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ABSTRACT: The interaction of the bile salt cholate with unilamellar vesicles was studied. At low cholate 
content, equilibrium binding measurements with egg yolk lecithin membranes suggest that cholate binds 
to the outer vesicle leaflet. At increasing concentrations, further bile salt binding to the membrane is 
hampered. Before the onset of membrane solubilization, diphenylhexatriene fluorescence anisotropy decreases 
to a shallow minimum. It then increases to the initial value in the cholate concentration range of membrane 
solubilization. At still higher cholate concentrations, a drop in fluorescence anisotropy indicates the 
transformation of mixed disk micelles into spherical micelles. Perturbation of the vesicle membranes at  
molar ratios of bound cholate/lecithin exceeding 0.15 leads to a transient release of oligosaccharides from 
intravesicular space. The cholate concentrations required to induce the release depend on the size of the 
entrapped sugars. Cholesterol stabilizes the membrane, whereas, in spite of enhanced membrane order, 
sphingomyelin destabilizes the membrane against cholate. Freeze-fracture electron microscopy and 
phosphorus-31 nuclear magnetic resonance (31P N M R )  also reflect a change in membrane structure a t  
maximal cholate binding to the vesicles. In 31P N M R  spectra, superimposed on the anisotropic line typically 
found in phospholipid bilayers, an isotropic peak was found. This signal is most probably due to the formation 
of smaller vesicles after addition of cholate. The results were discussed with respect to bile salt/membrane 
interactions in the liver cell. It is concluded that vesicular bile salt transport in the cytoplasm is unlikely 
and that cholate binding is restricted to the outer leaflet of the canalicular part of the plasma membrane. 

B i l e  acids play an important role in the absorption of dietary 
lipids from the intestine. De novo synthesis from cholesterol 
and conjugation in the liver cell are well understood. Reab- 
sorption into the liver during enterohepatic circulation seems 
to be due to carrier-mediated cotransport with sodium through 
the sinusoidal part of the plasma membrane of the liver cell 
[for reviews, see Matern & Gerok (1979) and Blitzer & Boyer 
(1 982)]. 

The mechanism of bile salt excretion, however, remains 
controversial. On the one hand, a carrier-mediated transport 
through the bile canalicular part of the liver cell plasma 
membrane cannot be excluded (Erlinger, 1981). On the other, 
electron microscopic studies under conditions of enhanced bile 
salt excretion (Boyer et al., 1978; Jones et al., 1979) suggested 
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transport of bile salts in Golgi vesicles and exocytosis across 
the canalicular membrane. 

For further elucidation of the mechanisms of bile salt 
transport in the liver cell and their interaction with the can- 
alicular membrane, we investigated the interaction of cholate 
with unilamellar vesicles. The structure of lipid/bile acid 
mixed micelles has been studied repeatedly (Small, 1967; 
Mazer et al., 1976; Muller, 1981). In our opinion, unilamellar 
vesicles are better suited as a cellular membrane model than 
either mixed micelles or multibilayers when the effects of 
asymmetric bile acid uptake are to be studied. 

MATERIALS AND METHODS 
Vesicle Preparation. Large unilamellar vesicles of homo- 

geneous size were prepared by using the method of fast and 
controlled dialysis of mixed detergent/lipid micelles (Mil- 
smann, 1978). Bile salts, cholesterol, lecithin from fresh egg 
yolk, and sphingomyelin from egg yolk were purchased from 
Sigma Chemical Co., St. Louis, MO. 
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Cholesterol and also sodium cholate were recrystallized twice 
from methanol before use. Lipids and, if necessary, [14C]- 
dipalmitoylphosphatidylcholine ([ 14C]DPPC)l (NEN Chem- 
icals, Dreieich, FRG), were dissolved together with cholate 
in methanol. Solvent was removed completely under reduced 
pressure, and dry lipid/detergent mixture was dissolved in 
phosphate buffer (1 0 mmol/L phosphate, 150 mmol/L NaCl, 
pH adjusted to 7.35) to yield a final lipid concentration of 17 
mmol/L and a 1ipid:detergent ratio of 0.6 mol/mol. The mixed 
micelle solution was dialyzed for at least 24 h at room tem- 
perature against a continuous flow of phosphate buffer, using 
a commercially available dialysis apparatus (LIPOPREP, 
Diachema, Langnau, Switzerland) and a highly permeable 
dialysis membrane with a cutoff of 10000 daltons (Diachema). 

