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Abstract. Although the CFTR protein alone is suffi-
cient to generate a regulated chloride channel, it is
unknown how many of the polypeptides form the
channel. Using biochemical and functional assays, we
demonstrate that the CFTR polypeptide is a mono-
mer. CFTR sediments as a monomer in a linear,
continuous sucrose gradient. Cells co-expressing dif-
ferent epitope-tagged CFTR provide no evidence of
co-assembly in immunoprecipitation and nickel af-
finity binding experiments. Co-expressed wild-type
and AF508 CFTR are without influence on each
other in their ability to progress through the secretory
pathway, suggesting they do not associate in the en-
doplasmic reticulum. No hybrid conducting single
channels are seen in planar lipid bilayers with which
membrane vesicles from cells co-expressing similar
amounts of two different CFTR conduction species
have been fused.
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Introduction

Adenine nucleotide binding cassette (ABC) proteins
are products of a very large gene family, primarily
membrane proteins that mediate translocation of
solutes across lipid bilayers (Higgins, 1992). Each of
these transporter units contains two membrane-inte-
grated domains and two nucleotide-binding domains
either in a single polypeptide or two or four associ-
ating polypeptides (Doige & Ames, 1993; Higgins,
1992; Dean, Rzhetsky & Allikmets, 2001). In the
cases of the single large polypeptides their active
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oligomeric structures have generally not yet been
determined. The P-glycoprotein multidrug transpor-
ter has been most studied from this perspective
(Boscoboinik et al., 1990; Naito & Tsuruo, 1992;
Poruchynsky & Ling, 1994; Loo & Clarke, 1996;
Jette, Potier & Beliveau, 1997; Juvvadi et al., 1997;
Rosenberg et al., 1997; Taylor et al., 2001). Although
there is some evidence that it may form dimers (Bo-
scoboinik et al., 1990; Naito & Tsuruo, 1992; Poru-
chynsky & Ling, 1994; Jette et al., 1997; Juvvadi et al.,
1997) several recent studies, including low-resolution
3-D structure, indicate that it exists and functions as
a monomer (Loo & Clarke, 1996; Rosenberg et al.,
1997; Taylor et al., 2001). The only convincing ex-
ample of an oligomeric functional ABC protein is the
SUR1 subunit within the Katp channel (Aguilar-
Bryan et al., 1998). This channel is constituted by
four Kir6.2 inwardly rectifying potassium channel
polypeptides, each associated with one SURI, re-
sulting in an octamer (Clement et al., 1997; Inagaki,
Gonoi & Seino, 1997; Shyng & Nichols, 1997).
However, this assembly essentially reflects the typical
tetrameric structure of potassium channels (Mac-
Kinnon, 1991; Liman, Tytgat & Hess, 1992; Yang,
Jan & Jan, 1995; Corey et al., 1998); there is no evi-
dence of interactions between the four SURI sub-
units.

The CFTR polypeptide alone without additional
proteins is sufficient to generate a regulated low-
conductance chloride channel (Bear et al.,, 1992;
Ramjeesingh et al., 1997). However, it is unknown
how many CFTR polypeptides constitute the chan-
nel. As briefly outlined above, the bias from the ABC
protein perspective might point in the direction of a
monomer. In contrast, since nearly all known ion
channels are homo- or hetero-oligomers (Hille, 2001),
the possibility that CFTR may possess a quaternary
structure also has to be considered.

In an initial assessment of whether CFTR poly-
peptides self-associate, Marshall et al. (1994) co-ex-
pressed full-length and C-terminally-truncated forms
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of CFTR and immunoprecipitated with an antibody
that recognized an epitope at the extreme C-terminus
and hence absent from the truncated species. The
latter was not co-immunoprecipitated with the full-
length protein, implying that self-association did not
occur or was not maintained in the solubilizing de-
tergent. However, more recently-detected binding of
the CFTR C-terminus to multivalent PDZ-domain
proteins (Hall et al., 1998; Wang et al., 1998; Short
et al., 1998; Sun et al., 2000; Wang et al., 2000) could
not have occurred with the truncated form. Therefore
these original experiments could not have detected
possible associations mediated by PDZ-domain pro-
teins.

A second evaluation of CFTR quaternary
structure came from an estimation of the cross-sec-
tional area of freeze-fracture particles observed in
membranes of Xenopus oocytes expressing CFTR
(Eskandari et al., 1998). When compared with several
other integral membrane proteins with known num-
bers of bilayer-spanning helices, the CFTR particle
area corresponded more closely to 24 than 12 packed
helices and hence it was concluded the CFTR may be
dimeric in the membrane. There are several possible
caveats to this interpretation, including the unknown
helix packing arrangement and the possibility that all
membrane-spanning sequences contributing to the
particle area may not be from CFTR. In a third ap-
proach, the possibility that a homodimeric assembly
forms the CFTR chloride channel was tested by ex-
pression of concatemers of two wild-type sequences
or a wild type linked to an R-domain-deleted form
(Zerhusen et al., 1999). Intermediate regulatory
properties of the latter were interpreted as evidence of
a chimeric channel formed by one wild-type and one
mutant polypeptide. These regulatory properties were
not very precisely defined, however, and there was no
compelling evidence that the pore was formed by
contributions from the two different CFTR se-
quences.

The issue of mediated rather than direct inter-
actions between two CFTR polypeptides was raised
by the finding that CFTR, like several other mem-
brane receptors, transporters and channels (Fanning
& Anderson, 1999; Garner, Nash & Huganir, 2000;
Sheng & Sala, 2001) bound via its C-terminus to
proteins containing multiple PDZ-domains (Hall
et al., 1998; Short et al., 1998; Wang et al., 1998; Sun
et al., 2000; Wang et al., 2000). Although physical
complexes of more than one CFTR protein together
with a PDZ-domain protein such as EBP-50 (ezrin
binding protein 50) have not been directly demon-
strated, stoichiometric titrations with bivalent forms
of EBP-50 (Raghuram, Mak & Foskett, 2001) or
another PDZ-domain protein, CAP70 (CFTR-asso-
ciated protein 70 or PDZK1, (Kocher et al., 1999;
Wang et al., 2000), were reported to increase the open
probability of CFTR in membrane patches. These
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experiments have been interpreted as indicating that
promotion of dimer formation increases channel ac-
tivity.

Most recently Ramjeesingh et al. (2001) detected
forms of CFTR of approximately monomeric and
dimeric sizes in electrophoretic gels and gel filtration
columns under partially dissociating conditions. In
their experiments, the two forms did not exhibit sig-
nificantly different protein kinase A-stimulated chlo-
ride flux, single-channel or ATPase activities and the
significance of the larger species interpreted as con-
taining two CFTR polypeptides was not elaborated
upon.

We have now evaluated CFTR quaternary
structure from endogenously and heterologously ex-
pressing cells by both biochemical and functional
means and find no evidence of self-association of
individual CFTR polypeptides to form homo-oligo-
meric structures.

