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The basolateral membrane of the thick ascending loop of Henle (TALH) of the mammalian kidney is characterized by 
its high content of N a + / K  +-ATPase and a C!- conductance, which function in parallel in salt reabsorption. In order to 
reconstitute the C! - channels, TALH membrane vesicles were solnhilized in 1% sodium cholate in buffer containing 200 
mM KCI, followed by dilution with soybean lipids (final ratio of protein/detergent/lipid of 1:3:15 in mg) and removal 
of the detergent by gel filtration on Sephadex G-50. CI- channel activity in the liposomes was determined by a 36C!- 
uptake assay where the accumulation of the radioactive tracer against its chemical gradient is driven by the membrane 
potential (positive inside) generated by an outward C!- gradient. The 36C!- uptake by the KCl-loaded liposomes was 
dependent on the inclusion of membrane protein and was abolished by valinomycin, indicating the involvement of a 
conductive pathway. It was also inhibited by 36% by 100/zM 4,4'-diisothiocyanostilbene-2,2'-disulfonate (DIDS) and 
5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB). Solubilization of the CI- channels in cholate was optimal in the 
presence of 200 mm KCi, but was found to decrease markedly at low ionic strength. SDS-PAGE analysis of the proteins 
extracted by cholate at high and low salt concentrations showed that the CI- channel-containing high KCI extract was 
enriched in the 96 and 55 kDa a- and fl-subunits of the Na+/K+-ATPase (the major proteins in the membrane 
preparation) and several minor protein bands. Treatment of the membrane vesicles with the radioactive analogue of 
DIDS, [3H]2DIDS, labeled primarily a 65 and a 31 kDa protein. The sohibilization of the 31 kDa protein by cholate 
depended markedly on the ionic strength and thus paralleled the solubilization pattern of CI- channel activity. 
Furthermore, the labeling of the 31 kDa protein was prevented by nonradioactive DIDS and by NPPB but not by other 
compounds, indicating that it may be a CI- channel component. 

Introduction 

The thick ascending loop of Henle (TALH) of the 
mammalian nephron, is a specialized epithelium with a 
high capacity for salt reabsorption. The net movement  
of NaC1 from the lumen of the nephron to the blood 
side is thought to be accomplished by the concerted 
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bene-2,2'-disulfonate; DPC, diphenylamine-2-carboxylate; IAA-94/5, 
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action of five transport systems; an N a + / K + / 2 C 1  - 
co-transporter and a Ca2+-activated K + channel in the 
luminal membrane,  and the Na+/K+-ATPase ,  a KC1 
co-transporter and C l -  channel in the basolateral mem- 
brane (for review, see Ref. 9). The coupled entry of 
Na ÷, K + and C1- via the luminal co-transporter is 
driven by the inward Na + gradient generated by the 
basolateral Na+ /K+-ATPase ,  while K + and Cl -  exit via 
the specific channels located at opposite poles of the 
cells as well as via a basolateral KCI co-transporter. The 
basolateral C1- channel in the mouse T A L H  has been 
found to be activated by cAMP, presumably by protein 
kinase phosphorylation [19]. This is analogous to the 
apical C1- channels in the cells of C l -  secreting epi- 
thelia which include the airways [5,22], colon [15] and 
elasmobranch rectal gland [10]. These channels have 
been well characterized by single channel techniques 
(recently reviewed in Ref. 8). 

Recently several candidate Cl -  channel proteins have 
been purified by affinity chromatography from mem- 

0005-2736/90/$03.50 © 1990 Elsevier Science Publishers B.V. (Biomedical Division) 



230 

branes derived from bovine kidney cortex and trachea 
[24]. The purpose of the present work was to initiate the 
identification of the TALH C1- channel proteins using 
a different approach. Previously, membrane vesicles 
from the TALH of porcine kidney were shown to be 
enriched in C1- channels [2]. These channels have now 
been solubilized in sodium cholate and reconstituted in 
liposomes with preservation of their function. Selective 
detergent solubilization under conditions of high and 
low ionic strength as used in conjunction with recon- 
stitution and covalent labeling with [3H]2DIDS to iden- 
tify a potential candidate protein as a component of the 
TALH C1- channel. 

