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The cystic fibrosis transmembrane conductance regulator
(CFTR) is a cAMP-regulated chloride channel. There is indirect
and conflicting evidence about whether CFTR exists in cell
membranes as monomers, dimers, or higher order oligomers.
We measured fluorescence intensities and photobleaching
dynamics of distinct fluorescent spots in cells expressing func-
tional CFTR-green fluorescent protein (GFP) chimeras. Inten-
sity analysis of GFP-labeled CFTR in live cells showed single-
component distributions with mean intensity equal to that of
purified monomeric GFP, indicating monomeric CFTR in cell
membranes. Fluorescent spots showed single-step photobleach-
ing, independently verifying that CFTR is monomeric. Results
did not depend on whether GFP was added to the CFTR N ter-
minus or fourth extracellular loop or on whether CFTR chloride
conductance was stimulated by cAMP agonists. Control meas-
urements with a CFTR chimera containing two GFPs showed
two-step photobleaching and a single-component intensity dis-
tribution with mean intensity twice that of monomeric GFP.
These results provide direct evidence for monomeric CFTR in
live cells.

The cystic fibrosis transmembrane conductance regulator
(CFTR)?is a member of the ATP-binding cassette protein fam-
ily that forms cAMP-regulated chloride channels (1). CFTR is
expressed in epithelial cells in the airways, pancreas, intestine,
and other tissues (2). Loss-of-function mutations in CFTR
cause the hereditary lethal disease cystic fibrosis, in which
chronic lung infection produces morbidity and mortality (1,
2). Excessive CFTR activity in the intestine in response to
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bacterial enterotoxins produces secretory diarrheas (3, 4).
There is considerable interest in CFTR structure and assem-
bly in cell membranes as CFTR is an important drug target
for therapy of cystic fibrosis, secretory diarrheas, and poly-
cystic kidney disease (3, 5-7).

The assembly state of CFTR has been controversial, with
indirect evidence reported for CFTR monomers, dimers, and
mixed monomers/dimers. Patch clamp analysis of con-
structs containing linked wild-type (WT) CFTRs or WT and
mutant CFTRs suggested that two CFTR polypeptides form a
single chloride conductance pathway (8). Conflicting data
from reconstituted membranes containing WT and mutant
CFTRs did not reveal intermediary conductance states, con-
sistent with independently functioning CFTR monomers (9).
Electron crystallography has indicated that CFTR is a mon-
omer with two conformations, likely the open and closed
channel states (10). These data are in accord with high res-
olution crystal structures of bacterial ATP-binding cassette-
type transporters showing unit cells containing two trans-
membrane-nucleotide binding domains (11). Biochemical
approaches including velocity-gradient centrifugation, co-
immunoprecipitation, gel filtration, and cross-linking have
generated conflicting data suggesting monomeric CFTR (9,
12), dimeric CFTR (13), and mixed monomeric/dimeric
CFTR (14, 15). Data supporting dimeric CFTR have also
come from patch clamp of CFTR in the presence of the PDZ
domain proteins CAP70 and EBP50 (16-18), from freeze-
fracture electron microscopy (19), and from atomic force
microscopy (20). However, the interpretation of many of
these studies is not clear-cut in distinguishing CFTR mono-
mers from dimers. Multistate single channel data are subject
to alternate interpretations, native CFTR quaternary struc-
ture may not be preserved during detergent solubilization or
crystallization, and similar CFTR dimensions were found but
interpreted differently in freeze-fracture electron micros-
copy (~9 nm, interpreted as dimeric CFTR (19)) and elec-
tron crystallography (~7 nm, interpreted as monomeric
CFTR (10)).

