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ABSTRACT. Cystic fibrosis commonly occurs as a consequence oAf08 mutation in the first nucleotide
binding fold domain (NBF-1) of CFTR. The mutation causes retention of the mutant CFTR molecule in
the endoplasmic reticulum, and this aberrant trafficking event is believed to be due to defective interactions
between the mutant NBF-1 domain and other cellular factors in the endoplasmic reticulum. Since the
NBF-1 domain has been shown to interact with membranes, we wanted to investigate whether NBF-1
and CFTR interactions with specific phospholipid chaperones might play a role in trafficking. We have
found that the recombinant wild-type NBF-1 interacts selectively with phosphatidylserine (PS) rather
than phosphatidylcholine (PC). By contrast, NBF-1 carrying At508 mutation loses the ability to
discriminate between these two phospholipids. In cells expreashit8-CFTR, replacement of PC by
noncharged analogues results in an absolute increase in CFTR expression. In addition, we detected
progressive expression of higher molecular weight CFTR forms. Thus, phospholipid chaperones may be
important for CFTR trafficking, and contribute to the pathology of cystic fibrosis.

Cystic fibrosis is the most common lethal autosomal (15). Furthermore, a recent crystal structure of HisP, a
recessive disease in the U.S. population, and is due tobacterial homologue of the NBF domains of CFTR, has also
mutations in the CFTRgene (—4). The most common  been interpreted to show a transmembrane structife (
mutation is a missing phenylalanine at position 588%08), Inasmuch as phospholipid chaperones are critical for proper
which occurs in NBF-1, the first nucleotide binding fold trafficking of lac permease ift. coli (17, 18), we have
domain. The basis of CF pathology for th&H508]CFTR hypothesized that specific interactions between CFTR and
is believed to be failure of the mutant protein to traffic phospholipids might also play a role in the CFTR trafficking
correctly to the plasma membrarne—<10). Protein chaper-  process in mammalian cells.
ones have been implicatetll{ 12). However, recent studies To test this hypothesis in vitro, we have utilized the single
indicate that NBF-1 also interacts with membranes. For tryptophan (W496) in NBF-1 orAF508]NBF-1 as a natural
example, anion channels are formed in planar acidic phos-reporter group. We have found that phospholipid membranes
pholipid bilayers by both recombinant wild-type adH508]- cause changes in W496 fluorescence. Furthermore, the
NBF-1 (13). More recently, NBF-1 has been shown to fluorescence can be blocked by an aqueous quencher to
behave as a membrane-spanning integral membrane complexv496. Finally, phospholipids also differentially change the
when expressed i&. coli plasma membraned4), and to circular dichroism spectrum of both mutant and wild-type
span the plasma membrane when expressed in sf9 insect cellsIBF-1 proteins. In wild-type NBF-1, these changes depend
specifically on the kind of phospholipid added, with the effect
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amellar vesicles; LUV, large unilamellar vesicles; CD, circular higher molecular weight CFTR bands, suggesting an increase
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fluorescein isothiocyanate; TFE, trifluroethanol; SDS, sodium dodecyl Suggest that aberrant interactions between the mutant NBF-1

sulfate. domain of CFTR and phospholipid chaperones may indeed
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contribute to the processing defect identified for tkie508 residue weight (MRW) of 108 was assumed. Spectra were
mutant, thereby contributing directly to the cystic fibrosis scanned 4 times and averaged. Averaged blank spectra were
disease process. subtracted to yield the ‘pure’ protein spectra. Data were

converted into units of mean residue ellipticity using the
MATERIALS AND METHODS equation:

Preparation and Purification of Recombinant NBF-1 and
[ AF508]NBF-1 NBF-1 (CFTRA426-588) and AF508]NBF- _ {(defl,m) x 10 x MRW}

1 were prepared as fusion proteins with GST, cleaved by {conc (mg/mL)x path length (cm)x 106
thrombin, and purified by gel electrophoresis as previously
described 13).

