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Human Epithelial Cystic Fibrosis Transmembrane Conductance Regulator
without Exon 5 Maintains Partial Chloride Channel Function in
Intracellular Membranes

Junxia Xie,* Mitchell L. Drumm,* Jiying Zhao,* Jianjie Ma,* and Pamela B. Davis**

Departments of *Physiology and Biophysics and *Pediatrics, Case Western Reserve University School of Medicine, Cleveland,
Ohio 44106 USA

ABSTRACT The cardiac isoform of the cystic fibrosis transmembrane conductance reguiator (CFTR) is a splice variant of the
epithelial CFTR, which lacks 30 amino acids encoded by exon 5 in the first intracellular loop. For examination of the role of
exon 5 in CFTR channel function, a CFTR deletion mutant, in which exon § was removed from the human epithelial CFTR,
was constructed. The wild type and Aexon5 CFTR were expressed in a human embryonic kidney cell line (293 HEK). Fully
mature glycosylated CFTR (~170 kDa) was immunoprecipitated from cells transfected with wild type CFTR cDNA, whereas
cells transfected with Aexon5 CFTR express only a core-glycosylated form (~140 kDa). The Western blot test performed on
subcellular membrane fractions showed that Aexon5 CFTR was located in the intracellular membranes. Neither incubation at
lower temperature (26°C) nor stimulation of 293 HEK cells with forskolin or CPT-cAMP caused improvement in glycosylation
and processing of Aexon5 CFTR proteins, indicating that the human epithelial CFTR lacking exon 5 did not process properly
in 293 HEK cells. On incorporation of intraceliular membrane vesicles containing the Aexon5 CFTR proteins into the lipid
bilayer membrane, functional phosphorylation- and ATP-dependent chloride channels were identified. CFTR channels with an
8-pS full-conductance state were observed in 14% of the experiments. The channel had an average open probability (P_) of
0.098 + 0.022, significantly less than that of the wild type CFTR (P, = 0.318 * 0.028). More frequently, the Aexon5 CFTR
formed chloride channels with lower conductance states of ~2-3 and ~4-6 pS. These subconductance states were also
observed with wild type CFTR but to a much lesser extent. Average P, for the 2-3-pS subconductance state, estimated from
the area under the curve on an amplitude histogram, was 0.461 * 0.194 for Aexon5 CFTR and 0.332 = 0.142 for wild type
{p = 0.073). The data obtained indicate that deleting 30 amino acids from the first intracellular loop of CFTR affects both

processing and function of the CFTR chloride channel.

INTRODUCTION

The cystic fibrosis transmembrane conductance regulator
(CFTR) consists of five major domains, with two mem-
brane-spanning domains, two nucleotide binding domains
(NBDs), and a regulatory (R) domain (Riordan et al., 1989).
The CFTR forms a chloride channel of linear conductance
(Anderson et al., 1991a; Bear et al., 1992), which is regu-
lated by cAMP-dependent protein kinase phosphorylation
(Anderson et al., 1991b; Cheng et al., 1991; Rich et al,,
1993; Chang et al., 1993) at multiple sites in the R domain
and binding and hydrolysis of ATP by the NBDs (Anderson
et al., 1991b; Quinton and Reddy, 1992; Nagel et al., 1992;
Baukrowitz et al., 1994).

The membrane-spanning domains of the CFTR are joined
by six extracellular and four intracellular loops of different
peptide sequences, the functions of which are largely un-
known. Our previous research showed that the second in-
tracellular loop joining transmembrane segments IV and V
of CFTR played an important role in the function of the
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CFTR. Deleting 19 amino acids from this loop caused
retention of the CFTR in the intracellular membranes and
also altered the distribution of subconductance states of the
CFTR channel (Xie et al., 1995).

The first intracellular loop (amino acid 139-194) connects
transmembrane segments I and I, and 30 of the residues in
this loop (TLKLSSRVLDKISIGQLVSLLSNNLNKFDE,
amino acid 164—-193) are encoded by exon 5. To investigate
the role of the first intracellular loop in CFTR function, we
constructed a CFTR deletion mutant (Aexon5 CFTR), in which
30 amino acids were removed from the first intracellular loop.
This region was chosen because Aexon5 CFTR is an alterna-
tively spliced CFTR isoform expressed predominantly in heart
membranes of some species (Horowitz et al., 1993). Previous
studies with rabbit and guinea pig ventricular myocytes iden-
tified a protein kinase A- (PKA-) regulated chloride channel
with conduction properties similar to those of the epithelial
CFTR, which has been assumed to be attributable to Aexon5
CFTR (Nagel et al,, 1992; Levesque et al., 1992), and the
rabbit Aexon5 CFTR gives typical cAMP-regulated chloride
conductance in Xenopus oocytes (Hart et al., 1996). However,
when human epithelial CFTR lacking exon 5 is expressed in
HeL a cells, it fails to generate cAMP-mediated chloride trans-
port because of apparent defective intracellular processing
(Delaney et al., 1993). Consequently, the single-channel prop-
erties of Aexon5 CFIR in intracellular membranes have not
been studied.
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In this study, human AexonS and wild type CFTR cDNA
were expressed in 293 HEK cells. Consistent with the study
of Delaney et al. (1993), we found that Aexon$5 is a pro-
cessing mutant, with the mutant CFTR proteins retained
primarily in the intracellular membranes. On reconstitution
of intracellular membrane vesicles containing Aexon5
CFTR into planar lipid bilayer, we found that Aexon5
CFTR formed functional chloride channels, which open
primarily to the subconductance states.