Vesicles formed from pure egg yolk lecithin (EYL), 
EYL/sphingomyelin (7:3 mol/mol), or EYL/cholesterol (7:3 
mol/mol) were homogeneous in size with a mean diameter of 
70, 120, or 100 nm, respectively, as determined by laser au- 
tocorrelation spectrometry (NANOSIZER, Coulter Elec- 
tronics Ltd., Harpenden, U.K.). The vesicles appeared uni- 
lamellar on electron micrographs of freeze-fracture replicas. 

To avoid isotropic 31P NMR signals due to vesicle rotation, 
vesicles with a diameter greater than 200 nm were prepared. 
For this purpose, EYL was mixed with n-octyl p-D-gluco- 
pyranoside at a molar ratio of 0.2. The mixed micelle solution 
was prepared as described above, except that MOPS was used 
as buffer substance. Dialysis membranes with a cutoff of 5000 
daltons (Diachema) were used to obtain homogeneous lipo- 
somes with a mean diameter of 200 nm. The turbidity of the 
vesicle suspension was diminished by short vortexing, thus 
indicating reversible aggregation of the slowly tumbling neutral 
vesicles. 

After fractionation on Sepharose 2B-CL (Pharmacia Fine 
Chemicals AB, Uppsala, Sweden), liposomes with a diameter 
greater than 200 nm were collected and pelleted by ultra- 
centrifugation (90 min, 140000g). Pellets were resuspended 
in MOPS buffer containing D 2 0  (Riedel-deHaen AG, Seelze, 
FRG) instead of water to yield a final lipid concentration of 
50 mmol/L. Electron microscopy showed predominantly 
unilamellar vesicles with little contamination of oligolamellar 
liposomes. 

Entrapping of tritium-labeled raffinose, inulin, or dextran 
(NEN) was performed by adding radioactive markers to the 
buffer used to dissolve the dry lipid/detergent mixture and 
to the dialysis buffer used until vesicle formation was com- 
pleted [for details, see Schubert et al. (1983)l. 

Equilibrium Binding Studies. Binding equilibria of EYL 
vesicles (mean diameter 80 nm) and cholate were studied with 
cholate concentrations varying from 20 pmol/L to 30 mmol/L. 
Lecithin (total concentration 750 pmol/L) was labeled with 
[14C]DPPC and cholate with [3H]cholic acid (NEN). The 
pH of all incubations was 7.35. 

Up to a total cholate concentration of 4.5 mmol/L, 2 mL 
of vesicle suspensions in different cholate concentrations was 
ultracentrifuged in polycarbonate tubes (14OOOOg, 210 min, 
25 OC; Beckman L5-75, rotor Ti 50.3). Free cholate con- 
centrations were determined in the supernatants. 

At total cholate concentrations >4.5 mmol/L, Le., in the 
presence of mixed micelles, binding equilibria were studied 
by equilibrium dialysis at room temperature using highly 

Abbreviations: cLPM, canalicular part of the liver cell plasma 
membrane; *H NMR, deuterium nuclear magnetic resonance; 3'P NMR, 
phosphorus-3 1 nuclear magnetic resonance; [I4C]DPPC, [14C]di- 
palmitoylphosphatidylcholine; DPH, 1,6-diphenyl- 1,3,5-hexatriene; EYL, 
egg yolk lecithin; MOPS, 3-(N-morpholino)propanesulfonic acid. 

permeable cellulose membranes (cutoff 10 000 daltons, 
Diachema). Dialysis chambers were rotated for 4 h in a 
commercially available apparatus (Diachema, Switzerland). 

Binding equilibria between cholate up to concentrations of 
20 mmol/L and highly concentrated EYL vesicle membranes 
(45 mmol/L) of 220-nm diameter were determined by ana- 
lyzing the free cholate in the supernatant after pelleting of 200 
pL of the suspension (see below). 

Determination of Vesicle Stability. Cholate-dependent 
vesicle stability was determined by ultracentrifugation or gel 
chromatography. Two milliliters of suspensions containing 
70-nm vesicles of a low lecithin concentration (750 pmol/L) 
and varying cholate concentrations was ultracentrifuged 
(140000g, 210 min, 25 "C). In the supernatants, release of 
radioactively labeled carbohydrates and lecithin from vesicles 
was determined. The observation that during cholate-induced 
membrane solubilization the appearance of [ 14C]DPPC in the 
supernatants exactly coincides with a decrease in turbidity 
furnishes evidence that the radioactive lecithin mimicks the 
behavior of EYL. Gel chromatography of the same vesi- 
cle/cholate mixtures was performed on Sepharose 4B-CL 
(Pharmacia) to determine released inulin or solubilized lecithin. 