Measurement of Tryptophan FluorescenEiorescence
spectra (excitation at 290 nm) were obtained at a protein
concentration of 3@g/mL in the presence or absence of PS
or PC small unilamellar vesicles (SUV) at a lipid concentra-
tion of 0.1 mM in buffer A (10 mM MES-NaOH, 10 mM
HEPES-NaOH, 300 mM sucrose, 1 mM EDTA, pH 6.0),
or after incubationn 8 M urea for 25 min at room
temperature (22C). Spectra were recorded using a SPEX

Fluorolog photon counting spectrofluorometer with a 305 fiters in an extruder apparatus (Lipex Biomembranes,

EIIT] ::utoffnfllteirntton ?tli'm'nvit? sca::entn% gnd stt)rt?y tlilr?htih Vancouver, BC). The samples were passet 2times
blur?kerice cer menfwieti (te edgodecret iny subtracting ethrough doubly stacked filters of Oi@n pore size, and then
a casureme out adde p ote N , 7—10 times through doubly stacked filters of Quin pore
Tryptophan Fluorescence Quenchimgotein solutions of size.
1.5 uM were titrated with acrylamide in the presence or  praparation of Calcein-Loaded LU\Calcein (fluorexon,
absence of phospholipid vesicles (PS-SUV or PC-SUV, 0.1 jgicator grade, Aldrich) was loaded into extruded LUV by
mM) in buffer A, or after incubationn 8 M urea for 25 min adding 1 volume of LUV to 3 volumes of 90 mM calcein
at room temperature (22C). The fluorescence intensity, e tralized with NaOH). The suspension was then exposed
excitation at 290 nm and emission at 345 nm with a 305 NM 5 5 freeze-thaw cycles of liquid W37 °C. Untrapped
cutoff filter, was recorded during titration of the solution

’ , , calcein was separated by passing the mixture over a PD10
with small aliquots 65 M acrylamide. The effects due 0 ¢41;mnp (Pharmacia) with buffer B used as the eluant. The
light scattering by the liposomes were corrected by subtract- ¢4 -tion with the highest ratio of fluorescence signal increase

ing the corresponding blank signal without added protein. 4fier addition of detergent (ca. 1/60 volume of 10% NP40)
The ratio of the corrected fluorescence intensity in the was used in the experiment.

absence of the quenché, to the corre_cted intensity in the Calcein Efflux AssayThe release of calcein was deter-
presence of the quenchét, as a function of the quencher  inaq fluorometrically by monitoring the decrease in self-
concentration, was calculated and plotied as the Stem  g,,enching as the dye was released from the vesicles. The
Volmer plot. The SterVolmer constant is given by the  cqngitions on the SPEX fluorolog photon counting spectrof-
slope of the SteraVolmer plot. luorometer were excitation at 490 nm and emission at 522
Preparation of Phospholipid VesicleBhospholipids were  nm with a 515 nm cutoff filter to eliminate contributions
purchased from Avanti Polar Lipids (Alabaster, AL). Phos- from light scattering and stray light. The kinetic experiments
pholipids were deposited from a chloroform solution as a \ere initiated by injecting wild-type or mutant NBF-1 from
film by evapo'ration in a rotary evaporator under an argon gz stock solution (0.1 mg/mL in 10 mM Tris-HCI, pH 7.5)
atmosphere in a round-bottom flask, and subsequentlyinto a cuvette containing 2 mL of calcein-loaded LUV in
lyophilized under high vacuum. After hydration with buffer pyffer C (10 mM MES-NaOH, 10 mM HEPESNaOH,
B (10 mM Tris-HCl or 10 mM HEPESNaOH, 150 mM 300 mM sucrose, and 2 mM EDTA, pH 6.0) at 3Z. The
NaCl, 0.1 mM EDTA, pH 7.4), the solution is thoroughly  flyorescence intensity corresponding to total release of
vortexed. To prepare large unilamellar vesicles (LUV), the caicein was determined by addition of 20 of 10% NP-
suspension is freeze¢hawed 5 times and extruded through 40, progress in the reaction was calculated as the percentage
nucleopore filters (2< 0.2 um, 10 x 0.1 um) in a high-  of dequenching, using the formula: % dequenching(t)
pressure extruder. = [(ft — fo)/(f. — fo)] x 100, wheref; is the measured
Preparation of Small Unilamellar Vesicles (SU\§mall fluorescence at time¢ f, is the fluorescence of the loaded
unilamellar vesicles (SUV) were prepared by sonication of vesicles before addition of the protein, ard is the
vortexed phospholipids under argon for 15 min until clarity fluorescence after addition of NP-4B(t), the normalized
using a titanium tip probe sonicator. After sonication, the fluorescence at timg was modeled by eq 2 (see text).

