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ABSTRACT. The cystic fibrosis transmembrane conductance regulator (CFTR) is a member of the traffic
ATPase family that includes multiple proteins characterized by (1) ATP binding, (2) conserved
transmembrane (TM) motifs and nucleotide binding domains (NBDs), and (3) molecular transport of
small molecules across the cell membrane. While CFTR NBD-1 mediates ATP binding and hydrolysis,
the membrane topology and function of this domain in living eukaryotic cells remains uncertain. In
these studies, we have expressed wild-type CFTR NBD-1 (amino acids5883 or NBD-1 containing

the AF508 mutation transiently in COS-7 cells and established that the domain is situated across the
plasma membrane by four independent assays; hamely, extracellular chymotrypsin digestion, surface protein
biotinylation, confocal immunofluorescent microscopy, and functional measurements of cell membrane
anion permeability. Functional studies indicate that basal halide permeability is enhanced above control
conditions following wild-type orAF508 NBD-1 expression in three different epithelial cell lines.
Furthermore, when clinically relevant CFTR proteins truncated within NBD-1 (R553X or G542X) are
expressed, surface localization and enhanced halide permeability are again established. Together, these
findings suggest that isolated CFTR NBD-1 (with or without &ki€508 mutation) is capable of targeting

the epithelial cell membrane and enhancing cellular halide permeability. Furthermore, CFTR truncated
at position 553 or 542 and possessing the majority of NBD-1 demonstrates surface localization and also
confers increased halide permeability. These findings indicate that targeting to the plasma membrane
and assumption of a transmembrane configuration are innate properties of the CFTR NBD-1. The results
also support the notion that components of the halide-selective pore of CFTR reside within NBD-1.

The cystic fibrosis transmembrane conductance regulatorlation-dependent regulation to the Glonductive portion of
or CFTR belongs to the traffic ATPase family, which the protein $—7).

includes numerous prokaryotic and eukaryotic protelns ( Many prokaryotic members of the traffic ATPase family
4) that are generally involved in the transport of small are assembled as protein complexes, in which individual
molecules across the plasma membrane, including nutrients yeptide domains (TMs and NBDs) are encoded by separate
mating factors, and chemotherapeutic agents. These proteingenes4). Following translation, the individual components
are characterized by conserved motifs, including (1) trans- target the cell membrane, self-assemble, and produce a
membrane (TM)domains which are believed to be important - fynctioning traffic ATPase. Studies of several bacterial

in anchoring the proteins to the cell membrane and (2) traffic ATPases have established that both TM and NBD
nucleotide-binding domains (NBDs) that bind and hydrolyze mqtifs can traverse the prokaryotic cell membradje (The

