
30 min with 0.1 phf [ 'HIM-94 (12 Cimmol). 
Bound ligand was separated from frcc by rapid gel 
Glmtion through a 0.5 an by 3 an G-50 Sephadex 
column, and the radioactivity present in the eluate 
was determined in a liquid scintillation counter to 
provide a measure of total biding. Nonspecific 
biding was dclined as that occurring in the prcs- 
ence of 100 M - 9 4 ,  and the diffcyxe between 
total and nonspecific biding yielded spectfic 
[ jH]M-94 biding. 

6. Chloride channels w m  reconstituted by a detergent 
dilution method [M. Kasahan and P. C. =nkle, 
Roc. Natl. Acad. Sci. U.S.A. 73,396 ( 1976); W. P. 
Dubinsky and L. B. Monti, Am. J. Pkysiol. 251, 
C713 (1986)l. Solubilizcd proteins (see Legend to 
Fig. 2) were diluted tenfold into cxcess.asolcctin (12 
mglml) and frozen in an acetone-dry ice bath. The 
mixture was thawed at room ternperam and soni- 
c a d  in a bath-type sonicator for 25 S; cxtcmal CI- 
was removed from the vesicles by passing them 
through an anion exchange column. Uptake of 
=CI- into the liposomes was measured at a final CI- 
conccntrarion of 5 mM (2 @id) ,  and uptake was 
stopped by passing the vcsides through a second 
anion exchange resin. 

7. The concentration of eluted proteins was below the 
resolution of standard protein determination assays. 
On the basis of silver staining of known quantities of 
protein standards in the same gels, we estimated that 
for cach preparation less than 1 C L ~  of protein was 
prcscnt in the column eluate. Although sihrcr stain- 
ing is poorly quantitative, this &te was support- 
ed by NHz-terminal amino acid analysis of the 27- 
kD protein, which showed the presence of about 
100 ng of protcin. 

8. M. E. Kroux, G. T. Schneider, P. W. Gage, Nature 
319, 58 (1986); P. T. A. Gray, S. Bcvan, J. M. 
Ritchic, Proc. R. Soc. Lntdon Sn. B 221, 395 
(1984); G. T. Schncidcr, D. I. Cook, P. W. Gage, J. 
A. Young, rylugers Arch. 404, 354 (1985); A. L. 
Blatz and K. L. Magleby, Biophys. J.' 43, 237 
(1983); J. W. Haruahan, W. P. ALks, S. A. Lewis, 
Roc. Natl. Acad. Sci. U.S.A. 82,7791 (1985); D. J. 
Nelson, J. M. Tang, L. G. Palmer, J. Membr. Biol. 
80,811 (1984). 

9. D. Ocstcrheh and W. Stocckcnius, Roc. Natl. A d .  
Sci. U.S.A. 70,2853 (1973). 

10. Liposomes have an elecwneuaal C1- uptakc mech- 
anism [Y. Toyoshima and T. E. Thompson, Biochem- 
icny 14, 1525 (1975)l. 

11. This calculation is bascd on the assumption that the 
membrane potential generated by bacteriorhodopsin 
is the same in the two typcs of vcsidcs. 

12. R. Grcgcr, E. Schlamr, H. Gogdcin, rylugm Arch. 
409, 114 (1987); J. P. Hayslat, H. Goglein, K. 
Kunzclmann, R Gregcr, ibid. 410,487 (1987). 

