that dimeric CFTR is derived from the cell surface.

There was no detectable CFTR in fractions 39–41 as assessed
by PFO/PAGE, consistent with the idea that CFTR protein can
also exist in multimeric complexes larger than those predicted for
dimeric protein which fail to enter the gel. Analysis of the same
fractions by SDS/PAGE revealed that CFTR exists primarily in
the immature form, with a lesser amount of mature CFTR in larger
complexes. These findings suggest that immature CFTR may be
interacting in macromolecular complexes.

CFTR dimers exist at the cell surface of mammalian cells

To assess further the subcellular distribution of CFTR monomers
and complexes, we compared the size distribution of CFTR-
positive fractions eluted from the above Superose 6 column after
the application of total cellular membrane or purified plasma
membrane preparations (Figure 2B). Three major peaks were
detected in fractions separated from the total membrane prepar-
ation obtained from CHO cells stably expressing CFTR, cor-
responding to a monomeric, a dimeric and a larger CFTR-
containing complex. Two predominant peaks and one minor peak
were evident in the elution profile resulting from the application

Figure 2 Dimeric CFTR is enriched in the plasma membrane of transfected
CHO and T84 cells

Total cellular membranes, prepared from stably transfected CHO cells, T84 cells or purified
plasma membranes of CHO cells, were solubilized in PFO and applied to a calibrated Superose
6 column. (A) The elution profiles were determined as described in the legend to Figure 1. The
percentage of eluted protein migrating as expected for dimeric CFTR (see Figure 1), relative
to the total eluted CFTR, was estimated using NIH Image software for 2–3 separate runs.
(B) Percentage of dimeric CFTR relative to the total CFTR immunoreactivity. Error bars represent
the means +− S.E.M. for different protein preparations. Light grey bar, total cell lysate; hatched bar,
total cellular membranes prepared from transfected CHO cells; solid bar, total cellular membranes
prepared from T84 cells; dotted bar, purified plasma membranes. The percentage of dimeric CFTR
is significantly enriched in total cellular membrane and purified plasma membrane preparations
(indicated by asterisks) from total cell lysates (P < 0.001), as assessed using ANOVA (Prism
software).

of total membranes harvested from T84 cells. The two major peaks
co-migrate with a larger macromolecular complex and the dimeric
form of the protein. The minor peak corresponds to the migration
predicted for monomeric CFTR. Unfortunately, the protein was
insufficient in each fraction of these experiments to conduct
analysis of the glycosylation status of CFTR as performed for
our studies using total cell lysates. Comparison with the elution
profile generated using total CHO cell lysates reveals that macro-
molecular, dimeric and monomeric CFTRs are relatively enriched
in the total membrane preparations obtained from stably
transfected CHO cells and from epithelial cells that endogenously
express the protein.

A predominant peak corresponding to the predicted mass for
dimeric CFTR was detected in the elution profile, obtained from
the plasma membranes purified from stably transfected CHO cells.
This elution profile also exhibits a shoulder co-migrating with
the larger CFTR-containing peak, described previously in the
profile from total membranes, as well as a shoulder co-migrating
with monomeric CFTR. These findings support the claim that
CFTR dimers may be enriched in the plasma membrane of
mammalian cells. Quantitative analysis of the relative enrichment
of the predicted dimeric CFTR is shown in Figure 2(B). Gel
filtration was performed 2 or 3 times for each preparation and the
enrichment of dimeric CFTR was assessed as the area under
the peak eluting as fractions 46–49 relative to the area under the
entire elution profile. There is a significant enrichment of dimeric
CFTR in total cellular membrane preparations (23 +− 1%) and
plasma membranes (37 +− 3%) relative to cell lysates (8 +− 1%).