Materials and Methods

Tissue CULTURE

BHK-21 (baby hamster kidney) cells were cultured as previously
described (Loo et al., 1998). HEK293 cells were grown in DMEM
(GIBCO-BRL) supplemented with 10% FBS, 1 mm glutamine,
MEM nonessential amino acids, 1| mm sodium pyruvate, and 1%
penicillin-streptomycin. Calu3 cells were grown in MEM (GIBCO-
BRL), 10% FBS, 1 mMm glutamine, 1 mm sodium pyruvate, and 1%
penicillin-streptomycin. Clonal BHK-21 cells stably expressing wild
type or AF508 C-terminally-tagged with HSV were generated by
transfection by calcium phosphate (Sambrook & Russell, 2001),
followed by growth and selection in DMEM-F12, 5% FBS, 1%
penicillin-streptomycin, and 500 pM methotrexate. For transient
transfection, cells at 70% confluence were transfected by calcium
phosphate and harvested 48 hr post-transfection. All cells were
grown at 37°C in 5% CO,.

VELOCITY GRADIENT CENTRIFUGATION

Microsomal membranes from Calu3 and BHK cells stably ex-
pressing CFTR were isolated according to published protocols
(Aleksandrov & Riordan, 1998). Membranes were solubilized in
1 ml of 0.09% NP-40, 0.2% Triton X-100, or RIPA (1% Triton X-
100, 1% deoxycholic acid, and 0.1% SDS) in 150 mm NaCl and 50
mwm Tris, pH 7.4 and layered on top of an 11-ml linear, continuous
10-36% sucrose gradient containing the respective detergent buffer.
The sucrose gradient was formed by a gradient former (BioRad)
and layered from the bottom to the top with a peristaltic pump
(Buchler Instruments). Following centrifugation at 260,000 x g for
12 hr in an SW41Ti swing-out rotor (Beckman), twentyfour 500-pul
fractions were collected from the top. Odd-numbered fractions
were diluted with equal volume of RIPA buffer and immunopre-
cipitated with the CFTR monoclonal antibody M3A7 (1:250)
(Kartner & Riordan, 1998) followed by protein G agarose beads
(GIBCO-BRL), and blotted with the rabbit antibody 155 (1:1250).
Molecular-weight markers IgM (950 kDa), thyroglobulin (660
kDa), urease (trimer, 272 kDa), catalase (240 kDa), and alkaline
phosphatase (90 kDa) were diluted in 1 ml of 0.09% NP-40, 0.2%
Triton X-100, or RIPA detergent buffer and sedimented as de-
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scribed above. Peak migration of each species was determined by
Coomassie staining of all fractions. The sucrose content of each
fraction following centrifugation was measured by a handheld 0° to
10° Brix refractometer (Fisher) after a 1:3 sample dilution.

IN VITRO MUTAGENESIS

The Flag M2 and HSV epitopes were introduced to either the C or
N terminus of CFTR by PCR using primers encoding DY-
KDDDDK and QPELAPEDPED, respectively (single-letter amino
acid) and cloned into full-length CFTR in pcDNA3 (Invitrogen)
and pNUT vectors. To facilitate cloning, a Notl site was intro-
duced immediately following the STOP codon for the C-terminal
tags; a Kpnl site was placed upstream of the Kozak sequence for
the N-terminal tags. PCR primers for generating C-terminal M2
and HSV epitopes were 5-GAA GAG ATG CAA GAT ACA
AGG CTT GAC TAC AAG GAT GAC GAT GAC AAG TAG
CGG CCG CAT-3 and 5-GAA GAG ATG CAA GAT ACA
AGG CTT CAG CCT GAA CTC GCT CCA GAG GAT CCG
GAA GAT TAG CGG CCG CAT-3, respectively. PCR primers
for generating N-terminal M2 and HSV epitopes (inserted between
residues 1 and 2 of CFTR) were 5-CTT GGT ACC CGA GAG
ACC ATG GAC TAC AAG GAT GAC GAT GAC AAG CAG
AGG TCG CCT CTG GAA AAGG-3 and 5-CTT GGT ACC
CGA GAG ACC ATG CAG CCT GAA CTC GCT CCA GAG
GAT CCG GAA GAT CAG AGG TCG CCT CTG GAA
AAGG-3', respectively. The AF508 mutation was cloned from
pNUT-AF508 into C-terminally tagged CFTR by swapping the
AfllI-Hpal fragments. Missense mutations S341A and R347D were
generated by site-directed mutagenesis (Stratagene) and cloned into
CFTR-M2 by replacing the Aflll-Hpal fragment, and into M2-
CFTR by replacing the Xbal-Hpal fragment. The AfllI-Hpal
fragment containing TT338,339AA mutations (Linsdell et al.,
1997) was substituted into CFTR-HSV in pcDNA3. The cloning
description of the HA-tagged EPP-50 can be obtained from Chen
and Riordan. Cloning was verified by restriction-enzyme digestion
and sequencing by the Mayo Molecular Biology Core Facility.

IMMUNOPRECIPITATION AND NICKEL-AFFINITY
BINDING

Cells transiently co-expressing M2- and HSV-tagged CFTR at ei-
ther the C or N terminus were harvested with lysis buffer consisting
of (in mm): 150 NaCl, 50 Tris, 10 NaMoOQy, and 0.09% NP-40, pH
7.4 supplemented with protease inhibitors E64 (3.5 pg/ml), benz-
amidine (157 pg/ml), aprotinin (2 pg/ml), leupeptin (1 pg/ml), and
Pefabloc (480 pg/ml). Post-nuclear supernatant was immunopre-
cipitated with either M3A7 (1:250), anti-M2 (1:100, stock antise-
rum diluted with glycerol to 2 mg/ml, Sigma), anti-HSV (1:250 for
C-terminal CFTR-HSV or 1:125 for N-terminal HSV-CFTR,
Novagen), or the irrelevant anti-c-myc antibody 9E10 (1:250)
overnight followed by 30 pl of packed protein G agarose beads for
2 hr at 4°C. Immune complexes were washed extensively with lysis
buffer and eluted from protein G agarose beads with electropho-
resis sample buffer. Immune precipitates were separated by SDS-
PAGE and blotted with M3A7 (1:2500), anti-M2 (1:1000), anti-
HSV (1:5000), or the anti-calnexin antibody K-9 (1:1000, kind gift
from Dr. David Williams). BHK cells transiently co-expressing
M2-CFTR, HSV-CFTR, and HA-EBP-50 were lysed in 0.09% NP-
40 and analyzed as described above. EBP-50 signals were detected
by Western blotting with 3F10 (1:2500). Immunoprecipitation ex-
periments were also performed with other buffers containing 150
m™m NaCl, 50 mm Tris, pH 7.4 and one of the following detergents:
1% n-octyl-B-p-glucopyranoside (OG, Calbiochem), 1% n-dodecyl-
B-p-maltoside (DDM, Calbiochem), 0.1% C,Eg (Calbiochem),
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0.2% CE¢ (Calbiochem), 0.2% Triton X-100, 1% digitonin, 1.5%
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), 0.2% lauryldimethyladmine oxide (LDAO, Calbio-
chem), and 0.15% zwittergent 3—-14 (Calbiochem).