Here, we determined CFTR assembly state in intact mem-
branes of live cells using single molecule fluorescence imaging.
Single molecule fluorescence methods have been applied pre-
viously to determine the subunit composition of membrane
proteins (21), synaptic proteins (22), and bacterial flagellar pro-
teins (23). Intensity and photobleaching measurement on func-
tional CFTR-GFP chimeras provided direct evidence for exclu-
sively monomeric CFTR in live cell membranes.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfections—COS7 and CHO K1 cells
were cultured using standard methods in Dulbecco’s modified
Eagle’s medium H21 without phenol red, 10% fetal bovine
serum, 2 mM glutamine, non-essential amino acids, 100
units/ml penicillin, and 100 ug/ml streptomycin. Cells were
transfected using Lipofectamine™ 2000 (Invitrogen™™)
according to the manufacturer’s directions, and transfected
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FIGURE 1. Total internal reflection fluorescence imaging of purified monomeric GFP. A, representative
frames from an image sequence of GFP bleaching with individual GFP molecules highlighted by colored circles.
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Times shown are relative to the initial image. Data were acquired at 10 Hz using a 100-ms integration time (scale

bar, 2 um). B, histogram of averaged background-corrected, area-integrated fluorescence intensities of indi-
vidual GFP molecules. Resolvable fluorescent spots that remained fluorescent for at least 3 s prior to bleaching
were analyzed. C, gallery of photobleaching events showing one-step photobleaching of individual GFP mol-

ecules. Arrows correspond to GFP blinking events.

cells were passaged over 7—12 days to reduce CFTR expression.
Plasmid constructs expressing GFP fused to the N terminus of
wild-type CFTR (GFP-CFTR) and CFTR mutated to remove
the C-terminal PDZ-binding domain (GFP-CFTR-ATRL) have
been described (24, 25). A second N terminus GFP-CFTR con-
struct with a shorter 16-amino acid linker was also studied
(GFP;..-CFTR, provided by Dr. G. Lukacs). To label CFTR
with a GFP moiety at an alternative, extracellular site (CFTR-
GFP,,,), EcoRV and Kpnl sites were engineered into the fourth
extracellular loop of CFTR (between the CFTR glycosylation
sites), and the GFP coding sequence was ligated in-frame with
the CFTR sequence. To generate CFTR labeled with two GFP
moieties (CFTR-GFP2), a second GFP moiety was ligated into
Nhel sites engineered into the fourth extracellular loop of
CFTR labeled at the C terminus with a GFP (26). All constructs
were confirmed by sequence analysis. Hiss-tagged unconju-
gated GFP was purified by nickel affinity chromatography and
confirmed to be homogeneous by SDS-PAGE.

Microscopy and Image Analysis—Single molecule fluores-
cence imaging was performed by objective-type total internal
reflection fluorescence (TIRF) on a Nikon Eclipse TE2000E
microscope equipped with infrared autofocus, X100, 1.49
numerical aperture (NA) Apo TIRF objective, Nikon TIRF
attachment, Photometrics QuantEM 512SC CCD camera, and
Spectra-Physics Advantage 161C 10 milliwatt argon ion laser
(coupled to fiber optic via a quarter wave plate). Filters included
a Z488/10x excitation filter, Z488RDC dichroic mirror, and
ET525/50m emission filter (Chroma). All image sequences
were acquired at 10 frames per s using identical CCD settings in
the central region (~20 X 20 um) of the CCD chip. For imag-
ing, cells were grown on 18-mm diameter coverglasses,
mounted in a custom chamber with PBS containing 6 mm glu-
cose and 1.1 mMm sodium pyruvate, and maintained at 37 °C by a
Harvard Apparatus microincubator. Single molecules of puri-
fied monomeric GFP were imaged on coverglasses in PBS (pH
7.4). Semiautomated image analysis was done using algorithms
developed for the IDL platform (Research Systems, Inc. (26))
and in NIS Elements AR (Nikon).

CFTIR Hualide Transport Assay—Transport was assayed in
COS7 cells co-transfected with a CFTR-GFP construct and the
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experiments, forskolin was omitted
or CFTR inhibitor (CFTR;,,-172, 10
uM) was included. Control experi-
ments indicated that GFP fluores-
cence from the CFTR chimeras did not contribute significantly
to measured signal intensities.