13. T. Imagawa, J. S. Smith, R C. Coronado, K. P. 
Campbell, Biol. Chem. 262, 16636 (1987). 

14. The purified channels w m  reconstituted into phos- 
pholipid vcsides by a detergent dialysis procedure. 
The vcsidcs w m  formed by c o n c c n m ~ g  7 ml of 
the aifinity column eluate to 1 ml with a PM-10 
Glta (Amicon, Danvers, MA) that had been coated 
with a 1% fibrinogen solution. The concenaated 
material was added to 10 mg of asolcctin [Y. 
Kagawa and E. Rackcr, J. Biol. Chem. 246, 5477 
(1971)l and 9 mg of n-octyl glucoside, vortcxed, 
placed in a dialysis tube (Spectdpor, Spectrum 
Medical Indusaics, Los Angles, CA, 14kD cut- 
oft), and dialyzed for 15 hours against 1 liter of a 
solution containing 10 mM KCI, 700 mM sucrose, 
and 10 mM Hcpcs (pH 7.0). The dialyzate was 
changed and dialysis.was C O ~ M U ~ ~  for an additional 
3 hours. Vesicles wcrc stored on ice until use. Planar 
biaycrs (4% asolcctin in dccanc) were formed by the 
brush technique in a 100-pm hole [A. Finkelstein, 
Methodc Enzymol. 32, 489 (1974)l in a Tdlon 
partition. Vesicles w m  squirted at the membrane 
through a micropipate positioned 20 to 50 pm 
from the planar b iyer  [M. H. Akabas, F. S. Cohcn, 
A. Finkelstein, J. Cell Biol. 98, 1063 (1984); W. 
Niles and F. S. Cohen, 3. Gen. Physiol. 90, 703 
(1987)l. The cis (vesicle-containing) dumber con- 
taincd either 350 mM KCI, 10 mM GCI2, and 10 
mM Hcpcs (pH 7.0) or 150 mM KC1 400 mM urea, 
20 rnM hemicalcium gluconate, and 10 mM Hcpes 
(pH 7.0). The trans side contained either 100 mM 
KCI, 20 mM hcmicalcium gluconate, and 10 mM 

Hcpes (pH 7.0) or 10 mM KCI, 20 m M  hanical- 
cium gluconatc, and 10 mM Hcpes (pH 7.0) but 
without urea. The single-channel cumnts were am- 
ph6ed with a ~mnt-to-voltage converter and re- 
corded on a f"34 video tape reforder (Inda Sys- 
tems, Sunnyvale, CA). The data were digitized and 
analyzed with the use of interactive programs on a 
laboratq compum system (hdcc Systems). Roc- 
ords were filtered at 300 Hz before digitization 
through an 8-pole Bmd filter (Frequency Devices, 
HavcrhiU, MA). Potentials given are those in the cis 16. 
chamber dative to virtual ground in the trans 
chamber. Sclcctivity ratios were calculated by means 
of the Goldman-Hodgkm-Katz quanop with d v i -  
ty d a e n t  corrections. 

15. L i t - i d u c e d  "1- uptake was mcasurrd by add- 
ing 6 mM %Cl- (2.3 pCiml) to thawed and 
sonicated hposomes in a glass fluoromeaic cuvcttc. 
The vcsidcs were exposed to light from a F;odak 

650H slide projector. Samples (80 to 120 pl) wcrc 
removed at the indicated times, applied to an 8-an 
anion exchange column, and eluted with 1 ml of a 
solution contajning 250 mM sucrosc and 10 mM 
imidazole ( p H  7.0) to remove cxtravcsicular %I-. 
Uptake in the dark was mcasurcd h m  identical 
samples of cach preparation and was found to be 
linear with timc, and this uptake was subtracted 
from the light-dependent flux. The individual values 
were within 10% of the reported averages. 
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Persistence of Abnormal Chloride Conductance 
Regulation in Transformed Cystic Fibrosis Epithelia 

An airway epithelial cell line (CFlT43) was developed by inkting cultured airway 
epithelial cells tiom patients with cystic fibrosis (CF) with the pZIPnedV(X) 11SVQOT 
retrovirus and selecting for G418 resistanae and ion transport properties. The 
distinctive chloride secretory phenotypes of the CF cell line CFlT43 and a normal cell 
line (NLIT4) were not pemubed by SV4OT-induced dl transformation. Epithelial 
cell lines generated h m  CF cells with the S V W  p e  can be used to test candidate 
CF genes and to evaluate the molecular mechanisms lrcsponsible for the CF phenotype. 

