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Purification and Reconstitution of Chloride Channels

from Kidney and Trachea

DonNALD W. LANDRY,* MYLES H. AKABAS, CHRISTOPHER REDHEAD,
ALEKSANDER EDELMAN,T EDWARD J. CRAGOE, JR.,T QAIS AL-AWQATI

Chloride channels mediate absorption and secretion of fluid in epithelia, and the
regulation of these channels is now known to be defective in cystic fibrosis. Indanyl-
oxyacetic acid 94 (IAA-94) is a high-affinity ligand for the chloride channel, and an
affinity resin based on that structure was developed. Solubilized proteins from kidney
and trachea membranes were applied to the affinity matrix, and four proteins with
apparent molecular masses of 97, 64, 40, and 27 kilodaltons were eluted from the
column by excess JAA-94. A potential-dependent *C1™ uptake was observed after
reconstituting these proteins into liposomes. Three types of chloride channels with
single-channel conductances of 26, 100, and 400 picosiemens were observed after
fusion of these liposomes with planar lipid bilayers. Similar types of chloride channels

have been observed in epithelia.

HLORIDE CHANNELS ARE PRESENT

in the plasma membrane of most

cells. In epithelia these channels act
together with other ion transporters, such as
the Na*,K*,2Cl cotransporter and the
Na*- and K*-dependent adenosine triphos-
phatase, to mediate absorption or secretion
of NaCl (1). Characterization of the chan-
nels has been limited to analysis of electro-
physiological properties such as single-chan-
nel conductance, voltage dependence, and
the effect of second messengers on channel
opening. In airway epithelia the opening of
a channel with a conductance of 40 to 50 pS
and a rectifying current-voltage (I-17) rela-
tion was stimulated by the adenosine 3',5'-
monophosphate—dependent protein kinase
(A-kinase) (2). The inability of A-kinase to
stimulate channel opening in excised apical
membrane patches of secretory cells is
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thought to reflect the pathogenetic defect in
cystic fibrosis (2). Similar CI™ channels are
present in fibroblasts and lymphocytes, and
here too their opening is defective in cystic
fibrosis (3).

We have developed high-affinity ligands
for the Cl™ channel by screening inhibitors
of *Cl™ transport in bovine kidney cortex
microsomes (4). An indanyloxyacetic acid,
TAA-94 (Fig. 1), was the most potent inhib-
itor with an inhibition constant (Kj) of 1

Fig. 1. Structures of IAA and synthesis of the
affinity resin. Dry cyanogen bromide (CNBr)-
activated Sepharose 4B was reswollen with ice-
cold HCI (I mM). After 15 min the resin was
washed with a solution containing 0.1M
NaHCO; and 0.5M NaCl (pH 9). The 1AA-23
was dissolved in 0.1M NaHCOj; and 0.5M NaCl
(pH 9) and added to the swollen resin (1.5 wmol
of TAA-23 per milliliter of resin). The mixture was
agitated at room temperature for 48 hours. De-
pletion of the ligand from the supernatant was
followed by ultraviolet spectroscopy at a wave-
length of 268 nm. The efficiency of depletion
averaged 97%. The resin was washed by alternat-
ing 0.1N tris (pH 8.5) and 0.1N sodium acetate
(pH 4.5) and then stored in a solution containing
250 mM sucrose, 10 mM imidazole ( pH 7), and
0.02% NaNj. Before use the resin was washed
with a solution containing 250 mM sucrose, 10
mM imidazole ( pH 6.0), 10% glycerin, and 1.4%
n-octyl glucoside.

wM, and [*H]IAA-94 bound to these mi-
crosomes with a dissociation constant (Kq)
of 0.6 pM. Similar results were seen in
apical membranes from bovine trachea. The
rank order of potency for inhibition of
38C1~ transport for several inhibitors corre-
lated with that for displacement of
[*H]IAA-94, suggesting that IAA-94 binds
to the CI™ channel. We describe here the
purification of the solubilized channel by
chromatography on an affinity matrix based
on the IAA structure. Reconstitution of the
purified proteins into planar bilayers re-
vealed the presence of Cl™ channels.