Dimeric CFTR can be detected at the cell surface using
biotinylation and non-dissociative electrophoresis

We employed surface biotinylation as an alternative approach
towards characterizing the quaternary structure of CFTR at the cell
surface. EZ-linkTM sulpho-NHS-SS-Biotin was used to derivatize
extracellular lysine residues on the plasma membrane of CHO
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Figure 3 Cell-surface biotinylation labels both CFTR dimers and monomers

(A) Intact CHO cells stably expressing CFTR were subjected to surface biotinylation, and the
biotinylated protein was captured using streptavidin beads, released under reducing conditions
and analysed by SDS/PAGE and Western blotting using the CFTR-specific polyclonal antibody.
Band C CFTR was biotinylated and precipitated by the beads (lane +). No CFTR was pulled down
from cells not previously subjected to cell-surface biotinylation (lane −). A crude membrane
preparation obtained from untreated cells was analysed by SDS/PAGE and Western blotting,
and the migration of band B and band C CFTR proteins is indicated in lane m. (B) PFO/PAGE
shows that both monomeric and dimeric CFTR proteins are precipitated by streptavidin beads
after cell-surface biotinylation (lane +).

cells stably expressing CFTR. Cells were then lysed in PFO
and biotinylated proteins, captured using streptavidin beads. The
resulting proteins were then subjected to either SDS/PAGE or
PFO/PAGE and probed using a CFTR-specific polyclonal anti-
body. As shown in Figure 3(A), only the mature band C protein,
migrating as a 170–180 kDa protein, was biotinylated, supporting
the reliability of this assay for reporting the modification of CFTR
residing exclusively at the cell surface. Analysis of biotinylated
CFTR by PFO/PAGE revealed two bands, corresponding to
monomeric and dimeric CFTR (Figure 3B). The stoichiometry
of these two forms of the protein cannot be determined using
this method of analysis, as PFO/PAGE is partially dissociative of
multimeric structures; yet these results support the concept that
CFTR dimers exist at the cell surface.

The short-chain cell-impermeant cross-linker BS3 cross-links CFTR
dimers on the cell surface

Previous experiments involved the study of the multimeric struc-
ture of CFTR after detergent solubilization. To capture the
structure of CFTR in intact cells, we applied the cell-impermeant
cross-linker BS3 to the cell surface (Figure 4A). BS3 is a short-
chain cross-linker with a spacer arm of 11.4 Å (1 Å = 0.1 nm) and
has been used in previous studies of the oligomeric structure of
membrane proteins [13,21,22]. Intact, transfected CHO cells were
incubated with the bifunctional cross-linker and then harvested,
solubilized and subjected to SDS/PAGE. As shown in Figure 4(A),
in the absence of cross-linker, CFTR runs as two bands: immature
band B at approx. 150 kDa and complex glycosylated band C at
approx. 170–180 kDa. In the presence of 1 mg/ml BS3, there is
evidence of cross-linked CFTR running as predicted for dimeric
CFTR (330 kDa). The amount of cross-linked protein, migrating
as a 330 kDa complex, is further increased at 5 mg/ml BS3.
Conversely, the amount of monomeric mature CFTR (band C)
decreased with this higher cross-linker concentration. These
results are consistent with previous surface-biotinylation studies
and suggest that CFTR exists as a dimeric complex in the plasma
membrane.

Figure 4 Mature CFTR can be cross-linked within a complex on the surface
of intact cells

The membrane-impermeant cross-linking reagent (BS3) was applied at different concentrations
to the extracellular surface of either a monolayer of CHO cells expressing CFTR or a monolayer of
confluent Caco-2 cells. Cells were then lysed and analysed by SDS/PAGE and Western blotting
with the CFTR-specific polyclonal antibody. (A) In CHO cells treated with 1 and 5 mg/ml
BS3, complexes migrating as predicted for dimeric CFTR could be detected, whereas only the
monomeric protein (bands B and C) was detected in untreated cells. (B) Complexes migrating
as predicted for dimeric CFTR could also be detected in the Caco-2 cells treated with 1 and
5 mg/ml BS3. Mature monomeric band C protein was depleted in both cell types at the highest
BS3 concentration.