C YSTIC FIBROSIS (CF) IS AN AUTOSO- ceb, but the limited availability of these cells 
mal recessive disease that affects epi- cupntly mmas CF research. The gene 
thelia of the airways, sweat glands, encoding for the SV40 large T (SV40T) 

pancreas, and other organs. Abnormal regu- 
lation of transport in the apical cell A. M. Jmen, National Institute of Environmental 

Health Sciences, R-ch Triangle Park, NC 27709. the conductive C1- J. R. Yylkaskas, M. J. Stum, N. J. Willumssn, R. C. 
channel, is the direct effect of the abqormal koq$a, D e p a m n ~ t  of Medicine, Univmity of North 

geoe (1). These abnormalities are exhibited Carolma, Chapel HA, NC 27514. 

in primary ctlhures of CF airway epithelial *To whom correspondence should be addressed. 

Fig. 1. (A) SV40T expression in CF/T43 and NLIT4 A 
cell lines. Lane a, primary culture of normal airway 
epithelial cells; lane b, CFfT43; lane c, NL(T4. CeUs kD 
were labeled with [35S]-methionine (100 pCi/ml; >lo00 kc 50 48 
mCi/mmol) (Amersham) in methionhe-fiw Ham's F12 40 
medium for 1 hour. The labeled cells were washed in 200 -c 

phosphate Mered  saline (PBS) and solu~ilized in lysis 
buffer (154 mM NaCI, 10 mM Na5HPO4, pH 7.2, 1% 92 5 + 
Triton X-100,0.5% deoxycholate, and 1 mMNaF). The SV40T -+ - - L r 

homogenate was cenaifuged at 50,OOOg for 1 hour, and 69 --c 

the supernatant (>lo7 tricarboxylic acid-precipitable 
counts per minute) immunoprecipitated with mouse 
monoclonal antibody 416 (Qncogene Science) to , 58 
SV40T antigen (Ab-2a) according to the manufacturer's - -56  
protocol (16). Imrnunopreci i ~ t c d  antigen was analyzed 
by 8% ~DS-pol~ac~Iami8, gel electrophoresis (17) 
followed by autoradiography. (B) Expression of AEl 
cytokeratin and (C) expression of AE3 cytokeratip; fie lanes are as in (A). Ceh were collected by 
trypsiniition and solubilized in sample buffer (62.5 mM tris-HC1, pH 6.8, 1% SDS, 2 mM 
phenyhethyMonylAuoride, 1 mM EDTA, 2.5 pg of leupeptin per milliliter, 2.5 pg ofapmtinin per 
miliilter, 5% glycerol, 50 mM rlithiothreitol, and 0.001% bromophenol blue, pH 6.8). Proteins were 
separated by 8% SDS-polyacrylamide gel electrophoresis (1 7), and immunoblot analysis was perfbrmed 
(18). The reactivity of keratins with monoclonal antibodies AE1 and AE3 (19) was visualized by 
immunogold silver staining with Auro Probe BL plus streptovidin (Janssen ,Biotech, Olen, Belgium) 
according to the manufacturer's protocol. 
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antigen enhances the growth potential of 
cultured airway epithelial cells (2). To pro- 
duce CF epithelial cell lines, we introduced 
the SV40T gene into primary cultures of CF 
and norm&airway epithelial cells, selected 
clones that form resistive epithelial barriers, 
and characterized the regulation of their ion 
transmrt functions with intracellular rnicro- 
e ~ ~ o d e s  and patch-clamp techniques. In 
this study we describe a CF epithelial cell 
line that expresses the abnbrmal regulatory 
phenotype. 

Primary cultures of airway epithelial cells 
were established from nasal polyps excised 
from a donor with CF (diagnosed by elevat- 
ed sweat C1-, typical airway disease, and , 
pancreatic insufficiency) and fiom a proxi- 
mal bronchus of an accident victim without 
CF (3). While in exponential growth phase, 
the cells were infected with a pZIP- 
neoSV(X) 11SV40T retrovirus (4). After 10 
to 14 days, colonies resistant to G418 (P 

neomycin analog that is toxic to mammalian 
cells) (50 ~r.g/ml) were isolated and propa- 
gated fok further study, and saniples were 
ayopreserved. Several cell lines were estab- 
lished, but most ceased proliferation after 
several passages. A CF (CFn43) and a 
normal (NLlT4) cell line continued grow- 
ing through 22 and 26 passages, respective- 
ly, and were used for further studies. Con- 
trol cultures not exmsed to the retrovirus 
senesced and died dthin four passages. The 
SV40T antigeh was detected in the CFm43 
and NUT4 lines, but not in primary nasal 
epithelial cell cultures (Fig. lA), confirming 
expression of the exogenous gene. These cell 
lines expressed the same epithelial cell-spe- 
citic cytok'etitins as primary cell cultures 
(Fig. 1, B and C), confirming the epithelial 
hatiue of the cell lines. 

