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Expression of the cystic fibrosis transmembrane conductance regulator (CFTR)
generates adenosine 3',5'-monophosphate (cAMP)-regulated chloride channels, indicating that CFTR is either a chloride channel or a chloride channel regulator. To
distinguish between these possibilities, basic amino acids in the putative transmembrane domains were mutated. The sequence of anion selectivity of cAMP-regulated
channels in cells containing either endogenous or recombinant CFTR was bromide >
chloride > iodide > fluoride. Mutation of the lysines at positions 95 or 335 to acidic
amino acids converted the selectivity sequence to iodide > bromide > chloride >
fluoride. These data indicate that CFTR is a cAMP-regulated chloride channel and that
lysines 95 and 335 determine anion selectivity.
C YSTIC FIBROSIS (CF) (1) IS CAUSED

spleen cells were depleted of non-NK cells bearing

cAMP-regulated Cl- currents are generated.

by mutations in the gene encoding

The simplest interpretation of these results is

CFTR (2-6). Amino acid sequence

that CFTR is a cAMP-regulated Cl- chan-

(3, 7, 8) suggest that CFTR consists of two

regulate endogenous, previously silent Cl-

various markers with the use of MAbs plus comple-

ment [a mixture of guinea pig and rabbit sera (36)].

MAbs to IAb (BP107), heat stable antigen (Jlld),
analysis and comparison with other proteins
nel, but it is possible that CFTR could

CD4 (GK1.5), and CD8 [AD4(15)] were used as
indicated. After the depletions, viable cells were
isolated on a Ficoll gradient.
31. The cytotoxic cell assay was as described (36) except

that medium containing a serum substitute (AIM V
medium, Gibco, Gaithersburg, MD) was employed
for preparing the Con A blast target cells and in the
assay cultures. However, when the assay was per-

repeats of a unit containing six membrane-

channels. The notion that CFTR is a Cl-

spanning segments and a putative nucleo-

channel has been controversial because

tide binding domain (Fig. 1). The two

CFTR does not resemble any known ion

repeats are separated by a large polar seg-

channels but most resembles a family of

ment called the R (regulatory) domain,

energy-dependent transport proteins (3, 7,
formed with serum or with AIM V medium on the
same day, no difference was observed in the lysis ofwhich contains multiple potential phosphor- 8). To test whether CFTR is a cAMP-/- cells by enriched NK cells.
ylation sites. The predicted topology of
regulated Cl- channel, we used site-directed
32. Spleen cells from B6 mice pretreated with poly I:C
mutagenesis to change the properties of
were first depleted of B cells by treating the cellsCFTR, with the exception of the R domain,
with anti-IA plus complement (30) and isolating
resembles that of a number of other memCFTR.
the surviving cells on a Ficoll gradient. Aliquots of
brane proteins, such as the multiple drug
As permeating ions flow through an ionthese cells were treated with antibodies plus comresistance P-glycoprotein, the yeast STE6
selective pore, they sense the electrostatic
plement (36). Following the complement treatment, viable cells were isolated on a Ficoll gradigene product, and several bacterial periplasforces generated by amino acids that line the
ent, washed, and tested for lysis of YAC-1 tumor

mic permeases (3, 7, 8).

pore. This interaction between amino acids
Chloride transport by epithelial tissues is and the permeating ions determines ionic
were not adjusted for the numbers of cells killed abnormal
by
in patients with CF (9); apical
selectivity (12). We reasoned that if CFTR is
antibody and complement, so the effector/target
membrane
Cl- channels do not open in
a Cl- channel, then changing positively
ratio in these panels refers to input effector cell
cells, or - /- or + / - Con A blast targets from (B6
x 129)F2 and F3 mice as indicated. Cell numbers

response to an increase in intracellular

number.
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strain expresses the NK1.1 allele. Viable nucleated

charged amino acids in CFTR to negatively
cell
charged amino acids might alter ionic selecCFTR or
tivity. Similar strategies have been used in
11),
K+ channels, the nicotinic acetylcholine receptor, and the mitochondrial voltage-dependent anion-selective channel (13).
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M12) (Fig. 1) identified by RiorR. J. Gregory, D. W. Souza, S. Paul, A. E. Smith,
ogy, Birmingham, AL) and fluorescein-conjugated
Genzyme Corporation, Framingham, MA 01701.
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likely to span the lipid bilayer. They are also

tification (or curvature) of the I-V relations

highly conserved among different species

probably results from the asymmetric CL-

Wild-type CFITR CFTR-R347E, and
CFTR-RlO3OE had cAMP-dependent

(14), suggesting conservation of function.