MATERIALS AND METHODS
Subcloning of the CFTR gene

The AexonS CFTR gene, which lacks 90 nucleotides (622 to 712), was
cloned into the EcoRI site of pBluescript. After confirmation of the
deletion mutation by sequence analysis, the mutant gene was shuttled into
the pCEP4 vector between Pvull and AflIl enzyme restriction sites by
substitution of the corresponding fragment in pCEP4 wild type (WT;
Drumm et al., 1991) with the mutated fragment between Smal and AflII
enzyme restriction sites. The identity of the mutant clone, pCEP4(AexonS5),
was confirmed by restriction enzyme digestions.

Cell culture

A human embryonic kidney cell line (293-EBNA, Invitrogen, San Diego,
CA) was used for transfection and expression of WT and mutant CFTR
proteins. The culture conditions for maintaining the 293 HEK cells were as
decribed previously (Xie et al., 1995). Because of rapid downregulation of
Aexon5 CFTR protein expressed during the stable selection process, tran-
sient transfection with lipofect AMINE reagent (Life Technologies, Inc.,
Gaithersburg, MD) was used for the CFTR gene expression in this study.
The parent cell line was grown to confluence in a 37°C incubator with 5%
CO, and passaged 1:5 2 days before the gene transfer. We then introduced
plasmid pCEP4(WT), pCEP4(AF508) (Drumm et al., 1991), pCEP4(A19)
(Xie et al., 1995), or pCEP4(Aexon5) into 293 HEK cells, using lipo-
fect AMINE reagent (Hawley-Nelson et al., 1993). Two days after trans-
fection, the cells were used for immunoprecipitation/Western blot assay,
isolation of membrane vesicles on a discontinuous sucrose density gradi-
ent, and reconstitution studies in the lipid bilayer membranes.

iImmunoprecipitation/Western blot assay of CFTR

293 HEK cells freshly transfected with pCEP4(WT), pCEP4(AF508),
pCEP4(A19), or pCEP4(Aexon5) were cultured for 2 days. The procedures
are essentially the same as described previously (Xie et al., 1995), except
that monoclonal antibody (mouse antihuman, 2 pg) which is specific for
the C-terminus of CFTR (mAb 24-1; Genzyme, Cambridge, MA) was
used for the immunoprecipitation and subsequent immunoblotting assay.
Cell lysis supernatant (48,000 X g, 1 h, 4°C) containing 30 mg total
protein, was immunoprecipitated for each sample. The precipitated protein
was solubilized with 30 pl gel sample buffer (200 mM Tris-Cl pH 6.7, 9%
SDS, 6% B-mercaptoethanol, 15% glycerol, 0.01% bromphenol blue) and
loaded onto a 5% SDS-polyacrylamide gel. The proteins were then trans-
ferred to a PVDF membrane (Bio-Rad, Hercules, CA) and probed with
monoclonal antibody (mAb 24-1, 0.8 pg/ml). A secondary peroxidase-
conjugated affinity purified goat antibody to mouse IgG (Organon Teknika
Corp., West Chester, PA) was added to allow visualization of the CFTR-
antibody complex. The proteins were detected by chemiluminescence
according to the manufacturer’s recommendation (SuperSignal CL-HRP
substrate system; Pierce, Rockford, IL).
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Subcellular fractionation of membrane vesicles