The stability of 220-nm vesicle suspensions containing 45 
mmol/L EYL against cholate was checked by determining 
[14C]DPPC in the supernatant after pelleting (1 8OOOOg, 4 h) 
of 200-pL suspensions (Airfuge, rotor 30' A-100, Beckman 
Instruments) and by column chromatography on Sepharose 

DPH Fluorescence Anisotropy Measurements. DPH 
(Sigma) was suspended in phosphate buffer by tip sonication 
(2 min, 15 W, Branson Co., Danbury, CN) and mixed with 
the vesicle suspension to yield a molar 1ipid:DPH ratio of 400: 1. 
The mixture was incubated for 12 h at 30 "C in the absence 
of light. Thereafter, fluorescence leveled off. Compared to 
the commonly used method in which DPH is added in tetra- 
hydrofuran solution, this procedure avoids any influence of 
organic solvents on the cholate/liposome interaction. 

Fifty microliters of DPH-labeled vesicle suspensions was 
mixed with 1.65 mL of cholate solution in phosphate buffer. 
Final cholate concentration varied from 0 to 20 mmol/L. The 
lipid concentration was 150 pmol/L. 

Steady-state anisotropy measurements were performed with 
an MPF-3 fluorescence spectrometer (Perkin-Elmer, Norwalk, 
CN) using polarizing filters in the excitation and emission light 
paths. Samples were excited at 366 nm. Ill and I , ,  fluores- 
cence intensities parallel and perpendicular to the excitation 
beam, respectively, were recorded at 430 nm. An additional 
cutoff filter of 390 nm reduced stray light. Fluorescence 
intensities were corrected for scattered light of unlabeled vesicle 
suspensions. Light-scattering contribution to total Ill was less 
than 2%. 

To reduce fluorescence shifts caused by photoisomerization 
of DPH (Shinitzky & Barenholz, 1974) and increase of sample 
temperature by irradiation, exposure periods to excitation were 
no longer than 5 s. Temperature was held constant at 26 f 
0.5 OC, as recorded by a thermistor probe (Hellma GmbH, 
Miillheim, FRG) in the measured sample. Fluorescence 
measurements were performed 10 min after vesicles were 
mixed with detergent. 

The steady-state fluorescence anisotropy, r,, was determined 
as 

2B-CL. 

rs = (111 - Id/(1,, + 21,) 
31P NMR. 31P NMR spectra were obtained at 25 OC on 

a Bruker SXP4-100 spectrometer operating at a 31P frequency 
of 36.4 MHz. Broad-band decoupling was applied at a power 
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FIGURE 1: Scatchard plots of cholate/EYL binding equilibria (mean 
vesicle diameter, 80 nm; total EYL concentration, 750 wmol/L). (A) 
Cholate concentration range up to 25 mmol/L. (B) Cholate con- 
centration range up to 4 mmol/L. No EYL solubilization was de- 
tectable in this concentration range. Open circles represent cholate 
concentrations up to 200 wmol/L used to calculate initial binding of 
cholate to EYL (see text). 

output of approximately 0.15 mT. The pulse repetition rate 
was 1 

Electron Microscopy. Vesicle suspensions were drawn up 
with a micropipet, mounted directly into the central hole (1 
mm in diameter) of a pair of gold specimen holders, shock- 
frozen in nitrogen slush (-210 "C), and transferred to a Balzers 
freeze-fracturing BAF 400 D apparatus equipped with an 
oscillating quartz (QSG 301). The specimens were fractured 
at about 5 X 10-6 mbar and -150 O C  and then shadowed with 
platinum/carbon (45 OC; 2 nm) and carbon (20 nm) for 
replica stabilization. To avoid any condensation at the fracture 
faces, shadowing was started before fracturing. Replicas were 
directly cleaned several times in distilled water. Our studies 
showed that treatment with sodium hypochlorite, commonly 
used in cleaning replicas of biological tissues, is unnecessary 
in processing liposome replicas. Replicas were mounted on 
pioloform-coated copper grids and observed in a Siemens 
Elmiscop 102 electron microscope. 

RFWLTS 
Equilibrium Binding of Cholate to Lecithin Vesicles. The 

binding of [3H]cholate to large unilamellar lecithin vesicles 
was determined by ultracentrifugation or by equilibrium 
dialysis (see Materials and Methods). Figure 1A shows a 
Scatchard plot for a wide range of cholate concentrations 
comprising the region in which the vesicle membranes are 
completely transformed into mixed micelles. Figure 1B rep- 
resents an enlarged version of Figure 1A for very low cholate 
additions. 

and pulse angle, =70°. 
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FIGURE 2: Carbohydrate and lecithin release from EYL vesicles (mean 
vesicle diameter, 70 nm; total EYL concentration, 750 pmol/L). (0) 
[3H]Raffinose (Mr 594); (A) [3H]inulin (M, 5000); (0) [3H]dextran 
(M, 70000); (0) [14C]DPPC. 