1)

The 5 sheet content in aqueous buffer,-380%, agrees
with the levels predicted by the Chou and Fasman method
(19). However, then helical content predicted by the Chou
and Fasman method9), ca. 40%, is experimentally obtained
only when wild-type or mutant NBF-1 is dissolved in 94%
TFE.

Preparation of Large Unilamellar Vesicles (LUW.or-
texed vesicles, prepared as described above in buffer B, were
subjected to 5 freezethaw cycles of liquid W37 °C,
followed by filtration through polycarbonate Nucleopore

sample was spun down (3095 min) to remove possible Effect of Choline Analogues on CFTR Maturatid®er-
metal particles. manently transfected L-cells expressing either wild-type or
Circular Dichroism CD spectra of 5uM NBF-1 (wild- [AF508]CFTR were obtained from Drs. Dan Devor and Ray

type or mutant) in 10 mM Tris-HCI, pH 7.5, in the presence Frizzel, University of Pittsburgh School of Medicine. Wild-

or absence of 1 mM phospholipid SUV, were collected in a type cells had recently been reselected by SPQ-based flow
computer-driven Jasco J500C spectropolarimeter, using acytometry, while mutant cells are estimated to be 40%
quartz 0.1 cm optical path length cell at 26. A mean positive producers. Cells were incubated fer2days in
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Ficure 1: Effect of phospholipids on the tryptophan emission spectrum and acrylamide quenching of NBF-1 andA¥BB8)( (A)
Tryptophan fluorescence spectrum of wild-type (a) and mutgF08-NBF-1 (b) in the absence of added phospholipid} ¢r in the
presence of PS-SUV+¢), PC-SUV (- --), @ 8 M urea (-~ -). (c) NBF-1 fluorescence spectra normalized relative to the respective peak
of fluorescence intensity. The upper panel is wild-type NBF-1. The lower panel is NBF5D8). Conditions are as described in parts a
and b. (B) Quenching of tryptophan fluorescence in recombinant NBF-1 (d) and in mutant MBBAR) (e) in different concentrations

of acrylamide. Conditions are as described above. The Siéotmer constants (i.e., the slopes of the lines in parts d and e) are shown in
part f. Statistics: Data are significantly different from the corresponding control at the 0.05 level (*), the 0.01 level (**), or the 0.001 level
(***). Data are significantly different from the respective wild-type at the 0.05 level (#) or the 0.01 level (##).

choline-free DMEM medium (Biofluids, Rockville, MD), intensities were then converted to false color and superim-
supplemented with either 4@g/mL choline (Sigma) or  posed over the phase image of the field.

choline analogues (MEA [2-(methylamino)ethanol]; or AP | 5ser Scanning Cytometr¥he slides were read on a LSC
(3-amino-1-propanol); or AB (2-amino-1-butanol), all from  (goston, MA) Laser Scanning Cytometer. The primary
Aldrich Chemical Co.), following the method of Glaser et iscrimination for identifying cells was obtained from the
al. (20). According to Glaser et al2(), L-cells are able to jight-scattering channel and included selection based on the
survive under these conditions for up to 1 month. Antl_bodles area of the scattering object. The adequacy of these settings
used to detect CFTR were a monoclonal antibody either to \ya5 confirmed by observation of the computer-generated
the C-terminal four residues of CFTR (Genzyme) or 10 an contours of included cells against the phase image. A
epitope in the NBF-1 domain (gift from Dr. Norbert Kartner, - secondary discrimination was employed against cells with
Toronto). Cells were harvested in a protease inhibitor yery high integrated fluorescence intensity (mainly due to
cocktail, and processed for electrophoresis by SBEGE,  very pright, crystalline spots within the cell contour). The
transblotting, and ECL detection exactly as described by agequacy of this discrimination was confirmed by observing
Guay-Broder et al.21). Protein was measured by the BAC  the contours against the FITC fluorescence channel image.
method (Pierce). Data are shown as histograms of the number of cells vs