Materials and Methods 

Preparation of membrane vesicles from the red outer 
medulla of porcine kidney. The red outer medullary 
region was dissected from fresh pig kidneys and sealed 
membrane vesicles were prepared as described by 
J~rgensen (1988) [12] with slight modifications. Minced 
red outer medullas were hand-homogenized at 10 m l / g  
wet tissue in 250 mM sucrose, 1 mM EDTA, 10 mM 
Na-MOPS (pH 7.2) (homogenization buffer) in a 
teflon-glass motor driven homogenizer at 4°C.  The 
homogenate was centrifuged at 6000 x g for 15 min at 
5°C, the pellet containing tissue and cell debris was 
discarded and crude microsomes were collected from 
the supernatant by centrifugation at 39000 x g for 40 
min at 5 ° C. In order to separate sealed vesicles from 
membrane fragments 1.5 ml of the crude microsomes 
was layered on top of 9 ml of 15% metrizamide (from 
Sigma Chem. Co.) in homogenization buffer and 
centrifuged for 1 h at 35000 rpm in an SW 41 rotor. 
The sealed vesicles were recovered from the top of the 
metrizamide cushion (leaky membranes sediment to the 
bottom), washed once in homogenization buffer, sus- 
pended at 15 mg prote in/ml  and stored frozen at 
- 8 0  ° C. Recovery was 1-2 mg sealed vesicle protein 
per gram of wet tissue. All protein determinations were 
done by the method of Bradford [1], using bovine serum 
albumin as ,standard. Protein concentration in cholate 
containing samples was estimated from protein stan- 
dards containing an equivalent amount of cholate. 

Solubilization and reconstitution of Cl--channels. 
Sealed membrane vesicles were suspended at 4 m g /m l  
in 200 mM KC1, 0.5 mM EGTA, 5 mM Na-Mops (pH 
7.2) and sodium cholate was added to a final concentra- 
tion of 1%. After 10 rain on ice with intermittent mixing 
the samples were centrifuged in a Beckman airfuge 
(Beckman Instruments, Geneva, CH) at 100 000 x g for 
20 min. The clear supernatant was carefully removed 
and mixed immediately with an equal volume of 50 
mg /m l  L-a-phosphatidylcholine (type II-S from soy be- 
nas, Sigma Chem. Co.) in 200 mM KC1, 0.5 mM EGTA, 
5 mM Na-Mops (pH 7.2), which had been previously 

sonicated to clarity in a bath sonicator (Laboratory 
Supplies Co., Hicksville, NY). The mixture was vortexed 
vigorously, incubated for 20 min at room temperature 
and thereafter stored on ice. The liposomes were used 
for 36C1- uptake determinations within 3 h. 

Preparation of anion exchange Dowex-1 columns. 
Dowex-1 x 10, 50-100 mesh (Fluka, CH) was washed 
in distilled water, the slurry was titrated with NaOH to 
pH 12.5 and then washed extensively with distilled H20  
until the pH of the eluate was 8-9. The slurry was then 
titrated with 50% gluconic acid (from Merck, Miinchen, 
F.R.G., decolorized with charcoal) to pH 2.8 and left 
overnight. The excess gluconic acid was washed out 
with distilled water until the pH of the eluate was stable 
at 4.5. For use in 36C1- fluxes pasteur pipettes plugged 
with Dacron wool were packed to a height of 3 cm. 
These columns retained 1 ml of 100 mM C1- with 
virtually 100% efficiency as determined with 36C1- as 
tracer. Prior to use the columns were washed with 1.5 
ml 350 mM sucrose. 

Preparation of Sephadex G-50 spin-columns. Hypoder- 
mic syringes (3 ml) pluged with Dacron wool were 
packed with approx. 2.75 ml of Sephadex G-50 (coarse, 
Pharmacia, Sweden), and washed with 10 ml of 350 
mMsucrose, 2 mM MgSO 4, 10 mM Na-Mops (pH 7.2). 
The minocolumns were dried before use by centrifuga- 
tion in 13 x 100 mm disposable glass tubes for 30 s at 
1200 rpm in an IEC HN-SII centrifuge equipped with a 
manual brake (International Equipment Co., Needham, 
MA). 

Assay of 36C1- uptake by liposomes. In initial experi- 
ments the liposomes were passed through two consecu- 
tive gel filtration spin-columns, the first for removal of 
excess cholate, the second for generating an outward 
C1- gradient to drive 36C1- uptake. In this procedure 
the first Sephadex G-50 spin-column was equilibrated 
with 200 mM KC1, 0.5 mM EGTA, 5 mM Na-Mops 
(pH 7.2), and the second with 350 mM sucrose, 2 mM 
MgSO 4, 10 mM Na-Mops (pH 7.2). Subsequently it was 
found that the first gel filtration step was unnecessary, 
and the procedure using only one Sephadex G-50 col- 
umn equilibrated with 350 mM sucrose, 2 mM MgSO4, 
10 mM Na-Mops (pH 7.2) was adopted for routine use. 
The assay was initiated by loading the liposomes on 
Sephadex G-50 spin-columns (150/~l/column) and im- 
mediately centrifuging them for 24 s at 1200 rpm. This 
step served to remove > 98% of the free C1- (de- 
termined using 36C1- as tracer). Also a partial removal 
of cholate was assumed to have occurred at this stage. 
The eluted liposomes were rapidly mixed with an equal 
volume of 350 mM sucrose, 2 mM MgSO 4, 10 mM 
Na-Mops (pH 7.2) and 5.0 mM Na36CI (Amersham, 
U.K., 0.64 mCi /mmol)  with or without inhibitors. At 
the times indicated, 100 #1 of the reaction mixture were 
loaded on chilled Dowex-1 columns and the liposomes 
were eluted immediately into scintillation vials with 0.8 



ml ice-cold 350 mM sucrose (time of vesicle elution was 
25-35 s). The eluted 36C1-, representing liposome-trap- 
ped isotope was determined by scintillation counting in 
10 ml Lumax scintillation fluid (Lumac, Longraaf, The 
Netherlands). All experiments were performed at least 
three times separately. 