To purify Cl™ channels from bovine kid-
ney cortex vesicles and from apical mem-
branes of bovine trachea, we first solubilized
these preparations in n-octyl glucoside. A
final detergent concentration of 1.4% solu-
bilized 60% of the protein and 20% of the
[’H]IAA-94 binding sites (5). The addition
of 10% glycerin preserved the number of
solubilized binding sites after freezing at
—70°C or incubation at 4°C for 24 hours.
The concentration of 1AA-94 required to
displace 50% of the specifically bound *H-
labeled ligand (ICs¢) from the solubilized
proteins was 2 wM, similar to the value
obtained for intact vesicles. Potential-driven
36Cl~ uptake was observed when the solubi-
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lized proteins were reconstituted into lipo-
somes (6). This uptake was inhibited by
IAA-94 with an ICsy of about 1 pM, and
inhibition was more effective if the drug was
present both inside and outside the lipo-
somes.

We constructed an affinity matrix by cou-
pling IAA-23, a 4'-amino derivative of the
potent inhibitor IAA-92, to cyanogen bro-
mide-activated Sepharose 4B (Fig. 1). The
affinity resin was incubated with solubilized
membranes for 18 hours, after which the
supernatant was found to be depleted of
55% of the [°’H]IAA-94 renal binding sites
and 90% of the tracheal sites. Less than 10%
of the total protein was lost from the super-
natant in each case. Extensive washing of the
resin was necessary to remove nonspecifical-
ly bound proteins. Specifically bound pro-
teins were cluted with 100 pM IAA-94.
Benzoic acid; which does not interfere with
[*H]IAA-94 binding, was present in the
wash to minimize any perturbation caused
by the presence of IAA-94 in the cluant.
Proteins present in the last wash fraction

Kidney Trachea

¥

Fig. 2. Electrophoresis of purified Cl~ channel
proteins from kidney and trachea. Kidney or
trachea membranes were extracted with 1M sodi-
um thiocyanate and solubilized at a concentration
of 6 mg of protein per milliliter in a solution
containing 250 mM sucrose, 10 mM imidazole
(pH 7.0), 10% glycerin, and 1.4% r-octyl gluco-
side. After 30 min the mixture was centrifuged at
100,000¢ for 1 hour, and the supernatant was
collected. The IAA-23 affinity resin (1 ml) was
mixed with 1 ml of solubilized membranes (6 mg
of protein) and agitated for 18 hours at 4°C. The
mixture was then transferred to a column, and the
resin was washed at a rate of 0.3 ml/min with 35
ml of a solution containing 250 mM sucrose, 10
mM imidazole (pH 6.0), 10% glycerin, 0.6% n-
ocytl glucoside, 100 pM benzoic acid, and 1%
ethanol. Bound material was eluted with 7 ml of
the wash solution containing 100 pM IAA-94 in
place of 100 uM benzoic acid. The eluate (+) and
last wash fraction (—) (7 ml) were precipitated in
acetone and chromatographed on SDS-PAGE.
Proteins were detected by silver staining of the
gel.
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and the specific eluate were precipitated and
subjected to SDS—polyacrylamide gel elec-
trophoresis (SDS-PAGE) (Fig. 2). The kid-
ney cluate was enriched in 97-, 64-, 40-, and
27-kD proteins (Fig. 2). No other protein
bands were generated by eluting with higher
concentrations of IAA-94. An abundant
protein seen at the top of the gel was present
throughout the wash and was not signifi-
cantly enhanced on clution with IAA-94.
Tracheal eluates also contained proteins of
the same molecular masses, but the 27-kD
protein showed greater enrichment. Other
proteins were occasionally eluted, but the
four kidney proteins described have been
observed in more than 20 preparations. Of
the 6 mg of protein applied to the resin, less
than 1 pg was eluted (7). The presence of
seven protease inhibitors during protein sol-
ubilization and clution was necessary to
obtain these results.

The purified proteins were reconstituted

into phospholipid vesicles by detergent dial-
ysis. Dialysis removed both the detergent
and IAA-94 present in the elution buffer.
Several distinctive CI™ channels were seen
after fusion of these proteoliposomes with
planar lipid bilayers. No cation-selective or
nonselective channels were found. Although
incorporation events were rare, we observed
CI™ channels in each of the 15 separate
preparations tested. Initial conductance
jumps were observed and were often due to
the simultaneous insertion of several ident-
cal channels into the planar membrane, sug-
gesting that the channels aggregated at some
point before their incorporation into the
vesicles.