BHK cells stably expressing C-terminal polyhistidine-tagged
CFTR were transiently transfected with either CFTR-M2 or
CFTR-HSV and solubilized in lysis buffer consisting of 150 mm
NacCl, 50 mm Tris, 25 mMm imidazole, 0.09% NP-40, pH 8.0 and
protease inhibitors. Post-nuclear supernatant was either immune-
precipitated with anti-M2 (1:100) or anti-HSV (1:250) followed by
protein G agarose, or incubated with 30 pl packed Ni-NTA agarose
beads (Qiagen) for 4 hr at 4°C. Ni-NTA beads were washed 6 times
with solubilization buffer and eluted with lysis buffer containing
500 mm imidazole, pH 7.2 for 2 hr at 4°C. Residual proteins on Ni-
NTA beads were washed off with electrophoresis sample buffer.

CELL SURFACE LABELING

BHK cells stably expressing CFTR-HSV were transfected with
AF508-M2 and grown for 2 days at 37°C. Cells were incubated with
1 mg/ml EZ-link sulfo-NHS-LC-biotin (Pierce) in PBS, pH 8.0
supplemented with 0.1 mm CaCl, and 1.0 mm MgCl, for 30 min at
4°C. The reaction was quenched with glycine, BSA, and NH4Cl for
30 min at 4°C. Cells were rinsed 6 times with PBS and lysed in
0.09% NP-40 buffer with protease inhibitors. Equal volume of post-
nuclear supernatant was immunoprecipitated with either anti-M2
(1:100) or anti-HSV (1:250) followed by protein G agarose beads,
or incubated with 50 pl packed immobilized streptavidin beads
(Pierce) overnight. Bound complexes were eluted with electropho-
resis sample buffer, fractionated by SDS-PAGE, and blotted with
anti-M2 (1:1000) or anti-HSV (1:5000).

SINGLE-CHANNEL MEASUREMENTS IN PLANAR
Lirip BILAYERS

Single-channel recordings in planar lipid bilayers were performed
according to published protocols (Gunderson & Kopito, 1995;
Aleksandrov & Riordan, 1998). Briefly, microsomes from BHK-21
cells transiently expressing CFTR were pelleted and phosphory-
lated with 100 units/ml PKA (Promega) and 2 mm Na,ATP (Sig-
ma) at room temperature for 30 min in 10 mm HEPES, 5 mwm
MgCl,, and 250 mm sucrose, pH 7.2. Membranes were added to the
cis compartment of a Teflon cup separating the cis and trans
compartments by a 0.2-mm aperture. Single channels were observed
after the fusion of vesicles with a planar lipid bilayer consist-
ing of 2:1 (wtiwt) I-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
ethanolamine: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine
(Avanti Polar Lipids) in n-decane painted onto the aperture.
Channel measurements were made at 30°C in symmetric solutions
containing (in mm): 300 Tris-HCI, 6 MgCl,, and 1 EGTA, pH 7.2.
To maximize channel openings, 5 mM Na,ATP and 67 u/ml PKA
were added to the cis compartment. Voltage potential is the dif-
ference between cis and trans (ground) compartments. Current
measurements were performed under voltage-clamp conditions and
filtered with an 8-pole Bessel low-pass filter with a corner frequency
of 50 Hz and digitized at 500 Hz. pCLAMP 6.0 (Axon Instruments)
and Origin 4.1 (Microcal) softwares were used for data analysis and
fitting current-amplitude histograms.

To obtain approximately equal expression of different epitope-
tagged CFTR-conduction variants, BHK cells were transiently
cotransfected with cDNA in the following ratios: 6:1, S341A-
M2:WT-HSV;7:5,R347D-M2:WT-HSV;1:1,S341A-M2:TT338,
339AA-HSV;3:11,R347D-M2:TT338,339AA-HSV;6:1,M2-S341A:
HSV-WT; and 1:1,M2-R347D:HSV-WT. To determine the relative
expression of each conduction species, equal volume of membrane
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was solubilized in electrophoresis sample buffer and blotted with
either anti-M2 or anti-HSV. To determine relative expression of
each species, anti-HSV and anti-M2 signal intensities were nor-
malized to M3A7 signal intensities for each conjugated CFTR
species. The normalizing factor of anti-M2:anti-HSV for C-termi-
nally-tagged CFTR was 0.33 obtained from the ratio CFTR-
M2404i-m2/ CFTR-M2y1347#CFTR-HSV 347/ CFTR-HS Vi sy
with respective values (in OD-mm) 0.98, 0.34, 0.28, and 2.48.
Similarly, for N-terminally-tagged CFTR, the normalizing factor
of anti-M2:anti-HSV was 1.36, obtained from the ratio M2-
CFTR14i-Mm2/M2-CFTR \347%*HSV-CFTR\347/HSV-CFTR ;.
Hsv, With respective values (in OD -mm) 2.10, 1.96, 1.19, and 0.94.
Gel scanning and image analysis were performed with Quantity
One (PDI).

Results

VELOCITY-GRADIENT CENTRIFUGATION
OF DETERGENT-SOLUBILIZED CFTR

As one means of estimating the molecule’s size and
thereby its oligomeric state, the protein solubilized
from membranes of BHK cells in which it was
heterologously expressed (Loo et al., 1998), was sub-
jected to velocity sedimentation in linear, continuous
sucrose gradients. Mild conditions were employed to
minimize disruption of protein-protein interactions.
The non-ionic NP-40 at a low concentration was
previously found to be suitable for this purpose, as it
maintained the delicate association between nascent
CFTR and the molecular chaperone, Hsp90 (Loo
et al., 1998). Under these conditions, mature CFTR
migrated as a sharp peak in 3 of 12 fractions exam-
ined (Fig. 14, left panel). The center of this peak at
fraction 6 corresponds to an M, of approximately 130
kDa relative to the migration of standards (Fig. 1C,
left panel). When another non-ionic detergent was
employed at a relatively low concentration (0.2%
Triton X-100), there was migration to a slightly
higher sucrose density corresponding to an M, in the
200 kDa range, possibly reflecting the binding of
more of this detergent. Significantly, however, mi-
gration was not substantially altered under the much
stronger dissociating conditions of RIPA buffer (Fig.
14, right panel) and 1% SDS (data not shown). From
the size estimates obtained by interpolation from the
standard curves, these observations indicate that the
bulk of CFTR in the BHK cell membranes is
monomeric. It is abundantly clear from these blots
and even at much longer exposures that no larger
species representing oligomers or aggregates are de-
tected at higher fraction numbers. This is also true
when CFTR was heterologously co-expressed with
EBP-50 (data not shown).

