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Summary. It was recently reported (Turner, R.J., George, J.N., 
1990, J.  M e m b r a n e  Biol. 113:203-210) that the high affinity bu- 
metanide binding site of the rabbit parotid N a / K / C I  cotransporter 
could be extracted from a basolateral membrane preparation from 
this gland using relatively low concentrations of the non-ionic 
detergent Triton X-100. At the detergent : protein ratios required 
for complete membrane solubilization bumetanide binding activ- 
ity in this extract was lost but could be recovered by the addition 
of crude soybean lipids. In the present paper the ability of various 
purified lipids to restore high affinity bumetanide binding activity 
in detergent solubilized rabbit parotid basolateral membranes is 
studied. We show that the effect of exogenous lipid on the deter- 
gent-inactivated bumetanide binding site is to increase the affinity 
of binding without affecting the number of binding sites. Of the I 1 
lipid species tested, several relatively minor, negatively charged 
membrane phospholipids are the most effective in restoring bind- 
ing activity (phosphatidylserine ~ phosphatidylglycerot > phos- 
phatidylinositol > cardiolipin), while the major mammalian 
plasma membrane lipid components phosphatidylcholine, phos- 
phatidylethanolamine, sphingomyelin and cholesterol are without 
effect. In addition, we show that in the presence of these minor 
lipids the affinity of bumetanide binding is considerably increased 
over that observed in the native membrane (e.g., K a ~ 0.06/zM 
in membranes extracted with 0.3% Triton and treated with 0.15% 
wt/vol phosphatidylserine, vs. K d ~ 3 ,u.M in native basolateral 
membranes). This dramatic dependence of bumetanide binding 
affinity on the presence of certain lipid species suggests that the 
properties of the bumetanide binding protein in sire may be quite 
dependent on the minor lipid content of the plasma membrane. 
This effect may account for the relatively large variations in 
bumetanide binding affinity observed from tissue to tissue. 
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Introduction 

Considerable recent experimental effort has been 
devoted to the characterization of Na/K/C1 cotrans- 
port systems [9, 19]. These transporters are respon- 
sible for driving salt and water movements in many 
absorptive and secretory epithelia [6, 8, 16, 19, 20, 

32] and are also involved in volume regulatory ion 
fluxes in a number of other cell types [9]. Clinically, 
the Na/K/CI cotransporter is the renal site of action 
of the commonly used loop diuretic furosemide and 
its more potent and specific analogue bumetanide. 

A series of recent papers have demonstrated 
that the rabbit parotid is a convenient and relatively 
abundant source of the Na/K/CI cotransporter 
[25-27]. Basolateral membrane vesicles prepared 
from this tissue show high levels of KCl-dependent 
22Na uptake [27] and Na/K/Cl-dependent [3H]-bu- 
metanide binding activity [25; 70-100 pmol of bind- 
ing site/rag protein]. The properties of this bumeta- 
aide binding site correlate well with those of the 
inhibitory bumetanide site on the Na/K/CI cotrans- 
porter [25], indicating that bumetanide binding can 
serve as a marker for the transport molecule, or at 
least a major part of it. The solubilization and partial 
purification of the rabbit parotid bumetanide binding 
site has been described [26]. In these studies it was 
found that the bumetanide binding site could be ex- 
tracted from a parotid basolateral membrane prepa- 
ration using a relatively low concentration of the 
non-ionic detergent Triton X-100 (0.07% wt/vol at 1 
mg membrane protein/ml). This extracted site still 
exhibited Na/K/Cl-dependent, high affinity bumeta- 
nide binding. At higher detergent:protein ratios 
(>2:1 ,  wt :wt)  bumetanide binding activity was 
lost; however, it was found that this loss of binding 
could be prevented or (partially) reversed by the 
addition of crude soybean lipids [26]. The lipid-stabi- 
lized bumetanide binding site sedemented as a single 
band with S20,w ~ 9 S in a 5-25% sucrose gradient 
[26]. This corresponds to a tool wt - 200 kDa for 
the bumetanide binding protein-detergent-lipid com- 
plex, in reasonably good agreement with estimates 
of the molecular weights of Na/K/Ci cotransporters 
in several other tissues [10, 11, 21]. 