concentrations. Similar permeabilities for

channels with relative conductance se-

Moreover, a mutation that changes Arg347

Cl- over Na+ were observed in mutated and

quences that paralleled their permeability

in M6 to proline may be responsible for

nonmutated CFTR and in the apical mem-

sequences: Br- 2 C1- > I- F-. The most

some cases of CF (15), indicating that this

brane of T84 cells (Table 1). Our mutations

dramatic change was in CFTR-K335E, for

residue may be critical for CFTR function.
We therefore made the following mutations,
converting basic residues to acidic residues:

did not cause a general disruption of channel which the conductivity sequence was Br- >
I- > C1- > F- (Fig. 3D). Although
regulation was intact, voltage-dependence
CFTR-K95D showed an altered permeabil-

structure because cAMP-dependent channel

Lys95 -. Asp95, Lys335 -. Glu335, Arg347 -was unchanged, and selectivity for Cl- over
Na+ was preserved.
Glu347, and Arg1030 -. GIu'030 (16).

ity sequence, the relative conductivity se-

quence for the halides remained unchanged

In HeLa cells transfected with either the

The anion permeability sequence of

wild type or the mutant forms of CFTR,

cAMP-regulated currents in wild-type

Eisenman's equilibrium theory of ionic

cAMP reversibly activated whole-cell currents (Table 1). As reported with the vac-

CFIR and the apical membrane of T84 cells

selectivity (21) explains why removing pos-

was Br- > C1- > I- > F- (Fig. 3, A and B,

itive charge might alter the anion selectivity

from that for the wild-type channel.

from Cl- > I- to I- > C1-. According to
altered the anion selectivity. When Lys95Eisenman's
or
theory, anionic selectivity decAMP. We compared the properties of
Lys335 were substituted with amino acids
pends on the hydration energy of the anion
cAMP-regulated current in cells expressing
containing acdic side chains, the amon per- and the energy of interaction between an
anion and a positively charged site (22).
wild type and mutant CFTR with cAMP- meability sequence was converted to I- >
regulated current in the apical membrane of
Br- > Cl- > F- (Fig. 3, C and D, and
When the anion-site interaction energy is
T84 epithelial cells (which normally express
Table 1). When Arg347 and Argl030 were
less than the energy required for dehydraCFTR) (18).
mutated, the permeability sequence was not
tion, the permeability sequence is I- > BrRepresentative current responses of
different from that of wild-type CFTR, al- > C1- > F-, but when the anion-site
CFTR to hyperpolarizing and depolarizing
though the relative permeability of I- to
interaction energy is much greater than the
voltage steps are shown in Fig. 2. Wild-typeCl- increased (Fig. 3, E and F, and Table
energy required for dehydration, the perme1).
CFTR, mutated CFTR, and Cl- channels in
ability sequence is F- > C1- > Br- > I-.
We also estimated the relative anion conthe apical membrane of T84 cells showed
The permeability sequence of CFTR (Br- >
similar responses: the majority of the current
ductance of these mutated channels (20).
Cl- > I- > F-) suggests that CFTR conwas voltage-insensitive.
In symmetrical Cl- concentrations,
CFTR generates Cl- channels that display a
Table 1. Relative anion permeability and conductance of cAMP-stimulated channels in the apical
linear current-voltage (I-V) relation (10,
cinia virus-T7 hybrid expression system (5,

and Table 1) (19). Site-directed mutation

10, 17), 30 to 70% of the cells responded to

11). To maximize our ability to detect a
change in the relative permeability of Na+

to Cl-, we used a NaCl concentration gradient (Fig. 3). Under these conditions, rec-

membrane and in cells expressing wild-type (27) and mutant CFTR. Data are mean ?SEM of values
calculated from currents in cAMP-stimulated individual cells (n, number of cells). Solutions and
cAMP stimulation are as in Fig. 2. During stimulation, the mucosal or extracellular (bath) solution

was changed from a Cl- solution to one containing each of the indicated anions. To check for
reversibility, cAMP was removed. Permeability ratios Px/Pa, where X is Na+, I-, Br-, or F-, were

calculated from reversal potentials with the Goldman-Hodgkin-Katz equation. Chord conductance
was measured as the slope between the reversal potential and the reversal potential plus 25 mV.