BS3 was also applied to the apical surface of fully confluent
Caco-2 cells, an intestinal epithelial cell line that expressed CFTR
endogenously to determine whether multimeric CFTR could be
captured in epithelial cells. As in the case of the studies employing
CHO cells, we found that CFTR could be cross-linked as a
complex migrating as expected for dimeric protein (Figure 4B).
Further, the disappearance of the fully mature band C form of
CFTR (but not the immature form) coincides with the appearance
of the multimeric complex, suggesting that in epithelial cells
CFTR dimers may exist at the cell surface.

DISCUSSION

Results of the present study suggest that dimeric CFTR can be
detected both in a mammalian heterologous expression system
and in epithelial cells that endogenously express the protein.
As our previous studies showed that monomeric CFTR is fully
functional [13], the biological significance of CFTR dimerization
remains to be determined.

The present study has shown that dimeric CFTR is relatively
enriched in the plasma membrane. On the other hand, in total
cell lysates of mammalian cells, homodimers of CFTR represent
a relatively small proportion of the total cellular pool of this
protein. We estimate from an integration of the elution profile
in Figure 1 that homodimers of CFTR can be detected in only
7–8% of the total cellular pool of this protein. The remainder
of the immunoreactive protein migrated as monomeric protein
or in larger heteromeric complexes. The percentage of dimeric
protein enriched in purified plasma membrane preparations is
37%, suggesting that this structure is derived primarily from
the cell surface. Therefore these estimates suggest that dimeric
CFTR is a physiologically relevant structure and, further, provide
a plausible explanation for the relative lack of detectable dimeric
CFTR in previous biochemical studies of total cell lysates [12].

CFTR dimerization may facilitate its interaction with other
proteins localized at the cell surface. CFTR has been shown to
interact with other proteins to form macromolecular complexes in
the apical membrane of epithelial cells. For example, Wang et al.
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[23] showed that CFTR interacts with the PDZ-binding protein
CAP70 (CFTR-associated protein 70) in the apical surface of
airway epithelia. Recently, a functional complex comprised of the
β-adrenergic receptor EBP-50, and CFTR was characterized on
the surface of epithelial cells [24]. In the present study, we have
described a novel biochemical approach that permits isolation
and analysis of such macromolecular complexes and allows us to
determine the impact of the quaternary structure of CFTR on such
interactions.

We have described a method for solubilizing and isolating
CFTR-containing complexes from epithelial cells using the
detergent PFO. PFO is highly effective in extracting CFTR from
cellular membranes, yet it is less disruptive of higher order
complexes than SDS [20]. These detergent properties permit
the assessment of structures, namely the larger macromolecular
CFTR complexes that may not be as effectively solubilized in
milder detergents such as Nonidet P40, CHAPS or Triton X-100
[20], or alternatively may be disrupted by treatment with stronger
detergents such as SDS. Defining the molecular composition of
these larger complexes will be the focus of our future work.

Furthermore, the present study highlights the importance of
future assessment of the impact of heterodimerization between
wild-type and mutant versions of CFTR. Biochemical, physiolo-
gical and cellular studies of various CF-related mutations reveal
that certain disease-causing mutations can have an effect on the
molecular phenotype by various mechanisms, e.g. by affecting
processing and maturation, cell-surface stability and/or channel
function [25]. Our future studies will focus on examining the
effect of co-expressing wild-type CFTR and various mutants on
the relative biosynthesis, stability and channel function of both
proteins. Our finding that dimeric CFTR is primarily comprised
of mature protein predicts that dimerization may be rate-limiting
for maturation, or alternatively may occur in post-endoplasmic
reticulum compartments. In the former case, CFTR�508, a
mutant known to be misprocessed and retained in the endoplasmic
reticulum [26–29], would be expected to affect the expression of
wild-type protein after co-expression. However, Chen et al. [12]
showed that the processing and maturation of wild-type CFTR
to form band C was unaffected by co-expression with the major
mutant CFTR�508. These findings may favour our latter proposal
and prompt a detailed investigation of the subcellular site at which
dimerization occurs.
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