Solutions and chemicals. Cholic acid, 99% pure (Fluka, 
CH) was recrystaUized once from 70% ethanol and kept 
as 10% stock solution neutralized to pH 7.2 with NaOH. 
Valinomycin (from Sigma Chem. Co.) was kept as a 0.5 
mM stock solution in DMSO. DIDS, DNDS and 
[3H]2DIDS (1.5 • 109 cpm/#mol), kept as 10 mM solu- 
tions in 10 mM sodium phosphate (pH 7.4) were gener- 
ous gifts from Dr. Z.I. Cabantchik (Hebrew University 
of Jerusalem, Israel). NPPB, kept as a 10 mM solution 
in DMSO was kindly provided by Dr. R. Greger (A1- 
bert-Ludwigs Universit~it, Freiburg, F.R.G.). IAA-94/5 
[14,24] was obtained from Biological and Chemical 
transport Systems (New York). 

Gel electrophoresis. SDS-PAGE was carried out 
according to the method of Laemmli [25] using 10% 
polyacrylamide gels. Proteins were visualized by stain- 
ing with Coomassie brilliant blue. Radioactivity was 
visualized by fluorography using Amplify (Amersham, 
U.K.) and preflashed Agfa-Curix X ray film exposed 
for 4-8 days at - 80 o C. 

Results 

In order to study the El- channels in liposomes an 
adaptation of the potential-driven isotope uptake 
method was used. This method has been previously 
applied to various channels in membrane vesicles and 
liposomes, such as Na ÷ channels from toad bladder and 
kidney papilla [6,7], K ÷ channels form the TALH [3,13] 
as well as C1- channels from the TALH [2] and kidney 
cortex [14]. The assay makes use of the principle that 
the creation of an outward concentration gradient for 
C1- will generate an inside-positive potential in those 
vesicles or liposomes that contain C1- channels. This 
potential will drive the uptake of trace amounts of 
36 El- against the C1- chemical gradient. The amount of 
36C1- taken up should depend on the potential and on 
the number of vesicles or liposomes containing C1- 
channels. As shown in Fig. 1, liposomes prepared with 
cholate in the absence of protein show little 36El -  

uptake. However, the inclusion of increasing amounts of 
cholate-solubilized membrane protein resulted in sub- 
stantial 36C1- accumulation. The optimal ratio of pro- 
tein/cholate/lipid was 0.32:1.0:5.0 in mg, where the 
lipid concentration is based on the dry weight of soybean 
phospholipids added initially. An additional increase in 
the amount of input protein did not significantly en- 
hance the influx. In separate experiments (not shown) 
the optimal sodium cholate concentration for recon- 
stitution was found to be 1%, corresponding to 22 raM. 
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Fig. 1.36C1- uptake by liposomes: dependence on membrane protein. 
TALH membrane vesicles were incubated in 200 mM KCI, 0.5 mM 
EDTA, 1% sodium cholate, 5 mM Mops (pH 7.2) at 8 mg protein/ml 
for 10 min at 4°C,  and the insoluble proteins were removed by 
centrifugation at 100000×g for 20 rain in an airfuge. The super- 
natants were combined and aliquots were diluted with the solubiliza- 
tion buffer to give final protein concentrations of 6.4, 3.2 and 1.6 
mg/ml. These were then mixed with an equal volume of 50 mg/ml 
sonicated soybean lipids giving final concentrations of cholate and 
lipids of 5 and 25 mg/ml, respectively. The 36Cl- uptake for each 
preparation was determined after gel filtration as described in Materi- 
als and Methods. The various ratios of input protein/cholate/lipid 
(in mg) were 0.64 : 1.0 : 5.0 (D); 0.32 : 1.0 : 5.0 ( . ) ;  0.16 : 1.0 : 5.0 (A); 
0 : 1.0 : 5.0 (O). Results are expressed as nmoles 36C1- taken up per mg 

of input lipid. 