RESULTS AND DISCUSSION

Our strategy to determine CFTR oligomeric state was to
image GFP-labeled CFTR chimeras in plasma membranes of
live cells in which the fluorescence associated with individ-
ual CFTR monomers/oligomers was seen as diffraction-lim-
ited spots. Dimeric CFTR would have twice the intensity of
monomeric CFTR and show two-step rather than one-step
photobleaching. The genetic attachment of GFP to CFTR
obviates nonspecific labeling as might occur with antibody
labeling and guarantees that each CFTR polypeptide is
labeled with one and only one fluorophore. We used TIRF
[Nlumination, which produces an exponentially decreasing
excitation field of ~150 nm at the interface between media of
high and low refractive indices (28). TIRF produces high
signal-to-noise ratios for single molecule imaging of plasma
membrane proteins.

Our system was validated using purified GFP monomers on
coverglasses that were visible by TIRF illumination as dis-
crete fluorescent spots (Fig. 14). Over time, each fluorescent
spot disappeared because of photobleaching. The back-
ground-corrected, area-integrated fluorescence intensities
of individual spots produced a unimodal distribution (Fig.
1B). Factors that contribute to the finite width of the inten-
sity distribution include Poisson noise, GFP blinking, and
illumination inhomogeneity (29, 30). To confirm that single
GFP molecules were being imaged, we measured the time
course of fluorescence intensity of individual fluorescent
spots. As expected for single fluorophores, one-step photo-
bleaching was observed in which the fluorescence intensity
was reduced to background within one image frame (Fig.
1C). Further, in some instances, GFP blinking was seen in
which signal intensity decreased briefly to background
before returning to original levels (Fig. 1C, arrows).

To determine CFTR oligomeric state in live cells, GFP-la-
beled CFTR constructs were expressed in cells lacking endoge-
nous CFTR, which could associate with the tagged CFTR and
confound data interpretation. We first studied a CFTR chimera
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FIGURE 2. Total internal reflection imaging of GFP-labeled CFTR in the plasma membrane of live cells.
A, N-terminal GFP-labeled CFTR constructs containing linkers of length 23 (top) and 16 (bottom) amino acids.
Representative frames from image sequences for each GFP-labeled CFTR chimera expressed in COS7 cells are
shown with individual fluorescent spots highlighted by colored circles. Data were acquired at 10 Hz using
100-ms integration times. N, N terminus; C, C terminus. B, histograms of area-integrated, background-cor-
rected fluorescent intensities of fluorescent spots in COS7 (left) and CHO K1 (right) cells expressing GFP-CFTR.
Inset, TIRF image of COS7 cell expressing a high level of GFP-CFTR (scale bar, 10 um). C, time course of fluores-
cence of individual spots for the 23- (top) and 16- (bottom) amino acid linker CFTR constructs in COS7 cells.
One-step photobleaching and blinking (arrows) verify imaging of individual fluorophores.
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FIGURE 3. Evidence for monomeric CFTR in live cells, independent of CFTR phosphorylation state and PDZ-
interactions. A, GFP-labeled CFTR chimeras with GFP in the fourth extracellular loop (CFTR-GFP,,, top left) and CFTR
labeled with two GFPs (CFTR-GFP2, bottom left). TIRF images of COS7 cell expressing high levels of CFTR-GFP, (top
right) and CFTR-GFP2 (bottom right) (scale bar, 10 um) are shown. N, N terminus; C, C terminus. B-D, histograms of
fluorescence intensities in COS7 cells expressing CFTR-GFP. (B, black), CFTR-GFP2 (B, gray), GFP-CFTR-ATRL (C), and
GFP-CFTR after forskolin stimulation (D). Insets show representative photobleaching of single spots. £, iodide trans-
port assay of indicated GFP-labeled CFTR constructs and non-transfected cells. Examples of single cell fluorescence
(shown with forskolin, left) and average iodine influx rates (right, mean = S.E.) are displayed.

23512 JOURNAL OF BIOLOGICAL CHEMISTRY

in which GFP was fused to the N ter-
minus of CFTR with a 23-amino
acid linker (GFP-CFTR, Fig. 24,
top). The GFP-CFTR chimera is
fully functional and processed like
native CFTR (24, 31).