ATP, providing the energy for substrate transport. CFTR ce|jylar localization of CFTR domains, however, remains
also possesses a regulatory (R) domain that is predicted to
be intracellular, contains multiple consensus phosphorylation A N . |
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controversial, specifically regarding the NBDs. Initial and precast gels (10, 12, 14%, and density gradient) were
predictions of CFTR topology placed the NBDs strictly purchased from Novex (San Diego, CA). Rabbit anti-human
within the cell cytoplasm1). More recent studies, however, CFTR NBD-1 polyclonal antibody (raised against recombi-
suggest that CFTR NBD-1 might assume a transmembranenant human NBD-1 amino acids 43886) was produced
configuration, including studies demonstrating that (1) as describedld). Mouse anti-human CFTR MATG-1031
NBD-1 peptide interacts directly with membrane phospho- monoclonal antibody was the generous gift of Dr. D. Escande
lipids and incorporates itself into liposomes 9), (2) anion (Nantes, France).
conductive pores are formed by NBD-1 peptide in planar  Vaccinia Viruses Expressing CFTR-Desd Constructs or
lipid bilayers @0), (3) CFTR NBD-1 is situated in a j-Galactosidase.wtCFTR NBD-1 or CFTR NBD-1 con-
transmembrane configurationkischerichia colspheroplasts  taining theAF508 mutation was cloned into tiNed site of
and retains the capacity to bind ATP in this settiid)( the vaccinia expression vector pTF-EMC [pHH (15)]
and (4) recombinant CFTR NBD-1 expressed in insect cells containing the EMC leader, provided by Dr. J. Engler, UAB.
also assumes a transmembrane topold@y 13). To date, Briefly, DNA encoding the NBD-1 (aa 432586 of full-
however, no direct examination of CFTR NBD-1 topology length CFTR) was amplified from wtCFTR cDNA by PCR
in mammalian cells has been performed. and the correct clones were verified by DNA sequencing of
In this study, we describe the behavior of CFTR NBD-1 the inserts. Recombinant vaccinia viruses were generated
following expression in three mammalian cell lines. Our according to published protocolsg). Recombinant vaccinia
findings indicate that NBD-1 targets the eukaryotic cell viruses containing wtCFTR and CFTR containing a prema-
membrane, as determined by accessibility to extracellular ture stop codon at position 542 (G542X) or 553 (R553X)
protease digestion and biotinylation, confocal immunocy- under the regulatory control of the T7 promoter was
tochemistry, and macroscopic effects on membrane perme-generated from constructs in the pTM1 vectab)(using
ability. Functional studies indicate that both wild-type (wt) standard techniquesl®). Recombinant vaccinia virus
NBD-1 and NBD-1 containing thAF508 mutation enhance  expressing3-galactosidase was also generated by the de-
basal cellular halide permeability. Expression of CFTR scribed procedure after cloning the LacZ gene into pTF-
containing the clinically relevant mutations R553X or EMC.
G542X, which each contair 70% of the NBD-1 maoaitif, Methods. Vaccinia-Based ExpressidBells were infected
produce polypeptides that also target the cell membrane andwith recombinant expression vectors at a MOI of 10 [5 MOI
enhance halide permeability in a manner similar to isolated virus encoding construct with 5 MOI vTF7-3 (virus encoding
NBD-1. These findings indicate that, like prokaryotic T7 polymerase, referred to as vT7 throughout the remainder
members of the traffic ATPase family, CFTR NBD-1 is of this report) or 10 MOI of vT7 as a negative control] for
capable of targeting the cell membrane and assuming a30 min in Opti-MEM at 37°C, rinsed in PBS, and then
transmembrane configuration. The NBD-1 contains elementsreturned to DMEM+10% FBS for 12-24 h until studied
which enhance cellular halide permeability, and when as indicated.
clinically relevant CFTR mutations possessing the majority  Chymotrypsin Digestion and ImmunoprecipitaticBOS-7
of NBD-1 are expressed, surface targeting and enhancedcells grown on 100 mm dishes were studied 12 h post
halide permeability are maintained. infection. No cell damage was detected at this time point,
as judged by inspection and the presence of functional CFTR
EXPERIMENTAL PROCEDURES activity in >75% of cells. Cells were washed with ice-cold
Materials. Forskolin, NP-40, sodium deoxycholate, and PBS three times and then placed in 3 mL of PBS (pH 7.2)
PMSF were purchased from Calbiochem (San Diego, CA); containing chymotrypsin (10@g/mL) at 4 °C for 30 min
IBMX, sodium iodide, sodium nitrate, magnesium nitrate, (modified from ref17). Following incubation, cells were
calcium nitrate, potassium nitrate;glucose, HEPES, mer-  washed three times with ice-cold PBS containing a cocktail
captoethanol, TPCK, TLCK, and LBTI were purchased from of protease inhibitors including LBTI (20@g/mL), TPCK
Sigma Biochemical (St. Louis, MO). Other reagents and (70 ug/mL), TLCK (2 ug/mL), and PMSF (2 mM). The
their commercial sources were Biotin EZ-Link sulfo-NHS- wash steps reduced the chymotrypsin leve2$00000-fold,
biotin (Pierce Laboratories, Rockford, IL); SPQ (Molecular while inhibitor levels (including the irreversible chymotrypsin
Probes, Eugene, OR¥®g]methionine translabel (ICN, Costa inhibitors TPCK and PMSF) remained 15680 000 above
Mesa, CA); chymotrypsin (Worthington Biochemicals, Free- the estimated chymotrypsin level at cell lysis. Cells were
hold, NJ); SDS, Tris-Cl, polyacrylamide, and PVDF mem- then lysed with RIPA buffer [NaCl 150 mM, NP-40 1%,
branes (Bio-Rad Laboratories, Hercules, CA); alkaline sodium-deoxycholate, 0.5%, SDS 0.1%, and Tris-Cl 50 mM
phosphatase, tissue culture trays, DMEM, and Opti-MEM (pH 8.0)] containing the protease inhibitor cocktail, and
(Fisher Biotech, Pittsburgh, PA); NBT, BCIP, goat anti-rabbit supernatant was immunoprecipitated with rabbit anti-NBD-1
antibody biotin conjugate, and polyclonal rabbit gfti-  polyclonal antibody (immunoprecipitation as in ré&B).
galactosidase antibody (Boehringer Mannheim Corporation, Proteins were separated on a 10% polyacrylamide gel, and
Indianapolis, IN); FBS (Hyclone Laboratories, Logan, UT); electrophoretically transferred onto PVDF membranes. The
rhodamine-tagged swine anti-rabbit antibody (DAKO Cor- membranes were washed with PBS0.1% tween three
poration, Carpinteria, CA)&fS]streptavidin (Amersham Life  times, blocked with PBS- 0.1% tweent 1% BSA for 2 h,
Sciences, Arlington Heights, IL); protein G sepharose beadswashed, incubated with rabbit anti-NBD-1 antibody (1:5000)
(Pharmacia Biotech, Uppsala, Sweden); and vectabondfor 2 h, washed, and incubated with biotinylated goat anti-
reagent (Vector Laboratories, Burlingame, CA). Neutralite rabbit conjugate (1:5000) for 2 h. Membranes were then
avidin alkaline phosphatase conjugate was purchased fromwashed and incubated with Neutralite avidin alkaline phos-
Southern Biotechnology Associates, Inc. (Birmingham, AL), phatase conjugate (1:2000) for 2 h, and developed with
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BCIP + NBT in carbonate buffer (pH 8.8) according to Digital Confocal Immunofluorescent Microscopy of COS-7
manufacturer’s protocol (Boehringer Mannheim Corp.). Cells Expressing wt oAF508 NBD-1. COS-7 cells grown
Images were captured using the Eagle Eye Il Imaging Systemon vectabond-treated glass coverslips transiently expressing
(Stratagene) and analyzed with IPLab Spectrum software.wt or AF508 NBD-1 were studied 12 h after infection. Cells
Cell Fractionation. COS-7 cells grown in 100 mM dishes ~ Were formaldehyde fixed (4% methanol-free formalin diluted