It has been appreciated for some time that the 
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lipid composition of cell membranes can markedly 
affect the function of membrane bound proteins [1, 
14, 29, 31]. In many cases the existence of specific 
lipid-protein interactions has been demonstrated. 
These interactions may involve the binding of lipids 
to highly specific modifier sites on the protein but 
are more commonly due to a more general associa- 
tion with a surrounding region of lipid (a so-called 
"lipid annulus") whose composition can be quite 
different from that of the rest of the membrane [3, 
15, 29, 31, 33]. It is thought that the lipid annulus 
serves to both stabilize the protein and influence its 
functional properties. The characterization of these 
lipid-protein interactions is obviously ~of consider- 
able importance since this information is essential 
for~flae success of protein purification and reconstitu- 
tion studies as well as for our eventual understanding 
of the mechanism of action of membrane-bound pro- 
teins. 

The inactivation of the rabbit parotid Na/K/C1- 
dependent bumetanide binding site by Triton X-100 
and its reactivation by the addition of exogenous 
lipid [26] is highly indicative of the involvement of 
membrane lipids in the functional state of this pro- 
tein. In the present paper we investigate the speci- 
ficity of this effect of exogenous lipid. We find that 
several relatively minor, negatively charged mem- 
brane lipids are the most effective in restoring bu- 
metanide binding in detergent-treated membranes, 
while the major membrane lipid components tested 
are without effect. In addition, we show that in the 
presence of these minor lipids the affinity of bumeta- 
nide binding is dramatically increased over that ob- 
served in the native membrane. We suggest that 
this effect may account for the large variations in 
bumetanide binding affinity observed from tissue to 
tissue. 

Materials and Methods 

VESICLE PREPARATION 

Basolateral membrane vesicles (BLMV) were prepared from rab- 
bit parotid by a Percoll gradient method as previously described 
[27]. Relative to the starting tissue homogenate, the activity of 
the basolateral membrane marker K-stimulated p-nitrophenyl 
phosphatase is enriched 9-12 times in this vesicle fraction. 
Freshly prepared BLMV were suspended in buffer A (10 mM 
Tris/HEPES plus 100 mM mannitol) containing 1 mM EDTA and 
100 mM KCI at a protein concentration of approximately 5 mg/ 
ml. Aliquots (0.75 mg protein) of BLMV were fast frozen and 
stored above liquid nitrogen. 

On the day of the experiment an appropriate number of 
aliquots of frozen BLMV were thawed for 30 min at room temper- 
ature, diluted 100 times with buffer A containing 1 mg EDTA 
(buffer A/EDTA) and centrifuged at 48,000 x g for 20 min. The 

resulting pellets were taken up in buffer A/EDTA and stored on 
ice until use. 

Protein was measured by the method of Bradford [21 using 
the Bio-Rad protein assay kit (Bio-Rad Laboratories, Richmond, 
CA) with bovine gamma globulin as the standard. 

MEMBRANE PROTEIN EXTRACTION 

WITH TRITON X-100  

BLMV in buffer A/EDTA were diluted with a Triton X-100 
(Sigma T-6878) stock solution to yield a mixture of the following 
composition: sodium gluconate, 100 mM; potassium gluconate, 
95 mM; KCI, 5 raM; EDTA, 0.5 mM; Triton X-100, 0.3% (wt/vol); 
protein, 1 mg/ml; in buffer A. This material was left on ice for 30 
min then centrifuged for 5 min at 150,000 x g in a Beckman 
Airfuge. The supernate from this spin is referred to as the "0.3% 
Triton extract." Unless otherwise stated, all steps involving the 
0.3% Triton extract were carried out on ice. 