A CI” channel with a conductance of 26
pS in 150 mM KClI and a linear I-V relation
was present in the kidney proteins (Fig.
3A). The channel had a reversal potential of
26 mV in a 350 to 100 mM KCl gradient,
implying a Cl~ to K" selectivity ratio of

20 ms

Fig. 3. Single-channel recordings (left) and I-V relations (right) of purified CI™ channels reconstituted
into planar lipid bilayers (14). (A) Channel purified from bovine kidney with a single-channel
conductance of 26 pS. The trace shows the channel in 350 mM KCl where the single channel
conductance is 70 pS. A downward deflection represents channel ing. C represents closed state.
There are three identical channels in the record. Holding potential (in millivolts) is indicated
to the right of the trace. I-V relation for this channel was obtained in the presence of a 150 to 10 mM
KCl gradient (triangles) or with symmetrical 150 mM KCI (indicated by x’s). (B) A large conductance
anion channel (400 pS) with multiple substates purified from bovine kidney. An upward deflection
represents channel opening. The I-V relation for the fully opened state was obtained in the presence of a
150 to 10 mM KCl gradient. (C) Channel purified from bovine trachea with a single-channel
conductance of 100 pS. There are two identical channels in this bilayer. In the open state the channel
rapidly flickers between the fully open state and a subconductance state. Flicker noise and amplitude
increase during the interval when two channels are open simultaneously. An upward deflection
represents channel opening. The I-V plot was obtained in a 350 to 100 mM KCl gradient. The two lines
indicate the subconductance state (S) and the fully open state (O). Both have identical reversal
potentials.
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greater than 20:1, and the open channel
probability showed slight voltage depen-
dence.

A second type of channel had a conduc-
tance of 400 + 50 pS in 150 mM KCl and
showed a low Cl™ to K* selectivity ratio
varying between 2:1 and 5:1 (Fig. 3B). This
channel showed multiple subconductance
states, and the probability of populating
these subconductance states seemed to be a
complex function of voltage and time. The
open probability of this channel was near
1.0 at all voltages, unlike similar channels in
a variety of tissues (8). This type of channel
was present in both kidney and trachea.

A third type of channel had a conductance
of 240 pS in symmetrical 350 mM KCI
(Fig. 3C); if we assume there is a linear
relation between conductance and ionic ac-
tivity, this implies a conductance of about
100 pS in 150 mM KCI. The channel had a
linear I- IV relation and exhibited at least one
conductance substate that was about 75% of
the main open-state conductance. The rever-
sal potential of both conductance states was
24 mV in the presence of a 350 to 100 mM
KCl gradient, implying a Cl™ to K* selectiv-
ity ratio of 13:1. The kinetics of the channel
were not markedly voltage-dependent. This
channel was also seen in both kidney and
trachea.

All three types of Cl™ channels were

unaffected by the inhibitors IAA-94 (100
wM), stilbene isothiocyanates (500 M), or
potent anthranilic acid analogs. Inhibitors
were added to both cis and trans chambers.
As all of the channels bound to an inhibitor
column, the purification or reconstitution
procedure may induce a conformational
change in the channel that uncouples ligand
binding from channel closure or, alternative-
ly, the ligand binding site may be lost,
proteolysed, or denatured after elution.