Conductance ratios Gx/Gc, are the ratios of I-, Br-, and F- to Cl-. Liquid junction potentials and

A
Mi-1

-1

+1

+1

0

-1

M12

potentials at the tip of the patch pipette were corrected according to E. M. Fenwick et al. (28). The
chord conductance of cAMP-regulated currents across the apical membrane was 1.67 ? 0.12 mS

cm-2 (n = 12). The chord conductance of whole-cell currents (in nS) before/after stimulation with
34
+ Arg7 - rg0

N

+3

+4 +3 +5
NBD R NBD2

BMM -FMFYGI FLYLGRVTXAVQP LLL

a NaCI bath solution was (number of experiments in parentheses) as follows CFTR-3T3, 2.6 - 0.8/
51.7 ? 20.2 (4); CFTR, 0.8 ? 0.6/22.4 ? 17.4 (5); K95D, 0.3 -+- 0.1/3.5 + 1.3 (4); K335E, 0.5
? 0.2/6.5 + 2.2 (5); R347E, 1.0 ? 0.6/11.5 + 3.2 (4); R1030E, 0.5 ? 0.3/27.2 + 9.9 (4).

PNJ P./P0 GJ/Ga

Protein (n) PNa
Br-

(329)

Cl-

1-

F-

Br-

Cl-

1-

F-

T84 epithelia

M6 - G I I L R I F F T T I S F C I V L R X A V

Apical (12) 0.16 1.21 1.00 0.56 0.11 0.92 1.00 0.47 0.64

(1014)
31aO - Y I F V A T V P V I V A F I M L R A Y F L

?0.01 0.06 +0.03 ?0.03 0.05 ?0.03 +0.02
NIH 3T3 cells

Fig. 1. Predicted topology of CFIR in the memCFIRse(4) 0.01 1.11 1.00 0.59 0.30 1.26 1.00 0.29 0.15
brane. (A) Ml to M12, membrane-spanning
+0.01 ?0.03 ?0.07 ?0.01 ?0.19 ?0.04 ?0.07
quences; NBD1 and NBD2, nudeotide-binding
HeLa cells

domains; R, regulatory domain. Charged residues

in Ml to Ml2 are indicated by + and -. PredictCFTR (5) 0.09 1.24 1.00 0.57 1.02 1.00 0.39
ed net charges of intracellular and extracellular
?0.03 ?0.09 +0.08 ?0.13 ?0.04

loops are indicated; charge of first five amino acids

K95D (4) 0.09 1.25 1.00 1.43 0.15 1.39 1.00 0.75 0.48

only, before Ml and M7 and after M6 and M12,
?0.02 ?0.12 ?0.05 ?0.05 ?0.32 ?0.05 +0.18
are indicated. (B) Sequences of Ml, M6, and
K335E (5) 0.11 1.06 1.00 1.37 0.15 1.71 1.00 1.43 0.69
MlO. Amino acids mutated in this study are
?0.02 ?0.02 ?0.09 ?0.00 +0.28 +0.23 +0.21
underlined. The single-letter code for the aminoR347E (4) 0.10 1.24 1.00 0.90 0.13 1.46 1.00 0.47 0.51

acids is as follows: A, Ala; R, Arg; D, Asp; C,
?0.01 ?0.06 ?0.08 ?0.02 +0.27 ?0.16 ?0.28
Cys; Q Gin; E, Glu; G, Gly; I, Ile; L, Leu; K,
R1030E (4) 0.12 1.46 1.00 0.81 0.33 1.50 1.00 0.28 0.52

Lys; M, Met; F, Phe; P, Pro; S, Ser; T, Thr; Y,
Tyr; V, Val.
12

JULY

+0.01 +0.07 ?0.10 ?0.05 +0.12 ?0.03 ?0.10
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tains a pore with a moderately high affinity