TREATMENT OF THE 0.3% TRITON EXTRACT 

WITH LIPIDS 

Lipids supplied as solids by the manufacturer were dissolved in 
chloroform (1% wt/vol). Lipids were added to the 0.3% Triton 
extract by evaporating a suitable volume of dissolved lipid under 
nitrogen at the bottom of a 10 x 75 disposable glass test tube 
then adding the 0.3% Triton extract. The resulting mixture was 
vortexed vigorously for 10 sec, sonicated for 10 sec in a Branson 
B 12 ultrasonic cleaner, vortexed and sonicated again, and passed 
through a 30-g needle. 

BINDING MEASUREMENTS 

Equilibrium bumetanide binding was measured using a nitrocellu- 
lose filtration assay as previously described [25, 26]. Briefly, a 20 
p,1 aliquot of sample was combined with the same volume of 
incubation medium consisting of buffer A containing 100 mM 
sodium gluconate, 95 mM potassium gluconate, 5 mM KCI and 
appropriate concentrations of [3H]-bumetanide (1.0 /~g unless 
otherwise stated). In previous experiments we have established 
that these concentrations of sodium, potassium and chloride yield 
near optimal conditions for high affinity bumetanide binding to 
the rabbit parotid Na/K/C1 cotransporter [25, 26]. After 60 min 
of incubation at 25~ the reaction was terminated by the addition 
of 1.5 ml of ice-cold stop solution (buffer A containing 100 mM 
NaC1 plus 100 mM KCI) followed by Millipore filtration (HAWP 
0.45/*m). The filter was then washed with a further 6.0 ml of stop 
solution, placed in a scintillation vial with 10 ml of ACS (Aqueous 
Counting Scintillant, Amersham, Arlington Heights, IL) con- 
taining 1% glacial acetic acid (vol/vol) and counted for radioactiv- 
ity along with samples of the incubation medium and appropriate 
standards. 

The validity of the above rapid filtration assay for the mea- 
surement of [3H]-bumetanide binding to both native and deter- 
gent-treated BLMV has been previously established [26]. 

All data have been corrected for nonspecific binding and 
retention of [3H]-bumetanide by subtracting the binding observed 
in the presence of 0.1 or 1.0 mM unlabeled bumetanide (3.82 -+ 
0.64 pmol/mg protein//~M, n = 24). All binding studies were 
carried out in triplicate. The errors shown in the Figures and 
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quoted in the text are standard deviations. Unless otherwise 
indicated, the results of single experiments representative of three 
or more studies carried out under similar experimental conditions 
are shown. 

MATERIALS 

Crude soybean lipid was from Sigma Chemical (P-5638). The 
following purified lipids were from Avanti Polar Lipids (Bir- 
mingham, AL): PS ~ (#840032, from bovine brain), PG (#831138, 
from egg), Pl (#840042, from bovine liver), PI (#830044, from 
soybean), CL (#830012, from bovine heart), PA (#840101, from 
egg), PC (#830054, from soybean), PE (#840024, from soybean), 
Ly-PC (#830071, from egg). SM (from bovine brain) was from 
United States Biochemical Corp. (Cleveland OH) and cholesterol 
was from Sigma (C-7402). Unlabeled bumetanide was a gift from 
Hoffman-LaRoche (Nutley, N J). All other chemicals were from 
standard commercial sources and were reagent grade or the high- 
est purity available. 

[3HJ-bumetanide (66.2 Ci/mmol, radiochemical purity 98%) 
was custom synthesized for us by Amersham (Arlington Heights, 
IL) from the precursor 3-amino-4-phenoxy-5-sulfamoylbenzoic 
acid, generously supplied by Dr. P.W. Eeit (Leo Pharmaceuticals, 
Ballerup, Denmark). 

