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The aim of the present study was to reconstitute and purify an epithelial potassium channel from rabbit kidney. 
Renal brush border membrane vesicles (BBMV) were found to contain a potassium conductance which was 
inhibited by amiloride, S-(N.methyi-N-isobutyl)amiloride (MIA) and by barium. Membrane vesicle proteins were 
solubilized and reconstituted in proteoliposomes. Channel activity was assayed using Acridine orange and the 
voltage sensitive dye, 3,3'-diethylthiadicarbocyanine iodide (DiSCz(5)). Both methods yielded similar results which 
indicated the presence of an amiloride.sensitive, cation channel in the prateoliposomes. This channel was more 
permeable to K than to Na and its activity was increased in reconstituted proteoliposomes as compared to native 
brash border membranes. We conclude that rabbit BBMV possess an amiloride sensitive cation channel. Channel 
activity was successfully reconstituted in proteoliposomes and the protein was partially purified during reconstitu- 
tion. 

Introduction 

Several types of potassium (K) channels have been 
detected in the mammalian kidney, r h e  basolateral 
membrane of the proximal tubule has a barium-sensi- 
tive, voltage-gated K channel which recycles K (taken 
up by the sodium-potassium ATPase pump) across the 
membrane [1]. Two types of K channels are found in 
the luminal membrane of the proximal tubule. The first 
is a small conductance (42 pS) channel which is blocked 
by barium and apamin [2]. The other is a large conduc- 
tance calcium and voltage-activated channel. It has 
been described in cultured cells [3,4] and in luminal 
membrane vesicles [5]. Calcium and voltage-gated K 
channels have also been detected in the medullary 
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thick ascending limb [6], a~O in the cortical collecting 
tubule [7]. A 32 pS calcium and serotonin-activated 
inward rectifier is found in renal epitheliod cells 
(MDCK) [8]. 

Although the kinetic and pharmacologic properties 
of several of these channels are under intense investi- 
gation, little is known about their structural properties. 
There is evidence suggesting that a calcium-activated K 
channel has been reconstituted and partially purified 
on calmodulin affinity columns from pig kidney [9]. 
Recent data indicate that some renal K channels may 
belong to the Shaker gene family [10]. In these studies, 
the polymerase chain reaction was used to amplify five 
clones from rabbit kidney eDNA, which had strong 
sequence similarities with Shaker. Takumi et al., have 
used the method of expression cloning to identify a 17 
kDa membrane protein which may represent a K-selec- 
tive channel [11]. In the rat kidney, this protein is 
exclusively located on the luminal membrane of the 
proximal tubule [12]. In this report we describe the 
reconstitution and partial purification of an amiloride- 
sensitive cation channel from luminal membranes of 
rabbit kidney. 

A preliminary summary of this work has been previ- 
ously published in abstract form [24]. 



Experimental procedures 

Membrane preparation 
Male New Zealand white rabbits (2-3 kg) were 

killed by intravenous pentobarbital. Microvillus mem- 
brane vesicles (BBMV) were prepared from the renal 
cortices by magnesium aggregation and differential 
centrifugation as described previously [13]. The homog- 
enization media contained 200 mM mannitol, 41 mM 
K +, 80 mM N-2-hydroxyethylpiperazine-N'-2-ethanc- 
sulfonic acid (Hepes) at pH 7.5. The final membrane 
pellets were suspended to a protein concentration of 
30-50 mg /ml  as determined by the Peterson modifica- 
tion [14] of the Lowry assay [15] using bovine serum 
albumin as the standard. Membrane vesicles were 10- 
15-fold enriched in luminal membrane markers 
(yGTP). Membranes were stored at - 7 0 ° C  and used 
within one month of preparation. 