The 36 C1- accumulation by the liposomes was signifi- 
cantly reduced in the presence of 5 /xM valinomycin 
(Fig. 2). Since the liposomes contained 200 mM KC1 
and > 98% of the KC1 was removed by gel filtration, 
valinomycin induced an inside-negative diffusion poten- 
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Fig. 2. Effect of inhibitors on 36C1- uptake by liposomes. TALH 
membrane vesicles were incubated in 200 mM KC1, 0.5 mM EDTA, 
1% sodium cholate, 5 mM Mops (pH 7.2) at 4 mg/ml protein for 10 
min at 4 ° C, and the insoluble protein was removed by centrifugation 
in an airfuge. The combined soluble supernatants were then mixed 
with an equal volume of sonicated soybean lipids, free CI- was 
removed by gel filtration and 36C1- uptake was determined as de- 
scribed in Materials and Methods. The various inhibitors were added 
to the liposomes simultaneously with 36C1-. Uptake was measured in 
the presence of: 1$ DMSO (vehicle solvent), control (re); 100 pM 
DIDS (0); 100 pM NPPB (-)  and 5 lgM valinomycin (e). Results are 

expressed as nmoles 36C1- taken up per mg of input protein. 
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Fig. 3. Effect of inhibitors on 36C1- retention by liposomes. TALH 
membrane vesicles were solubilized in sodium cholate, centrifuged, 
and the soluble fraction was reconstituted with soybean lipids as 
described for Fig. 2. Uptake of 36C1- was followed with time for 4.5 
min, then the sample was divided into four equal portions and the 
following additions were made as indicated by the arrow: 1% DMSO 
(vehicle solvent), control (lI); 100/~M DIDS ( . ) ;  100/tM NPPB (A); 
5 /~M valinomycin (e). The determination of 36C1- uptake was 
continued for another 15 min. Results are expressed as nmols of 

36 Cl- taken up per mg of input protein. 

in high ionic strength solution containing 200 mM KCI 
resulted in the solubilization of 55% of the pellet protein 
and substantial C1- channel activity (Fig. 4c). On the 
other hand, a similar extraction of the same pellet 
material with 1% sodium cholate in low ionic strength 
solution containing no added KC1 solubilized only 20% 
of the pellet protein and negligible C1- channel activity 
(Fig.  4b). 

Whi le  p ro-ex t rac t ion  of  the m e m b r a n e  vesicles with 
chola te  at  low ionic  s t rength  d id  not  increase the specific 
act ivi ty  in terms of  36C1- u p t a k e / m g  protein,  it en- 
hanced  the inhib i tor -sens i t ive  por t ion  of  the flux. This 
is shown in Fig.  5A. 36C1 accumula t ion  at 2 rain was 
inh ib i ted  by  50% in the presence of  100 ffM D I D S  and  
NPPB,  c o m p a r e d  to 36% inhib i t ion  ob ta ined  wi thout  
the p ro-ex t rac t ion  step (see Fig. 2). Thus,  the relat ive 
con t r ibu t ion  of  the inhib i tor -sens i t ive  pa thways  to the 
to ta l  36C1- up t ake  was enhanced.  

In  o rde r  to demons t r a t e  that  cumula t ive  up take  of 
36C1- in to  the l iposomes  took place,  the exper iment  in 
Fig. 5B was car r ied  out. P re incuba t ion  of the l iposomes  

tial  due to the ou tward  K ÷ gradient .  This  result  indi -  
cates that  the pa thway  media t ing  the 36C1- up take  is 

e lec t roconduct ive  as expected f rom a channel .  D I D S  
and NPPB which have been found  to b lock  var ious  
an ion  t r a n s p o r t  sys tems inc lud ing  C1- channe l s  
[8,14,21,23,27], inhib i ted  the 36C1- uptake.  Both  com- 

pounds  at 100 /~M p r o d u c e d  36% inhib i t ion  at  2 min.  
This  is compa rab l e  to the 48% and 36% inhib i t ion  by  
100 btM N P P B  and  D I D S ,  respectively,  in T A L H  mem-  
b rane  vesicles [2]. However ,  the poss ib i l i ty  cannot  be 
excluded that  add i t iona l  inhib i tor - insens i t ive  pa thways  
for C I -  are also present  in the l iposomes,  which would  
account  for the appa ren t ly  low act ivi ty  of  the inhibi tors .  
As  shown in Fig. 3, inhibi t ion  by  N P P B  and  D I D S  was 
not  due to d i ss ipa t ion  of  the m e m b r a n e  po ten t ia l  since 
nei ther  inh ib i tor  caused the release of  accumula ted  
36C1-. On the o ther  hand,  5 ~ M  va l inomycin  d id  cause 
a rap id  efflux of 36C1-, p re sumab ly  by  revers ing the 
ins ide-posi t ive  potent ia l .  

