
Biochimwa et Bwphystcu Alta, 1064 (1991) 275-286 275 
© 1991 Elsevier Science Publishers B.V. 0005-2736/91/$03.50 
ADONIS 090527369100197D 

Cholesterol-transfer protein located in the intestinal brush-border 
membrane. Partial purification and characterization 
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Cholesterol absorption by small intestinal brush border membrane vesicles from taurocholate mixed micelles is a 
second-order reaction. From a comparison of reaction rates and order before and after pmteinese K treatment of 
brush-border membrane vesicles, it is concluded that cholesterol absorption is protein-mediated. It is shown that fha 
desorption of cholesterol from taurocholate mixed mieelles is by a factor of about 104 faster than that from egg 
phosghatldylBholine hUayers. When brush border membrane vesicle~ are stored at room temperature, intrinsle Wo- 
teinases are activated and proteins are liberated from the brush border membrane. These proteins collected in the 
supentatant catalyze cholesterol and phosphetidylcboline exchange between two populations af  small unilamellar 
phospholil~id vesicles. One of the active proteins presem in the supernatam is purifk~d by a two-step proeethfe involving 
gel filtration on Seghadex G-75 S F  and affinity chromatography on a Nucleosil-phosi~atidylcholine column. The 
protein thus obtained is pure by polyacfflamide gel electroplmresls in sodium dedeeyl sulfate. It has an apparent 
molecular weight of slightly less than 14000 as determined by sodium dedecyl sulfate pol)acrylamide gel elestrophoresis 
and a value of 11.500 determined by gel filtration on Sephedex G-75 SF.  

Introduction 

Previously, we reported that the absorption of 
cholesterol by small intestinal brush border membrane 
from either mixed mieelles or small unilamellar 
phosphatidylcholine vesicles is [',rotein-mediated [1 l. 
With rnicelles as the donor particles, there is net trans- 
fer of cholesterol from micelles to the brush border 
membrane while with small unilamellar phosphofipid 
vesicles there is true mass exchange: cholesterol at equi- 
l ibrium appears to be evenly distributed between the 
lipid pools of the donor and acceptor particles. We were 

Abbreviation: EDTA, ethylenediaminetefraacetic acid; Hepes, N-12- 
hydtoxyethyl)piperazine-N'-2-ethanesulfonic acid; "Iris. tfis(hydroxy- 
methyl)aminoethane; CHAPS, 3-[(3-cholamldopropyl)dimethylam- 
moniol-l-propanesulfonate; IAM, immobilized artifiei~ll membrane; 
HPLC, high-pre~ure liquid chromatography; TLC+ thin-layer chrO- 
matography. 

Corrt.~pondenee: H. Hausgr, Laboratorium t~r Biochemie, EidgenOs+ 
si~he 'l'~hni~he H ~ h ~ h u i e  Zlirlch. ETH-ZenI~m, Universil~ts- 
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also able to show that the protein-mediated cholesterol 
absorption is abolished by proteolytic treatment of brush 
border membrane [1]. 

After papain digestion of the brush border mem- 
brane, cholesterol absorption was significantly reduced. 
The residual cholesterol absorption observed was a 
"passive" process: the mechanism involves cholesterol 
desorption from the donor particle, diffusion of mono- 
meric cholesterol through the aqueous phase and incor- 
poration of cholesterol into the bilayer of the brush 
border membrane [1]. After papain digestion of the 
brush border membrane, cholesterol absorption is there- 
fore mechanistically different from the protein-media- 
ted process. It is a true first-order reaction while the 
protein-mediated absorption is a second-order reaction. 