Methods .for detectblg channel acticity in resicles 
Fluorescence quenching of  Acridine orange. To detect 

cation conductances in intact vesicles, we used a strat- 
egy similar to that described by Reenstra et al. [16]. It 
relied on the ability of Acridine orange, a fluorescent, 
pH-sensitive dye, to detect small changes in intravesic- 
ular pH. In brief, vesicles were loaded with 2 mM 
Hepes, pH 7.5 and either 200 mM KCI or 200 mM 
TMACI. A 200-fold outward cation gradient was im- 
posed by diluting 10 #l  of vesicles in 2 ml of buffer 
containing 200 mM choline chloride, 2 mM Hepes (pH 
7.5), 6 p.M Acridine orange at 25°C. If the appropri- 
ate conductive pathway is present in the vesicle, the 
cation of interest, driven its chemical gradient (200-fold 
in > out), will diffuse out of the vesicle and generate an 
inside-negative membrane potential. This membrane 
potential will, in turn, drive protons into the vesicles 
and result in intravesicular acidification and acridine 
orange fluorescence quenching. Changes in fluores- 
cence were measured using a Perkin-EImer MPF-44A 
spectrofluorometer (excitation 493 nm, emission 520 
rim, slit widths were both set at 5 nm). Fluorescence 
was recorded in arbitrary units on a Perkin-EImer strip 
chart recorder, lonophores were added from ethanol 
stock to the buffer and the ethanol concentration never 
exceeded 0.15%. 

Fluorescence queoching a coltage-sensitice dye. In 
some experiments a voltage-sensitive dye, 3,3'-diethyl- 
thiadicarbocyanine iodide (DISC2(5)), was used to con- 
firm that cation efflux was occurring via a conductive 
pathway. Vesicles were loaded with 2 mM Hepes (pH 
7.5) and the chloride salts of various cations. They 
were diluted in 2 ml of buffer containing 6 p.M 
DISC2(5) at 25°C. If a conductive pathway were pre- 
sent in the vesicle for the cation of  interest, it would 
diffuse out of the vesicle down its chemical gradient 
(200-fold in > out), and would generate an inside-nega- 
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tive membrane potential. This membrane potential 
would in turn drive the intravesicular accumulation of 
the cationic dye DISC2(5) with a resulting decrease in 
its fluorescence. Changes in fluorescence were meas- 
ured (excitation 643 rim, emission 666 rim, slit widths 
were both set at 10 nm) and recorded as described 
above, lonophorcs were added from ethanol stock to 
the buffer and the ethanol concentration never ex- 
ceeded 0.15%. 

Solubilization and reconstitution protocols 
BBMV (30 mg/pro te in /mi )  were extracted with a 

mixture of chloroform/methanol  at 22°C  with con- 
stant stirring for 1 h. The final ratio of  water /  
methanol/chloroform was 1:3.3:6.3 (v/v). The mix- 
ture was transferred to a test tube and left undisturbed 
for 3 h. The aqueous phase collected to the top. It was 
carefully removed with a Pasteur pipette and dis- 
carded. The organic phase was filtered using a 2 2 / t m  
filter. To form proteoliposomes, the chloroform was 
evaporated under nitrogen and the mixture was dia- 
lyzed against 4 liters of buffer for 24 h at 4°C.  The 
addition of exogenous lipid was not necessary since the 
mixture already contained brush border membrane 
lipids. Proteoliposomes were loaded with the cation of 
interest by changing the ionic composition of the dialy- 
sis buffer. Following dialysis, liposomes were collected 
by centrifugation (100000 × g  for 2 h), their protein 
content was measured and was found to represent 
0.14% of the starting BBMV proteins. Channel activity 
was assayed as described above. The reconstituted 
proteins were separated by gel electrophoresis on a 
10% SDS-pelyacrylamide gel according to Laemmli 
[17] and visualized by silver staining. 

Materials 
Acridine orange was obtained form Eastman Kodak. 
DISC2(5) was obtained for Molecular Probes Inc. Vali- 
nomycin was obtained from Sigma. Amiloride and MIA 
were gifts of Merck Sharp and Dome. Hepes was 
obtained from Sigma or United States Biochemical 
Corp. and other compounds were of at least reagent- 
grade quality from Sigma, Fisher, or Aldrich. Synthetic 
phosphatidylcholine and phosphatidylethanolamine 
were obtained from Avanti Polar Lipids Inc. 