Although the reports interpreting CFTR as di-
meric also employed heterologous expression systems
(Eskandari et al., 1998; Zerhusen et al., 1999; Wang
et al., 2000), it is possible that conditions or factors
required for self-association were not ideal in BHK
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cells. Therefore the same types of experiment were
performed employing membranes from Calu-3 epi-
thelial cells in which CFTR is endogenously ex-
pressed and functions as a secretory chloride channel
(Haws et al., 1994; Shen et al., 1994). Figure 1B
shows that the sedimentation is nearly identical under
all three solubilizing conditions as it was in the case of
the recombinant protein. Hence, even in the assumed
native state where all requirements of normal CFTR
function are fulfilled, including the presence of such
things as PDZ-domain proteins that might tether C-
termini of two CFTRs together, the bulk species
present would appear to be a monomer.

The observations do not exclude the possibility
that multiple CFTR glycoproteins might assemble by
interactions that are disrupted even by mild solubi-
lizing conditions. In that case, such interactions
might be expected to be captured by chemical cross-
linking and this approach is addressed in a separate
study (Chen and Riordan, unpublished data).

Co-EXPRESSION OF DIFFERENTIALLY
EritoPE-TAGGED CFTR SPECIES

Our initial co-immunoprecipitation experiments were
conceptually analogous to those of Marshall et al.
(1994) in that the co-expressed species had different
C-termini. In their case, a segment of the C-terminus
was simply absent from one of the species, whereas
we attached different epitope tags to the C-terminus
of full-length CFTR. This modification did not alter
either the processing or function of the molecule.
Both of these strategies, however, preclude the asso-
ciation of the two CFTRs by a bivalent PDZ-domain
protein and perhaps not surprisingly, no association
was detected. This is apparent from the immuno-
precipitation experiment depicted in Fig. 2. When
expressed separately, the M2- and HSV-tagged spe-
cies were detected only by the antibody recognizing
its epitope (Fig. 24) and this remained true when the
two were co-expressed (Fig. 2B). This finding dem-
onstrates the lack of strong interactions between
parts of the protein other than the C-terminus. As an
internal test for a co-immunoprecipitation, calnexin,
an ER-membrane chaperone that binds nascent
CFTR molecules (Pind, Riordan & Williams, 1994) is
detected in these immunoprecipitates at ratios ap-
proximating that of immunoprecipitated CFTR (Fig.
2B, compare M3A7 and anti-CNX blots). This was
further confirmed by the finding that neither of the C-
terminally epitope-tagged species were present in the
Ni-NTA-bound fraction together with a polyhisti-
dine-tailed CFTR when they were co-expressed with
it (Fig. 20).

To determine if associations might occur when
the C-termini were free to participate, similar exper-
iments were performed but with the epitopes fused at
the N-termini rather than the C-termini (Fig. 2D).
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Fig. 1. CFTR sediments as a monomer in 10-36% linear, contin-
uous sucrose gradients. Microsomal membranes from (4) BHK
cells heterologously expressing CFTR and from (B) Calu3 cells
endogenously expressing CFTR were solubilized in 1 ml of 0.09%
NP-40, 0.2% Triton X-100, or RIPA (0.7 to 1.0 mg/ml protein) and
layered on top of an 11-ml linear, continuous 10-36% sucrose
gradient containing the respective detergent buffer. Following
centrifugation at 260,000 x g for 12 hr, twentyfour 500-ul fractions
were collected from the top. CFTR in odd-numbered fractions was

However, as shown in Fig. 2F, the two species dif-
ferentially tagged at the N-termini did not co-im-
munoprecipitate either. This was also seen when the
two N-terminally tagged species were co-expressed
with EBP-50 (Fig. 2F). Despite possessing a strong in
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immunoprecipitated with M3A7 (1:250) and blotted with antibody
155 (1:1250). Following centrifugation, the linearity of the sucrose
gradient was confirmed by quantifying sucrose content by refrac-
tion. In all conditions, CFTR sediments between fractions 5-9. (C)
Standard curve derived from the sedimentation of molecular
weight standards in 10-36% linear, continuous sucrose gradient
containing 0.09% NP-40, 0.2% Triton X-100, or RIPA: IgM (950
kDa), thyroglobulin (660 kDa), urease (trimer, 272 kDa), catalase
(240 kDa), and alkaline phosphatase (90 kDa).

vitro binding interaction, an association between
CFTR and the PDZ-domain protein was detected
only when excess amounts of immunoprecipitat-
ing antibodies were used, indicating that their asso-
ciation may be compartmentalized or dynamically
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Fig. 2. No detectable association between different epitope-tagged
CFTR species by immunoprecipitation and nickel affinity binding.
(A4) Lysates of BHK cells expressing wild-type and C-terminally M2
and HSV epitope-tagged CFTR (CFTR, CFTR-M2, and CFTR-
HSV, respectively). Cell lysates (45 pg per lane) were blotted with
M3A7 (1:2500), anti-M2 (1:1000), or anti-HSV (1:5000). The tagged
constructs are recognized specifically by their corresponding anti-
body. (B) BHK cells transiently co-expressing CFTR-M2 and
CFTR-HSV were solubilized in 0.09% NP-40 and immunoprecipi-
tated with M3A7 (1:250), anti-M2 (1:100), anti-HSV (1:250), or the
irrelevant antibody 9E10 (1:250). No co-immunoprecipitation of

CFTR-M2 and CFTR-HSV is seen (lane 3, anti-M2 blot and lane 2,
anti-HSV blot). As an internal control for a co-immunoprecipita-
tion, calnexin is detected in these immunoprecipitates. (C) BHK cells
stably expressing polyhistidine-tagged CFTR were transiently
transfected with CFTR-M2 or CFTR-HSYV and solubilized in 0.09%
NP-40. Postnuclear supernatant was either immunoprecipitated with
anti-M2 (1:100) or anti-HSV (1:250), or incubated with Ni-NTA
agarose beads. Bound CFTR was eluted with 500 mm imidazole.
Residual CFTR was washed off with sample buffer. No detectable
association between CFTR-M2 and CFTR-HSV with polyhistidine-
tagged CFTR is evident (lane 2, anti-M2 and anti-HSV blots).
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Fig. 2. (Continued). (D) Lysates of BHK cells expressing wild-type
and N-terminally M2 and HSV epitope-tagged CFTR (CFTR, M2-
CFTR, and HSV-CFTR, respectively). Cell lysates (45 pg per lane)
were blotted with M3A7 (1:2500), anti-M2 (1:1000), or anti-HSV
(1:5000). The tagged constructs are recognized specifically by their
corresponding antibody. (F) BHK cells transiently co-expressing
M2-CFTR and HSV-CFTR were lysed in 0.09% NP-40 and im-
munoprecipitated with M3A7 (1:250), anti-M2 (1:100), anti-HSV
(1:125), or the irrelevant antibody 9E10 (1:250). No co-immuno-
precipitation of M2-CFTR and HSV-CFTR is seen (lane 3, anti-
M2 blot and lane 2, anti-HSV blot). (F) M2-CFTR and HSV-
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CFTR co-expressed with HA-tagged EBP-50 in BHK cells were
lysed in 0.09% NP-40 and immunoprecipitated with M3A7 (1:250),
anti-M2 (1:100), and anti-HSV (1:100). Immunoprecipitates were
blotted with anti-M2 (1:1000), anti-HSV (1:5000), and 3F10
(1:2500). Lane / of the 3F10 blot contains 10 pg of cell lysate. To
demonstrate an association between CFTR and EBP-50, BHK cells
co-expressing CFTR and EBP-50 C-terminally tagged with c-myc
were lysed in 0.09% NP-40 and immunoprecipitated with M3A7
(1:67) and 9E10 (1:67). EBP-50 signal was detected by Western
blotting with 9E10 (1:2500). The M3A7 immunoprecipitates were
loaded at eight times the volume of 9E10 immunoprecipitates.
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regulated (Fig. 2F). This may account for an
undetectable amount of PDZ-mediated associating
CFTR molecules, as had also been reported by Wang et
al. (2000). Hence, as in the velocity gradient sedimen-
tation experiments, individual CFTR polypeptides
solubilized from membranes in mild detergent show no
propensity to associate with each other.