Arg'030 lie in the inner half of the channel; Our data indicate that CFTR is a cAMPmutation of either has only minor effects on regulated C1- channel. The finding that
positively charged amino acids Lys95 or
anion permeability.
apical membrane C1- channels and C1Lys335 with negatively charged amino acids
Our demonstration that CFTR forms a
channels induced by recombinant CFTR
changed the selectivity sequence of CFTR to
cAMP-regulated C1- channel indicates that
share several properties is consistent with
that of a low affinity site (I- > Br- > Cl- >
CFTR has a function not described for other that conclusion (25). The fact that specific
F-), the data suggest that these amino acids
members of the family of energy-dependent mutations in the membrane spanning secontribute to such a site.
transport proteins (3, 7, 8). What then is the quences alter anion selectivity demonstrates
The orientation of CFTR shown in Fig. 1
function of the two nucleotide-binding do- that CFTR forms a cAMP-regulated anion
is based on hydropathy plots (3), the locamains found in CFTR? Although CFTR
pore and makes other interpretations unliketion of glycosylation sites (23), the lack of a forms a pore that passively conducts Cl-,
ly. This conclusion begins to explain how
signal sequence, which suggests a cytoplasour data do not exclude the possibility that
genetic mutations in the gene for CFTR
mic NH2-terminus (3), and the intracellular
CFTR could have an additional function;
cause the pathophysiology of the disease (1,
location of the R domain and COOH terfor example, it might also actively transport
9).
minus (24). In this model, Lys95 and Lys335
some other unidentified substrate. Alternalie in the outer half of the channel; mutation
tively, the nucleotide-binding domains
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site for anions. Because replacement of the

of either has similar dramatic effects on

could serve a regulatory function rather than

anion permeability. Residues Arg347 and

drive a pump.
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A 40 B I(pA) Fig. 3. I-VrelationsofcAMP-stimApIcal-T84 CFTR 800tonofcM stm

Br Cl I 20 Br C 40 ulated currents in (A) the apical

17. Expression of protein, as assessed by immunofluorescent labeling with antibodies to CFTR, shows a
similar degree of variability (G. M. Denning and M.
J. Welsh, unpublished observation).

18. T84 cells are from a human intestinal epithelial cell
line that forms tight epithelial monolayers and ex-

-0 - \0 -\00 -80 membrane of T84 intestinal epithe-

-1pOm-80 -60\CX- V(mw 0 -60 \X -40 -20 0 lial (T84) and in HeLa cels ex- -20400 -20 pressing (B) wild-type CFTR or
-20 -400 mutant [(C) K95D, (D) K335E,
:40 -800 (E) R347E, or (F) R1030E]

CFTR. Data represent examples

from single cells. Methods and so-

hibits cAMP-stimulated Cl- secretion [J. L. Madara,
J. Stafford, K. Dharmsathaphorn, S. Carlson, Gastroenterology 92, 1133 (1987)]. T84 cells express
large amounts of CFTR mRNA (3) and protein (4),

which is located at the apical membrane (24).

19. CFTR expressed in insect cells generated Cl- channels that were slightly more permeable to I- than

Cl- (PI/PCl = 1.1 to 1.2) (11). The reason for this

difference is not known. However, the anion selecK95D (pA30)0 K33E (pA30)0 lutions are as in Fig. 2. Extracellular
tivity we report (Table 1) matches that of native

I Br Cl and mucosal solutions contained ei-

I Br Cl 150 150 ther 140 mM NaCl, 140 M

CFTR in the apical membrane of T84 cells and

human airway epithelia [Table 1 and (26)] in wholecell patch clamp studies of T84 cells [W. H. Cliff and
R. A. Frizzell, Proc. Natl. Acad. Sci. U.S.A. 87,
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-100 -80 0 ?-6 100 -80 -6 NaBr, or 140 mM Nal. I-Vrelation

V g ;) -40 -20 / 40 -20 of apical membrane Cl- current of
-150 -150 T84 cells (A) was obtained by sub-

-300 -300 tracting baseline values from stim-

Quinton and M. M. Reddy, Ann. N.Y. Acad. Sci.

ulated values. I-V relations of wild574, 438 (1989)].
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R347E . -800 F R1030E 800 -100 mV to 0 mV over a 1-s

tance to each anion; this will require single-channel

analysis. We can, however, obtain the relative conductances of the anions by measuring slope conductances for each anion in the same cell.
21. G. Eisenman and R. Horn, J. Membr. Biol. 76, 197

Br
I 400 Br
I 400
period. Baseline
currents
were
not
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-I00IBr
\IICl400
significantly
different
for
wild-type

V(mv0 -8i0 0 -1O m or mutant CFTR.
Data shown are
not corrected for liquid junction