Immunocytochemistry.-cells transfected with either wild-  fjyorescence intensity integrated over the cell contour.
type orAF508-CFTR were grown on coverslips for 2 days

in the presence or absence of the indicated concentration ofResyULTS
MEA. Cultures were subconfluent at that stage. Cells were
fixed with formaldehyde, permeabilized with 0.2% Triton Fluorescence Studies of Wild-Type and of Mutant NBF-1
X-100, and treated with glycine. The samples were labeled Domains Figure 1a-c illustrates the changes in fluorescence
with monoclonal anti-CFTR (Genzyme, C-terminal epitope) intensity and emission maximum for wild-type and mutant
as primary antibodies, and FITC-labeled anti-mouse IgG asNBF-1 species in the presence of either phosphatidylserine
secondary antibodies. The coverslips were then glued to(PS) or phosphatidylcholine (PC), or the denatti&aM urea.
microscope slides. The phospholipids PS and PC were chosen as representative
Confocal MicroscopyCells were imaged on a BioRad components of the cytosolic and luminal leaflets of the
X1000 laser scanning confocal microscope using a Zeissendoplasmic reticulum membranes, respectively. The tryp-
microscope with a 4R objective.Z-axis slices were taken  tophan emission maximum for the wild-type NBF-1 in buffer
at ca. 1.5um using a motorized stage. The fluorescence was found to be 341.% 0.9 nm f = 8), while that for the
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Ficure 2: Circular dichroism spectra of wild-type ad=508-NBF-1. Upper spectra: CD spectra were taken in Tris buffer supplemented
with either PS [@), PC (1), or no phospholipids adde®}). Lower spectra: Solvent effects on the secondary structure of NBF-1 are
depicted by the CD spectra in 94% TF&)( 0.1% SDS ¢), and 1% SDSY).

AF508 mutant was 338.& 1.1 nm @ = 9). These were  denaturation 8 M urea substantially enhanced tryptophan
significantly quenched and blue-shifted from conditions in accessibility to acrylamide quenching in both species.
8 M urea, in which the wild-type NBF-1 emission maximum As shown in Figure 1d, the ability of acrylamide to quench
was 351+ 1 nm ( = 2), and that for the mutant NBF-1 the tryptophan fluorescence of wild-type NBF-1 was sig-
was 354+ 1 nm ( = 2). These results thus indicate that nificantly suppressed in the presence of PS but not PC
the single tryptophan in each species is located in a naturallymembranes. Quantitatively, the presence of PS resulted in
hydrophobic environment, and that the two species differ the reduction of the StetfiVolmer constant by nearly 2-fold,
from each other conformationally. A similar general conclu- while PC effects were insignificant (see Figure 1f). However,
sion regarding the hydrophobic tryptophan environment for in the case of the mutant NBF-1, acrylamide quenching was
wild-type and mutant NBF-1 has also been drawn by Qu significantly suppressed by both PS and PC membranes
and ThomasZ?2). (Figure 1e,f). Thus, PS and PC interact with both wild-type
Addition of PS membranes to either wild-type or mutant and mutant NBF-1, but only PS protects the W496 in the
NBF-1 results in slight quenching and a blue-shift 6f8 wild-type protein against acrylamide quenching. By contrast,
nm for the wild-type and £2 nm for the mutant (see Figure the AF508 mutation allows both PS and PC to protect the
la—c). However, when PC membranes were added, bothtryptophan from accessibility to the aqueous quencher. These
species exhibited an enhanced quantum vyield with no data thus suggest that th®F508 mutation results in a
detectable shifts in emission maxima. These results indicateconformational change, which permits the NBF-1 to more
that when either mutant or wild-type NBF-1 species interacts profoundly penetrate through an uncharged lipid-headgroup
with PS membranes, the tryptophan 496 then resides in anlayer than it otherwise might in the wild-type conformation.
even more hydrophobic environment. On the other hand, Circular Dichroism Studies of Wild-Type and of Mutant
although both protein species interact with PC membranes,NBF-1 DomainsWe therefore turned our attention to the
as manifested by the increased quantum vyield, there is noquestions of whether NBF-1 and NBFAIK508) might differ
apparent consequence for the hydrophobicity of the tryp- in secondary structure, and whether selective phospholipid
tophan environment. binding to the NBF-1 might manifest further structural
The membrane-induced conformational changes in NBF-1 changes. Based on inspection of the circular dichroism (CD)
were further tested by analysis of tryptophan fluorescence spectra (see Figure 2), and on modeling using both the
quenching by acrylamide (Figure 4d). We found that in CONTIN method 23) and the method of Yang24), we
the absence of phospholipids, acrylamide, a polar collisional noted that the structures of both mutant and wild-type NBF-1
guencher, quenched the tryptophan fluorescence of both themolecules had substantjgdpleated sheet components {30
wild-type and mutant NBF-1 molecules with similar efficacy 52%). However, as shown in Figure 2, thé-508 mutant
as evidenced by the Sterivolmer constantKs-v) (Figure was less structured than the wild-type by ca. 23%. These
1f). These constants, given by the slopes of the plots in Figuredata, as well as the helical content, in the range 0f45%,
1 (panels d and e), are sensitive quantitative measures ofare in agreement with the results reported by others for
quencher accessibility to the fluorophore. As expected, recombinant NBF-125) and for a fusion protein of NBF-1
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Ficure 3: Membrane permeabilization of large unilamelar vesicles (LUV) induced by NBF-1 and NBF508). PS-LUV (300 nM PS)
loaded with calcein were exposed to the amounts of NBF-1 (a) or NBIFAQ8) (b) shown in the figure. The experimental data (dotted
lines) were fitted to eq 2solid lines).