Results 

Detection o f  an amiloride-sensitice g channel in intact 
BBMV 

Acridine orange (AO) fluorescence quenching was 
used to test whether BBMV contained a K channel 
(Fig. l). In the absence of a K gradient, AO fluores- 
cence was rapidly quenched (1 florescence unit) by the 
addition of BBMV and then remained unchanged. This 
initial rapid quench was attributed to mixing and dye 
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Fig. 1. Detection of an amiloride-sensitive cation channel in BBMV. 
The protocol for measuring conductive K efflux in intact BBMV 
using acridine orange is described in Experimental procedures. Vesi- 
cles were loaded with 2 mM Hepes (pH 7.5) and 200 mM KCI. A 
200-fold outward K gradient was imposed by diluting 10 /tl of 
vesicles in 2 ml of buffer containing 200 mM choline chloride. 2 mM 
Hepes (pH 7.5). 6 ~,M Acridine orange at 25°C. 500/,tg of BBMV 
proteins were used to generate each curve. Valinomycin was added 
where indicated to a concentration of 10 /tM. A representative 
experiment is shown in this figure. Experiments were repeated 

thrice. 

binding artifacts and was subtracted from all subse- 
quent  measurements .  The imposit ion of a 200-fold 
outward K gradient  in the presence of the K ionophore,  
valinomycin, resul ted in large decrease in AO fluores- 
cence which reached a maximum value at  4 min (Fig. 
1). A O  quenching could be reversed by the addit ion of 
100 mM K indicating that  it represented  intravesicular 10 
acidification driven by the inside negative membrane  
potent ia l  and not merely non-specific binding of the A 
dye. In the absence of  valinomycin, a 200-fold outward 
K g rad ien t  caused a sma l le r  decrease in  A O  f l u o r e -  ® 
scence (25% of maximum). K-efflux driven AO quench- ~ g =  
ing was maximum at 4 min and could be reversed by ~ ® o =  
100 mM external  K. Efflux was inhibited by 100 /.tM = O c¢~ 5 
amiloride,  and by 5 mM barium. 10 p.M M I A  inhibited ~ o 
K efflux as well as 1 0 0 / t M  amiloridc (Data  not shown). ,~ 

_= 
u. Reconstitution and partial purification o f  the cation 

channd 
We then a t t empted  to reconsti tute channel  activity 

in liposomes. Various reconsti tut ion protocols were 
tested. Several detergents ,  including Tri ton X-100, octyl 
glucoside, Nonidet  P-40, 3-[(3-cholamidopropy)dimeth- 
ylammonio]- l -propanesulfonate  (CHAPS)  and cholate,  
were used to solubilize membrane  proteins.  The  proto- 
col which gave the best and most reproducible results 
was described above and involved the extraction mem- 
brane  proteins with a mixture of c h l o r o f o r m / m e t h a n o l  
and the formation of proteol iposomes by dialysis. Re- 
constitution of channel  activity in proteol iposomes was 
monitored using acridine orange.  A 200-fold outward 
K gradient  significantly quenched Acridine  orange flu- 
orescence (Fig. 2A). A similar  Na gradient  produced 

lesser quenching of Acridine orange fluorescence (20% 
of K values). Fluorescence quenching was not observed 
in the absence of a K or  Na gradient  or in the presence 
of a 200-fold outward T M A  gradient  indicat ing that  
the reconst i tuted proteol iposomes possess a large con- 
ductance for K and a lesser one for Na and are  
impermeable  to TMA. To fur ther  characterize these 
conductances,  their  sensitivity to amiloride and bar ium 
was tested. K efflux was inhibited by both amiloride 
and bar ium (Fig. 2A). 10 p.M M I A  inhibi ted K efflux 
as well as 100 p.M amiloride. Na efflux was similarly 
inhibi ted (Data  not shown). 