In Figure lB, i.e., at  low molar ratio (r)  of bound cholate 
to total lecithin, the plot is biphasic. Up to r = 0.025, the 
Scatchard relationship is essentially linear. An apparent 
maximal binding constant K, = 4800 M-I may be calculated 
from the slope of this initial part. TO overcome the inaccuracy 
in extrapolation of the initial part of the Scatchard graph to 
the abscissa (Klotz, 19821, the number of binding sites (n )  was 
determined with a distribution-free computer method (Crabbe, 
1985). n was calculated as 0.087. Assuming that cholate binds 
exclusively to the outer leaflet, the calculated maximal binding 
would correspond to about six lecithin molecules associated 
with one cholate molecule. The deviation from linearity and 
the reduced slope at r > 0.025 in Figure 1B suggest that 
binding of additional cholate to the vesicle membrane is 
hampered. 

At r > 0.3, after ultracentrifugation radioactively labeled 
lecithin appears in the supernatant, thus indicating solubili- 
zation of the vesicle membrane. Figure 1A shows the total 
concentration range in which mixed micelles are formed. The 
shape of the curve above r = 0.3 is typical for positively co- 
operative binding processes. The maximal cho1ate:lecithin ratio 
in the mixed micelles is approximately 10 mol/mol as obtained 
by extrapolation of the plot at  high r values. 

Stability of Vesicles against Cholate. The gradual release 
of carbohydrates from preloaded vesicles at  addition of in- 
creasing amounts of cholate is shown in Figure 2. The cholate 
concentration required for half-maximal release increases with 
the molecular weight of the untrapped carbohydrate molecules. 
Interestingly enough, carbohydrate release occurs well below 
the cholate concentration necessary to form mixed micelles, 
as indicated by the appearance of ['4C]lecithin in the super- 
natant. 

Release curves essentially the same as those in Figure 2 were 
obtained when vesicles loaded with inulin were incubated for 
24 h with increasing amounts of cholate prior to centrifugation 
(data not presented). This observation tends to refute a 
continuous diffusion of entrapped carbohydrate across the 
vesicle membrane and tends to support the formation of 
transient holes. 

The total cholate concentration necessary for half-maximal 
vesicle solubilization is lowered by approximately 1.5 mmol/L 
when the membranes contain 30 mol % sphingomyelin; 30 mol 
% cholesterol, however, leads to a solubilization threshold 
increase of 3 mmol/L. Almost the same relative shifts in 
effective cholate concentration are necessary to induce inulin 
release (experiments not presented). Cholesterol clearly sta- 
bilizes the membrane against the action of cholate, whereas 
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FIGURE 3: Cholate-dependent steady-state fluorescence anisotropy, 
r,, of DPH and structure order parameter, S,,, in vesicle membranes 
and mixed micelles. (A) Pure EYL; (m) EYL/sphingomyelin 7:3 
(mol/mol); (0 )  EYL/cholesterol7:3 (mol/mol); (dashed horizontal 
bars) release of inulin; (solid horizontal bars) vesicle solubilization. 

sphingomyelin has a destabilizing effect. 
It may be argued that mechanical stress during ultracen- 

trifugation leads in and of itself to loss of entrapped carboh- 
ydrate molecules from vesicles, partially destabilized by 
membrane-bound cholate. Consequently, in a parallel ex- 
periment, vesicles were separated from released inulin on a 
Sepharose 4B-CL column. The cholate concentration resulting 
in half-maximal carbohydrate release was indeed approxi- 
mately 25% higher than that in the centrifugation experiments. 
Membrane solubilization, however, was detected in the same 
range of cholate concentrations as depicted in Figure 2 (data 
not presented). 

In highly concentrated suspensions (45 mmol of EYL/L) 
as used in 31P NMR experiments (see below), no membrane 
solubilization was detectable up to a molar ratio r of bound 
cholate to lecithin of 0.28. In contrast to the diluted samples, 
however, column chromatography on Sepharose 2B-CL and 
autocorrelation spectrometry showed that the addition of 
cholate led to the formation of smaller vesicles. At r = 0.12, 
approximately 5% of the total lipid was found in vesicles 
smaller than 190 nm with an average diameter of 100 nm. At 
r = 0.28, a yet larger portion (about 40%) of the phospholipid 
was detected in vesicles ranging from 130 to 190 nm. 