expressing WtNBD-1AF508 NBD-1, 8-galactosidase, or 1N PBS, pH 7.4) for 30 min, then underwent detergent
VT7 (control) proteins without CFTR were washed in PBS Permeabilization using 0.1% Triton X-100 in PBS atZ3
and incubated in methionine-free DMEM for 1 h. Cells were for 10 min, and then were washed in PBS. The cells were
then labeled with 10Q«Ci [3*S]methionine for 30 min. treated Wlth preimmune swine serum (;:29 dllu.tlon) in PBS
Incorporation was terminated by washing cells with PBS and for 20 min to block nonspecific protein-binding sites. CFTR
replacing the media with nonradioactive DMEMfiethion- NBD-1 antigen was detected using polyclonal rabbit anti-
ine). Cells were then washed with PBS, scraped into ice- NBD-1 antibody @0). The secondary antibody was a
cold homogenation buffer (0.25 M sucrose, 10 mM acetic "odamine-tagged swine anti-rabbit antibody (DAKO). Cells
acid, 1 mM EDTA, pH 7.4, and protease inhibitors), and Were studied on an Olympus IX70 inverted reflective
homogenized. Fractionation was performed as described byfluorescent light microscope at 623 nm excitation using
Wiertz et al. (19). Briefly, homogenates were centrifuged UP!anApo 100« or Uapo/340 4& objectives. Digital

at 100@ for 10 min. Supernatants were then transferred confocal images were captured using a Photometrics Sensys
and centrifuged at 100@Cor 30 min, creating a particulate ~ di9ital camera and analyzed with IPLab Spectrum software
(membrane) fraction. Supernatants from the 1@06€N- supplemented with Power Microtome extension software

trifugation were spun at 1000§Cfor 60 min to clarify a (Sig.ngl Analystics Corporation). _

cytosolic fraction. All pellets were washed with HEPES  Digital Confocal Immunofluorescent Microscopy of COS-7
buffer (2.5 mM HEPES, pH 7.6, and 10 mM Cad;land Cells Expressing wt oAF508 CFTR, G542X, or R553X.
then 50QuL of RIPA lysis buffer was added to each sample. Cells were studied as above except that the detergent
After 30 min of lysis on ice, the samples were centrifuged permeabilization step was omitted. Fixed cells were treated
at 1400@ for 10 min. Immunoprecipitation, SDSPAGE, with 1:20 rabbit serum in PBS for 20 min. The monoclonal
immunoblotting, and phosphoimaging were performed as Mouse anti-CFTR antibody, MATG'1031(1120°dI|U“0n of
described below. Images were further characterized andascites fluid), was applied to cellsrfd h at 23°C (21).

densitometry was carried out using IPLab Spectrum software Cells were then washed with PBS, incubated with rhodamine-
(Signal Analytics Corporation). labeled anti-mouse 1gG in blocking reagent for 40 min,

washed, and mounted with Vectashield mounting medium.

Biotinylation and Immunoprecipitation.COS-7 cells Images were captured and analyzed as above.

grown on 100 mm dishes were studied 12 h postinfection. . o o o
Cells were washed with ice-cold PBS, and then placed in 3 Anion Permeability Studies in Epithelial Cells\We
mL of PBS (pH 7.2) containing NHS-biotin (50y/mL) at performed studies of anion permeability in COS-7, C127
23 °C for 30 min according to manufacturers protocol (Murine breast), and 2CFSME(CF human airway) cells

(Pierce Laboratories, Rockford, IL). Following incubation, (. _22' 23). _Briefly, cells were loaded _for 10 min with the
cells were washed three times with ice-cold PBS and then Nalide-sensitive dye SPQ by hypotonic sho2k,(25) and

lysed with RIPA buffer. The lysate was immunoprecipitated Mountéd in a specially designed perfusion chamber for
with polyclonal rabbit anti-NBD-1 or rabbit anf-galac- fluorescent measurements. Fluorescence of SPQ in single

tosidase. Proteins were separated and transferred to PVDIf’?”.S was mgasured with a Zeiss inverted microscope, a PTI
igital imaging system, and a Hamamatsu camera as

membranes as described above. The membranes were thegx . . o

washed with PBS- 0.1% tween, blocked with PBS 0.10% ~ described previously2). Excitation was at 340 nm, and

tween+ 1% BSA, washed, and then incubated witfS|- emission was at410 nm. All studies were performed at
avidin (1.5 uCi) for 2 h. Membranes were washed, 37 °C. At the beginning of the experiments, cells were

developed for 72 h on a phospho imaging screen (Molecular 'k;ahheq in r‘;’m iOdide? hbuffer th quebr;cf;) SPI.Q fIlejorescence.
Dynamics), and analyzed with IPLab Spectrum software. ollowing the establishment of a stable baseline fluorescence,