The  solubi l izat ion of  the C1- channels  with chola te  
was found to be highly dependen t  on the ionic  s t rength 
of  the solubil izing solution.  This  was shown by  sequen- 
tial  chola te  solubi l izat ion.  Firs t ,  the m e m b r a n e  vesicles 
were exposed  to 1% sod ium chola te  in low ionic s t rength 
solut ion (250 m M  sucrose, 1 m M  E D T A ,  10 m M  N a -  
M o p s  (pH 7.2)), centr i fuged for 20 min  at  100000 x g 
and the soluble  superna tan t  was recovered.  A l though  
45% of the m e m b r a n e  pro te in  was solubil ized,  recon- 
s t i tu t ion of this soluble  f ract ion yie lded 36C1- up take  at  
10 min of 2.55 ___ 0.4 nmol  36C1- /mg pro te in  (Fig.  4a) 
c o m p a r e d  to 4.7 to 5.2 nmol  36 C 1 - / m g  pro te in  ob ta ined  
in high ionic s t rength (see Figs. 2 and  3). Ext rac t ion  of  
the remain ing  m e m b r a n e  pel let  with 1% sod ium chola te  
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Fig. 4. Sequential solubilization of CI- channels with cholate at low 
and high ionic strength. TALH membrane vesicles were incubated in 
low ionic strength buffer: 250 mM sucrose, 1 mM EDTA, 1% sodium 
cholate, 10 mM MOPS (pH 7.2), (1.6 mg protein/330 ~1), for 10 min 
at 4°C and then centrifuged at 100000 × g for 20 min in an airfuge. 
The soluble supernatants containing a total of 0.72 mg protein were 
saved (fraction 'a'). The remaining pellets were suspended in a total of 
300 p.1 of 250 mM sucrose, 1 mM EDTA, 1% sodium cholate, 10 mM 
Mops (pH 7.2), combined together and divided into two equal por- 
tions to which was added either H20 or 4 M KC1 to give a final 
concentration of 200 mM. After 10 min at 4°C both samples were 
centrifuged again and the soluble supernatants were collected (respec- 
tively designated as fractions 'b '  and 'c' for the low and high KCI 
extract). The respective protein content of fractions 'b '  and 'c' was 
0.09 and 0.24 mg. Prior to reconstitution, fractions 'a' and 'b '  were 
supplemented with 200 mM KCI and fraction 'c' was diluted 2-fold in 
order to obtain a protein concentration comparable with fraction 'b'. 
Fractions a, b and c were reconstituted by mixing a 75 #l aliquot with 
an equal volume of soybean lipids, followed by gel filtration and 36 
C1 uptake determination as described in Materials and Methods. 
Each pair of bars represents the 36C1- taken up per mg input protein 
in 10 min for each fraction (a, b and c); plain bars: control, no 
addition; stippled bars: in the presence of 100 ttM NPPB; (n = 4, 

error bars _+ S.D.). 
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Fig. 5. Solubilization and reconstitution of CI- channels after pre-ex- 
traction of membranes with cholate at low ionic strength. TALH 
membrane vesicles were incubated in 250 mM sucrose, 1 mM EDTA, 
1% sodium cholate, 10 mM Mops (pH 7.2) (2.0 mg protein/400 /~1) 
for 10 min at 4°C, then centrifuged at 100000x g for 20 min in an 
airfuge. The soluble supernatants were discarded and the remaining 
pellets resuspended in 300 /L1 of 200 mM KCI, 0.5 mM EDTA, 1% 
sodium cholate, 5 mM Mops (pH 7.2). After 10 min at 4°C the 
samples were centrifuged again, and the solute supernatants (corre- 
sponding to fraction 'c' in Fig. 4) were collected. The combined 
supernatants were reconstituted by mixing with an equal volume of 
soybean lipids, followed by gel filtration and 36C1- uptake determina- 
tion as before. (A) Effect of inhibitors. Uptake was measured in the 
presence of: 1% DMSO (vehicle solvent), control (13); 100/xM DIDS 
(4,); 100 /~M NPPB (1); 5 #M valinomycin (e). (B) Effect of 
potassium gluconate, KCI and C1--free preincubation. Uptake was 
measured in the presence of: 100 mM potassium gluconate ( i )  and 
100 mM KC1 (111), both added from 2 M solutions, or equivalent 
volume of H20 (13). A separate aliquot of the liposomes eluted from 
the Sephadex G-50 spin-columns was incubated for 30 min at room 
temperature prior to addition of 36C1- and determination of 36C1- 
uptake (1). Results are expressed as nmol 36C1- taken up per mg 

input protein. 

in C1--free m e d i u m  for 30 min  pr io r  to add i t i on  of  
36C1- resul ted in marked ly  decreased  36C1- uptake ,  

p r e sumab ly  due to the d i ss ipa t ion  of  the ou twa rd  C1-  
gradient .  A d d i t i o n  of  100 m M  KC1 bu t  not  of  100 m M  
po tas s ium gluconate  (g luconate  is a n o n - p e r m e a n t  an-  
ion)  had  a s imilar  effect. 