Fluorescence Anisotropy Measurements. The internal order 
in various membrane/cholate mixtures was studied by using 
diphenylhexatriene (DPH) as a fluorescence probe. Figure 
3 shows the change in steady-state fluorescence anisotropy, 
r,, at  the addition of increasing cholate concentrations to 
DPH-containing vesicles. 

The ranges of cholate concentrations leading to inulin release 
and membrane solubilization, as determined by the centrifu- 
gation method (see above), are indicated in Figure 3 (see also 
Figure 2). Structural order parameters, SDPH, were calculated 
according to van Blitterswijk et al. (1981). 

Binding of cholate to lecithin vesicles and to vesicles con- 
taining 30 mol % cholesterol or 30 mol % sphingomyelin leads 
to considerably different initial r, values. Changes in r, at 
cholate addition, however, are similar in the different vesicle 
preparations (Figure 3). Shallow minima of r, occur in the 
concentration region of inulin permeability. After complete 
solubilization, r, attains maximal values which are nearly 
identical with the anisotropies observed in the absence of 
cholate. 

At very high cho1ate:membrane lipid ratios, r, obviously 
approaches lower limiting values between 0.045 and 0.06. 

3 1 P  NMR.  The perturbation in membrane architecture 
caused by the binding of cholate was studied by 31P NMR. 

A )  I b 

i 
30 ppm 

FIGURE 4: jlP NMR spectra of large EYL vesicles (mean diameter, 
220 nm) at increasing cholate content. EYL concentration in all 
samples was 45 mmol/L. (a) Cholate-free vesicles. (b) Molar ratio, 
r, of bound cholate/total EYL = 0.12. (c) r = 0.28. Experimental 
line broadening, 18.6 Hz. The line widths of the narrow peaks in (b) 
and (c) are about 20 and 110 Hz, respectively. 
In large (>200 nm) vesicles, 31P NMR line shape provides 
information on the internal structure of the phospholipid ag- 
gregate. In small unilamellar vesicles, this information is lost 
due to motional averaging of the intrinsic 31P chemical shift 
anisotropy (Burnell et al., 1980). Large unilamellar vesicles 
with an average diameter of 220 nm, therefore, were prepared 
for NMR experiments. 

The bilayer structure in these vesicles is clearly reflected 
in the anisotropic envelope of the signal (see Figure 4a). 
In comparison to the anisotropy value typically found in 
multilamellar liposomes (40 ppm), the chemical shift an- 
isotropy (33 ppm) is slightly reduced. When cholate is added 
to yield a bound cho1ate:EYL ratio of 0.12 mol/mol, a narrow 
peak indicative of isotropic phospholipid motion appears in the 
spectrum (Figure 4b). It is important to note that no phos- 
pholipid solubilization, Le., formation of mixed micelles, was 
detected at this cholate concentration (cf. Figure 2) and that 
the vesicles also remained impermeable for carbohydrate 
molecules of low molecular weight (cf. Figure 2). 

Further addition of cholate at nonsolubilizing concentrations 
leads to a considerable broadening of the superimposed iso- 
tropic peak without the anisotropic portion of the spectrum 
being affected (Figure 4c). Increasing the cholate concen- 
tration ultimately results in a single narrow signal about 10 
Hz in line width due to the formation of mixed micelles (not 
presented). 

Electron Microscopy. Structural changes induced by the 
addition of cholate to differently sized vesicles were studied 
by freeze-fracturing electron microscopy (Figure 5). Before 
cholate addition, the vesicles show smooth fracture faces (not 
presented). Both preparations contain almost exclusively 
unilamellar vesicles with an average diameter of 70 and 220 
nm, respectively. 

No  effect was detectable on the micrographs after addition 
of cholate up to a molar ratio of 0.12 bound cholate/lecithin 
(not presented). After further addition of cholate, however, 
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FIGURE 5 :  Freeze-fracturc replicas of I:YI. vcsicIc\. H a r ,  represcnt 
100 nm. (A) 70-nm vcsiclcs after addition of cholate to yield a b u n d  
cholate:EYL molar ratio of I = 0.2X. Note membrane ripples with 
repeat distance of 8 nm. Fusion lcads to cochleate-like structures 
(arrow) and multilamellar liposomes (see insert). (R) 220-nm vesick 
after cholate addition, r = 0.28. Membrane ripples are the same size 
as in (a). 

a rippled structure appeared on the freeze-fracture faces 
(Figure 5A.B). 