L cells were switched to a halide-free (nitrate) buffer, allowing
Immunoprecipitation of NBD-1, G542X, R553X, and gequench of SPQ. Fluorescence was normalized to the

WICFTR. COS-7 cells grown in 6-well trays were infected  5qeline (quenched) value, with increases shown as a percent
with vT7 + vaccinia encoding CFTR constructs or vT7 alone icrease over baselin@d). Fluorescent values reflect all

as described above. For the studies of NBD-1, cells were dequenching cells studied from each condition.
lysed with RIPA buffer, immunoprecipitated with anti-
NBD-1 antibody, and transferred to PVDF membranes.
Detection was with rabbit anti-NBD-1 antibody (1:2000)
probed with goat anti-rabbit biotin conjugate (1:5000).
Development was with avidin alkaline phosphatase conjugate
(1:2000), and NBT+ BCIP in carbonate buffer, as above.
For metabolic labeling, cells were incubated with translabel pegyLTS

for 20 min using 25@:Ci 3°S/mL at 12 h postinfection. Cells

were lysed with RIPA buffer and proteins were separated Expression of NBD-1 in Mammalian Epithelial Cell Lines.
by 12% SDS-PAGE. Proteins were transferred to PVDF Figure 1A shows the detection of wtNBD-1 (amino acids
membranes and then placed on a phosphoimaging screen foA32—586) in three separate cell lines (C127i, COS-7, and
24 h. 2CFSME.-) following vaccinia-based expression and sub-

Statistical Analysis.The slope of increasing normalized
fluorescence over time from 200 to 600 s was tabulated for
each cell type studied, and the slopes from each condition
were compared by the Mann Whitney U te& coefficients
were determined and convertedRovalues.
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Ficure 1: wtNBD-1 expression in epithelial cell lines. (A)
Immunoblot of WINBD-1 in three mammalian cell lines. Three cell
lines (C127i, mouse mammary epithelioid; COS-7, simian kidney;
2CFSME-, human CF respiratory) express wtNBD-1 following
recombinant vaccinia infection. Lane % lysate from control
vaccinia virus (vT7) infected cells; lane=2 lysate from NBD-1
expressing cells. Arrow indicates recombinant wtNBD-1 at the
predicted size of-21 kD. Over 75% of cells expressed detectable
NBD-1 antigen, as assessed by immunohistochemistry (see Figur
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Ficure 2: Chymotrypsin treatment of COS-7 cells expressing
wtNBD-1. Cells expressing wtNBD-1 were exposed to 1Qf)

mL chymotrypsin prior to cell lysis as described in the Experimental
Procedures. Lane A immunoprecipitated NBD-1 after chymot-
rypsin treatment, lane B= no chymotrypsin treatment. vT7
(negative) control following chymotrypsin treatment is also shown.
A lower molecular weight band below wtNBD-1 (arrow) is
identified and is unique to wtNBD-1 expressing cells treated with
chymotrypsin.

sequent immunoprecipitation with a polyclonal anti-NBD-1
antibody @0, 27). A recombinant protein of-21 kDa was
identified in each cell line. The level of expression of
recombinant NBD-1 was modest compared with that of other
endogenous cellular proteins. NBD-1 could not be detected
as a major protein band when total cell lysates were examined
by protein staining in the absence of Western blotting or
immunoprecipitation (Figure 1B). In contrast, other (internal
control) vaccinia-derived proteins that do not appear to
influence anion permeability in these cells were expressed
and easily identified (asterisks, Figure 1B). To initially
characterize the cellular location of NBD-1 peptide, cell
fractionation studies were performed comparing cells ex-
pressing wtNBD-1AF508 NBD-1, and a control peptide
(B-galactosidase). Figure 1C indicates that a majorit§Q%

of the homogenized fraction) of both wt and-508 NBD-1

eDeptide localized to the particulate (membrane) fractions, in

4). (B) Total protein in COS-7 cell lysates. Cell lysates were contrast to a control protein (LacZ2% recovery from

separated by density gradient PAGE as described in the Experi-
mental Procedures and stained with Coomassie blue (no immuno-

precipitation). Lanes from left to right: molecular weight markers
(MW), control (no vaccinia, COS-7), COS-7 cells with T7-vaccinia
infection (vT7), COS-7 cells with vT7 and vaccinia encoding
wtNBD-1 infection [VT7 (+) NBD]. Vaccinia-associated proteins
could be detected in the vT7 and NBD-1 conditions (*). wtNBD-1
was expressed at low levels compared with other cellular or
vaccinia-derived proteins, as (1) no wtNBD-1 specific protein band
was identified near 21 kD (NBD), and (2) wtCFTR NBD-1 was
detected only following immunoprecipitation of cell lysates (Figure

1A). (C) Fractionation of COS-7 cell homogenates. Cells expressing membranes.