R e s u l t s  

It was recently shown that the high affinity bumeta- 
hide binding site of the rabbit parotid acinar cell 
could be extracted from a BLMV preparation from 
this gland using relatively low concentrations of the 
non-ionic detergent Triton X-100 (0.07% wt/vol; 1 
mg membrane protein/ml). This extracted site could 
not be sedemented at 100,000 x g • I hr [26]. 
Bumetanide binding to this site retained the ionic 
characteristics of bumetanide binding to native 
membranes but showed a fivefoid increase in bind- 
ing affinity (Kj ~ 0.6/xM for the extract vs. Kd ~ 3 
/zM for native membranes). At this detergent:pro- 
tein ratio (approximately 1 : 1), however, one would 
not expect a complete solubilization of the mem- 
brane but rather dissolution into macromolecular 
lipid-protein-detergent complexes with molecular 
weights - 1 million [12]. At the higher concentra- 
tions of Triton X-100 required for complete solubili- 
zation, the bumetanide binding site was inactivated 
and appeared to be unstable [26]. But both of these 
effects could be at least partially reversed by the 
addition of 0.2% (wt/vol) crude soybean lipid [26]. 
The dependence of this effect on lipid concentration 

Abbreviations used: PS, phosphatidylserine; PG, phospha- 
tidylglycerol; PI, phosphatidylinositol; PC, phosphatidylcholine; 
PE, phosphatidylethano[amine; Ly-PC, lysophosphatidylcho- 
line; CL, cardiolipin; PA, phosphatidic acid; SM, sphingomyelin; 
BLMV, basolateral membrane vesicles. 
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Fig, L Effect of various concentrations of crude soybean lipid 
on specific bumetanide binding to the 0.3% Triton extract of rabbit 
parotid BLMV. Binding is expressed per milliliter of sample in 
order to allow direct comparison of binding to the extract and to 
the original vesicles (33.4 pmol/ml at 1 mg BLMV/ml, dotted line) 
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Fig. 2. Ability of various lipids to reverse the inactivation of 
bumetanide binding produced by 0.3% Triton X-100. Lipids were 
added to the 0.3% Triton extract at a concentration of 0. t5% wt/ 
vo[. All results are normalized to the binding observed in the 
presence of 0.15% crude soybean lipid. The results of nine inde- 
pendent experiments were combined to produce the figure; n >- 
3 for each lipid. The bar labeled NONE represents binding in the 
untreated 0.3% Triton extract 

is illustrated in Fig. 1. Here various amounts of crude 
soybean lipid were added to the 0.3% Triton extract 
of rabbit parotid BLMV (see Methods) before 
assaying for bumetanide binding activity. In the ab- 
sence of exogenous lipid little bumetanide binding 
activity is detectable (2.8 + 1.5 pmol/ml, n = 6); 
however, binding activity markedly increases with 
lipid concentration with a half maximal effect at 

0.05%. 
In Fig. 2 we investigate the specificity of this 

effect of exogenous lipids. Here we compare the 
abilities of various highly purified lipids (typically 
> 99%) to reverse the inactivation of bumetanide 
binding produced by 0.3% Triton X-100, The results 
have been expressed relative to the binding observed 
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Fig. 3. The effect of  PI concentrat ion on the kinetics of  high 
affinity bumetanide  binding to the 0.3% Triton extract of  rabbit 
parotid BLMV. Purified PI (Avanti #840042, from bovine liver) 
was added to the 0.3% Triton extract  at the concentrat ions indi- 
cated (wt/vol). Binding was measured  over  the bumetanide  con- 
cenlration ranges 0,15 to 1.5 /xN ( e )  and 0.047 to I).47 /xM (�9 
Linear  least squares  regression analysis of  the data yield K d = 

0.616 • 0 .085/xg,  Bin, x = 83.4 -+ 6.6 pmol/ml,  r = 0.973 (0)  and 
K a = 0.165 • 0.009/xM, Bma x = 77.9 -+ 2.4 pmol/ml,  r = 0.996 
(�9 

in the presence of the same concentration (0.15%, 
wt/vol) of crude soybean lipid. In order of decreas- 
ing effectiveness, PS ~ PG > PI > CL > PA resulted 
in a significant (P < 0.02) increase in specific bumet- 
anide binding activity relative to untreated controls, 
while PC, PE, SM, Ly-PC and cholesterol were 
without significant effect. 