Six to twelve 75-cm? flasks of 293 HEK cells transfected with pCEP4
(WT), pCEP4 (AF508), or pCEP4 (Aexon5) vectors were harvested by
scraping from the flask bottom following three washes with ice-cold
phosphate-buffered saline (137 mM NaCl, 10 mM Na,HPO,, 2.7 mM KCl,
S M diisopropy! fluorophosphate, 1.8 mM KH,PO,, pH 7.4). The cells
were disrupted with a combination of hypotonic lysis and Dounce homog-
enization (Xie et al., 1995) in the presence of protease inhibitors (5 uM
diisopropyl fluorophosphate, 10 pg/ml pepstatin A, 10 pg/ml aprotinin,
and 9.6 mg/ml benzamidine). Microsomes were isolated by sequential
centrifugation at 6,000 X g for 20 min at 4°C and at 100,000 X g for 45
min at 4°C. The microsomes were resuspended in either 600 ul isotonic
buffer (250 mM sucrose, 1 mM EDTA, 10 mM Hepes; pH 7.2) or
prephosphorylation buffer (250 mM sucrose, 10 mM Hepes pH 7.2, 5 mM
ATP, S mM MgCl,, and 100 units/ml PKA catalytic subunit). Further
separation of plasma and intracellular membranes was carried out on a
discontinuous sucrose density gradient (10,000 X g, 6 h, 4°C) with a
swinging bucket rotor (SW28). The composition of the sucrose density
gradient is 28.0%, 33.0%, 36.0%, 38.7%, 43.7%, (see Fig. 2 A). After
centrifugation, the membrane fractions were collected from the interfaces,
washed, and resuspended in isotonic buffer of 250 mM sucrose, | mM
EDTA, 10 mM Hepes; pH 7.2. Proteins (100 wg) from each fraction were
denatured with 6X gel sample buffer (300 mM Tris-Cl pH 6.8, 600 mM
dithiothreitol, 12% SDS, 0.6% bromphenol blue) and loaded onto a 5%
SDS-polyacrylamide gel. The proteins were then transferred to PVDF
membrane (Bio-Rad) and detected as described for the immunoprecipita-
tion/Western blot assay.

Reconstitution of the CFTR chloride channel

Lipid bilayer membranes were formed across an aperture of ~200-pum
diameter with a lipid mixture of phosphatidylethanolamine:phosphatidyl-
serine:cholesterol in a ratio of 6:6:1; the lipids were dissolved in decane at
a concentration of 40 mg/ml (Xie et al., 1995; Tao et al., 1996; Ma et al.,
1996). The recording solutions contained cis (intracellular): 200 mM KCl,
2 mM ATP-Mg, and 10 mM Hepes-Tris (pH 7.4); trans (extracellular): 50
mM KCI and 10 mM Hepes-Tris (pH 7.4). Membrane vesicles (1-3 ul)
containing WT or Aexon5 proteins were added to the cis solution (1 ml
total volume). 50 units/ml of PKA catalytic subunit (Promega, Madison,
WI) were always present in the cis solution. Single-channel currents were
recorded with an Axopatch 200A patch-clamp unit (Axon Instrument,
Foster City, CA). Data acquisition and pulse generation were performed
with a 486 computer and 1200 Digidata analog-to-digital-digital-to-analog
converter (Axon Instrument). The analyses of single-channel data were
performed with pClamp software (Axon Instrument) and custom programs.
Data presented in this paper were obtained from six different preparations
of membrane vesicles isolated from 293 HEK cells transfected with
Aexon5 CFTR.

RESULTS

AExon5 CFTR is a temperature-insensitive
processing mutant in 293 HEK celis

The CFTR gene was introduced into 293 HEK cell as
described in Materials and Methods. To confirm CFTR
expression, we performed immunoprecipitation/Western
blot assays on the transfected cells. Cells transfected with
pCEP4(WT) expressed fully glycosylated CFTR protein
with a molecular mass of ~170 kDa, plus some core
glycosylated CFTR proteins (~140 kDa; Fig. 1). Cells
transfected with pCEP4(AF508), pCEP4(A19), or
pCEP4(Aexon5) expressed only the core-glycosylated form
of CFTR, with a molecular mass of ~140 kDa (Fig. 1). Two
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Immunoprecipitation and Western blot assay of CFTR. Lysates of 293 HEK cells transfected with pCEP4 (WT), pCEP4 (AF508), pCEP4

(A19), or pCEP4 (AexonS5) were immunoprecipitated and blotted as described in Methods and Materials. 30 mg of total cell lysate protein was precipitated
and loaded on each lane, except for 15 mg on lane 2. The proteins were visualized by exposure of the blot to a Kodak X-Omat antireflection film for 2
min. Lanes 1,6, and 11 (UNT): untransfected 293 HEK cells. Lanes 2, 7, and 12 (WT): WT CFTR expressing cells. Lanes 3, 8, and 13 (AF508): AF508
CFTR expressing cells. Lanes 4, 10, and 15 (A79): A19 CFTR expressing cells. Lanes 5, 9, and 14 (Aex5): AexonS CFTR expressing cells. Lanes labeled
26°C were cells cultured for 2 days at 37°C after transfection followed by incubation at 26°C for 48 h before the experiment. Lanes labeled 37°C were
cells cultured for 2 days at 37°C after transfection before experiment. Lanes labled FSK 37°C were cells cultured for 2 days at 37°C after transfection
followed by incubation in serum-free media containing 1% glutamine and 20 uM forskolin at 37°C for 48 h before the experiment.

protéin bands with molecular mass <140 kDa were also
clearly present for AFS08 CFTR expressing cells (Fig. 1),
which are probably due to the alternative translation initia-
tion sites within the CFTR protein (Pind et al., 1995). These
lower bands were also present in the WT, A19, and Aexon5
CFTR expressing cells (Figs. 1 and 2).