wtNBD-1, AF508 NBD-1, LacZ, or vT7 (control) proteins under-
went homogenization, fractionation, and immunoprecipitation as
described (refl9 and Experimental Procedures). Lanes from left
to right in each condition were 10Qpellet (crude pellet, Cr,
unbroken cells and large debris), 109Qillet (M1, particulate or
membrane enriched fraction), 100@0pellet (M2, microsomes,
small membrane debris, large protein complexes), and the remainin
cytosolic supernatant (C). Densitometry was performed on the M1,
M2, and C fractions. Approximately 80% of wtNBD-1 (M 47%,

M2 = 32%) andAF508 NBD-1 (M1= 53%, M2= 31%) localized

to membrane fractions, while a minority localized to the cytosolic
compartment (WtNBD-1, G= 21%; AF508 NBD-1, C= 16%). In
contrast,>95% of the -galactosidase protein localized to the
cytosolic fraction, with minimal €2%) of the protein localizing

to membrane fractions. The vT7 control condition at 21kD is
included for comparison to the NBD-1.

particulate fraction). Together, these findings establish that
(1) vaccinia-based expression of wtNBD-1 in mammalian

cell lines produces detectable peptide, (2) the level of NBD-1
expression is lower than many other cellular proteins, either
endogenous or vaccinia derived, and (3) NBD-1 peptide can
be recovered from a membrane fraction of cellular homo-

genates.

Several studies suggest that isolated NBD-1 may associate
with and/or traverse artificial, prokaryotic, and insect cell
To determine whether isolated wtNBD-1
protein was detectable at the eukaryotic plasma membrane
and accessible to extracellular modification, we performed
a series of experiments in COS-7 cells following transient
NBD-1 expression. Figure 2 compares the effects of
extracellular chymotrypsin digestion in cells following vT7

Yr vT7/wtNBD-1 infection. Extracellular proteolysis pro-

duces low molecular weight peptides specifically after
NBD-1 expression, which are absent in the vT7 condition,
indicating accessibility of NBD-1 polypeptide to extracellular
digestion. Figure 3 compares the effects of surface protein
biotinylation by the membrane impermeant probe Biotin-X-
NHS in cells following LacZ, wtNBD-1, oAF508 NBD-1
expression. A biotinylated peptide o621 kDa was identi-
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Ficure 3: Surface protein biotinylation of COS-7 cells. Cells
expressing LaczZ, wtNBD-1, oAF508 NBD-1 were exposed to
NHS-biotin (500ug/mL) prior to cell lysis and immunoprecipitation
as described in the Experimental Procedures. Lare gresence
of biotinylation, lane B= no biotinylation. (A) A~21 kD protein

is identified in both the wt andF508 NBD-1 conditions following
immunoprecipitation with anti-NBD-1 antibody (arrows) that is
absent from the LacZ condition. (B) No biotinylated protein is
identified at 120 kD in the LacZ condition following immunopre-
cipitation with antif-galactosidase antibody (arrow, lane A).

Clancy et al.

A.
wtNBD-1
B.
AF508
NBD-1
C.
vT7
Ficure 4: Immunolocalization of wiINBD-1 ancAF508 NBD-1

in COS 7 cells. Cells were grown on glass coverslips, infected with
VT7 alone, or vT7 with vaccinia encoding wt &«F508 NBD-1

and studied by confocal microscopy. A polyclonal antibody was
used to localize the NBD-1 polypeptid2Q). Panels from left to
right are descending cross sections through cells (40X). Panel A
= wtNBD-1, panel B= AF508 NBD-1, panel G= vT7 control
cells. Note the increased fluorescence in the superior sections and
the cell periphery. More than 75% of cells in the wt ahB508
NBD-1 conditions had detectable NBD-1 antigen.

effects of NBD-1 expression on basal halide permeability
as measured by SPQ fluorescence in three epithelial cell lines.
SPQ is a well established measure of regulated and unregu-

B-galactosidase expression is confirmed by immunoblot of the samelated halide efflux in transient vaccinia-based expression

lane as described in the Experimental Procedures (lane B).

fied specifically after expression of wt &aF508 NBD-1. In

systems, and has been used extensively to characterize wt
and mutant CFTR functiors( 7, 30—33). The results from
Figure 5 indicate that NBD-1 expression increases basal

contrast, no biotinylated LacZ-specific peptide was identified halide permeability above that of vT7 infected cells in all

at either 21 kDa (Figure 3A) or 120 kDa (Figure 3B) from
cells expressingg-galactosidase. The expression/fa-

three cell lines tested, with increases above control conditions
ranging 2-5-fold. Furthermore, both wtNBD-1 aniF508

lactosidase was confirmed by Western blotting (Figure 3B, NBD-1 had similar effects on halide permeability in the two

Lane B). Although the efficiency of biotinylation was not

cell lines tested (COS-7 and C127i). In no cell line was

directly measured in these studies, these results indicate thapasal halide permeability further enhanced following stimu-
epitopes of NBD-1 are accessible for biotinylation from the |ation with cAMP (20uM forskolin + 100 uM IBMX) or
extracellular surface. To further support these biochemical ionomycin (2:uM, data not shown). COS-7 cells expressing
findings, we tested whether NBD-1 antigen was visibly wtCFTR stimulated with cAMP (2M forskolin + 100
detectable at the plasma membrane of cells expressinun IBMX) are included for comparison (Figure 5B).