TIRF imaging of cells expressing
high levels of GFP-CFTR revealed a
fluorescence pattern characteristic
of CFTR, a protein that is endocy-
tosed and recycled (32, 33), with
labeling of the plasma membrane
and subplasma membrane endo-
somes/exocytic vesicles (Fig. 2B,
inset, left). After passaging cells to
reduce GFP-CFTR expression, dis-
crete fluorescent spots were seen in
the plasma membrane of COS7 cells
(Fig. 24, top). As found for purified
monomer GFP, individual fluores-
cent spots in cells expressing GFP-
CFTR disappeared over time due to
photobleaching. The fluorescence
intensities of single spots showed
unimodal distributions (Fig. 2B) of
similar absolute intensity to that of
purified monomeric GFP (Fig. 1B).
One-step photobleaching con-
firmed monomeric GFP-CFTR in
COS7 cells (Fig. 2C, top, see also
supplemental movie 1). We also
studied a second chimera having a
shorter, 16-amino acid linker
between the N-terminal GFP and
CFTR moieties (GFP,4,,-CFTR). As
with GFP-CFTR, individual fluores-
cent spots were seen in the plasma
membrane of COS7 cells (Fig. 24,
bottom) of equal intensity to puri-
fied GFP (data not shown) that
showed one-step photobleaching
(Fig. 2C, bottom). We also expressed
GFP-CFTR in a different cell type
(CHO K1 cells). The fluorescence
intensity of individual spots was
similar in CHO K1 and COS?7 cells
(Fig. 2B), with all spots showing
one-step photobleaching (data not
shown). In no instance for either
construct or cell type was two-step
photobleaching seen.

To confirm that GFP fusion to the
CFTR N terminus does not prevent
CFTR oligomerization, we gener-
ated a chimera in which the GFP
moiety was inserted into the fourth
extracellular loop of CFTR (CFTR-
GFP,,,, Fig. 34, top left). This site

ext’
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was previously identified to be amenable to insertions (e.g. a
triplet hemagglutinin epitope tag) and does not interfere with
C-terminal PDZ interactions (26). TIRF imaging of CFTR-
GEFP,,, at high expression levels revealed a fluorescence pattern
similar to that of GFP-CFTR, indicating plasma membrane
trafficking (Fig. 3A, top right). As with N-terminal GFP fusions,
the fluorescence intensity associated with individual spots in
CFTR-GFP,_,-expressing cells showed a unimodal distribution
(Fig. 3B, black histogram) with single-step photobleaching (Fig.
3B, inset, black traces).

To verify that we could distinguish a putative CFTR dimer,
each CFTR was labeled with two GFP moieties (CFTR-GFP2,
Fig. 3A, bottom left). As anticipated, fluorescence of individual
spots in cells expressing CFTR-GFP2 was unimodal and
~2-fold greater than that of GFP-labeled CFTR chimeras con-
taining one GFP, and two-step photobleaching was observed
(Fig. 3B, gray histogram and trace).

Additionally, the fluorescence properties of GFP-CFTR lack-
ing its C-terminal PDZ-binding domain (GFP-CFTR-ATRL)
indicated a monomeric state (Fig. 3C). CFTR channels
remained in a monomeric state as well upon forskolin addition
(Fig. 3D).

Last, using an established fluorescence measurement
method (27), we verified that the CFTR chimeras containing
single GFP moieties were functional halide transporters. COS7
cells were co-transfected with halide-sensitive fluorescent pro-
tein EYFP-H148Q and each of the CFTR constructs. Cellular
fluorescence decreased by 20-30% in response to a 100 mm
iodide gradient in cells expressing GFP-CFTR (a chimera pre-
viously shown to have normal CFTR activity (24, 31)), GFP,4,,-
CFTR, and CFTR-GFP,,, (Fig. 3E). Fluorescence was not
reduced in non-transfected cells or without forskolin (Fig. 3E)
or in the presence of CFTR inhibitor (not shown).

Taken together, these studies provide compelling evidence
for monomeric CFTR in plasma membranes of live cells. As
such, a single CFTR polypeptide is sufficient for the conduct-
ance of chloride and bicarbonate ions. Neither CFTR activation
by protein kinase A nor PDZ domain deletion altered its oligo-
meric state. The novel use of complementary single-spot inten-
sity and photobleaching analysis provided clear-cut evidence
for exclusively monomeric CFTR in the cell systems studied
here. Whether CFTR could form dimers in some cell systems
and under some conditions seems unlikely but cannot be
proven definitively at this time.
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