It was shown previously that the processing of AF508
CFTR is temperature sensitive (Denning et al., 1992;

Aexon5 CFTR
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FIGURE 2 Subééllular fractionation and Western blot assay of Aexon5
CFTR. (A) lllustration of discontinuous sucrose gradient to separate plasma
membrane from intracellular membranes for cells transfected with Aexon5
CFTR. (B) 100 ug of total protein from each fraction was subjected to 5%
SDS-polyacrylamide gel electrophoresis. Fractions were (I) top of the
gradient, (/1) 28%/33% interface, (I1l) 33%/36% interface, (IV) 36%/38.7%
interface, and (V) 38.7%/43.7% interface. CFTR protein was detected as
described in Materials and Methods. («—B) Core-glycosylated Aexon5
CFTR protein.

Lukacs et al., 1993). As shown in Fig. 1, AF508 CFTR,
which appeared only in the core-glycosylated form at 37°C,
appeared in the fully glycosylated form when the culture
temperature was lowered to 26°C (Fig. 1, lane 8). However,
incubation of either pCEP4 (Aexon5) or pCEP4 (A19) trans-
fected cells at 26°C for 48 h did not increase the amount of
CFTR protein in the fully glycosylated form (Fig. 1, lanes 9
and 10; see also Xie et al., 1995). Thus, Aexon5 CFIR
appears to be a temperature-insensitive processing mutant in
293 HEK cells.

In rabbit and guinea pig heart, only CFTR message that
lacks exon 5 is detected (Horowitz et al., 1993), yet cAMP
regulated chloride channel, which is characteristic of CFTR,
is observed in the plasma membrane patch (Nagel et al.,
1992; Levesque et al., 1992). One difference between car-
diac and epithelial cells is that the cardiac cells are con-
stantly exposed to B-adrenergic stimulation. To test whether
the human epithelial Aexon5 CFTR could process to the cell
surface membrane on PKA phosphorylation, we performed
immunoprecipitation/Western blot assay with cells preincu-
bated in media containing either forskolin or 8-(4-chloro-
phenylthio)-cAMP for 2 days. Fig. 1 shows that 20 uM
forskolin (n = 3) did not increase the amount of Aexon5
CFTR in its fully glycosylated form, nor did the 8-(4-
chlorophenylthio)-cAMP (4 mM, n = 1; data not shown).
Thus, phosphorylation of the CFTR protein did not cause
improvement in the processing of the Aexon5 CFIR in 293
HEK cells.
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AExon5 CFTR proteins are retained in the
intracellular membranes

To characterize the subcellular localization of the Aexon5
CFTR protein, we fractionated the microsomal membrane
vesicles, using a discontinuous sucrose density gradient
(Fig. 2 A). Using this procedure, we showed previously that
the fully glycosylated CFTR proteins were localized pre-
dominantly in fractions II and III (plasma membranes) and
that the core-glycosylated CFTR proteins resided mainly in
fractions IV and V (intracellular membranes) (Xie et al.,
1995). Fig. 2 B shows that the Aexon5 CFTR protein was
present mainly in fractions IV and V, with a molecular mass
of approximately 140 kD. This intracellular localization of
Aexon5 CFTR further indicates that deletion of exon 5
causes misprocessing of CFTR protein.

AExon5 CFTR forms a functional chloride
channel with reduced open probability

To study the function of Aexon5 CFTR, we incorporated
intracellular membrane vesicles (fractions IV and V from
the sucrose density gradient) that contained Aexon5 CFTR
into lipid bilayer membranes. This function was compared
with that of the WT CFTR obtained from plasma membrane
vesicles. The WT CFTR formed a PKA phosphorylation-
dependent chloride channel with linear conductance of
8.2 = 0.6 pS in 200 mM KCl; an average open probability
(P,) of 0.318 * 0.028 was measured at —80 mV with 2 mM
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ATP present in the cis-intracellular solution (Xie et al,,
1995).