wtNBD-1 or AF508 NBD-1 using digital confocal immun-

Expression of R553X and G542X CFTR in Mammalian

ofluorescent microscopy. For these experiments, we used apithelial Cell Lines. The studies described above demon-
polyclonal rabbit anti-NBD-1 antibody which has been strate that isolated NBD-1 is capable of targeting the

validated previously by its ability to (1) immunoprecipitate

epithelial plasma membrane, assuming a transmembrane

either truncated or full-length CFTR from several cell types, configuration, and enhancing basal cellular halide perme-
(2) immunolocalize CFTR to cells overexpressing the protein, ability. We next asked whether mutant CFTRs which include
and (3) correctly identify the presence or absence of CFTR significant portions of NBD-1 but lack distal (carboxy)

in vivo from salivary gland sections of wild-type or CFTR
knockout mice of the same straid4 20, 28). Figure 4

domains were also capable of plasma membrane localization
and function. We chose to study two clinically relevant

demonstrates a plasma membrane staining pattern in cellsmutant CFTR molecules possessing premature stop codons,

expressing wtNBD-1 (panel A) akF508 NBD-1 (panel B),

G542X and R553X. These mutations are found in ap-

while vT7 control cells exhibited no detectable antigen (panel proximately 5% of the CF populatio34) and include 72%
C). Together, these results indicate that NBD-1 expression(G542X) to 79% (R553X) of the NBD-1 (aa 43586).
produces peptide which is capable of localizing to and Figure 6 shows detection 8fS-labeled truncated proteins

traversing the mammalian plasma membrane.

At least two studies suggest that components of NBD-1 lysates following vaccinia-based expression.

[~53 kDa (G542X);~55 kDa (R553X)] from COS-7 cell
Full-length

are capable of forming halide and other anion conductive CFTR is shown for comparison. No full-length CFTR is

pores (0, 28). To determine whether NBD-1 influences

detected in cells expressing either of the mutant cDNAs. To

halide permeability in epithelial cells, we compared the determine whether these truncated proteins were capable of
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Ficure 5: NBD-1 expression increases halide permeability in three
mammalian cell lines. In each of the three cell lines=Ac127i;
B = COS-7; C= 2CFSMk_), wtNBD-1 (open squares) induced

an increased rate of dequench above the vT7 infected controls
(closed circles), corresponding to an increased halide permeability.
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Ficure 6: Immunoblot of wt, R553X, and G542X CFTR in COS-7
cells. Cells were labeled with translabel for 20 min at 12 h after
infection and immunoprecipitated with anti-NBD-1 antibody as
described in the Experimental Procedures. Larre WICFTR, lane

B = G542X, lane C= R553X.

enhanced basal halide permeability above control cells
expressing vaccinia proteins (vT7) or cells with vaccinia-
based expression of LacZ. Stimulation with cAMP (24
forskolin + 100 uM IBMX) failed to produce regulated
halide permeability. The effects of R553X, G542X, and
NBD-1 on COS-7 cell basal halide permeability were
qualitatively and quantitatively similar (compare with Figure

In no paired experiment did the vT7 controls achieve a dequench 5B).

greater or equal to the NBD-1 condition. The number in parentheses

represents the total number of cells included in the presented curve DISCUSSION

In the two cell lines tested (c127i and COS-7), the wt aieb08
NBD-1 (black triangles) curves revealed similar dequench which
was greater than the vT7 conditioR € 0.0001 for wtNBD-1 and
AF508 NBD-1 compared with vT7 alone in each cell line tested).
The effects of WtCFTR on basal and regulated permeability (CAMP-
stimulation with 20uM forskolin + 100 uM IBMX at 500 s) in
COS-7 cells is shown for comparison in Figure 5B (gray triangles,
rapid dequench following CAMP).

In the present experiments, NBD-1 expression in mam-
malian cells led to readily detectable NBD-1 levels in the
particulate (membrane) fraction of cell homogenates (Figure
1C), plasma membrane localization of the peptide (Figures
2, 3, and 4), and a transmembrane configuration as judged
by two different biochemical assays (extracellular proteolysis
and surface biotinylation, Figures 2 and 3). Plasma mem-