The lack of association between the two immu-
nologically-different CFTR species was also evi-
dent in other experimental conditions (data not shown),
including co-expression in HEK?293 cells, complete
immunoprecipitation of CFTR using excess amounts
of anti-M2 and anti-HSV antibodies, and solubiliza-
tion of CFTR in other mild nonionic and zwitterionic
detergent buffers including 0.1% C,Eg, 0.2% CEs,
0.2% Triton X-100, 1% OG, 1% DDM, 1% digitonin,
0.15% zwittergent 3-14, 0.2% LDAO, and 1.5%
CHAPS. To test the possibility that CFTR may asso-
ciate to form transient complexes when activated
(Wang et al., 2000; Schillers et al., 2001), we treated

AF-M2 +
WT-HSV —

Anti-HSV blot
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Fig. 3. Co-exressed epitope-tagged wild-type
and AF508 CFTR do not co-assemble or influ-
ence each other’s maturation (4) Parental BHK
cells and BHK cells stably expressing WT-HSV
were transiently transfected with AF508-M2 and
grown for 48 hours at 37°C. Cells were lysed in
0.09% NP-40 and immunoprecipitated with
anti-M2 (1:100) and anti-HSV (1:250). AF508-
M2 does not acquire complex glycosylation in
the presence or absence of wild-type CFTR
(lanes 7 and 2, 155 blot). In addition, AF508-M2
and WT-HSV do not co-immunoprecipitate
(lane 3, anti-M2 blot and lane 2, anti-HSV blot).
(B) Cells co-expressing AF508-M2 and WT-
HSV as in (4) were surface-biotinylated and
lysed in 0.09% NP-40. Postnuclear supernatant
was either immunoprecipitated with anti-M2
(1:100) or anti-HSV (1:250), or incubated with
immobilized streptavidin beads. Whereas the
mature WT-HSV is surface-labeled (lane 2, anti-
HSV blot), neither AF508-M2 nor immature
WT-HSV are labeled (lane 2, anti-M2 blot and
lane 2, anti-HSV blot). (C) BHK cells stably
expressing AF508-HSV were lysed in 0.09% NP-
40 and immunoprecipitated with anti-HSV
(1:250). AF508-HSV is core-glycosylated (lane
1) with an additional smaller CFTR species due
either to an alternative translation initiation site
or a proteolytic cleavage of a small N-terminal
fragment. AF508-HSV-expressing cells were
transiently transfected with WT-M2 and grown
for two days at 37°C. Cells were solubilized in
0.09% NP-40 and immunoprecipitated with
anti-HSV (1:250) or anti-M2 (1:100). Neither
the retention of WT-M2, as evident by the
normal ratio of mature and immature CFTR
signal intensities (lane 3), nor maturation of
AF508-HSV (lane 2) are seen.
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BHK cells co-expressing C- or N-terminally-tagged
CFTR with forskolin prior to solubilization; no asso-
ciation was evident by immunoprecipitation following
CFTR stimulation (data not shown).

Co-ASSEMBLY OF WILD-TYPE AND AF508 CFTR
IS NOT DETECTED

CFTR is a glycoprotein that is biosynthetically pro-
cessed through the secretory pathway. At the endo-
plasmic reticulum (ER), CFTR is core-glycosylated
at two asparagine residues in the fourth extracellular
loop (Chang et al., 1994; Cheng et al., 1990; Gregory
et al., 1990; Himmerle et al., 2000). Following con-
formational maturation at the ER (Lukacs et al.,
1994), CFTR is transported to the Golgi apparatus
where its oligosaccharide chains undergo mannose
trimming and complex glycosylation. These different
glycosylation states provide facile assessment of the
state of CFTR processing and trafficking by western
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blotting (Fig. 3). The biosynthesis of CFTR at the ER
is stringently regulated as ~20-30% of newly syn-
thesized wild-type CFTR proteins acquire a mature
conformation (Lukacs et al., 1994). Since subunit
assembly at the ER is a component in the biosyn-
thetic maturation of oligomeric proteins (Hurtley &
Helenius, 1989; von Heijne, 1997), we assayed for
CFTR structure by co-expressing two CFTR mole-
cules with different maturation capabilities. In a re-
port indicating that P-gp oligomerizes, its assembly
occurred at the ER (Poruchynsky & Ling, 1994).

We monitored the biosynthetic processing of
wild-type and the CF mutant AF508 CFTR in co-
expression studies to test for possible CFTR assembly
at the ER. Virtually all AF508 proteins are retained at
the ER where it is cotranslationally poly-ubiquiti-
nated and degraded (Jensen et al., 1995; Ward, Om-
ura & Kopito, 1995; Sato, Ward & Kopito, 1998). If
CFTR were oligomeric, wild-type CFTR might
“rescue” the AF508 protein to the cell surface by
assembly at the ER; equally likely, CFTR oligomers
containing AF508 and wild-type CFTR might be re-
tained at the ER. Wild-type and AF508 molecules
were epitope-tagged at their C termini to differentiate
each species. To study whether wild-type CFTR can
promote AF508 expression at the plasma membrane,
BHK cells stably expressing WT-HSV were tran-
siently transfected with AF508-M2 and grown for two
days at 37°C prior to solubilization and immuno-
precipitation with anti-M2 and anti-HSV antibodies.
When co-expressed with WT-HSV, AF508-M2 did
not acquire complex glycosylation or associate with
WT-HSV by immunoprecipitation (Fig. 34). Ad-
dressing the possibility that AF508 can reach the
plasma membrane in the absence of complex gly-
cosylation, surface biotinylation on cells co-express-
ing WT-HSV and AF508-M2 labeled the mature form
of wild type, but not AF508 (Fig. 3B). As an internal
control, the immature ER-resident form of WT-HSV
was not biotinylated. To assess the influence of
AF508 on the biosynthesis of wild-type CFTR, WT-
M2 was transiently expressed in BHK cells stably
expressing AF508-HSV for two days at 37°C. Neither
the retention of the wild-type protein, as evident by
the normal ratio of complex and core-glycosylated
CFTR band intensities, nor the acquisition of com-
plex glycosylation by AF508 were seen (Fig. 3C).
While the possibility that wild-type and AF508 CFTR
nascent chains associate in the ER is not excluded by
these observations, they do show that if this does
occur it is without influence on the ability of either to
progress through the secretory pathway.