Previously it was shown that  D I D S  is an  i r revers ible  
inh ib i tor  of  the C I -  channels  in in tac t  T A L H  vesicles 
[2]. Therefore,  [ 3H]2DIDS  should  be  a po ten t i a l ly  use- 
ful covalent  aff ini ty  p robe  for the  C1- channel  prote in .  
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As  shown in Fig. 6 ( lane  1), [ 3 H ] 2 D I D S  labeled  pr inc ip-  
al ly two p ro te ins  in in tac t  m e m b r a n e  vesicles, with 
molecu la r  mass  of  65 and  31 kDa.  Two add i t iona l  
prote ins ,  95 k D a  and  55 k D a  which p r o b a b l y  corre- 
s p o n d  to the a-  and  f l -subuni ts  of  the N a + / K + - A T P a s e  
were l abe led  weakly.  T rea tmen t  of  the [3H]2DIDS-  
labe led  vesicles wi th  1% chola te  in 250 m M  sucrose, 1 
m m  E D T A ,  10 m M  N a - M o p s  (pH 7.2) (low ionic  

s t rength)  solubi l ized the 65 k D a  bu t  not  the 31 k D a  
p ro t e in  (Fig.  6, lane  a). The  la t te r  p ro te in  was found  in 
the insoluble  pel le t  (Fig.  6, lane 2). Ext rac t ion  of  the 
insoluble  pel le t  with 1% chola te  at  low ionic s t rength  
again  fai led to solubi l ize the 31 k D a  pro te in  (Fig.  6, 
lane b), a l though p ro te in  s ta ining showed that  a n u m b e r  
of  o ther  p ro te in  b a n d s  were solubil ized.  On  the o ther  
hand,  ex t rac t ion  of  the insoluble  pel le t  with 1% chola te  
at  high ionic  s t rength  (200 m M  KC1) solubi l ized the 
[3H ]2D ID S- l a be l e d  31 k D a  pro te in  (Fig.  6, lane c). The  
respect ive  inso luble  pel lets  showed co r re spond ing  reten- 
t ion (Fig.  6, lane  d) and  dep le t ion  (Fig.  6, lane e) of  the 
31 k D a  prote in .  Therefore ,  the pa t t e rn  of  so lubi l i ty  of  
the 31 k D a  p ro te in  in chola te  was para l le l  to the pa t t e rn  
of  so lubi l iza t ion  of  recons t i tu tab le  C1- channel  act ivi ty  
(see Fig. 4). 
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Fig. 6. Sequential solubilization of [3H]2DIDS-labeled TALH mem- 
branes with cholate at low and high ionic strength: SDS-PAGE 
analysis. TALH membrane vesicles were incubated in 250 mM sucrose, 
1 mM EDTA, 10 mM Mops (pH 7.2) (at 3 mg protein/ml) and 100 
/~M [3H]2DIDS for 10 min at room temperature. The reaction was 
stopped by removal of the free reagent on Sephadex G-50 spin-col- 
umns as described for 36C1- uptake experiments. The labeled mem- 
brane vesicles were then sequentially solubilized with cholate in low 
and high ionic strength solutions exactly as described in Fig. 4, and 
the various soluble and insoluble fractions were subjected to SDS- 
PAGE. Lane 1: original TALH membrane vesicles, 50 /~g; lane a: 
fraction 'a', first low-ionic-strength soluble supernatant, 41 #g; lane 
2: membrane pellet remaining after first low-ionic strength solubiliza- 
tion, 46 lag; lane b: second low-ionic-strength soluble supernatant, 22 
/~g; lane c: second soluble supernatant in high ionic strength (200 mM 
KC1), 31 #g; lane d: membrane pellet remaining after two low-ionic- 
strength extractions, 43/~g; lane e: membrane pellet remaining after a 
low- and high-ionic-strength extraction, 38 /tg. Lane M: molecular 
weight markers in K, myosin, 205; fl-galactosidase, 116; phospho- 
rylase B, 97; bovine serum albumin, 66; egg albumin, 45; carbonic 
anhydrase, 29. The gel was 10% polyacrylamide. (Left panel) Coomas- 

sic brilliant blue stain; (right panel) corresponding fluorograph. 
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Fig. 7. Effect of CI-  channel inhibitors on [3H]2DIDS labeling of 
membrane vesicles. TALH membrane vesicles were incubated in 250 
mM sucrose, 1 mM EDTA, 10 mM Mops (pH 7.2) at 3 mg protein/ml 
and various CI-  channel irthibitors at 200/~M. After 5 min at room 
temperature, 100 /xM [3H]2DIDS was added to each system and 
incubation was continued for another 10 min at room temperature. 
The reaction was stopped by removal of the free reagents on Sep- 
hadex G-50 spin-columns as previously. Each lane contained 38 ~tg 
protein. Lane 1: no addition; lane 2: DIDS; lane 3: NPPB; lane 4: 
IAA-94/5; lane 5: DNDS; lane 6: DPC; lane 7: 1% sodium cholate; 
lane 8; no addition. (Left panel) Coomassie brilliant blue stain; (right 

panel) corresponding fluorograph. 