We previously reported that the protein responsible 
for cholesterol absorption is liberated from brush border 
membrane by proteolysis [1,2]. It is very likely that we 
are dealing with an integral membrane protein. It is also 
very likely that after proteolytic lreatment, a water-solu- 
ble portion of the integral membrane protein containing 
the lipid binding site is released. It was stressed [2] that 
proteolysis is due to intrinsic proteinases and the rate of 
proteolysis can be enhanced by the addition of external 
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proteinases, such as papain. The protein(sl thus liberated 
from the membrane structure exhibit(s) lipid exchange 
activity in a model system. The water-soluble protein(s) 
released into the supernatant by proteolysis, catalyze(s) 
the exchange of cholesterol as well as phosphatidyl- 
choline between two populations of small unilamellar 
phospholipid vesicles [1,2]. 

Here, we report on cholesterol absorption by brush 
border membrane vesicles from mixed micelles. We 
confirmed that: (i) there is net transfer of cholesterol 
from mixed micelles to brush border membrane; (ii) 
cholesterol absorption is a second-order reaction and 
protein-mediated; (iii) cholesterol absorption is much 
more efficient from taurocholate mixed micelles than 
from lysophosphatidylcholine/phosphatidylcholine 
mixed micelles. The composition of the taurocholate 
mixed mieelles ~'esembles more closely that of mixed 
micelles present in the small intestine. Proteolysis of 
brush border membrane abolishes the efficient absorp- 
tion of cholesterol. In the second part of the paper, the 
purification of a protein is described that binds 
cholesterol and is probably involved in cholesterol ab- 
sorption in the brush border membrane. Some physico- 
chemical properties of this protein are discussed. 

Materials and Methods 

Materials 

Egg phosphatidylcholine, egg lysophosphatidyl- 
choline, and egg phosphatidic acid were purchased from 
Lipid Products (South Nutfield, Surrey, U.K.), choles- 
terol (puriss.) from E. Merck (Darmstadt, F.R.G.), ra- 
diolabeled [la,2a(n)-3H]eholesterol ([3H]eholesterol, 
specific activity 44 Ci/mmol) from Amersham Interna- 
tional (Amersham, Buckinghamshire, U.K.), 3-[(3- 
cholamidopropyl )dimelhylammonio]-I -propanesul fonate 
(CHAPS, > 98%) from Fhika Chemie AG (Buchs, 
Switzerland), 1,12-dodecanedicarboxvlic acid from AId- 
rieh-Chemie (Steinheim, F.R.G.), taurocholate and a- 
chymotrypsin from bovine pancreas from Sigma Chem- 
ical Company (St. Louis, MO), moncolcoylglyeerol and 
oleic acid from Applied Science (State College, PAl, 
Sephadex (3-75 SF (superfine), Sephaeryl S-200 HR and 
Blue dextran 2000 from Pharmaeia (Dtibendorf, 
Switzerland), Bid-Gel P 10 from Bio-Rad (Glattbrugg, 
Switzerland), [carboxyl-taC]cholic acid and [U- 
14C]suerose (specific activity 4 mCi/mmol) from NEN 
(Du Pont de Nemours International S.A., Regensdorf, 
Switzerland), porcine thyroglobulin, bovine serum al- 
bumin, owlbumin and cytocbrume c from Serva 
Feinbiochemica GmbH & Co. (Heidelberg, F.R.G.). 
l-Myristoyllysophosphatidylcholine was custom-synthe- 
sized by Avanti Polar Lipids, Inc. (Birmingham, ALl. 
Nucleosil-phosphatidylcholine was prepared as de- 

scribed previously [3,4]. Sodium taurocholate was re- 
crystallized twice from ethanol/diethyl ether (17:40,  
v/v).  All llpids used were pure by TLC standard. All 
other chemicals used were of analytical grade. The 
water for preparing aqueous solutions and lipid disper- 
sions was double-distilled in a quartz apparatus. 