with the maltose binding protein2@). In addition, these  As shown in Figure 3a,b, increasing concentrations of both
results are consistent with data showing structural differencesNBF-1 species indeed caused a progressive increase in the
between “wild-type” p67 and “mutant” p66 peptides from rate of release of entrapped calcein within the PS liposomes.
NBF-1 (27). At lower concentrations of protein, the progress of the efflux

According to the CONTIN method, this difference between reaction showed a brief lag, followed by an apparent first-
mutant and wild-type NBF-1 structure might be traced to a order increase. With increasing concentrations of protein, the
slightly largera. helical component in the wild-type molecule.  1ag phase became shorter, and the rate of efflux increased.
However, addition of either PC or PS resulted in an enhancedThe whole reaction was found to be accurately modeled by
a helical content at the expensebheet structure, leading  an equation containing a first-order exponential with rate
to similar levels of ellipticity for both mutant and wild-type ~ constank (Figure 3c), following a lag timé.g (Figure 3e):
proteins. We also measured the CD spectra in membrane-

mimetic environments such as trifluoroethanol (TFE) and F(t) = F {1 — e K"t} (3]
sodium dodecyl sulfate (SDS). Addition of 94% TFE raised
the computedx helical content from 915% to 32-39%, The fitted curves are the solid lines superimposed on the

with no significant difference noted between mutant and experimental data in Figure 3a,b. The kinetics of these
wild-type NBF-1. SDS, in molecular (0.1%) or micellar (1%) reactions depict saturating processes which indicate that
forms, also raised the helical content to similar levels in NBF-1 binds to the PS membranes. Since it is likely that
both wild-type and mutant proteins, but with less efficiency the lag time represents the time needed to assemble NBF-1
than TFE. Thus, significant changes in théelix content  molecules into polymeric species at the membrane, it is
can be induced in the wild-type and mutant NBF-1 molecules possible that dye release occurs only when the liposome binds
by either phospholipids or selective membrane-mimetic a minimal number of NBF molecules. The saturation data
purturbants. We therefore conclude, as anticipated from thea|so support the concept that NBF-1 molecules do not
fluorescence data, that the CD data do confirm the fact thatredistribute rapidly between different vesicles. In this process,
both PS and PC change the secondary structure of NBF-1the wild-type and mutant NBF-1 molecules are distinguished
in subtle but distinct ways. from one another by rate constants (Figure 3c), extents
Liposome Permeability Changes Induced by Wild-Type or (Figure 3d), and lag times (Figure 3e). Fundamentally, the
Mutant NBF-1 DomainsTurning now to the question of effect of theAF508 mutation is taecreasehe probability
whether theAF508 mutation might have functional conse- of NBF-1 inducing release of the anionic dye from PS
quences, we compared the ability of wild-type or mutant vesicles.
NBF-1 to cause the release of an encapsulated impermeable To investigate the efflux specificity of wild-type and
solute, calcein, from liposomes. For this purpose, we preparedAF508 NBF-1 for PS and PC phospholipids, we reacted both
large unilamellar vesicles (LUV) of PS or PC encapsulating NBF species with calcein-loaded liposomes composed of
calcein at a self-quenching concentration, and allowed thesevarious proportions of PS and PC. Figure 4 a,b shows that
vesicles to interact with either wild-type or mutant NBF-1. both wild-type and mutant NBF-1 molecules substantially
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a : k ‘ ' Influence of Lipid Composition on Trafficking of Wild-