Co-ExPrEsSION OF CFTR VARIANTS
WITH DIFFERENT UNITARY CONDUCTANCES

The sixth transmembrane helix of CFTR has a pro-
found influence on chloride conductance (Dawson,
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Smith & Mansoura, 1999). Mutations S341A and
R347D (single-letter amino acid) dramatically lower
chloride conductance (Tabcharani et al., 1993; Mc-
Donough et al., 1994) while the double mutation
TT338, 339AA enhances chloride conduction (Lins-
dell et al.,, 1997). Because most oligomeric pore-
forming proteins organize their subunits around the
pore (Song et al., 1996; Chang et al., 1998; Doyle et
al., 1998; Koronakis et al., 2000), we tested whether
CFTR is monomeric or oligomeric by analyzing the
population of channel conductances from cells co-
expressing two conduction variants. An oligomeric
channel comprised of different subunits each with a
different channel conductance should exhibit a hybrid
conductance that is intermediate to those of the two
constituents (Cooper, Couturier & Ballivet, 1991). In
contrast, two co-existing monomers should simply
reveal two discrete conductance populations.

To monitor the expression of each species in co-
expression experiments, we coupled the M2 and HSV
epitopes to either the C or N terminus of CFTR.
These epitope tags have negligible effects on CFTR
conductance as all channels displayed slight outward
rectification measuring ~14 pS and ~10 pS at nega-
tive and positive potentials, respectively (Fig. 44, 4B,
5A, and 5B). In these bilayer experiments only those
CFTR channels whose NBDs face the cis compart-
ment containing MgATP are active. Thus, positive
currents are outwardly directed currents. Although
we did not extensively characterize the single-channel
kinetics of these epitope-tagged CFTR proteins, they
were indistinguishable from unmodified CFTR
channels (Aleksandrov & Riordan, 1998). From 3-
minute continuous single-channel recordings with 5
mM MgATP at 30°C, mean open and closed times
were: 7, = 176 msec 17, = 174 msec with the N-
terminal M2 epitope and 7, = 177 msec, 7. = 160
msec with the HSV epitope. This is different from the
report by Chan et al. (2000) whose M2-tagged CFTR
channels possessed a slower opening rate and lower
open channel probability. Factors contributing to
these differences may include different experimental
conditions (for example a temperature of 30°C in our
experiments versus 21-23°C in theirs) and the sub-
stitution of the residue immediately following the M2
epitope (second residue of wild-type CFTR) from
glutamine to leucine by Chan et al. Also our mea-
surements were made in planar lipid bilayers where
conditions are not identical to those in Xenopus oo-
cyte membranes where theirs were made.

To the C-terminal ends of CFTR, we attached the
M2 epitope to S341A and R347D and the HSV epitope
to wild type and TT338, 339AA (S341A-M2, R347D-
M2, WT-HSV, and TT338, 339AA-HSV, respective-
ly). Single-channel chord conductances for S341A-
M2, R347D-M2, WT-HSV, and TT338, 339AA-HSV
at —100 mV were (in pS): 2.2, 5.1, 14.3, and 15.6, re-
spectively (Figs. 4C and 4D). The relative conductance
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Fig. 4. No detectable hybrid conducting channel from microsomal
vesicles containing two C-terminally-tagged CFTR pore variants.
Single-channel measurements of microsomes from BHK cells
transiently expressing CFTR are described in Materials and
Methods. CFTR-containing membranes were phosphorylated with
the catalytic subunit of PKA. All channel measurements were
performed under voltage-clamp conditions at 30°C in symmetric
buffer containing (in mm): 300 Tris-HCI, 6 MgCl,, 1 EGTA, pH
7.2; 5 mm Na,ATP and 67 u/ml PKA were added to the cis com-
partment to maximize channel activity. Current is measured with
the trans compartment grounded. (4) Amplitude histograms and
single-channel recordings of unmodified and C-terminally M2- and
HSV-tagged CFTR (WT, WT-M2, and WT-HSV, respectively). All
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channels display similar single-channel kinetics and open-channel
probabilities. CFTR channels possess a conductance of ~ 14pS at
—100 mV. (B) Single-channel current-voltage relationships of WT,
WT-M2, WT-HSV. All channels display a slight outward rectifi-
cation of current. (C) Amplitude histograms and single-channel
recordings of low-conduction mutants S341A and R347D
C-terminally tagged with M2 (S341A-M2 and R347D-M2,
respectively), and high-conduction variants WT and TT338,
339AA C-terminally tagged with HSV (WT-HSV and TT338,
339AA-HSV, respectively). At a holding potential of —100 mV,
single-channel conductances are 2.2, 5.1 14.3, and 15.6 pS,
respectively. (D) Single-channel current-voltage relationships of
S341A-M2, R347D-M2, WT-HSV, and TT338,339A-HSV.
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E Co-Expression of S341A-M2 and WT-HSV
Number of Channels Number of Channels Total # of Channels
2pS 70 14 pS 87 165
9.5 pS 5 95% Cl=0-2.2%
7.5 pS 3
70 95
42.4% 57.6%
S341A-M2 WT-HSV
e —
0.351 OD x mm 1.065 OD x mm
50.2% 49.8%

Co-Expression of R347D-M2 and WT-HSV

Number of Channels Number of Channels Total # of Channels

5pS 70 14 pS 85 163
9.5pS 3 95% Cl=0-2.2%
7.5pS 5
70 93
42.9% 57.1%
R347D-M2 WT-HSV
-

1.133 0D x mm
50.2%

0.368 OD x mm
49.8%

Co-Expression of S341A-M2 and TT338,339AA-HSV

Number of Channels Number of Channels Total # of Channels

2pS 107 16 pS 56 170
8 pS 7 95% Cl=0-2.2%
107 63
62.9% I71%
S341A-M2 TT338,339AA-HSV
0.722 OD x mm 1.314 0D x mm
62.7% 37.3%