When intracellular membrane vesicles containing
Aexon5 CFTR were incorporated into the lipid bilayer
membrane, functional chloride channels were observed. The
single-channel currents shown in Fig. 3 B were representa-
tive of the 8-pS full conductance state (H state) of the
Aexon5 CFTR channel. This 8-pS chloride channel was
observed in 11 of 81 of the experiments, in which functional
chloride channels were incorporated into the bilayer mem-
brane (Fig. 3 and Table 1). This channel is characteristic of
CFTR, as its opening absolutely requires the presence of
PKA and ATP in the cis solution, and its activity could be
completely blocked by 3 mM DPC added to the trans
solution (data not shown). An average open probability
measured with the 50% threshold criteria is 0.098 * 0.022
for the Aexon5 CFTR channel at —80 mV. This value is
significantly lower than that for the WT CFTR channel (P,
= 0.318 £ 0.028) measured by the same method.

Both WT and Aexon5 CFTR had slow kinetics of gating,
with mean open lifetimes of 7,; = ~10-20 ms (fast gating)
and 7, = ~100-120 ms (slow gating). The cumulative
open-time histogram in Fig. 4 shows that the distribution of
fast and slow open events is significantly different for the
Aexon5 and the WT CFTR channels. First, the total number
of events was less for the Aexon5 channel than for the WT
channel within the same recording period (compare the
plateau phases of Fig. 4 A and B). Second, the relative

B. AexonS CFTR
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FIGURE 3 Reconstitution of WT and Aexon5 CFTR chloride channel in lipid bilayer membranes. Represented are consecutive single-channel current
traces at —80 mV from a WT CFTR (A) and a Aexon5 CFTR channel (B). Here, both channels opened to the full conductance state (H state). The current

amplitude for WT was —0.66 pA and for Aexon5 was —0.65 pA.
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TABLE 1 Occurrence comparison of conductance states
between WT and Aexon5 CFTR channels

Conductance state WT CFTR* AexonS CFTR
L (2-3 pS) 26 (17%) 67 (82.7%)
M (4-6 pS) 2(1.3%) 3(3.7%)
H (~8 pS) 124 (81.5%) 11 (13.6%)
Number of experiments 152 81

These experiments were performed with 2 mM ATP-Mg present in the
cis-intracellular solution and 0 mM MgCl, present in the trans-extracellu-
lar solution. The current carriers were 200 mM (cis)/50 mM (trans) KCl.
*Data from Tao et al. (1996).

occurrence of the long open events (7,,) was significantly
less frequent for the Aexon5 (W, ,/W,,, = 1.73) channel than
for the WT (W,,/W,, = 7.67) CFTR channel (Fig. 4). This
altered distribution of the open-lifetime histogram, together
with the reduced number of open events, probably accounts
for the reduced activity of the Aexon5 CFTR channel (Fig.
3 B).

AExon5 CFTR formed chloride channels with
subconductance states

In systematic studies we found that Aexon5 CFTR tends to
form chloride channels with lower conductance states (Fig.
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5). Most frequently, we would observe a 2-3-pS conduc-
tance chloride channel with the intracellular membrane ves-
icles containing the Aexon5 CFTR proteins (Fig. 5 A). On a
few occasions we could identify an intermediate conduc-
tance state of 46 pS (Fig. 5 B). The following data suggest
that these open events were generated by the Aexon5 CFTR
protein. First, opening of these channels absolutely required
the presence of ATP and PKA in the cis-intracellular solu-
tion; without PKA or ATP no such open events were re-
corded in more than 30 bilayer fusions with vesicles con-
taining Aexon5 CFTR. Second, none of these events was
ever seen with vesicles from untransfected 293 HEK cells
with (n > 20) or without (n > 30) PKA and ATP. Third,
under a concentration gradient of 200 mM KCl (cis)/50 mM
KCl (trans) these channels exhibited approximately linear
current—voltage relationships with reversal potentials that
were close to the Nernst potential for chloride (Fig. 5 ),
indicating that the channels were selective for chloride ions.
Finally, these low-conductance chloride channels were sen-
sitive to blockade by DPC but not by DIDS (Fig. 6). All
these properties are characteristic of the CFTR chloride
channel.