Relative Initial Rate Type or Mutant CFTR in Vb. To test this “phospholipid
f\»_ chaperone” hypothesis directly, we have grown L-cells
s expressing either wild-type oAF508-CFTR in media in

1.0 +

_ /"(.;"// . which choline is replaced with a variety of uncharged choline
32 | /‘7‘/ - analpgues. Under these conditiqn_s, the gells replace.la}rge
S o5l i ~ fractions of the neutral phospholipid PC with phospholipid

I // analogues whose headgroups correspond to the analogue

supplementZ0). The choline analogues we chose to study
were 2-aminobutanol (AB), methylethanolamine (MEA), and
3-aminopropanol (AP). Glaser et &0 had shown that over

0.0 a 3 day culture period, these analogues caused reductions of
b PC from 51.8% of total phospholipids to 17.8% (AP
10k supplement), 15.2% (MEA supplement), and 11.1% (AB
] supplement). In each case, PC was replaced quantitatively
by the corresponding acidic phospholipid: either phosphati-
- dyl-AP, phosphatidyl-MEA, or phosphatidyl-AB (see Figure
= 5).
<o05r As shown in Figure 6 A,D, L-cells expressing wild-type
i e omMNBran CFTR responded to the various supplements with either little
—=-- 25 "M NBF(AF) change 4AB) or reductions +MEA, +AP) in CFTR. As
o amiNera expected, very little CFTR was detected in unsupplemented
0.0 , . ‘ ‘ cells expressing mutant CFTR. However, as shown in Figure
0 25 50 75 100 6B,E, supplemented mutant cells expressed more CFTR, with
% PS MEA supplementation the most robust. In a separate experi-

FiGURE 4: Differential capacity of wild-type oAF508 NBF-1to ~ Ment in which the MEA concentration was titrated (see
induce calcein efflux from phosphatidylserine (PS) or phosphati- Figure 6C), the optimal MEA concentration was ca/80.
dylcholine (PC) large unilamellar vesicles. (a) Relative initial rates In addition to the increase in total CFTR, several high

ﬁég:éﬁé”cfﬁsggti% NPBe':r;trﬂ;g‘eiF(’éﬁg?gﬁz Srg;)’g;ggrr‘] 8}‘ g Molecular weight CFTR bands were detected which increased
. (1) . .
in the liposomes made up of a mixture of PS and PC. For the in a dose-dependent manner (see Figure 6F). Among the

experiments with wild-type NBF-1, the protein concentration is 75 Important positive controls in this experiment was the use
nM and the lipid concentration 220 nM. For the experiments with of a different monoclonal antibody (anti-NBF-1 from Dr.
mutant NBF-1, the protein concentration is as indicated, between Norbert Kartner), which gave virtually identical results to
5 and 75 nM, and the lipid composition is 160 nM. Error bars are {,55e with the anti-C-terminal domain antibody from Gen-
for the most part smaller than the size of the symbols. (b) Relative S .
extents of calcein efflux are shown for the experiments described ZYM€: These data thus clearly indicate that choline replace-
in part a. ment differentially affects the apparent trafficking and
stability of wild-type and mutantAF508-CFTR’s. We
prefer to induce calcein efflux from pure PS rather than pure therefore interpret these data as providing strong support for
PC vesicles. Indeed, the membranes containing only PC showthe phospholipid chaperone hypothesis.