Multilamellar aggregates are found in both vesicle samples 
after cholate treatment. The multilamellar liposomes ap- 
pearing in the small vesicle preparation are similar in size to 
the multilamellar structures originating from the large vesicles. 
Obviously, cholate induces a certain amount of vesicle fusion. 
It should be noted that the ripple structure is observed in both 
unilamellar and multilamellar vesicles. The ripples, therefore, 
are not the consequence of membrane fusion, but they may 
well represent an early stage of the fusion event. 

In the electron micrographs, another intriguing feature is 
the spirallike structures (see Figure 5A), which are very similar 
to the ‘cochleate cylinders” occurring in phosphatidylserine 
membranes after the addition of calcium (Papahadjopoulos 
et al., 1975). 

DISCUSSION 
Our study deals with the interaction of the bile salt cholate 

with unilamellar vesicles. Large unilamellar vesicles provide 
an excellent model for the cell membrane bilayer. In the first 
stage of cholate binding to the phospholipid membrane, het- 
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erogeneous distribution of the bile salt among the bilayer 
leaflets can be assumed. Physical effects due to this hete- 
rogeneity in cholate distribution can only be adequately studied 
in unilamellar vesicles. 
On the basis of N M R  experiments, Ulmius et al. (1982) 

recently concluded that bound cholate molecules are very 
probably placed flat on the membrane surface rather than 
intercalated into the membrane between the phospholipid 
molecules. Following this reasoning, the equilibrium binding 
data in our study (see Figure 1)  suggest the formation of 
EYL/cholate aggregates in the outer layer of the vesicle 
membrane with six molecules of lecithin per cholate monomer. 
The Scatchard plot indicates that cholate binding beyond a 
limiting molar ratio of bound cholate/EYL of 0.025 (i.e.. 0.05 
in the outer monolayer) is hampered. 

Specifically deuterated deoxycholate and chenodeoxycholate, 
however, were found to be incorporated perpendicularly with 
respect to the surface of a lecithin bilayer membrane (Saito 
et al., 1983). It, therefore, may be assumed that these bile 
acids form dimers when they are intercalated in the phos- 
pholipid membrane and, thereby, avoid contact between the 
phospholipid fatty acid chains and the bile salt hydroxy groups. 
Equilibrium binding studies with chencdeoxycholate yielded 
an initial extrapolated bile salt:EYL binding ratio of 0.17 
mol/mol (R. Schubert, unpublished results). This then sug- 
gests that bile salt dimers are inserted in the outer monolayer 
and surrounded by six molecules of phospholipid. The mode 
of bile salt/membrane interaction, therefore, seems to depend 
to a great extent on the number of hydroxy groups on the 
hydrophilic hemisphere of the bile salt molecule. 

The cholate-induced decrease in the membrane order pa- 
rameter, as derived from fluorescence anisotropy measure- 
ments, generally agrees with the earlier finding that the 
presence of this bile salt leads to a decreased deuterium N M R  
order parameter, SCn (Ulmius et al., 1982), of fatty acid CD2 
segments in a specifically deuterated lecithin. The *H N M R  
data, however, were obtained in liquid-crystalline mixtures a t  
rather low water content. In addition, the decrease in mem- 
brane order was only observed at  elevated cho1ate:lecithin 
ratios. 

Nevertheless, the tentative conclusions drawn by Ulmius 
et al. (1982), Le., that cholate binding leads to larger separation 
of the lecithin molecules and, thereby, to an increase in con- 
figurational space in the fatty acyl chains, may arso apply in 
the case of dilute vesicle suspensions. The observation that 
the initial decrease in membrane order is strikingly more 
pronounced in the presence of cholesterol (Figure 3) suggests 
that cholate binding to a large extent overcomes the well- 
known “condensing effect” of cholesterol (Demel & de Kruijff, 
1976). 

An obvious consequence of the perturbation induced by 
cholate is the release of entrapped carbohydrates. In titration 
experiments, the onset of carbohydrate release is not accom- 
panied by the formation of mixed phospholipid/cholate mi- 
celles (see Figure 2). The release observed at low cholate 
concentrations, therefore, is not due to vesicle solubilization. 
Moreover, the observation that the colate concentration re- 
quired for release increases with the molecular weight of the 
entrapped carbohydrate molecules does not support a partial 
micellization of the phospholipid vesicles. 