plasma membrane localization, we performed digital confocal brane targeting by NBD-1 was associated with an increase
immunofluorescent microscopy using the monoclonal MATG- in basal halide permeability in three mammalian epithelial
1031 antibody. This antibody recognizes an epitope in the cell lines (Figure 5). Previous studies from our laboratory
first predicted extracellular loop of CFTR TM-1, which is and others have indicated that the CFTR NBD-1 (1) is highly
shared by wtCFTR, R553X, and G542X. MATG-1031 has lipophilic, fusing with and disrupting liposomes and other
been used to identify surface-localized CFTR in stable cell artificial membranes in vitro § 9), (2) traverses the
lines and native respiratory epithel2d. Cells were studied  prokaryotic cell membrane with retention of ATP binding
with and without detergent permeabilization. Figure 7 capacity (1), (3) is accessible to extracellular labeling in
indicates a plasma membrane staining pattern in cells withoutan insect cell systeml®, 13), and (4) forms an anion pore
detergent permeabilization following wtCFTR, R553X, and after reconstitution into planar lipid bilayer$@). A peptide
G542X expression, but n&kF508 CFTR. In contrast, all  corresponding to 30 amino acids within NBD-1 (amino acid
conditions revealed detectable antigen following detergent 477—508) behaves similarly to the complete NBD-1 in the
permeabilization (for example, as shown fF508 CFTR, planar lipid bilayer, conducting halides and other ani@8$.(
Figure 7C). These studies provide evidence of plasma Additionally, isolated prokaryotic NBDs from closely related
membrane targeting by CFTR possessing either the G542Xmembers of the traffic ATPase family such as HisP, OPP
or R553X mutations. D, and F, P29, and malK target the prokaryotic cell
To determine whether either R553X or G542X CFTR had membrane4, 35—38). At least two (HisP and malK) have
positive effects on basal cellular halide permeability, we been shown to assume a transmembrane configura&8®n (
performed SPQ analysis in COS-7 cells expressing these36). Our results demonstrate that this property is retained
mutant cDNAs (Figure 8). The truncated CFTR proteins by isolated CFTR NBD-1 when expressed in eukaryotic cells.
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FiGUrRe 7: Localization of WtCFTR, R553X, and G542X to the cell surface in COS-7 cells by confocal immunocytochemistry. Cells were
studied by confocal microscopy using the monoclonal anti-CFTR antibody MATG-1031. Panels from left to right are cross sections of cells

at the level of the nucleus and cell surface membrane, without and with detergent permeabilization (40X) as indicated. Upper panels from

left to right are (A) wtCFTR without permeabilization, (BAF508 CFTR without permeabilization, and (QF508 CFTR with
permeabilization. Lower panels from left to right are (D) G542X without permeabilization, (E) R553X without permeabilization, and (F)
VT7 controls with permeabilization.

produces cAMP-regulated halide permeability, and no full-

A'_ 8 COS.7 : GSAZX !en_gth_CFTR could be c_ietected by immunoprecipif[atic_)n,
§ 100 oaup : indicating that suppression of the premature termination
- codons is not responsible for the ion transport results shown
T ol St S — here @9, 40). The enhanced basal halide permeability
—e— GBA2X (80) conferred by R553X and G542X is qualitatively and
% 28 o —e— VT7 cAMP (30) guantitatively similar to that produced by NBD-1 (Figure
° 0 g 5 —e— LAC Z cAMP (60) 5). We suggest that the truncated CFTR proteins G542X

ssssssss s and R553X contain adequate domains and the appropriate
- a8 ijmi': e cellular signals to fold into functional peptides and localize
to the cell membrane. The common halide permeability

B. s enhancing effects produced by G542X, R553X, and isolated
3 " NBD-1 suggest that these three polypeptides share common
ERIRTTE COS-7 : RS53X amino acids (422542 of the complete CFTR molecule)

2 1004 which may be able to activate halide permeability in several
; 76+ epithelial cell types.
| 4 : ::::: :" o On the basis of the findings that R553X and G542X retain
® ’:' ........ ; e w17 “:,, ’m) surface localizing and residual halide transport function, we
FrorrrTT recently studied five patients possessing at least one of these
2e833aq R alleles, but found no evidence of residuat 8ecretion during
Seconds a nasal potential difference protoc@bj. We attributed the

FiIGURE 8: R553X or G542X expression increases halide perme- absence of Cl secretion in vivo to instability of CFTR

ability in COS-7 cells. Cells grown on glass coverslips were studied MRNA possessing premature stop codons, which has be_en
by SPQ as in Figure 5. Cells expressing truncated CFTR with (open reported to reduce the levels of truncated CFTR protein

squares) and without (triangles) cAMP stimulation (@@ forskolin product @1, 42). Interestingly, a tendency toward decreased

+ 100u4M IBMX at 500 s) are compared with vT7 (closed circles) 4 :
and LacZ (gray diamonds) infected cells stimulated with cAMP. Na" transport compared withF508 homozygote controls