We showed previously that the WT CFTR channel con-
tains two distinct subconductance states of 5-6 pS (M) and
2.7 pS (L), in addition to the full conductance state (H; 8 pS)

B. Aexon5 CFTR
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FIGURE 4 Channel kinetics of WT and Aexon5 CFTR channels. Open events were calculated at —80 mV, with WT (A) and Aexon5 (B) CFTR channels.
A total of 208 episodes of 5-s test pulses to —80 mV was used for both (4) and (B). The number of events was 2062 for WT CFTR and 1494 for Aexon5

CFTR. The dotted curves labeled 7, and 7, represent the best fit according to the following equations: y, =

oi{l = exp(—#/7,,)) and y, = W, (1 —

exp(—1/7,,)). The solid cuves represent y = y, + y,, where W,, = 237.26, W, = 1818.64, 7,; = 22.31 ms, and 7, = 116.3 ms (A); and W, = 564.90,
W,, = 975.90, 7,, = 10.60 ms, and 7., = 100.43 ms (B). All the open events were analyzed after 50-Hz digital filtering of single-channel currents recorded

at 100-Hz cutoff filtering frequency.
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FIGURE 5 Subconductance states and current-voltage relationship of Aexon5 CFTR chloride channel. Consecutive single-channel current traces were
plotted from two seperate experiments for Aexon5 CFTR channel. The bilayers were held at 0 mV, and the test potential was —80 mV. (A) The channel
opens predominantly to the L subconductance state. (B) The channel opens stably to the M subconductance state. Dashed lines (C, L, M, H) are levels
corresponding to closed, low, intermediate, and full conductance states, respectively. (C) Current-voltage relationship of the three conductance states of
Aexon5 CFTR channel. @, L subconductance state with a slope conductance of G = 2.0 * 0.25 pS and extrapolated reversal potential (V,.,) of 23.3 *
1.3 mV. A, Intermediate subconductance state with G = 4.4 + 0.22 pS and V,,, = 15.4 * 5.11 mV. W, Full conductance state with G = 7.6 * 0.76 pS
and V.., = 8.55 = 9.30 mV. The dotted curves represent the best fit for the experimental data according to the least-squares criterion.

(Xie et al., 1995; Tao et al., 1996). Under conditions of 200
mM KCl1 (cis)/SO mM KCl (trans) with no extracellular
divalent cations ([Mg®*], or [Ca®*],), both the L and the H
states could be measured in stable-single channel record-
ings, but rarely the M state (Table 1). Infrequently, transi-
tions of H state to M state occurred in the WT CFTR
channel but accounted for fewer than 10% of the open
events (Xie et al., 1995). It is likely that the low (Fig. 5 A)
and intermediate (Fig. 5 B) subconductance chloride chan-
nels of the Aexon5 CFTR correspond to the L and M
subconductance states of the WT CFTR channel, as they
share similar gating properties and pharmacological pro-
files. The average open probability estimated from the area
under the amplitude histogram (Fig. 7 A and B) for the L
subconductance state was 0.461 * 0.194 for Aexon5 (n =
10) and 0.332 = 0.142 for WT CFTR (n = 11). Although
the P, for Aexon5 appears to be higher than that of the WT
CFTR (compare Fig. 7 A and B), they are not statistically
significantly different (p = 0.073) from each other, proba-
bly because of the high variability from experiment to
experiment and also the relatively high noise level com-
pared with the low open amplitude of the L subconductance
state. The conductance values for the three conductance
states of Aexon5 CFTR were slightly lower than those of the
WT CFTR (Fig. 5 C), possibly in part because of the heavy
filtering frequency applied to the Aexon5 CFTR channel (30
Hz, instead of the 100 Hz used for the WT CFTR; Tao et al.,
1996).

One significant difference between the WT and the
Aexon5 CFTR was in the distribution of subconductance
states. The low subconductance state of the WT CFTR
occurred at low frequency (~17%), whereas for the Aexon5
CFTR channel the occurrence was more than 80% (Table
1). Therefore, deletion of exon 5 from the human epithelial
CFTR caused the chloride channel to enter predominantly
into the lower subconductance states.

A close examination of the single-channel traces revealed
that the L subconductance state of the Aexon5 CFTR chan-
nel underwent frequent transitions to the M subconductance
state when the extracellular solution did not contain MgCl,
(Figs. 5 A and 7 B). The occurrence of the M subconduc-
tance state was greatly increased when 5 mM MgCl, was
included in the extracellular solution (n = 8). The current
amplitude histograms shown in Fig. 7 B and C were ob-
tained from two separate experiments with the Aexon3
CFTR channel: in the absence of extracellular Mg®* (Fig. 7
B) and in the presence of 5 mM extracellular Mg2+ (Fig. 7 O).
Clearly, without extracellular Mg>* the Aexon5 CFTR chan-
nel exhibits a dominant L subconductance state, and the addi-
tion of [Mg®*], resulted in the frequent transition to the M
subconductance state. Similarly, in a continuous experiment
the addition of divalent cations to the extracellular solution also
caused conversion of Aexon5 CFTR channel open from the L
state to the M state (n = 5; data not shown). This result
indicates that extracellular Mg®* could stabilize the M sub-
conductance state of the Aexon5 CFTR channel.
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FIGURE 6 DPC and DIDS sensitivity of Aexon5 CFTR chloride chan-
nel. Consecutive single-channel current traces recorded at —80 mV test
potential from a Aexon5 CFTR channel before (Control) and 2 min after
addition of 3 mM DPC to the trans-extracellular solution. Single-channel
current traces labeled +200 uM DIDS were consecutive channel records
plotted for Aexon5 CFTR from a different experiment following applica-
tion of DIDS for 10 min to the trans-extracellular solution. Data are
representative of at least four other experiments. Dashed lines (C, L, M, H)
are levels corresponding to closed, low, intermediate, and full conductance
states, respectively. Not shown here are the data that both M and H
conductance states are also sensitive to DPC blockade but not to DIDS
(n = 3 each).