The gradual release of hydrophilic molecules from the in- 
travesicular space may be due to the formation of transient 
pores. Increasing cholate concentration could result in an 
increasing average size of these intramembrane pores. Our 
experiments, however, show that the carbohydrate emux ceases 
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shortly after addition of cholate, thus suggesting rapid resealing 
of the bile salt induced intramembrane pores. One suggested 
theory of pore formation is that the free energy of the bilayer 
edges is lowered by foreign molecules (Kashchiev & Exerowa, 
1983). In the present case, this mechanism is only operative 
immediately after bile salt uptake. Redistribution of bile salt 
molecules may then lead to rapid membrane stabilization. 

Interestingly enough, carbohydrate release occurs in that 
range of cho1ate:EYL ratios where the Scatchard plot sharply 
deviates from linearity (see Figure 1). In the same region, 
the membrane order, as derived from DPH fluorescence an- 
isotropy, reaches , &  minimum, regardless of the initial an- 
isotropy and the composition of the unperturbed membrane. 

Our experiments did not substantiate the assumptions of 
O'Connor et al. (1983, who presumed that bile salt damage 
is closely related to membrane fluidity, nor Coleman et al. 
(1980), who traced the erythrocyte stability against bile salts 
to the presence of sphingomyelin. Our data, however, dem- 
onstrate that both inulin release and membrane solubilization 
occurred at lower bile salt concentrations than with pure EYL 
membranes, in spite of the enhanced order of sphingo- 
myelin-containing membranes (see Figure 3). 

The narrow ,'P NMR line superimposed on the broad an- 
isotropic "bilayer signal" is most probably due to the formation 
of smaller vesicles as revealed by gel chromatography and 
autocorrelation spectrometry. Even though such vesicles were 
not detectable in electron micrographs, they may have been 
formed in the highly concentrated suspensions used for NMR 
experiments. The increasing intensity of the isotropic signal 
with cholate concentration is in line with the increasing total 
amount of smaller vesicles. Also the increase in line width 
seems to reflect the broader size distribution found after gel 
chromatography. It cannot be excluded, however, that the 
rippled intramembrane structures observed in freeze-fracture 
electron micrographs (cf. Figure 5) may contribute to the 
narrow 31P NMR signal. The ripples probably consist of 
highly curved membrane regions in which rapid phospholipid 
diffusion may lead to an averaging of the 31P chemical shift 
anisotropy (de Kruijff et al., 1979). 

One intriguing finding was the increase in DPH fluorescence 
anisotropy at membrane solubilization (Figure 3). It suggests 
a restoration of the internal order in the solubilized membrane 
fragments. The level of the order parameter, as derived from 
the fluorescence data, is apparently the same as in the un- 
perturbed membrane. The mixed disk micelle model of 
phospholipids and bile salts suggested by Mazer et al. (1976) 
would explain this finding. According to this model, the mixed 
micelles form flat disklike membrane fragments. This model 
is in agreement with the results of a recent low-angle X-ray 
study at low bile sa1t:lecithin ratios (Muller, 1981). The 
enhanced structural order, as obtained by DPH fluorescence 
anisotropy, suggests that, in contrast to unsolubilized mem- 
branes at lower bile salt concentrations, the bile salt molecules 
in these bilayer micelles are parallel correlated to cholesterol 
and to the hydrophobic chains of the phospholipids. 

Transformation of the mixed disk micelles into spherical 
micelles at bile sa1t:lecithin ratios between 1.5 and 2 mol/mol 
was detected earlier by differential scanning calorimetry 
(Claffey & Holzbach, 198 1) and X-ray scattering (Muller, 
1981). The decrease in r, at cho1ate:EYL ratios greater than 
1.0 indicates that the interior of the mixed disk micelle is 
disturbed before the transformation into a spherical micelle. 
The diameter of the spherical micelle of 6 nm (Muller, 1981), 
which corresponds to a rotational correlation time of 25 ns, 
and the DPH fluorescence lifetime in membranes of 11 ns 
(Kawato et al., 1977; Lakowicz et al., 1979) argue against the 
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suppression of fluorescence anisotropy by micelle tumbling. 
Local disorder in the spherical micelles, therefore, must be 
assumed. 

In summary, the solubilization of EYL bilayer vesicles may 
be pictured as follows: At low bound cho1ate:EYL ratios, bile 
salt molecules are adsorbed on the membrane surface. 
Through asymmetric cholate binding on one bilayer side, in- 
creasing cholate binding leads to a disordering in the hydro- 
phobic core of the membrane. Due to steric hindrance, a 
portion of the bile salts suddenly folds over into the bilayer. 
This foldover may be accompanied by the transient formation 
of membrane holes. Saturation of the membrane interior with 
cholate dimers ultimately leads to the release of mixed disk 
micelles, the diameters of which increase with rising cholate 
content (Schubert et al., 1983). Finally, with extremely high 
cholate content, the mixed disk micelles transform into 
spherical mixed micelles and their diameter decreases. 