The capacity of several C1- channel inhibitors to 
interfere with [3H]2DIDS labeling was examined (Fig. 
7). Pre-exposure of the membrane vesicles to nonradio- 
active 200/~M DIDS completely prevented the labeling 
of the 31 kDa protein, and partially decreased the 
labelling of the 65 kDa protein. NPPB at 200 /~M 
reduced the labeling of the 31 kDa but had little effect 
on the 65 kDa protein. In contrast, other compounds 
with inhibitory activity on CI- channels in other sys- 
tems, DPC, IAA-94/5 and DNDS at 200/~M failed to 
reduce appreciably the labeling of any of the protein 
bands. Cholate produced an increase in the labeling of a 
number of bands, in particular the 95 kDa a-subunit of 
Na÷/K+-ATPase, presumably due to the permeabiliza- 
tion of the vesicles. This result indicates that [3H]2DIDS 
labeling was restricted to the external surface of intact 
vesicles, as expected from an impermeant label. The a 
subunit of purified Na÷/K+-ATPase has been shown to 
be stoichiometrically labeled with [3 H] 2 DIDS, probably 
at a site facing the cytoplasmic compartment [26]. 
Therefore, the labeling of the a-subunit only after per- 
meabilization of the vesicles is consistent with their 
known right-side-out configuration [3]. 

Discussion 

The objective of this study was to identify the TALH 
C1- channel protein by a combination of approaches 
involving solubilization and reconstitution in conjunc- 
tion with covalent labeling. A procedure for selective 
detergent solubilization of TALH membrane vesicles 
was developed in order to obtain an enrichment of the 
C1- channel proteins as determined by functional re- 

constitution. In parallel membrane vesicles were cova- 
lently labeled with [3H]2DIDS, subjected to the identi- 
cal solubilization procedure and analyzed by SDS-PAGE 
and fluorography. The rationale for labeling of the C1- 
channel proteins with [3H]2 DIDS has been provided 
previously by the demonstration that DIDS is an irre- 
versible inhibitor of C1- channels in TALH membrane 
vesicles and that DIDS and NPPB bind to the same or 
adjacent sites on the C1- channel [2]. This finding also 
provided the basis for another approach aimed at 
assessing the ability of NPPB and other compounds to 
prevent the [3H]2DIDS labeling of specific proteins. 

Detergent solubilization and reconstitution in lipo- 
somes or lipid bilayers has been achieved with a number 
of ion channels such as the voltage-dependent Na ÷ and 
K ÷ channels, the acetylcholine receptor-channel (re- 
viewed in Ref. 16), the kidney epithelial amiloride-sensi- 
tive Na ÷ channel [18] and the Ca 2+ activated K ÷ chan- 
nel in the TALH luminal membrane [3,13]. Liposome 
reconstitution of epithelial C1- channels from mem- 
branes of bovine trachea cells [4] and kidney cortex [24] 
have also been reported. 

In this study a modification of the cholate dilution 
procedure was used, which is similar to that for recon- 
stitution of the 7-aminobutyrate transporter from rat 
brain [17]. The detergent most suitable for membrane 
solubilization using this method was found to be sodium 
cholate. Use of other detergents such as CHAPS, Triton 
X-100 and octyl glucoside in place cholate was found to 
result in very low 36C1- accumulation. Presumably these 
detergents were not as efficiently removed by the Sep- 
hadex G-50 spin-columns, resulting in leaky liposomes, 
due to residual detergent. However, membrane solubili- 
zation in 20 mM CHAPS followed by addition of lipid 
and overnight dialysis for more thorough removal of the 
detergent, yielded liposomes with 36C1- uptake ef- 
ficiency equal to that obtained with cholate and gel 
filtration. 

The assay of C1- channel activity involving 36C1- 

uptake against its chemical gradient has been shown 
previously to be applicable to C1- channels in mem- 
brane vesicles [2,14]. However, this assay will also detect 
electroneutral anion exchange as has been shown for rat 
intestinal brush-border vesicles where 36C1- uptake was 
insensitive to valinomycin-induced changes in mem- 
brane potential [20]. The uptake of 36C1- by the lipo- 
somes was cumulative since it could be inhibited by 
excess CV (100 mM) and was abolished by preincuba- 
tion of the liposomes in C1--free medium (Fig. 5B). The 
finding that 36C1- accumulation in the proteoliposomes 
was abolished (Fig. 2) and reversed (Fig. 3) by 
valinomycin indicates that the reconstituted CI- trans- 
port pathway was conductive. Also inhibition by 100 
/~M NPPB and DIDS, albeit partial (Figs. 2 and 4), 
indicates that the pathways are similar to or the same as 
previously characterized in the TALH vesicles. 
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Although DIDS has been found not to affect C1- 
channels in intact TALH tubules where other inhibitors 
such as NPPB were highly effective [27], it has been 
shown to inhibit epithelial C1- channels in a variety of 
other studies involving membrane vesicles or planar 
lipid bilayers [2,14,21,23,28]. One explanation for this 
discrepancy is the possible problem of accessibility of 
this probe to the channel site in the intact tissue, due to 
its relatively large size and double negative charge (M r 
452, two sulfonate groups), compared to NPPB (M r 
300, one carboxyl group). In addition, depletion of the 
reagent might occur in the tubules due to the abun- 
dance of free amino groups. However, the possibility 
can not be excluded at present that the DIDS-sensitive 
C1- pathways described here are distinct from the C1- 
channels observed by electrophysiological methods in 
intact TALH tubules. 