DISCUSSION

AExon5 CFTR is an alternatively spliced form of CFTR in
guinea pig and rabbit heart membranes (Horowitz et al.,
1993). This splicing variant is also found in mouse tissues
but not in normal human epithelial cells (Delaney et al.,
1993). In guinea pig and rabbit ventricular myocytes this
isoform reportedly functions as a cAMP-regulated chloride
channel with conduction properties similar to those of the
human epithelial CFTR (Nagel et al., 1992; Overholt et al.,
1995; Levesque et al.,, 1992). Recent studies (Hart et al,,
1996) also showed that the expression CFTR cDNA isolated
from rabbit ventricle in Xenopus oocytes gave rise to
cAMP-regulated chloride current in the cell surface mem-
brane. However, when expressed in HeLa cells, the human
CFTR lacking exon 5 failed to generate a cAMP-mediated
chloride transport across the cell plasma membrane mea-
sured by SPQ assay (Delaney et al., 1993). The apparent
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difference in processing between Aexon5 CFTR in human
cells and that in guinea pig as well as in rabbit heart (Nagel
et al., 1992; Overholt et al., 1995; Levesque et al., 1992) might
be due to the differences between cardiac and epithelial cell
systems or to the difference between the guinea pig and rabbit
Aexon5 CFTR amino acid sequence compared with the human
sequence, which might lead to slightly different structure and
processing. Alternatively, rare WT CFTR transcripts could be
present in guinea pig and rabbit heart cells, although all the
detected CFTR transcripts were the alternatively spliced iso-
form in these species. It is not yet clear whether CFIR is also
alternatively spliced in human heart. Levesque et al. (1992)
detected CFTR message in human atrium. However, recent
studies show that cAMP-stimulated chloride currents in human
atrium are not carried through CFTR (Oz and Sorota, 1995; Li
et al., 1996).

The present study shows that the human epithelial
AexonS5 CFTR does not traffic to the plasma membrane of
293 HEK cells, which is consistent with the studies of
Delaney et al. (1993) and Oz and Sorota (1995). The facts
that a splice mutation that deletes exon 5 was found to be a
cystic fibrosis disease-causing mutant and that there is an
array of cystic fibrosis mutations in the region encoded by
exon 5 (L165S, K166E, R170C, 1175V, G178R, DI92N,
D192G, E193K; Fonknechten et al.,, 1992; Romey et al.,
1994; Zielenski et al., 1991; Audrezet et al., 1994; Mercier
et al., 1995; Cystic Fibrosis Mutation Data Base) suggest
that exon 5 is important for the structure, function, or both
of the CFTR chloride channel. Our data suggest that Aexon5
is a disease-causing CFTR mutant chiefly because it does
not reach the plasma membrane. However, its channel func-
tion is abnormal as well.

Deleting the 30 amino acids encoded by exon 5 results in
marked changes in its channel function and also in the
distribution of subconductance states of the chloride chan-
nel compared with those for WT CFTR. The fact that we
must study the Aexon5 CFTR protein function in intracel-
lular membranes and WT CFTR in plasma membranes is
unlikely to account for this difference. First, another intra-
cellular loop deletion mutant, A19 CFTR, which also re-
sides in intracellular membranes, shows functional similar-
ity much closer to that of WT CFIR, although the
occurrence of the M state is increased (Xie et al., 1995). In
addition, the functional properties of AF508 and WT CFTR
in the endoplasmic reticulum were reported to be similar to
those measured in the cell surface membrane (Pasyk and
Foskett, 1995). Moreover, the WT CFTR channel also
opens stably to the L subconductance state in ~17% of the
vesicle fusions and occasionally enters the M subconduc-
tance state. These observations suggest that the L and M
subconductance states are likely intrinsic properties of
CFTR protein but that the exon 5 deletion affects CFTR in
such a way as to destabilize the H full conductance state but
to favor the L and M subconductance states. Tao et al.
(1996) found that extracellular Mg?* stabilizes the H con-
ductance state of the WT CFTR. However, extracellular
Mg>* did not increase the occurrence of the full H conduc