(1983).
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FASEBJ. 5, A1760 (1991).
25. The properties of CFIR are different frmn those of
the outwardly rectifying Cl- channel [M. J. Welsh,
FASEB J. 4, 2718 (1990)]: that channel has a
reifying I-V relation, whereas CFITR has a linear
28.
relation (6, 10, 11); that channel is more permeable to
1- than to C1-, whereas CFIR is more pcmable to
29.
Cl- than to I- (Table 1); and that channel is inhibited
by exracellular DIDS (4,4'-diisothiocyanato-stilbene2,2'-disuffonic acid) and IAA-94, whereas CFTR is
not (M. P. Anderson and M. J. Welsh, unpublished

mg/mI). Medium harvestd from G418-resistant clls I- by N03- caused an immediate, rapid
was used to infect NIH 3T3 fibroblast with a singk
increase in SPQ fluorescence (Fig. 1A), a
4-hour expu. The effickincy of infection was determined by Southen (DNA) analysis: approximately response that resembled that observed in

80% of the NIH 3T3 cell populaton contained an CFTR-expressing cells stimulated by cAMP.

intact proviral genome.

E. M. Fenwick, A. Marty, E. Ncher, J. Physiol.
(London) 331, 577 (1982).

Subsequent increase of cAMP concentrations by forskolin and IBMX in cells express-

For expression of CFITR and mutants in HeLa cclls
ing

CFTRAR further increased the rate of

(5, 10), wc used the vaccinia virus-T7 hybrid cxpreschange in SPQ fluorescence.
sion system [0. Elroy-Stein, T. R. Fucrst, B. Moss,
Proc. Natd. Acad. Sci. U. SA. 86, 6126 (1989)].
Cells expressing CFIRAR had large basal
30. Addition of Staphylococcus aureus alpha toxin [M. R.
data). It is not clear how mutations in CFrR produce
currents as measured by the whole-cell
defective regulation of outwardly rectfying Cl- chan- Carson, S. S. Shasby, D. M. Shasby,Am.J. Physiol.
patch-clamp method, even in the absence
257, L259 (1989)] to the submucosal surfacc of
nels in CF epithelia
26. M. P. Anderson and M. J. Welsh, Proc. Nad. Acad. T84 epithelia permeabilizes the basolateral mcmcAMP (Fig. 2, A and B). In contrast, inbranc to monovalent and divalent ions but leavcs the
Sci. USA., in press.

apical membrane intact (L. Ostedgaard, D. M.
27. NIH 3T3 fibroblasts were infected with rctvirus
cxpresing human CFTR. 4.5 kb of the wild-typeShasby, M. J. Welsh, manuscript in preparation).
31.I O. P. Hamill, PfluegersArch. 391, 85 (1981).
CFTR cDNA (fiom the initiating ATG to the Sac
32. We
site at nucotide position 4622) was subcdoned into
a thank A. Puga, P. Karp, and R. Seiler for

rtroviral vector (S. Thompson and R. C. Mulligan, technical assisance, G. White for oligonucleotidc
synthesis, and T. Mayhew for secrtarial assistance.
manuscript in preparation). The resulant plasmid was
Supported in part by the National Heart, Lung, and
cotransfcted with pSV2 neo [P. J. Southern and P. J.
Berg, Mol. Appi. Genet. 1, 327 (1982)] into CRE Blood Institute (M.J.W.) and the National Cystic
celis [0. Danos and R. C. Mulligan, Proc. Natl. AMad.Fibrosis Foundation (A.E.S. and M.J.W.).

Sci. U.SA. 85, 6460 (1988)]. Forty-eight hours
after tnsfection, sekction was applied (G418, 1
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Effect of Deleting the R Domain on

of

creased cAMP concentrations were required
to stimulate C1- currents in cells expressing
CFTR (4, 6, 7) (Fig. 1). Such currents were
not present in nontransfected HeLa cells
(basal current, 15 + 3 pA; n = 8) or

CFIR-transfected cells (basal current, 93 +
48 pA; n = 8) (6). Stimulation that raised
cAMP concentrations produced a further
increase in whole-cell C1- current in cells
expressing CFTRAR (Fig. 2, A and B);
basal current was 1041 ? 204 pA (n = 7) at
+80 mV and increased by 32 ? 11% upon
stimulation with cAMP. Activation was reversible in six of six cases.