Figure 3 shows the results of an experiment 
where bumetanide binding was determined as a func- 
tion of bumetanide concentration in the 0.3% Triton 
extract in the presence of 0.04 and 0.15% PI (the 
effect of PI in restoring specific bumetanide binding 
activity is near maximal at 0.15%--data not shown). 
The effect of increasing the concentration of PI is 
clearly to decrease the Kj for bumetanide binding 
with little change in the number of binding sites. The 
averaged results of three experiments of this type 
y i e l d e d  K d ' S  of 0.552 -+ 0.056 /J,M at 0.04% PI and 
0.158 -+ 0.006/xM at 0.15% PI. The average ratio of 
the number of binding sites measured at 0.15% PI to 
that found at 0.04% PI in these experiments was 
0.99 -+ 0.05. 

In the experiment illustrated in Fig. 4 the depen- 
dence of specific bumetanide binding on bumetanide 
concentration was determined in the 0.3% Triton 
extract in the presence of 0.15% PS. The averaged 
results of three experiments of this type yielded 
K d = 0.064 -+ 0.014/XM, a value significantly (P < 
0.0002) lower than that observed in the presence of 

Fig. 4. The concentrat ion dependence  of bumetanide  binding to 
the 0.3% Triton extract measured  in the presence  of  0.15% PS 
(Avanti #840032, from bovine brain). Binding was measured  over  
the bumetanide concentrat ion range 0.0076 to 0.179 ~M. Linear  
least squares regression analysis  of  the data yield Kj  = 0.0.071 
-+ 0.007/.tM, Bma • = 61.6 -+ 4.1 pmol/ml,  r = 0.985 

the same concentration of PI (cf. Fig. 3) and approxi- 
mately 50 times lower than that observed in native 
BLMV [25,261. 

Discussion 

We demonstrate here that there is a dramatic differ- 
ence in the ability of various purified lipids to restore 
high affinity bumetanide binding activity in detergent 
solubilized rabbit parotid BLMV. In order of de- 
creasing effectiveness, the lipids PS -~ PG > PI > 
CL > PA restored significant binding activity, while 
PC, PE, SM, cholesterol and Ly-PC were without 
effect (Fig, 2). Similar observations of a loss of mem- 
brane protein function following detergent treatment 
and the recovery of this function with the addition 
of exogenous lipids have been made for a number of 
membrane bound enzymes [14, 29]. The specificity 
of these effects for various lipid species has been 
shown to vary markedly from protein to protein [14, 
29]. Analogous lipid requirements for membrane 
transport proteins can be inferred from studies 
which demonstrate that certain lipids or combina- 
tions of lipids are required for optimal reconstitution 
of transport activity [4, 24, 28, 30]. 

Studies of lipid-protein interactions employing 
electron spin resonance, fluorescence anisotropy, 
differential scanning calorimetry and 3~p nuclear 
magnetic resonance indicate the presence of a mo- 
tion-restricted population of lipid associated with 
membrane-bound proteins [1, 3, 15, 17, 23, 31]. 
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These observations together with model calculations 
and more direct studies of protein-associated lipid 
[18] have given rise to the concept of a relatively 
immobile lipid "annulus," or "boundary layer," as- 
sociated with most if not all membrane proteins. 
These lipids are thought to interact with the protein 
at specific amphiphile binding sites [5, 18] and to 
stabilize its three dimensional structure as well as 
affect its functional properties. Since these sites 
would be expected to preferentially bind some lipids 
over others, the composition of the lipid annulus 
could be quite different from that of the membrane 
as a whole. In this regard, there is strong evidence 
for a preference for negatively charged lipid at the 
protein-lipid interface of Na/K ATPase [3, 33]. 

The concept of a stabilizing annulus of bound 
lipid can also account for the observations cited 
above concerning the loss of membrane protein 
function with detergent treatment and the recovery 
of this function following the addition of certain lip- 
ids. At relatively high detergent : lipid concentration 
ratios one might expect detergent molecules to effec- 
tively compete with and displace lipids at their hy- 
drophobic binding sites on proteins. The presence 
of amphiphilic binding sites on the sarcoplasmic re- 
ticulum Ca2+-ATPase with much higher affinity for 
phospholipids than nonionic detergents has, in fact, 
been demonstrated [5]. Unless bound detergent 
could suitably duplicate the stabilizing effect of 
bound lipid, this displacement would result in pro- 
tein inactivation. The addition of suitable exogenous 
lipid would be expected to reverse this process, as 
observed here for the Na/K/Cl-dependent bumeta- 
nide binding site (Fig. 1). 