Xie et al. Role of Exon 5 in CFTR Channel Function 3155

A. Wild type CFTR B. Aexon5 CFTR -[Mg~] C. Aexon5 CFTR +[Mg™],
1200 [

1000

800

600

400

Occurrence

\

200

| v
}; o +
I ’h‘l., .:|I||“||”||m|‘“|‘

\

|
l

it
it
i
|

g

il

-0.6 -0.4 -0.2 0.0 0.2 -0.6 -0.4 -0.2 0.0 0.2 -0.6 -0.4 -0.2 0.0 0.2

4

Current Amplitude (pA)

FIGURE 7 Effect of extracellular divalent cations on the conductance states of Aexon5 CFTR chloride channel. Channel current amplitude histograms
representative of WT (A) and Aexon5 CFTR channels with (C) or without (B) extracellular MgCl, (5 mM). The solid curves represent the best fits with
the sum of two (A) and three (B and C) Gaussian distribution functions: y = W,/0#(2ma,)exp[—(x — 1,)/(20,D)] + W./#2ma,)exp[—(x —
1,)°1(20,9)] + Wyl(*(2m)os)expl—(x — p3)*(2052)), where W, = 113.02, n, = —0.004 pA, o, = 0.047 pA, W, = 36.38, u, = —0.191 pA, o, = 0.075
pA (A); W, = 87.08, u, = —0.014 pA, o, = 0.039 pA, W, = 57.65, u, = —0.186 pA, o, = 0.068 pA, W; = 3.46, u; = —0.387 pA, o5 = 0.042 pA
(B); and W, = 116.52, u, = —0.007 pA, o, = 0.055 pA; W, = 10.10, u, = —0.189 pA, o, = 0.068 pA; W; = 21.64, p; = —0.348 pA, o; = 0.068
pA (C). (L | ) Low open level, (M | ) intermediate open level. Channel current in (4) was recorded at 100-Hz cutoff frequency; those in (B) and (C) were
recorded at 30-Hz cutoff frequency. All the data were subjected to 30-Hz digital filtering before analysis.

tance state for Aexon5 CFIR; instead it stabilized the M ductance state (e.g., the less frequent occurrence of the longer
subconductance state. The exact mechanisms of how extra-  open events as well as the total channel events) suggests
cellular divalent cations are involved in stabilizing the full  possible interactions of the first intracellular loop with the
conductance state of the WT CFTR chloride channel andthe =~ NBDs (Carson et al., 1995). It is also possible that the posi-

intermediate conductance state of the Aexon5 CFTR chlo- tively charged first intracellular loop (+7) could interact elec-
ride channel remain to be investigated further. trostatically with the negatively charged R domain on phos-
Several factors could account for the abnormal single- phorylation to confer different open states. The deletion

channel function and the predominant subconductance  mutation in the first intracellular loop may destabilize or dis-
states associated with the Aexon5 CFTR channel. One pos-  rupt those electrostatic interactions when the phosphorylated
sibility is that the first intracellular loop participates in  channel assumes its full open configuration.

intermolecular interactions between CFTR molecules. If Another possibility is that the first intracellular loop
different subconductance states within CFTR arise from  simply contributes to the overall structure of CFTR channel
different aggregation states of multiple CFTR molecules  sterically and that shortening this loop has an allosteric
(Tao et al., 1996), a deletion in the first intracellular loop effect on CFTR structure to destabilize the full conductance
could disrupt these intermolecular interactions, thus altering  configuration. Consistent with this hypothesis are the stud-
the distribution of subconductance states associated with ies of Carroll et al. (1995), in which deletion mutations
CFTR chloride channel. Although some lines of evidence (A119, A256) that removed transmembrane segment I or
suggest that CFTR functions as a monomer (Marshall et al., transmembrane segments I-IV caused reductions in both
1994), the exact stoichiometry of a functional CFTR chan- single-channel conductance and open probability of CFTR
nel, i.e., whether the full conductance state of the CFTR  chloride channel. To test this hypothesis further it will be
represents a single 170-kDa CFTR polypeptide or a multi- necessary to study whether deletions from other parts of the

mer, remains uncertain. first intracellular loop or substitutions also affect the func-
A second possibility is that the altered channel behavior  tion of the CFTR chloride channel.
of Aexon5 results from intramolecular interactions within In summary, our present studies show that exon 5 is impor-

CFTR, for example, between the first intracellular loop and  tant for processing as well as for function of the CFTR chloride
other cytosolic domains (R, NBDs, or other intracellular  channel. Further investigations into the function of CF disease-
loops). The altered single-channel kinetics in the full con- causing mutations in the region encoded by exon 5 may
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provide us more information about the role(s) of the first
intracellular loop in CFTR chloride channel function.
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