Co-Expression of R347D-M2 and TT338,339AA-HSV

Number of Channels Number of Channels Total # of Channels

5 pS 84 16 pS 61 154
2pS 1 12 pS 4 95% Cl=0-2.4%
8 pS 4
BS 69
55.2% 44.8%
R347D-M2 TT338,339AA-HSV
s -
0.499 OD x mm 1.506 OD x mm
50.3% 49.7%
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Fig. 4. (Continued). (E) Tabulation of single-
channel conductances from microsomes containing
a low-conducting (S341A.M2 or R347D-M2) and
a high-conducting species (WT-HSV or
TT338,339AA-HSV). Holding potential was —100
mV. The relative expression of each co-expressed
species was determined by densitometry as de-
scribed in Materials and Methods. No hybrid-
conducting channel is detected (95% CI < 2.4% in
all combinations).
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Fig. 5. No detectable hybrid conducting channel from microsomal
vesicles containing two N-terminally-tagged CFTR pore variants.
Single-channel measurements of microsomes from BHK cells
transiently expressing CFTR as described in Fig. 4. (4) Amplitude
histograms and single-channel recordings of unmodified and N-
terminally M2- and HSV-tagged CFTR (WT, M2-WT, and HSV-
WT, respectively). All channels display similar single-channel
kinetics and open-channel probabilities. CFTR channels possess
a conductance of ~14pS at —100 mV. (B) Single-channel

of each to HSV-WT is in close agreement with re-
ported values (Tabcharani et al., 1993; McDonough
et al., 1994; Linsdell et al., 1997). To assess CFTR
stoichiometry, we co-expressed approximately equal
amounts of a low-(S341A-M2 or R347D-M2) and a
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current-voltage relationships of WT, M2-WT, and HSV-WT.
All channels display a slight outward rectification of current.
(C) Amplitude histograms and single-channel recordings of
S341A and R347D N-terminally tagged with M2 (M2-S341A
and M2-R347D, respectively), and WT N-terminally tagged
with HSV (HSV-WT). Single-channel conductances at —100
mV are 2.2, 5.1, and 14.6 pS, respectively. (D) Single-channel
current-voltage relationships of M2-S341A, M2-R347D, and HSV-
WT.

high-conduction species (WT-HSV or TT338,339AA-
HSYV) for single-channel analysis (Fig. 4E). To maxi-
mize channel kinetics, all recordings were made in the
presence of 5 mm MgATP and PKA at 30°C. In
all combinations, the majority of observed conduc-



J.-H. Chen et al.: CFTR as a Single Pore Monomer

E

Number of Channels Number of Channels

67

Co-Expression of M2-S341A and HSV-WT

Total # of Channels

2pS 49 14 pS 56
9.5 pS 1
7.5 pS 4
49 61

44.5% 55.5%

M2-S341A HSV-WT

1.582 OD x mm 0.949 OD x mm
55.2% 44.8%

10

95% Cl=0-3.3%

Co-Expression of M2-R347D and HSV-WT

Number of Channels Number of Channels

Total # of Channels

5pS 62 14 pS 103
2ps 1 7.5pS 8
63 m
36.2% 63.8%
M2-R347D HSV-WT
1.055 OD x mm 1.093 OD x mm
41.6% 58.4%

tances was comprised of each co-expressed conduc-
tion species. Intermediate conducting channels were
infrequently observed; membrane vesicles containing
WT-HSV plus S341A-M2 or R347D-M2 produced
9.5 pS and 7.5 pS channels, and vesicles contain-
ing TT338,339AA-HSV plus S341A-M2 or R347D-
M2 yielded 12 pS, 8 pS, and 2 pS channels. These
channels were most likely subconductances of WT-
HSV (9.5pSand 7.5 pS channels), TT338,339AA-HSV
(12 pS and 8 pS), and R347D-M2 (2 pS) since they were
seen with microsomes containing each of these species
alone. Moreover, the same subconductance states of
WT-HSV and TT338,339AA-HSV were seen when
each was co-expressed with a different low-conduction
species. The 7.5 pS (WT-HSV) and 8 pS (TT338,
339AA-HSV) conductances possessed very fast chan-
nel kinetics and interconverted with the main con-
ductance state. The 95% confidence interval (CI) that
the intermediate conducting channels were the prod-
ucts of co-assembled pore variants was < 2.4% in all
cases. The low frequency of intermediate conducting
channels favored a binomial distribution of mono-
meric, but not oligomeric CFTR channels, given ran-
dom assembly of subunits. In each experiment, the
relative appearance of each co-expressed species
closely approximated its relative expression level (see
Materials and Methods).

Similar results were seen when these pore variants
were epitope-tagged at their N termini. The chord

174

95% Cl=0-2.1% Fig. 5. (Continued). (E) Tabulation of single-

channel conductances from microsomes con-
taining HSV-WT and either M2-S341A or M2-
R347D. Holding potential was —100 mV. The
relative expression of each co-expressed species
was determined by densitometry as described in
Material and Methods. Co-expressed CFTR
proteins do not form a hybrid channel (95% CI <
3.3% for M2-S341A and HSV-WT, and < 2.1%
for M2-R347D and HSV-WT).

conductances of M2-S341A, M2-R347D, and HSV-
WT at —100 mV (in pS) were 2.2, 5.1, and 14.6,
respectively (Fig. 5C and 5D). When co-expressed,
microsomes containing HSV-WT and either
M2-S341A or M2-R347D produced conductances
that were predominantly channels of each constituent
in their main conductance states and infrequently
their subconductance states (Fig. 5E). The possibility
that these intermediate conductances resulted from a
hybrid assembly of multiple CFTR molecules was <
3.3% and < 2.1% for HSV-WT plus M2-S341A and
M2-R347D, respectively. Similarly, the low frequency
of intermediate-conducting channels favored a
monomeric CFTR structure, with relative appearance
of each co-expressed channel species closely matching
its relative expression level. Similar results were seen
when these pore variants in the absence of epitope-
tagging were co-expressed, although their relative
expression levels could not be quantified (data not
shown).

Hence we conclude that two CFTR polypep-
tides do not assemble to form a single pore. These
single-channel data per se, however, do not preclude
assembly of two polypeptides where each consti-
tutes a separate pore such as occurs with concata-
mers of two different CIC family members (Weinreich
& Jentsch, 2001). However, in that case, in contrast
to the situation with CFTR, there is good bio-
chemical and genetic evidence that these are dimeric
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proteins (Steinmeyer et al., 1994; Jentsch et al.,
1999).

Discussion

Knowledge of a protein’s quaternary structure is es-
sential to an understanding of its mechanism of ac-
tion. Homo- or hetero-oligomeric structures are
common, especially in prokaryotes where the mean
length of individual polypeptides is relatively short
compared with larger multi-domain proteins that are
more common in eukaryotes (Doolittle, 1995). This
paradigm is indeed well illustrated by ABC proteins
where in many prokaryotic transporters each of the
nucleotide-binding and membrane-integrated do-
mains are products of separate polycistronic tran-
scripts, whereas in eukaryotic versions these are fused
into single or at most two mRNAs (Higgins, 1992).
As mentioned in the Introduction, it is still less clear
whether more than one four-domain unit is required
for function. The only well-established examples of
hetero-oligomeric structures involving ABC proteins
are the Katp channels where a sulfonylurea receptor
of the ABCC subfamily associates with an inwardly
rectifying potassium channel subunit (Aguilar-Bryan
et al., 1998). Since these latter subunits form homo-
tetramers as in other potassium channels, Katp
channels are octameric (Clement et al., 1997; Inagaki
et al., 1997; Shyng & Nichols, 1997).