The epithelial barrier and vectorial pro- 
cesses (such as transepithelial ion transport 
and secretion of glycoproteins) deperid on 

Flg. 2. (A) Freae-fracture micrograph of CF/T43 ells showing E face grooves characteristic of tight 
junctions ( ~ 5 5 0 0 ) .  (B) Nonnal airway epithelial cells in primary culture showing P face tight junction 
stands ( ~ 7 1 0 0 ) .  CMS cultures were 6xed in a mimue of phosphate-buffered 2% glutaraldehyde and 
2% paraformaldehyde (pH 7.2). Before f r e e  , the samples were cryoprotected for 1 hour in a 
dut ion of 25% glycerol in 0.1M phosphate b d e .  Samples wen positioned on gold double-replica 
specimen mounts and frozen in liquid nitrogen-cooled freon and stored under liquid nitrogen. The 
samples were processed in a Balzers BAF400T frceze-frame apparatus (Balzers Corporation, Nashua, 
NH) at a stage temperature of - 100°C. After fracturing, the specimens were shadowed with platinum- 
carbon and stabilized by carbon evaporation. The replicas were cleaned in 5% sodium &chromate in 
50% H2SO4 and retrieved from distilled water on copper grids. Replicas were viewed and photo- 
graphed with a Zeiss EM-1OA transmission electron microscope at an accelerating voltage of 60 kV 
(20). 

development of intercellular tight junctions 
and cell polarization into distinct apical and 
basolateral regions (5). Because ion trans- 
port functions of the native tissue are best 
preserved in cell cultures that form resistive 
barriers (6), we relined culture conditions to 
induce formation of intercellular tight junc- 
tions and a transepithelial electrical resist- 
ance (Rt) in these cell lines. Cell lines were 
initially propagated in plastic tissue culture 
flasks in serum-free keratinocyte growth me- 
dium (KGM) (Clonetics). The cells were 
then passaged to permeable collagen matrix 
supports (CMS), the medium was supple- 
mented with factors that induce differentia- 
tion in other cultured cells [1.0 mM CaZ+, 
~ o - ~ M  retinoic acid, and 50% Dulbecco's 
modified Eagle medium (with 2% fetal bo- 
vine serum) conditioned by NIH 3T3 fibro- 
blasts (CM) (6, 7)], and R, was measured 
serially in a sterile modified Ussing cham- 
ber. Cell lines with significant R:s were 
evaluated by electrophysiological methods 
that distinguish normal and CF airway epi- 
thelial cells in primary culture (8-10). 

CFR43 cells (passages 9 to 19) and NLJ 
T4 cells (passages 5 to 11) developed si@- 
cant R;s and equivdedt short-circuit cur- 
rents (I,) (Table l) .  The Rt of the cell lines 
was lower than that of primary cultures, 
whereas the transepithelial potential (Vt) 
and I,, were intermediate be-tween the val- 
ues reported by different investigators (Ta- 
ble 1). The development of an Rt was 
accompanied by the formation of morpho- 
logic correlates of tight junctions compara- 
ble to those of airway epithelial cells in 
primary culture (Fig. 2). The intracellular 
Cl- activity (acl) approximated the values of 
primary cultures. 

To assess the basal Cl- conductance (Ga) 
of the apical membrane, we treated CMS 
cultures with amiloride ( ~ o - ~ M )  to inhibit 
apical N;u+ conductance (11) and reduced 
the luminal solution Cl- concentration to 3 

Table 1. Comparison of baseline electrophysiologic properties of CF and normal airway epithelial cells in primary culture with those of CFI T43 and NU T4 
cell lines. Baseline electrophysiologic properties (mean f SEM) of cultured normal and CF airway epithelial cells. V,, transepithelial potential difference; V,, 
apical membrane potential difference; Vb basolateral membrane potential difference; fR, fractional resistance of the apical cell membrane; R,, transepithelial 
resistance; I.,, equivalent short-circuit current; el, intracellular C1- activity. Voltages were measured with conventional and ion-specific microeledes,  and 
other parameters were calculated as described (9). 