An estimate of the degree of channel
purification achieved was obtained by com-
paring the extent of **Cl~ uptake into pro-
teoliposomes containing the purified pro-
teins with that into liposomes containing
solubilized kidney cortex microsomes. The
CI™ channels were reconstituted together
with bacteriorhodopsin, a light-activated,
electrogenic proton pump, so that light in-
duced intravesicular acidification and gener-
ated an inside-positive membrane potential
(9). This potential can be used to drive the
transport of anions if the vesicles also con-
tain the appropriate channel. Light induced
an uptake of **Cl~ into liposomes contain-
ing solubilized kidney cortex microsomes
and bacteriorhodopsin, and there was an
efflux of the isotope when the light was
turned off. The proton electrochemical gra-
dient generated by bacteriorhodopsin is
composed of a pH gradient and a membrane

Fig. 4. Reconstitution of Cl™ chan- 700 A

nels with bacteriorhodopsin. (A)

Crude vesicles (6 mg of protein) 600 - Light

were solubilized and reconstituted

either with a 10 mM tris solution 500 |

(circles) or with 100 mM Pipes-tris

(triangles). Results are averages of 400 -

three separate preparations (14,

15). A mixture of 0.8 ml of solubi- 300 |

lized kidney cortex vesicles (6 mg of

protein per milliliter), 0.2 ml of 200 1

bacteriorhodopsin (1 mg/ml), and

10 mg of asolectin, all ‘in a final T 100 ¢

concentration of 1.5% n-octyl glu- & o -
coside, was dialyzed against 1 liter g 5 10 15 20 25 30
of a solution containing 100 mM ]

KCl and 10 mM tris (pH 8.0) for 1 B B

day with one change of solution > 400 Geh

and for a further day against cither & 350 - Jont

10 mM potassium gluconate and  © B

10 mM tris (pH 7.0) or 100 mM 300 F .
Pipes-tris (pH 7.0). The proteoli- /
posomes were then frozen at 250 1 /
—80°C until use. Immediately be- 200 L .

fore use the vesicles were thawed to g

room temperature and sonicated 150 | / -
for 25 s in a Branson 2200 bath / -

sonicator. (B) Less than 1 pg of 100 /- * [P e o
purified protein (open or closed 50 FT

circles) or a tenfold higher amount [ 0

(open or closed squares) was recon- 0 - . -
stituted as described in (A), except -5 0 5 10 15 20 25
that Pipes-KOH (pH 7) was added .

to a concentration of 50 mM before Time (min)

freezing. Valinomycin (10 nmol per milligram of lipid) was added before the light was turned on (open
symbols). Results are an average of seven separate preparations. Channels were purified as described

(see legend to Fig. 2).
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potential. At any given electrochemical gra-
dient, a reduction in the pH gradient should
increase the membrane potential and vice
versa. Increasing the buffer concentration
inside the liposomes resulted in an increased
rate of *Cl~ uptake (Fig. 4A). Addition of
valinomycin, to collapse the membrane po-
tential, completely prevented the light-in-
duced *¢Cl~ uptake.

Light also induced **Cl ™~ uptake into lipo-
somes containing bacteriorhodopsin and
purified CI~ channel proteins (Fig. 4B). The
extent of **Cl” uptake was dependent on
the amount of CI™ channel protein incorpo-
rated. In the presence of valinomycin, up-
take was reduced to the extent seen with
liposomes reconstituted with bacteriorho-
dopsin alone (10). Comparison of the mag-
nitude of *Cl~ uptake observed with unpu-
rified and purified channels gave a purifica-
tion factor of at least 1000, if we assume that
there was about 1 wg of reconstituted puri-
fied protein (7, 11). The **Cl~ uptake assay,
unlike single-channel recording, is a “macro-
scopic” assay that requires a large number of
molecules to give a measurable uptake. Thus
the proteins detected in the eluate of the
affinity column (Fig. 2) are probably medi-
ating the observed uptake of *Cl~.