Other potassium channels that are either voltage
or ligand gated have similar homo-tetrameric pores
(MacKinnon, 1991, 1995; Yang et al., 1995; Doyle et
al., 1998). Other cation channels involved in mem-
brane excitability, such as sodium and calcium
channels, have repeat units in longer single polypep-
tides rather than separate pore-forming subunits that
assemble (Catterall, 1988). However, while these
large repeat-containing o subunits are usually capable
of basic channel activity, they often associate with
smaller regulatory subunits (Walker & De Waard,
1998; Catterall, 2000). The large family of ligand-
gated channels typified by the nicotinic acetylcholine
receptor are heteroligomeric (Cooper et al., 1991;
Unger et al., 1999) as are in fact the majority of other
known channels (Hille, 2001).

Interestingly, compared with the channels allud-
ed to above that are cation channels, the major class
of anion channels, members of the large CIC family
(Jentsch et al., 1999; Maduke, Miller & Mindell,
2000), are double-barreled homodimers with each
large polypeptide chain containing multiple mem-
brane-spanning helices (Fahlke et al., 1997; Mindell
et al., 2001; Weinreich & Jentsch, 2001; Dutzler et al.,
2002). Consistent with their structures as homo-
dimers, CIC mutations, including those causing sev-
eral different diseases, are dominant (Koch et al.,
1992; Steinmeyer et al., 1994).
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Of the approximately 1000 disease-associated
mutations identified in the CFTR gene, none exhibit
dominant behaviors and hence there is no genetic
evidence indicating that the CFTR chloride channel
may be other than monomeric. It is of course possible
that any potential dominant negative effect of one
mutant subunit in a CFTR oligomer might be in-
complete as only a small number of active molecules
may be sufficient for physiological function (Johnson
et al., 1992). The results we obtained with the co-
expression of wild-type and AF508 CFTR corrobo-
rate the in vivo evidence that this mutant has no
detectable dominant negative action. We have also
directly tested whether more than one CFTR poly-
peptide contributes to the chloride ion pore by
co-expressing forms with different amino acids at
positions within TM6 known to strongly influence
unitary conductance (Tabcharani et al., 1993;
McDonough et al., 1994; Linsdell et al., 1997). Al-
though the two forms were expressed in approxi-
mately equal amounts as judged by detection of
different epitope tags attached to each, channels of
conductances other than those of the two co-ex-
pressed were not detected at frequencies higher than
when these species were expressed separately. Given
the strong evidence that residues within TM6 con-
tribute directly to pore formation (Dawson et al.,
1999; Smith et al., 2001), TM6s from each form ex-
pressed should have influenced pore properties if two
CFTR polypeptides are required for its formation.

Supportive of these electrophysiological findings
were the observations that CFTR polypeptides were
not found to be self-associated when solubilized
under mild conditions from membranes of cells
expressing the protein heterologously or endoge-
nously. In both cases, the protein sedimented as a
single uniform species of size approximating that of a
monomer with bound detergent. No larger species
representing either oligomers or non-specific aggre-
gates were detected.

As an additional very sensitive means of detect-
ing associations between individual CFTR polypep-
tides, they were distinctly tagged with different
epitopes at either the N- or C-termini and co-ex-
pressed. Although each was readily immunoprecipi-
tated with antibody to the epitope it contained, none
of the form containing the other epitope was copre-
cipitated. Conditions that activate CFTR channels,
such as forskolin treatment of cells, did not alter
these distributions. While it might be argued that
such a result might be expected with the PDZ-do-
main-binding C-termini blocked by the fused epi-
topes or absent in the case of the similar experiments
of Marshall et al. (1994), the N-terminally tagged
forms would not be compromised in this way. Even
overexpression of EBP-50 did not lead to any detec-
tible associations. This would indicate that if the
stimulatory effects of increasing amounts of EBP-50
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(Raghuram et al., 2001) or CAP-70 (Wang et al.,
2000) are due to mediated crosslinking of two CFTRs
via their C-termini, the proportion of the bulk CFTR
population so affected must be very small. This
would of course not mean that it is functionally un-
important.

To conclude, it may be worth considering the
difference between the possibility of the CFTR chan-
nel possessing a true quaternary structure, in which
contributions from more than one CFTR polypeptide
chain are essential to pore formation and the tethering
together of two or more chains, which might modulate
the activity of either. Neither our present study nor
any of those previously published (Zerhusen et al.,
1999; Wang et al., 2000; Raghuram et al., 2001;
Ramjeesingh et al., 2001) provides any evidence that a
higher structure than a monomer is essential for
channel function. Zerhusen et al. (1999) showed that a
forced dimer had somewhat different properties from
the native state, i.e., with low-level heterologous ex-
pression of a non-concatamerized construct or en-
dogenous expression. These investigators did not
show that a monomeric species was inactive. Similarly
the studies of Wang et al. (2000) and Raghuram et al.
(2001) showed only that bivalent PDZ-domain pro-
tein addition modulated CFTR-channel activity. The
latter authors interpreted this as evidence of a stable
dimer, whereas the former group acknowledged al-
ternative explanations. The more recent report of
Ramjeesingh et al. (2001) unequivocally states that a
CFTR monomer is sufficient for both channel and
ATPase activity, although larger dimeric species were
also detected. In agreement with these observations
we have found in extensive chemical crosslinking
studies (Chen and Riordan, umpublished data) that
heterologously overexpressed CFTR can be cross-
linked to large molecular complexes containing more
than one CFTR species and other proteins.

Final proof of CFTR quaternary structure awaits
determination of the 3-dimensional structure of the
active purified protein. The two mammalian ABC
proteins for which low-resolution 3-D structures have
been determined have yielded two different results. P-
glycoprotein appears monomeric in 2-dimensional
crystals (Rosenberg et al., 1997), while multidrug
resistance protein 1 appears dimeric (Rosenberg et
al., 2001). Interestingly, the diameters of P-gp freeze-
fracture particles in the membrane (~10 nm; Sehested
et al., 1989; Arsenault, Ling & Kartner, 1988), and of
2-D crystalline arrays of the purified protein (10-12
nm; Rosenberg et al., 1997) are very similar. Fur-
thermore, although interpreted by the authors as di-
meric, the CFTR freeze-fracture particles in Xenopus
oocyte membranes had virtually identical dimensions
(~9 nm; Eskandari et al., 1998). The MsbA lipid A
transporter of E. coli (Chang & Roth, 2001) when
crystallized consists of two fused nucleotide-binding
and membrane-integrated polypeptides or is mono-
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meric in the terminology of the single-chain eukary-
otic family members such as CFTR as is the BtuCD
vitamin B12 importer (Locher et al. 2000).
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