To confirm that  cation efflux from the proteolipo- 
somes was conductive, efflux driven changes in mem- 
brane  potent ia l  were measured  using the cationic, volt- 
age-sensit ive dye, DISC2(5). As  shown in Fig. 2B, a 
200-fold outward K gradient  quenched dye fluores- 
cence. Amilor ide  (100 /~M) and bar ium (5 raM) pre- 
vented  dye quenching. To control for non-specific ef- 
fects of  amiloridc and bar ium on dye behavior, valino- 
mycin was added in the presence of a K gradient .  The  
addit ion of  valinomycin (200 outward K gradient)  gen- 
era ted  an inside negat ive-membrane potential  in the 
presence of e i ther  amiloride or  barium, indicat ing that  
the inhibitory effects of these drugs was not the result  
of the i r  non-specific interaction with the dye. Finally, 
dye quenching was not observed in the presence of a 
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Fig. 2. Reconstitution of an amiloride-xensitive cation channel from 
BBMV. The reconstitution protocol is described in Experimental 
procedures. 10 ~g of reconstituted protein were used to generate 
each curve. Vesicles were loaded with 2 mM Hepes at pH %5 and 
200 mM KCL A 200-fold outward cation gradient was imposed by 
diluting 10/tl of vesicles in 2 ml of buffer containing 200 mM choline 
chloride, 2 mM Hepes (pH 7.5) at 25 °C and either 6/tM Acridine 
orange (panel A) or 6 /tM DISC2(5) (panel B). Valinomycin was 
added where indicated to a concentration of 10 p.M. A representa- 
tive experiment is shown in this figure. Experiments were repeated 

thrice. 
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Fig. 3. Gel electrophoresis of reconstituted brush border membrane 
vesicle proteins. Proteins were separated on a sodium dodecyl sulfate 
containing 10% polyacwlamide gel using a discontinuous buffer 
system according to Laemmli. Proteins were visualized by silver 
staining. Lane h Molecular weight standards: Lane 2: I p.g of 
reconstituted brash border membrane protein: Lane 3:5 /.tg of 

reconstituted protein. 

200-fold outward K gradient when liposomes were 
made of synthetic, commercially available lipids (phos- 
phatidylcholine and phosphatidylethanolamine, 2 : 1). 

The specific acitivity of  the K conductance in intact 
BBMV was 1 F U / m g  protein per min (Fig. 1). In 
contrast, since the reconstituted proteoliposomes only 
contained 0.14% of the starting membrane protein, 
their specific activity was 300 F U / m g  protein per min 
(Fig. 2A). It is therefore possible that a 300-fold purifi- 
cation was achieved during reconstitution of the cation 
channel in proteoliposomes. Partially purified reconsti- 
tuted proteins were separated by gel electrophoresis 
and visualized by silver staining (Fig. 3). Only two 
major protein bands (molecular mass of 15 and 20 
kDa) are visualized in the partially purified prepara- 
tion (Lane 2, 1 /~g of protein). Several minor protein 
bands can also be detected if 5 /zg  of purified proteins 
are loaded on the gel (Lane 3). 

Discussion 

In the preceding studies, we have shown that rabbit 
luminal membrane vesicles prepared from rabbit kid- 
ney cortex (BBMV) contain a K conductance, it is 
inhibited by amiloride, the amiloride analog MIA and 
by barium. We could not evaluate whether this channel 
is also permeable to Na since BBMV contain an active 
amiloride-sensitive, electroneutral Na-H exchanger. It 
is unlikely that we are measuring K efflux through 

sodium channels since the epithelial sodium channel is 
sensitive to neither MIA nor barium. Our results can- 
not be explained by postulating the existence of a 
potassium/hydrogen ion exchanger in these vesicles 
since such an exchanger, described in the ileum, was 
found to be amiloride insensitive [18]. K channels have 
not previously been reported to be amiloride sensitive. 
However, recent studies suggest that the Maxi K chan- 
nel present in rabbit proximal tubule is inhibited by the 
amiloride analog MIA (see Ref. 5). 