Methods 

Preparation of brush border membrane vesicles 
Rabbits of different breed were killed in a rabbit 

slaughter house and small intestines were excised, cut 
into pieces of about 30 cm length, and each piece was 
thoroughly rinsed with physiological saline. The pieces 
were frozen and stored at - 8 0 ° C  prior to the prepara- 
tion of brush border membrane vesicles. The prepara- 
tion of these vesicles was carried out routinely following 
the procedure outlined in a previous publication [1]. 
Unless stated otherwise, the resulting brush border 
membrane vesicles were suspended in buffer A (10 mM 
Hepes adjusted with Tfis to pH 7.3, 0.3 M D-mannitol, 
5 mM EDTA, 0.02% NAN3). Vesicles that were not used 
immediately after preparation were frozen with liquid 
nitrogen and stored at - 3 5 ° C .  The purity of the brush 
border membrane preparation was checked as described 
[1]. This brush border membrane preparation is not 
eoataminated with basolateral membrane, other cell 
organdie membranes, or cytosolic compounds. 

Preparation of small unilamellar phospholipid oeMcles and 
mixed micelles 

Small unilamellar vesicles of egg pbosphatidyl- 
choline/cholesterol (1:0.25,  w / w )  and egg phospha- 
tidylcholine/egg phosphatidie acid/cholesterol ( 1 :  
0.2:0.15, w /w)  containing a trace of [3H]eholestetol 
were made by sonicating phospholipid dispersions in 
buffer A as desesibed [2]. Mixed mieelles of egg lyso- 
phosphatidylcholine/egg phosphatidylcholine/eholes- 
teral ( 6 0 : 3 8 : 2 ,  w /w)  containing a trace amount of 
[JH]ebolesterol and of tauroeholate/oleic  a c i d /  
monoolcoylglycerol/cholesterol (88 : 6 : 3.6 : 2.6, w / w )  
containing a trace of [3H]eholesterol were made as 
follows: the lipids dissolved in CHCI3/CH3OH were 
mixed in the appropriate wt. ratio and the organic 
solvent was removed by rotary evaporation at room 
temperature. The resulting lipid film was dried under 
vacuum at a pressure of 0 .04/hPa for at least 1 h. The 
dried lipid was dispersed in the appropriate volume of 
buffer A to yield the desired micellar concentration. 

Preparation of supernate-proteins 
It was reported that proteins are liberated from brush 

border membrane vesicles during storage at tempera- 
tures > 2°C [1,2]. The proteins released by this treat- 
ment are referred to as superuatc-proteins. Water-solu- 
ble supernate-proteins were produced by suspending 



brush border membrane vesicles in buffer A and storing 
the suspension at 2 + 2°C for 2 h. At the end of the 
incubation, 15 volumes of buffer B (10 mM sedium 
phosphate (pH 7.3). 0.14 M NaCI, 2.5 mM EDTA and 
0.02% NAN3) were added and the proteins released into 
the supernatant were separated from brush border 
membrane vesicles by centrifngation at 1200.?,0 .'< g for 
30 rain. Supernate-prmeins were fractionated by gel 
filtration on Sephadex G-75 SF or Sephacryl S-200 HR 
as described [3]. 

Cholesterol absorption by brush border membrane vesicles 
from mixed micelles 

Brush border membrane vesicles (0.2 to 15 mg pro- 
tc in /ml)  as the acceptor were incubated a: room tem- 
perature with mixed micelles of egg lysophosphatidyl- 
choline/egg phosphatidyleholine/chole~ teroi (60 : 38 : 2, 
w / w ;  0.15 m g / m l )  as the donor particles. The latter 
particles contained a trace of radioactive [~Hlcholesterol 
so that the kinetics of cholesterol absorption by brush 
border membrane could be followed. The final con- 
centrations of the compo.lents of the mixed mieelles 
were [egg lysophosphatidylcholine]=0.17 raM, [egg 
phosphat idylchol ine]-0 .075 mM and [cholesterol]-  
7.75 pM. After timed intervals, 0.1 ml of the incubation 
medium were diluted with 0.05 ml buffer A and donor 
and aeceptor particles were separated by eentrifngation 
at 1001300 × g for 10 rain in a Beckman airfuge (Beck- 
man Instruments International SA, Zhrich). The radio- 
activity of the mieclles remaining in the supernatant 
was determined in a Beckman LS 7500 liquid scintilla- 
tion counter. 