Source 

Primary cultures 
Willurnsen et al. (9) 
Widdicombe (16) 

Cell line 
CFR43 

Primary culnves 
Wiumsen et al. (9) 
Widdicombe (16) 

W line 
NU T4 

v, Vb 
(mV) (mV) 

Cystic fibrosis 

a, Rt 1, "a 
(ohm cm2) (6 an-') (mM) 

REPORTS 1473 
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Fig. 3. (A) Intraceuular C1- actlvltv (mM, mean 
+ SEM) of CFlT43 (a) and NLIT4 (e) cells 
Cultures were sequentially exposed to Krebs BI- 
carbonate Rmger (KBR) solutlon, amllorlde 
( 1 0 - 4 ~ ,  lummal) m KBR, and amllorlde In 3 
mM Cl- (C1- replaced by gluconate) lurnlnal 
soluuons We used h e a r  regression analyses to 
calculate the rate of change In acl durlng 3 mM 
C1- exposure and t tests to estlmate whether these 
rates dffered from zero, acl of NLIT4 cells de- 
creased slgnlficantly (- 1.38 r 0 27 mM per mm- 
Ute n = 6, P < 0 01) durlng exposure to 3 mA4 
CI- lurmnal solutlon, whereas a,-, of CFlT43 dld 

Fig. 4. (A) Representative A NormalTT4 Cystic FibrosisIT43 
records showing activation 3 mln after ATP 3 rnln after ATP 
of NLIT4 CI- channels by --c -C 
ATP olus catalvtic subunit 
(CS) 'of CAMP-dependent 
kmase (21). CFlT43 CI- 5 min after ATP t CS 5 mln after ATP + CS 

channels are not activated by -C F-c 
ATP plus CS, but are acti- 
vated by depolarization to 
+70 mV Both NLIT4 and -C 
CFlT43 C1- channels are In- 
activated bv the C1- channel C 

blocker 5-nitr0-2-(3-~hen~l- 3 s after ~ O - ~ M  NPPB 3 s after 10.~h.1 NPPB,70 mV 
propy1amino)-benwic acid 
(NPPB) (22). Arrows de- ;Z,T -C 

N ,  
-C 

note the times indcated .- ~ + 

above each trace. The clamp 400 rns 
potential was -40 mV with Norrnal:T4 CFfl43 
respect to the pipette, except 4 4 1 

where noted. C, closed state. 
Excised inside-out patches 
were formed by the method 
of Hamill et al. (23). The 
pipette solution was 140 

1 
: I l l  mM NaC1, 2 mA4 MgCI,, 2 ~ :I 

mM CaCI2, and 5 mA4 N- -, 1 I l L i  

tris[hydroxymethyl] methyl- I 
I -l Ix 

1 
2-aminoethane sulfonic acid -2 I I I I I I 1 -2- 
(TES), pH 7.2. The bathing -75 -50 -25 o 25 50 75 -75 -50 -25 0 25 50 75 
solution contained 140 mhl v (mv) v (mv) 
NaCI, 4 mM MgC12, 1 mA4 
EGTA, 0.71 mM CaCI,, 
and 5 mM TES (pH 7.2). 
The cytoplasmic face of the -C 

membrane was first exposed -C 
to bathing solution contain- 
ing 1 mWATP. After 5 min, 
the bathing solution was changed to one that contained 1 mM ATP and 100 nM CS. If no activation 
occurred after 8 to 10 min, the patch voltage was depolarized to 70 to 100 mV. After activation, 
channels were identified by conductance, kinetics, reversal potential in asymmetric pipette:bathing 
solutions, outward rectification ( I # ) ,  and sensitivity to NPPB. All patch-clamp experiments were 
performed at 20" to 22°C. (B) Top: Current-voltage (I-lr) relation of CI- channels from NLIT4 and 
CFiT43 cells. Each symbol represents data from a different preparation. Conductance of individual 
experiments was calculated as the slope of the tangent of the I- V relation at 0 mV. Bottom: Traces are 
representative records demonstrating increased conductance at the +40-mV clainp potential. 