virtually no efflux upon the addition of wild-type NBF-1, In addition to the biochemical evidence shown above of
and only slight release upon the addition of the mutant NBF- increased CFTR maturation, we used confocal microscopy
1. However, the mutant NBF-1 is much more tolerant to to assess how choline analogues affected the expression and
admixtures of PC with PS than is the wild-type molecule. trafficking of wild-type or AF508-CFTR in recombinant
For example, a 50% replacement of PS by PC results in anl_-cells. Figure 7 shows the effects of MEA on the expression
ca. 80% loss of efflux activity with wild-type NBF-1. levels and cellular distribution patterns AF508-CFTR by
Nonetheless, under the same phospholipid replacementdepicting the level of CFTR in a series afaxis optical
conditions with different concentrations of th&508 mutant, sections in cells treated with MEA for 2 days. The control
essentially no loss in potency is observed in either the initial (no MEA) cells show low levels of CFTR, with, at most,
rate or the extent of the efflux reaction. slightly increased perinuclear labeling. MEA-treated cells,
These data thus give further support to the concept thaton the other hand, show enhanced cytoplasmic labeling with
NBF-1 can bind specifically to lipid bilayers, and that the @ punctuated pattern while the nuclear and plasma membrane
AF508 mutation influences the interaction. Furthermore, the regions are at background levels. This pattern, together with
ability of the mutation to expand the membrane interactions the glycosylation data, suggests that MEA promotes survival
of NBF-1 to include PC, as shown by protection from Of mutant CFTR proteins.
acrylamide quenching of W496, coincides faithfully with Since confocal microscopy shows the effect at a few
functional consequences for the formation of a calcein efflux selected fields, we opted to enhance the statistical signifi-
pathway in liposomes. Thus, if these conclusions were indeedcance of the confocal microscopy data by studying the entire
important for CFTR trafficking in vivo, one might usefully — ensamble of cells using cell cytometry. For this purpose, we
entertain the hypothesis that defective trafficking\#f508- studied MEA-treated CFTR-transfected L-cells using scan-
CFTR might be traced to preferential interactions between ning laser cytometry. Figure 8 shows the histograms of the
mutant CFTR and phosphatidylcholine. distribution of integrated fluorescence intensity in these cells.
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Ficure 5: Structures of the phosphatidylcholine (PC) analogues.
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Ficure 6: Effect of choline analogues axF508-CFTR trafficking in vivo as evidenced by CFTR glycosylation. Western blot of membranes
from L-cells expressing wild-type CFTR (A) &F508-CFTR (B). Cells were cultured in the absence of fetal calf sertlRCS) to avoid

adding choline, and supplemented with@mL (53 uM) of either 2-aminobutanol (AB), methylethylamine (MEA), or 3-aminopropanol

(AP). (C) Titration of the effect of MEA om\F508-CFTR expressed in L-cells. The lower case letters a, b, and c indicate various molecular
weight CFTR bands which may be equivalent to the conventional glycosylated bands of wild-type CFTR. Densitometry of CFTR-positive
immunoreactivity for wild-type (D) or mutant (E) CFTR transfected cells. The integrated intensity in each band in part A was corrected for
the amount of protein loaded in the lane, and normalized to the respective contF@lS]. The total immunoreactive density is used for

the calculation. (F) Relative densitometric expressionA#508-CFTR-positive immunoreactivity from cells incubated in different
concentrations of MEA. Bands a, b, and c correspond to equivalently labeled bands in part C. The ratio of c/a is calculated from the
individual bar graph values.

In control AF508-CFTR-transfected L-cells, not treated with transfected L-cells, but the vast majority of the population
MEA, most of the cells show a low level of labeling by still distributes in the high-intensity peak.

fluorescent antibodies with very few cells having high

intensity. However, when grown in the presence of MEA, a DISCUSSION
large proportion of the same cells display high labeling. In  These data show that tid-508 mutation in NBF-1 allows

contrast, untreated wild-type CFTR-transfected L-cells mostly PC into a domain neaAF508 and W496 that was not
show a high level of labeling. MEA treatment seems to previously permitted in the wild-type conformation. This
somewhat lessen the expression of wild-type CFTR in effect of theAF508 mutation on NBF-1 may have patho-
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Ficure 7: Confocal microscopy evidence for the potentiatiod&508-CFTR trafficking in vivo by choline analogues. Confocal fluorescence
intensity images of CFTR-transfected L-cells grown in the absence or presence of the indicated concentration of MEA and probed with
FITC-labeled secondary antibodies to anti-CFTR monoclonals. Images are shown in false color as a function of thezdepigsinThe