The effect of exogenous lipid on the detergent- 
inactivated bumetanide binding site is to increase 
the affinity of binding (Figs. 3 and 4) without affect- 
ing the number of binding sites (Fig. 3). The observa- 
tion that increasing concentrations of lipid result in 
an increasing affinity for a single class of binding 
sites (Fig. 3) is consistent with the concept that the 
protein progressively regains its complement of as- 
sociated lipids (presumably in exchange for deter- 
gent) as their availability increases. The resulting 
affinity of bumetanide binding is clearly dependent 
on lipid species as well as concentration (Figs. 3 and 
4). 

It is worth stressing at this point that, although 
our data are consistent with the concept of simple 
displacement and replenishment of stabilizing annu- 
lar lipid according to the lipid/detergent composition 
of the surrounding solution, many other phenomena 
could be responsible for our results. For example, 
the high affinity Na/K/Cl-dependent bumetanide 
binding site could be a multimer and specific lipids 
might be required to preserve subunit associations. 

Alternatively, protein-associated lipid could actu- 
ally form a part of the bumetanide binding site such 
that the presence of this lipid is required for high 
affinity binding. The exploration of these possibilit- 
ies is beyond the scope of the present article. 

It is particularly interesting that the major mam- 
malian plasma membrane components PC, PE, SM 
and cholesterol are ineffective in restoring bumeta- 
nide binding activity, while the relatively minor neg- 
atively charged phospholipids PS, PG, PI and CL 
are particularly potent. This observation suggests 
that the properties of the bumetanide binding site 
and thus of the Na/K/C1 cotransporter may vary 
considerably with the minor lipid composition of the 
plasma membrane. Indeed, the protein composition 
of the membrane may also prove to be important 
in this regard, as the following calculation shows. 
Values of the protein:lipid ratio of plasma mem- 
branes vary widely from cell type to cell type; how- 
ever, on average, a ratio of about 60 : 40 (wt/wt) is 
observed. This value is, in fact, approximately what 
is found in the parotid basolateral membrane (R.J. 
Turner and J.N. George, unpublished observations). 
Assuming an average protein tool wt of 100,000 and 
a lipid tool wt of 800, one can calculate from this 
ratio that there are approximately 85 lipid molecules/ 
protein. Estimates of the amount of protein-associ- 
ated (annular) lipid range from 20-80 lipid mole- 
cules/protein molecule [1]. Despite the approximate 
nature of these numbers it is clear that a significant 
proportion of the membrane lipid can be sequestered 
in protein boundary layers. Thus the lipid specificity 
of the major membrane proteins can dramatically 
affect the availability of minor membrane lipids to 
less abundant proteins such as the Na/K/CI cotrans- 
porter (the rabbit parotid basolateral membrane ex- 
presses approximately 80 pmol of bumetanide bind- 
ing sites per mg of protein; with an estimated tool 
wt of 160,000 Da this means that the bumetanide 
binding site accounts for only 1.2% of the total mem- 
brane protein). 

Reported values for the K d of Na/K/Cl-depen- 
dent bumetanide binding, measured in isolated mem- 
branes under optimal ionic conditions for the experi- 
mental system under study, range from 0.03 [7] to 3 
/J.M [25]. Reported ICs0's for bumetanide inhibition 
of Na/K/C1 cotransport processes in intact cells also 
range over several orders of magnitude [13, 19, 22]. 
Although this diversity could simply be due to differ- 
ences in the Na/K/C1 cotransport proteins ex- 
pressed in these tissues, the results of the present 
paper suggest that variations in membrane minor 
lipid composition or availability could be responsible 
for these effects. 
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