Reconstituted proteoliposomes, possess electrogenic 
K and Na conductances which are amiloride and bar- 
ium sensitive. It is possible that these fluxes are medi- 
ated by different pathways. It is more likely that one is 
dealing with a single pathaway since both fluxes are 
inhibited by the same drugs, namely amiloride, MIA 
and barium. It appears that this channel is more per- 
meable to K than to Na. However, the methods used in 
these studies are not quantitative and do not allow us 
to accurately estimate the permeability ratio of  K ver- 
sus Na. A more precise characterization of the kinetic 
properties of the purified channels could be carried 
out using the planar lipid bilaryer technique. This 
conductance does not represent nonspecific flux 
through the lipid bilayer since it could not be detected 
in liposomes consisting only of synthetic lipids. The 
specific activity of the reconstituted vesicles appeared 
to be significantly higher than that of native vesicles 
(300 FU vs. 1 FU). However, the methods used to 
estimate channel activity are not quantitative and may 
underestimate the specific activity of native vesicles. 

Several reconstitution protocols were tested and the 
best results were obtained by solubilizing membrane 
proteins with organic solvents (chloroform/methanol).  
This method only solubilizes a few proteins which tend 
to he hydrophobic, integral membrane proteins. In our 
studies, the organic phase contained less than 1% of 
the starting membrane protein. Although, several mi- 
nor components could be detected, only a few major 
protein bands were visualized in partially purified pro- 
tein preparations. We do not yet know if reconstitution 
of channel activity can be achieved using one of the 2 
major protein bands (15 or 20 kDa). It is noteworthy 
that these two proteins are similar in size to the rat 
kidney protein which was cloned by Takumi et al. 
0988) [11]. This protein is located in the luminal 
membrane of the proximal and is thought to represent 
a K-selective channel. 

The reconstituted protein can be classified as a 
proteolipid by virtue of its solubility in organic solvents. 
In several tissues, proteolipids have been reported to 
participate in membrane transport. For instance, pro- 
teolipids obtained from bovine kidney have been shown 
to torm cation-selective channels in planar lipid bilay- 
ers [19]. These channels arc at least 3 times more 
permeable to potassium than to sodium. Their conduc- 
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tances  range  f rom 10 to 100 pS d e p e n d i n g  on  the 
concen t r a t ion  of  a d d e d  pro te in  to the  p l ana r  lipid 
bilayer.  The  inhibi tor  sensitivity o f  these channe l s  was  
not  tested.  More recently,  proteol ip ids  f rom renal  
BBMV have been  shown to bind phospha t e  a n d  are  
pos tu la ted  to play a role in the r eabsorp t ion  o f  phos-  
pha te  in the  proximal  tubule  [20]. Finally, the p ro te -  
ol ipid p h o s p h o l a m b a n  (molecular  mass  5 - 6  kDa) ,  a 
major  m e m b r a n e  prote in  o f  the  hea r t  [21,22], is phos-  
phory la ted  in response  to f l -adrenerg ic  s t imulat ion a n d  
has  been  shown to  form Ca2+-selective channe l  in 
p l a n a r  lipid bi layers  [23]. 

In summary ,  an  amiloride-sensit ive,  bar ium-sensi -  
tive, ca t ion  channe l  was  de tec ted  in b rush  b o r d e r  mem-  
b rane  vesicles p r e p a r e d  f rom rabbi t  kidney. Channe l  
activity was  recons t i tu ted  in proteol iposomes.  The  re-  
cons t i tu ted  channe l  was  funct ional ly s imilar  to tha t  
p resen t  in native m e m b r a n e s  in t e rms  of  inhibi tor  
sensitivity. It was  relatively more  pe rmeab le  to K than  
to  Na.  Fu r the rmore ,  the  channe l  p ro te in  was  par t ia l ly  
pur i f ied  dur ing  reconst i tu t ion  a n d  can  be  classified as a 
proteol ip id  since it is soluble in o rgan ic  solvents. It is 
h o p e d  tha t  the reconst i tu t ion  protocol  descr ibed  in this 
r epor t  will provide a useful tool for  fu r the r  s tudy o f  the  
this channel .  
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