bottom row shows the phase image for the same field.
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Ficure 8: Evidence for the effect of choline analogues on the trafficking®508-CFTR in vivo by laser scanning cytometry. Distribution
of cellular FITC fluorescence intensities for CFTR-transfected L-cells grown on microscope slides in the presence or absenkk of 45
MEA and labeled with FITC-tagged secondary antibodies to anti-CFTR monoclonal antibodies.

physiological significance for cystic fibrosis, since reduction of higher molecular weight CFTR components (Figure 6).
in cellular PC and replacement by noncharged analoguesPrevious studies have suggested that recognition of the
appear to have an ameliorating effect on defective mutant mutant CFTR by proteins in the family of chaperonigs-(
CFTR trafficking in vivo. This is evidenced by increased 12) could lead to degradation by the proteosome sysfielm (
expression oAF508-CFTR (Figures-68) and enhancement  12). However, since PC and PS are distributed asymmetri-
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Buffer +PS +PC interactions with phospholipids. In addition to the intrinsic
- T T changes in fluorescence and CD spectra of the protein
(Figures 1ac and 2), theAF508 mutation leads to confor-
mational changes, which permit both PS and PC to protect

W496 from acrylamide quenching. Furthermore, Af€508
mutation not only decreases the rate of calcein efflux from
PS liposomes, but also renders the efflux process more
tolerant to PC in the system. Thus, the changes in the nature
of the interaction of PC with mutant NBF-1, noted at the
molecular level by the tryptophan at position 496, are
faithfully reproduced at the functional level by efflux of the
anionic dye calcein from liposomes. In addition, these data
further specify the conclusion that phospholipid interactions
with NBF-1 occur at or near a site influenced by the F508
residue. We summarize these results with the models in

FiGure 9: Models fo: the interaction of phosphatidylserine and Figure 9, in which tryptophan 496 (‘'W") is depicted within
phosphafidylcholine with wild-type and mutant NBF-1. (a) For \.Ni.|C|- ggydrophoblc pi)cclret Iln E)he NBF'ji n?I(_)IecuI?S, an% PC an:j
type (wt) NBF-1, the tryptophan 496 (“W”) is depicted as residing = aré represented only by general ellipses 10 avold specula-
in a hydrophobic pocket, as defined by the fluorescence spectrum.tion about molecular orientation.

(b) In the presence of PS, the global secondary structure of wild-  In conclusion, we have found that the recombinant wild-
type NBF-1 molecules changes, and the hydrophobicity of the type NBF-1 domain interacts selectively with phosphati-

pocket enveloping the W496 is enhanced. Furthermore, the tryp- : ; . T
tophan is protected from quenching by acrylamide by PS interacting dylserine (PS) rather than phosphatidylcholine (PC), in vitro.

in the vicinity of the tryptophan. (c) In the presence of PC, the BY contrast, NBF-1 carrying th&F508 mutation loses the
global conformation of wild-type NBF-1 is also changed, but with ability to discriminate between the two types of phospho-

significant differences. Not only does the tryptophan fail to be blue- |ipids. In vivo, in cells expressingF508-CFTR, replacement
shifted, but also the quantum yield is actually somewhat enhanced. ¢ pc by noncharged analogues results in an absolute

Furthermore, PC fails to provide protection to W496 from acryla- . in CFTR d . . f hiah
mide quenching. For that reason, the conformation in the vicinity '"NCréase in , and a progressive expression of higher

of W496 is shown with a different structure from that with PS in molecular weight CFTR forms. Thus, phospholipid chaper-
part b. (d) For mutant NBF-1, the tryptophan 496 (“W”) resides in ones may be important for CFTR trafficking, and contribute
a hydrophobic pocket, which is slightly less polar (by fluorescence) to the pathology of cystic fibrosis.

and less structured (by CD) than the wild-type molecule (cf. part

a). (e) In the presence of PS, the global secondary structure of

mutant NBF-1 molecules changes, and the hydrophobicity of the ACKNOWLEDGMENT
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