not (-0.17 * 0.09 mM per minute, n = 13). 
Intracellular CI- activity was measured with ion- 
selective microelectrodes (9). Three to ten impale- 
ments for each condition were averaged for each 
of 13 (CFlT43) or 6 (NLIT4) cultures. (B) 
Change in I,, (mean + SEM) of arniloride- 
treated (lOV4h.i, apical) NLlT.1 and CFiT43 cells 
exposed to forskolin ( 1 0 - 5 ~ ,  luminal) (n = 4) or 
a Ca2+ ionophore [A23187 (10-6hl) or ionomy- 
cin luminal] (n  = 4). I,,'s before secreta- 
gogue exposure were 4.0 + 1.2 and 3.3 + 1.0 
pA cm-2 for NLIT4, 6.1 * 1.1 and 5.5 * 1.2 
pA cm-2 for CFlT43. "Different from baseline, 
P < 0.05, ?Different from NLIT4 response to 
forskolin, P < 0.02; P < 0.04 with Bonferroni 
correction for multiple comparisons. (C) Intracel- 
lular CI- activity (mean * SEM) of CFlT43 cells. 
Cultures were sequentially exposed to KBR, am- 
loride in KBR, and amiloride in 3 mM CI- 
luminal solutions, then exposed to forskolin 
(10-'M, lurninal) or a Ca2+ ionophore [A23187 
(10-6w or ionomycin (lO-'w lluminal] in ami- 
loride, 3 mM Cl- solution. Intracellular C1- 
activity d d  not change significantly (-0.04 + 
0.31 mM per minute, n = 6) during forskoh 
exposure, but decreased signficantly (- 1.85 r 
0.26 mA4 per minute, n = 4, P < 0.01) during 
ionophore exposure. 

rnM to create a large chemical gradient for 
C1- exit. This led to a reduction of aci in 
NLIT4 but not in CFR43 cells (Fig. 3A), 
mimicking the behavior of primary cultures 
(9, 10) and indicating a negligible apical 
membrane Gel in CFiT43 cells. 

Several approaches were used to evaluate 
the regulation of apical membrane Gel in 
these cell lines. First, the capacity of an 
adenosine 3',5'-monophosphate (CAMP)- 
dependent agonist (forskolin) and ca2+  ion- 
ophores to increase the I,, of amiloride- 
treated cells [an index of net C1- secretion 
(12)] was compared in NLK4 and CFK43 
cells (Fig. 3B). As in freshly excised tissues 
and primary cultures, forskolin was an effec- 
tive C1- secretagogue in NLK4 but not in 
CFE43 cells, whereas ca2+ ionophores 
were effective in both cell types. The lack of 
CFiT43 response to forskolin was not 
caused by abnormal CAMP accumulation 
because forskolin increased CAMP levels 
(13) comparably in CFK43 (from 
0.75 r 0.02 to 7.8 r 3.0 pmol per milli- 
gram of protein, n = 3) and NL/T4 (from 
1.0 i 0.3 to 6.1 2 0.9 pmol per milligram 
of protein, n = 3) cells. 

Second, to further assess whether ca2+ 
ionophores increased apical GCl in CFK43 
cells, we compared the effects of ionomycin 
(n = 1) and A23187 (n = 3) with forskolin 
in amiloride-treated cultures that were ex- 
posed to reduced (3  mM) luminal C1-. 
Calcium ionophores, but not forskolin, in- 
duced a decrease in acl  (Fig. 3C), reflecting 
a Ca2+-mediated activation of an apical 
membrane Gel. 