Chloride channels with similar properties
as those reported here (the 26- and 400-pS
channels in particular) have been detected in
patch-clamp studies of epithelia.(1, 2, 8, 12),
suggesting that these purified channels are
derived from the plaSma membrane. It is not
known why the purified and reconstituted
channels were insensitive to channel
blockers, but similar results were found after
the purification and reconstitution of the
Ca”" release channel from sarcoplasmnc re-
ticulum; in this case, channel proteins puri-
fied on an immunoaffinity column were no
longer inhibited by ryanodine (13). Finally,
it remains to be seen whether the gene for
any of the affinity-purified Cl~ channel pro-
teins resides in the cystic fibrosis locus.
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analyzed with the use of interactive programs on a
laboratory computer system (Indec Systems). Rec-
ords were filtered at 300 Hz before digitization
an 8-pole Bessel filter (Frequency Devices,
Haverhill, MA). Potentials given are those in the cis
chamber relative to virtual ground in the trans
chamber. Selectivity ratios were calculated by means
of the Goldman-Hodgkin-Katz equation with activi-
ty coefficient corrections.
Light-induced **Cl~ uptake was measured by add-
ing 6 mM *ClI” (2.3 pCiml) to thawed and
sonicated liposomes in a glass fluorometric cuvette.
The vesicles were exposed to light from a Kodak
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650H slide projector. Samples (80 to 120 ul) were
removed at the indicated times, applied to an 8-cm
anion exchange column, and cluted with 1 ml of a
solution containing 250 mM sucrose and 10 mM
imidazole (pH 7.0) to remove extravesicular %*Cl~.
Uptake in the dark was measured from identical
samples of each preparation and was found to be
linear with time, and this uptake was subtracted
from the light-dependent flux. The individual values
were within 10% of the reported ave
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Persistence of Abnormal Chloride Conductance
Regulation in Transformed Cystic Fibrosis Epithelia

ANTON M. JETTEN, JAMES R. YANKASKAS,* M. JACKSON STUTTS,
NiIELs J. WILLUMSEN, RICHARD C. BOUCHER

An airway epithelial cell line (CF/T43) was developed by infe

cting cultured airway

epithelial cells from patients with cystic fibrosis (CF) with the pZIPneoSV(X)1/SV40T
retrovirus and selecting for G418 resistance and ion transport properties. The
distinctive chloride secretory phenotypes of the CF cell line CF/T43 and a normal cell
line. (NL/T4) were not perturbed by SV40T-induced cell transformation. Epithelial
cell lines generated from CF cells with the SV40T gene can be used to test candidate
CF genes and to evaluate the molecular mechanisms responsible for the CF phenotype.

YSTIC FIBROSIS (CF) IS AN AUTOSO-
mal recessive disease that affects epi-
thelia of the airways, sweat glands,

pancreas, and other organs. Abnormal regu-
lation of transport proteins in the apical cell
membrane, including the conductive CI™
channel, is the direct effect of the abnormal
gene (1). These abnormalities are exhibited
in primary cultures of CF airway epithelial

Fig. 1. (A) SV40T expression in CF/T43 and NL/T4
i culture of normal airway
epithelial cells; lane b, CF/T43; lane ¢, NL/T4. Cells
were labeled with [**S]-methionine (100 u.Ci/ml; >1000
mCi/mmol) (Amersham) in methionine-free Ham’s F12
medium for 1 hour. The labeled cells were washed in
phosphate buffered saline (PBS) and solubilized in lysis
buffer (154 mM NaCl, 10 mM Na,HPO,, pH 7.2, 1%
Triton X-100, 0.5% deoxycholate, and 1 mM NaF). The
homogenate was centrifuged at 50,000g for 1 hour, and
the ‘supernatant (>107 tricarboxylic acid—precipitable
counts per minute) immunoprecipjtated with mouse
monoclonal antibody 416 (Oncogene Science) to
SV40T antigen (Ab-2a) according to the manufacturer’s
protocol (16). Immunopreci cfntated antigen was analyzed

e gel electrophoresis (17)
followed by autoradiography. (B) Expression of AE1

cell lines. Lane a, p

by 8% SDS—polyacrylami

cells, but the limited availability of these cells
currently restricts CF research. The gene
encoding for the SV40 large T (SV40T)
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cytokeratin and (C) expression of AE3 cytokeratip; the lanes are as in (A). Cells were collected by
trypsinization and solubilized in sample buffer (62.5 mM tris-HCl, pH 6.8, 1% SDS, 2 mM
phenylmethylsulfonylfluoride, 1 mM EDTA, 2.5 pg of leupeptin per milliliter, 2.5 g of aprotinin per
millilter, 5% glycerol, 50 mM dithiothreitol, and 0.001% bromophenol blue, pH 6.8). Proteins were
scparatcd by 8% SDS—polyacrylanudc gel electrophoresis (17), and immunoblot analysis was performed
(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, Olcn, Bclglum)
according to the manufacturer’s protocol.
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