Our results could help clarify the intracellular transport of 
bile salts and their interaction with the canalicular part of the 
liver cell plasma membrane (cLPM). Jones et al. (1979) 
suggested that bile salts in the liver cell are transported to the 
cLPM via vesicles. Our experiments tend to suggest that 
vesicles may be loaded up to a molar ratio of bile salt/phos- 
pholipid of 1:6. The rippled structures, as observed by electron 
microscopy in bile salt containing vesicle membranes (cf. 
Figure 5A,B), may provide the membrane attachment sites 
(Milier, 1980) which may lead to fusion of the vesicles with 
the cLPM. 

Bile salt conjugating enzymes, however, were detected near 
the cytosolic side of the cLPM (Abberger et al., 1980). To 
become accessible to the conjugating enzymes, bile salts must 
then have released from the vesicles prior to excretion into the 
bile canaliculi. This finding tends to refute the excretion of 
bile salts via an exocytotic process. Moreover, recent studies 
suggest that lipid secretion involving the microtubular system 
(Gregory et al., 1978) and bile salt excretion (Meier et al., 
1984) are independent processes: 

It should be noted that, after excretion into the canaliculi, 
free bile salt in equilibrium with mixed micelles will bind to 
the cLPM. Our experiments suggest that cholesterol, but not 
sphingomyelin (Kremmer et al., 1976), may be considered a 
metabolic regulator of membrane stability against free bile 
salt. Moreover, membrane stability is preserved, and redis- 
tribution of bile salts into the liver cell is avoided, only as long 
as this binding is restricted to the outer membrane leaflet. 
Consequently, the observed intracellular accumulation of 
vesicles near the cLPM during enhanced bile salt excretion 
(Jones et al., 1979) is probably involved in the delivery of 
sufficient quantities of membrane lipids to the cLPM and the 
mixed micelles, rather than directly in bile salt excretion. 

Registry No. DPPC, 2644-64-6; sodium cholate, 361-09-1; cholic 
acid, 8 1-25-4; cholesterol, 57-88-5; raffinose, 5 12-69-6; inulin, 
9005-80-5; dextran, 9004-54-0. 
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ABSTRACT: Previous studies of the anti 8 .5s  progestin receptor monoclonal antibody KN 382/EC1 showed 
that it was specific for nontransformed progestin receptors. However, with different methods of tissue 
disruption and the use of protease inhibitors, we found that other nontransformed steroid receptors formed 
immune complexes with K N  382/EC1. Binding of the antibody to rabbit uterine estrogen, progestin, and 
androgen and liver glucocorticoid receptor systems was characterized by sucrose density gradient centri- 
fugation, high-pressure liquid chromatography (HPLC), immunoadsorption, and immunoblotting. Im- 
mobilized KN 382/EC1 adsorb@ both M, 59 000 and M, 92 000 proteins. The M, 92 000 protein appeared 
to be bound to the antigenic M, 59 000 protein, and the two proteins were present in apparently the same 
stoichiometric relationship in several tissues. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
of immunoadsorbed material revealed appreciable amounts of both proteins in testis, stomach, lung, liver, 
uterus, and kidney. Only trace amounts were found in skeletal or heart muscle, and none was found in 
blood serum. Cleveland digestion of isolated M, 59 000 and 92 000 proteins revealed dissimilar peptide 
constituents. Immunoblots of material from uterus and liver resulted in staining of the M,  59 000 protein 
but not the M, 92 000 protein. We conclude that similar antigenic determinants reside in components of 
several nontransformed steroid receptors and they reside on an M, 59 000 protein. It is likely, therefore, 
that there are common components present in nontransformed steroid receptors. 

M o s t  steroid receptors exhibit sedimentation coefficients 
(Faber, 1980) that can be divided into two groups. Larger 
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complexes (7 S and greater) are referred to as nontransformed 
(Puri et al., 1982), untransformed, (Reker et al., 1985), or 
native (Baulieu, et al., 1983) receptors. Smaller receptor forms 
(5.5 S or less), commonly designated activated or transformed 
receptors, have the well-known characteristics of binding to 
nuclei, DNA, chromatin, and specific isolated gene sequences 
(Saffran et al., 1976; Baulieu et al., 1983; Renoir & Mester, 
1984; von der Ahe et al., 1985). Earlier studies suggested that 
the conversion of the larger to the smaller forms accompanying 
transformation resulted from subunit dissociation (Stance1 et 
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