The numbers in parentheses are the total number of cells includedVas observed in the nasal airways of these patients and is
in each curve. (A) Dequench of the G542X expressing cells was consistent with the finding that the CFTR truncated at
significantly elevated above control cellB (< 0.0001 compared  position 553 retains the ability to downregulate'Nansport
with vT7 or LacZ conditions). (B) Dequench of the RSS3X iy an gocyte expression systed3]. Further studies in a
expressing cells was significantly elevated above contf®ls< ( . - .
0.0001 compared with vT7 expressing cells). Iarger_nur_nber of CF paqents will be necessary in ord_er to
establish improvements in the CF N@ansport abnormality
This result has significance, since modeling of the CFTR conferred by CFTR truncation alleles. In either case, our
NBDs based on the amino acid sequence has suggested gesults clearly establish that, unlike class Il CFTR mutations
cytoplasmic localization for the domairi,(2). Our data  (34), R553X and G542X CFTR are capable of escaping
indicates a tendency for the NBD-1 portion of CFTR to span intracellular degradation, targetting the plasma membrane,
the mammalian epithelial plasma membrane. and forming functional proteins that maintain some residual
Expression of truncated CFTR (R553X CFTR and G542X halide transport function. These properties might be utilized
CFTR, Figures 6, 7, and 8) produces a protein which also in new approaches to CF therapy, if methods for increasing
targets the eukaryotic plasma membrane, enhancing cellulalCFTR mRNA or truncated protein stability could be devel-
basal halide permeability. Neither R553X nor G542X oped @4, 45).
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Ficure 9: Summary of studies concerning assignment of CFTR
pore-forming elements to defined domains. The figure to the left
summarizes CFTR constructs previously evaluated, while the
accompanying table provides information regarding halide perme-
ability and presence or absence of regulation (see text).

Expression studies following deletion of CFTR domains
have been informative regarding the constituents of CFTR
that regulate Cl conduction. Flotte et al. observed that
CFTR expressed from an AAV vector functioned normally
even when the first predicted membrane-spanmnirigelix
(residues +119 of CFTR) was omitted4g). Carroll et al.
subsequently showed that omission of the first four predicted
membrane-spanning-helices (i.e., a CFTR beginning at
residue 265) maintained an anion-selective pore similar to
that observed in the wild-type CFTRY). These studies of
transmembrane segment deletion could suggest that earlie
studies of point mutations in TM segments 1 and 6 (which
led to altered CFTR anion selectivity, suggesting a contribu-

Biochemistry, Vol. 37, No. 43, 19985229

CI~ pore is only partially informative, since there are many
ways in which a deletion of this sort might disrupt protein
folding or pore formation, irrespective of the physical
location of the Ct pore. As another example, Akabas and
colleagues recently demonstrated that covalent modification
of residues in eithen-helix 1 or 6 led to decreased ion
conductance by CFTR and concluded that these two regions
contributed to the lining of an anion-selective pore. The
authors noted that covalent labeling did not formally rule
out effects on pore function at a distance, although the data
provided clear evidence that residues withimelices 1 and

6 are accessible to the extracellular environm&dit 62).
Nevertheless, this important series of experiments does not
explain previous studies of CFTR indicating intact function
even in the complete absence of the fiushelix (46, 47).
Interestingly, amino acid substitutions at position 338 of
CFTR, which has been predicted to contribute to the peptide
backbone of the CFTR Cichannel and not line the channel
itself (52), altered the anion selectivity series of the CFTR
anion channelg3). This finding suggests that indeed single
amino acid substitutions at sites removed from the predicted
halide conductive portion of CFTR may have effects on the
single-channel properties of CFTR. Our present results
establish surface localization, a transmembrane configuration,
and enhancement of halide permeability by NBD-1 in living
epithelial cells and provide important support for the previous
finding that anion pore function exists within NBD-1 of the
overall CFTR moleculel(, 28, 29).

tion of these alpha helices to the CFTR €bnductive pore) ACKNOWLEDGMENT

might be describing effects at a distance, i.e., raising the \ye are indebted to Jan Tidwell and Kynda Roberts for
possibility that some of these transmembrane segment pointer help preparing this manuscript and Dr. Cathy Fuller for
mutations were not within the Clpore itself 82, 48). On her critical review. We are also grateful to Kevin Hicks for
the other hand, Sheppard et al. have demonstrated that ggchnical assistance. J.P.C. is a Cystic Fibrosis Foundation

truncated CFTR molecule containing TM-1, NBD-1, and the
R domain (D836X) remains capable of forming anion-
selective channels with phosphorylation-dependent regulation
(49). This result indicated that all elements necessary for
CFTR CI" channel assembly could be found in the first 836
amino acids of CFTR. In earlier studies, Rich et al. showed
that deletion of CFTR amino acids 70835 ARCFTR, i.e.,
CFTR lacking a portion of the R domain) did not obliterate
the pore-forming activity of CFTR but, instead, led to the
predicted absence of phosphorylation-dependent activation
(6). A summary of these results, together with our current
findings, is presented in Figure 9. Note that all CFTR
constructs reported to maintain anion channel activity contain
the majority of NBD-1.

The actual residues lining the anion-selective pore within
CFTR are controversial. In Figure 9, we have focused on
mutations which lead to active Cthannels, since this sort
of information provides a very stringent criterion by which
to judge the possible location of the pore. Mutations that
lead to subtle alteration or even complete loss of €@lannel
activity are difficult to interpret since even a point mutations
may disrupt channel function by inducing defects in overall
CFTR protein folding, influencing pore function from a
distance 7, 34, 50). For example, the finding by Welsh and
colleagues that CFTR without the NBD-1 is processed
normally, but loses the ability to mediate GQdermeability,
is consistent with the hypothesis that NBD-1 contains pore-
forming elements33). However, the absence of an active

Leroy Matthews Physicians/Scientist award recipient.
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