C1- channels in other systems show higher sensitivity 
to DIDS than observed here. Planar-lipid-bilayer recon- 
stituted C1- channels from bovine trachea [21], Torpedo 
electroplax [23] or rat colonic enterocytes [28] were fully 
inhibited by DIDS at concentrations below 100 /~M. 
One explanation for the apparently low inhibitor sensi- 
tivity in both the original TALH vesicles and proteo- 
liposomes could be the presence of additional 
inhibitor-insensitive C1- conductive pathways. An 
observation consistent with this possibility is that re- 
moval of irrelevant protein by pre-extraction of the 
TALH membrane vesicles with cholate at low ionic 
strength did not increase the total specific 36C1- uptake, 
but enhanced the DIDS and NPPB-sensitive portion of 
the uptake (Fig. 5A), presumably as a result of the 
partial removal of the inhibitor-insensitive pathways. 

An attempt was made to correlate the reconstitutable 
C1- channel activity with specific proteins identified by 
SDS-PAGE. Initially it was found that 45% of the 
membrane protein but little activity were solubilized by 
1% cholate at low ionic strength (Fig. 4a), whereas most 
of the reconstitutable activity was solubilized by a sec- 
ond extraction in 200 mM KC1 (Fig. 4c). In compari- 
son, a second extraction with 1% cholate in low ionic 
strength failed to solubilize significant C1- channel ac- 
tivity (Fig. 4b). The critical miceUar concentration of 
cholate is highly dependent on the ionic strength, such 
that its capacity to solubilize membranes increases with 
increasing salt concentration [11]. Therefore, the mem- 
brane proteins likely to be solubilized by cholate in low 
ionic strength buffer will be of the peripheral rather 
than membrane-spanning type, whereas both types will 
be solubilized in high ionic strength buffer. Accord- 
ingly, a greater amount of the 95 kDa subunit of the 
Na+/K+-ATPase, an integral membrane protein [12], 
was solubilized by cholate in high than in low ioniC 
strength buffer (Fig. 6, compare lanes b and c). A 
similar solubilization pattern would be expected for a 
presumably membrane-spanning C1- channel protein. 

Comparison of the Coomassie blue stained proteins 
solubilized by cholate at low and high ionic strength 
(Fig. 6A, lanes b and c) indicates that several proteins 
with molecular masses of 27, 31, 95 and 147 kDa were 
enriched in the latter fraction. A similar comparison of 
the [3H]2DIDS-labeled proteins solubilized by cholate 
at low and high ionic strength (Fig. 6, lanes b and c) 
reveals that only the 31 kDa protein is enriched in the 
high-ionic-strength soluble fraction. The specific enrich- 
ment of the 31 kDa protein in the fraction containing 
reconstitutable C1- channel activity together with its 
preferential labeling by [3H] 2 DIDS provide circumstan- 
tial evidence for its possible association with the C1- 
channel. 

Further support for the above conclusion was pro- 
vided by the finding that NPPB significantly reduced 
the labeling of the 31 kDa protein by [3H]2DIDS (Fig. 
7). In contrast, DPC and DNDS which have been 
shown to be weak inhibitors of C1- channels in TALH 
vesicles (23% and 25% inhibition, respectively at 200 
#M) [2] had no such effect. IAA-94/5 which inhibits 
the TALH C1- channel by 65% at 200/~M (Amir and 
Breuer, unpublished results) produced a barely detecta- 
ble decrease in the labeling of the 31 kDa protein. 
However, the possibility that IAA-94/5 inhibits the C1- 
channels by binding to a site separate from the 
[3H]2DIDS binding site remains to be evaluated. Previ- 
ously, both NPPB and DIDS have been shown to 
inhibit CI- channels in intact TALH membrane vesicles 
with IDs0 of 100-200 #M, the former reversibly and the 
latter irreversibly. Moreover the irreversible inhibition 
by DIDS was prevented by NPPB but not by DPC [2]. 
Therefore the present finding that NPPB but not DPC 
protects the 31 kDa protein from labeling by [3H]2DIDS 
is consistent with previously observed effects on chan- 
nel function. 

In summary, two lines of evidence have been pre- 
sented implicating a 31 kDa protein in TALH vesicles 
as a C1- channel component; (i) labeling of the 31 kDa 
protein by [3H]2DIDS and its specific protection by 
unlabeled DIDS and NPPB, and (ii) the presence of the 
[3H]2DIDS-labeled 31 kDa protein in detergent-soluble 
fractions containing reconstitutable C1- channel activity 
and its absence in fractions lacking this activity. How- 
ever, the direct involvement of the 31 kDa protein in 
C1- conductance remains to be demonstrated. 
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