CFTR-Generated Chloride Channels

Currents seen after expression of

CFTRAR in unstimulated cells were similar
DEVRA P. RICH, RicHARD J. GREGORY, MATTHEW P. ANDERSON, to CFTR-generated currents in cAMP-stimPARTHASARATHY MANAVALAN, ALAN E. SMrrH, MICHAEL J. WELSH ulated cells (4, 6, 7): both currents were
selective for Cl- (Fig. 2, C and D, and Table

The cystic fibrosis transmembrane conductance regulator (CFTR), which forms
adenosine 3',5'-monophosphate (cAMP)-regulated chloride channels, is defective in
160
patients with cystic fibrosis. This protein contains two putative nucleotide binding

CFTRAR

B

~O140

domains (NBD1 and NBD2) and an R domain. CFTR in which the R domain was
i
120
100
deleted (CFTRAR) conducted chloride independently of the presence of cAMP.

1

2

-l

~80
However, sites within CFTR other than those deleted also respond to cAMP, because
~~~60
~~~~CFTR
A10
2 4
62 01 1 61
~40
the chloride current of CFTLUR increased further in response to cAMP stimulation.
.20
In addition, deletion of the R domain suppressed the inactivating effect of a mutation
0
3 0

in NBD2 (but not NBD1), a result which suggests that NBD2 interacts with the

channel through the R domain.

cAMP

0 2 4 6 8 10 12 14 16 18

Tlnw (mmn)

To address this question, we examined the
Fig. 1. (A) Fluorescence of
consequences of deleting the R domain (10)
by mutations in CFIR (2-5), which
cells (13) expressing CFTR (0
(Fig. 1). We constructed a plasmid-encodgenerates cAMP-regulated Cl= number of cells) or CFTRAR (l) (n = 5).
ing CFIR in which amino acids 708 to 835 N03- was substituted for I in the bathing
channels (6-8). The primary amino acid
medium at 0 min. Five minutes later (arrow) cells
sequence of CFIR predicts that the proteinwere deleted (CFTRAR) (11), expressed it
were stimulated with 20 []M forskolin and 100
in
HeLa
cells
(12)
(Fig.
lB),
and
assessed
has two repeated units, each containing a
ImM IBMX (cAMP). Data are mean - SEM.
cAMP-dependent Cl- channel activity with Without addition of forskolin and IBMX the
membrane-spanning domain and a nuleotide binding domain (NBD), separated by a the halide-sensitive fluorophore 6-methoxy-fluorescence did not increase further after 5 min in
either group. (B) Expression of CFTR and
N-(3-sulfopropyl)-quinolinium (SPQ) (13).
unique segment named the R domain (3).
CFTRAR in transfected HeLa cels. Cells were
In the SPQ assay, an increase in halide
The R domain has a number of potential
transfected with pTM-CFTR4 (lane 1) or pTMphosphorylation sites for cAMP-dependent permeability results in a more rapid increase
CFTR4AR (lane 2) (12). Twelve hours after
C YSTIC FIBROSIS (CF) (1) IS CAUSED

protein kinase (3). In addition, CFIR can
be phosphorylated by cAMP-dependent
protein kinase (9). We therefore tested
whether the R domain confers cAMP dependence on the CFTR C1- channel.

D. P. Rich, M. P. Andcrson, M. J. Welsh, Howard

Hughes Medical Institute, Departments of Intemal Medicinc and Physiology and Biophysics, University of Iowa
College of Medicine, Iowa City, IA 52242.

R. J. Gregory, P. Manavalan, _ E. Smith, Genzyme
Corporation, Framingham, MA 01701.

12

JULY

in SPQ fluorescence (4, 6).

transfection, cels were incubated with [3aS]me-

thionine (25 plc/ml) for 1 hour and lysed in 50
Substitution of N03- for I- in cells
mM tris (pH 7.5), 150 mM NaCI, aprotinin (100
expressing CFTR produced minimal
p.g/ml), 0.1 mM phenyhmethylsulfonyl fluoride,
changes in SPQ fluorescence (Fig. lA). A
and 1% digitonin (250 pM l per 35-mm dish).
subsequent increase in intracellular cAMP, CFIR and CFTRAR were immunoprecipitated
produced by addition of forskolin and
from cell lysates with a monoclonal antibody to a
3-isobutyl-l-methylxanthine (IBMX), stim- synthetic peptide from the COOH-terminus of
ulated a rapid increase in fluorescence, indicating that cAMP increased anion permeability (4, 6). In contrast, in unstimulated
cells expressing CFTRAR, substitution of

1991
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