Third, we assessed C1- channel regulation 
at the single channel level. Schoumacher et 
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al. and Li et a l .  (14) found that the catalytic 
subunit (CS) of CAMP-dependent kinase 
activated outwardly rectifying C1- channels 
in excised patches of no-rma but not CF 
airway epithelial cells. In 18 inside-out 
patches from NLlT4 cells, 6 were found to 
have C1- channels (Fig. 4 4 .  Five of these 
six were activated by 1 rnM adenosine tri- 
phosphate (ATP) and 100 nM CS, but not 
bv ATP alone. Chloride channels in the 
remaining patch were elicited by depolariz- 
ing voltage. Of 16 inside-out patches taken 
from CFlT43 cells, 5 were ultimately found 
to contain C1- channels. None ofthdse were 
activated by the ATP or ATP plus CS; all 
were activated by depolarizing voltages. 
Chloride channels from CFE43 and N L E 4  
had conductances [28.7 * 1.3 pS (n = 5) 
and 29.6 + 2.0 pS (n= 5), respectively] 
(Fig. 4B) similar to those reported for CF 
and normal airway epithelial cells in primary 
culture (14). 

The ultimate proliferation potential of the 
CFE43 cell line remains to be determined. 
Nevertheless, the demonstrated prolifera- 
tion capability is adequate to support many 
experiments. For example, a single cryopre- 
served vial of lo6 cells at passage 9 may be 
expanded to 10'' cells at passage 19 (the 
highest passage currently known to manifest 
the CF regulatory phenotype). This exceeds 
by three orders of magnitude the number of 
CF cells in primary culture produced in 1 
year by a large tissue culture core facility 
\ ,  

We have developed a human airway epi- 
thelial cell line that maintains specific differ- 
entiated properties and is therefore useful 
for studies of the biologic properties under- 
lying CF. The extended proliferation capa- 
bility of the CFE43 cell line is certainly 
caused by the SV40T gene, since the T 
antigen is expressed and control cultures 
died within four passages. The retention of 
differentiated e ~ i t h e l a  characteristics is 
probably due to the random site of gene 
insertion, which determines the expression 
of T antigen and its effects on cell prolifera- 
tion and function. Our selection strategy, 
which focused on the ability of cells to form 
resistive barriers, may favor clones in which 
other differentiated cell functions are rela- 
tively preserved. The key features of the CFI 
T43 line-formation of functional tight 
junctions, reduced apical membrane Gel, 
and activation of apical C1- channels by 
Ca2+ ionophores but not by CAMP-depen- 
dent agonists-suggest that the molecular 
processes underlying CF are preserved. 
These cells will be instrumental in elucidat- 
ing these mechanisms, in testing candidate 
complementary genes for correction of the 
observed CF abnormalities, and for develop- 
ing and testing new therapeutic strategies. 
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Regulatory Role for GTP-Binding Proteins in 
Endocytosis 

Guanosine 5'-triphosphate (GTP)-binding proteins have been implicated in the 
transport of newly synthesized proteins along the secretory pathway of yeast and 
mammalian cells. Early vesicle fusion events that follow receptor-mediated endocytosis 
as measured by three in vitro assays were blocked by guanosine 5'-0-(3-thiotriphos- 
phate) and aluminum fluoride. The effect was specific for guanosine nucleotides and 
depended on the presence of cytosolic factors. Thus, GTP-binding proteins may also 
have a role in the transport of molecules along the endocytic pathway. 

G UANOSINE ~'-TRII?HOSPHATE (GI?)- 
binding proteins may participate in 
various intracellular processes in 

addition to their well-characterized role in 
the transduction of hormonal and sensory 
signals ( I ) .  Analogs of GTP have been 
shown to affect exocytosis in permeabilized 
cells (Z), and studies of yeast mutants defec- 
tive in the secretory pathway have identified 
GTP-binding proteins that are required for 
normal secretion (3). These proteins have 
extensive homology with vas gene products 
(4). Ras proteins are GTP-binding proteins 
that appear to participate in the proliferation 
of eukaryotic cells (5). In mammalian cells, 

evidence for a regulatory mechanism medi- 
ated by GTP-binding proteins in the secre- 
tory pathway comes from the observation 
that transport from the endoplasmic reticu- 
lum to the Golgi apparatus (6) and among 
Golgi stacks (7) is inhibited by guanosine 
5'-0-(3-thiotriphosphate) (GTP-y-S) (a 
nonhydrolyzable GTP analog) in cell-free 
systems. In addition, GTP-y-S affects the in 
vitro recycling of phosphomannosyl recep- 
tors to the Golgi apparatus (8). 
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