Cholesterol absorption by brush border membrane 
vesicles from mixed micelles consisting of tauroeholate/  
oleic a c i d / m o n o o l e o y l g l y c e r o l / c h o l e s t e r o l  (88 : 
6 : 3.6 : 2.6, w / w )  and a trace amount  of [3H]cholesterol 
was too fast to be measurable as described above. The 
kinetics of cholesterol absorption from this kind of 
mixed micelles was measured using a home-made ap- 
paratus previously described [4]. Cholesterol absorption 
was initiated by mixing a droplet of 4 pl  brush border 
membrane suspension (34 mg prote in/ml)  in buffer A 
with a droplet of  4 pl  of a dispersion of taurocholate 
mixed micelles (6 mg l ipid/ml) .  Both droplets were 
placed on the bottom of a clear polystyrene test tube 
(diameter 9 ram, length 67 ram) and mixing of the two 
droplets was accomplished by vibration. The frequency 
was about 60 Hz and both frequency as well as ampli- 
tude of the vibration were electronically controlled. The 
final concentrations of components of the taurocholate 
mixed micelles were: [taurocholate]= 4.8 mM, [oleic 
acid] =0 .6  mM, [monooleoylglycerol] = 0.3 mM and 
[cholesterol] = 0.2 mM. The reaction was stopped by 
automatic injection of 2 ml of ice-cold buffer A into the 
test tube. The contents of the test tube was poured onto 
a cellulose nitrate filter (mean p,)re size 0.65 pm)  and 
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the test tube was washed twice with 2 ml ice-cold buffer 
A. 

The cellulose nitrate filters retained only 80 + 10% of 
brush border membrane vesicles and about 6_+ 2% of 
the taurocholale micelles as determined in control ex- 
periments. Values for cholesterol absorption by brush 
border membrane were therefore corrected by taking 
into account, that retention of brush border membrane 
vesicles was incomplete, and that approx. 6% of tauro- 
cholate micelles were absorbed to the filter. 

Determination of the cholesterol exchange activity in the 
.supernatant of brush border membrane vesicles 

Supernate-proteins were produced as described 
above, h wa.~ reported [1,2] that these proteins catalyze 
cholesterol and phosphatidylcholine exchange between 
two populations of small unilamellar vesicles. The donor 
vesicles consisted of egg phosphatidylcholine/egg phoz- 
pbatidic acid/cholesterol (1 :0 .2 :0 .15 ,  w /  w) and a 
trace amount of [3H]cholesterol while the acceptor 
vesicles were phosphatidylcboline/cholesterol vesicles 
(1:0.25,  w / w )  [1]. The exchange of radiolabelled 
cholesterol between donor and aeceptor vesicles was 
measured as described [1,2]. 

Purificatio, of supernate-proteins 
(i) Gel filtration on Sephadcx G.75 SF. Supernate-pro- 

teins produced as described above were concentra'.ed in 
an Arnicon ultrafiltration equipment using Aiqicon PM 
10 or YM 10 filters with a cut-off molecular weight of 
about 104 (Grace AG,  Amicon Schweiz, Wallisellen, 
Switzerland). About 10 ml of the concentrated protein- 
solution (approx. 25 m g / m l )  in buffer B were applied to 
a Sephadex G-75 SF column (29.7 × 4.4 cm) which was 
equilibrated and ehited with buffer B at a flow rate of 
approx. 29 ml /h .  About 6-ml fractions were collected in 
an automatic fraction collector and each fraction was 
analyzed by U V  absorption at 254 nm, for protein 
content and phosphatidylcholine as well as cholesterol 
exchange aetlvity [1,2]. The protein recovery was 80 
5%, the yield of the phosphatidylcholine activity was 
80 _+ 15% (three experiments).  The column was 
calibrated using the following proteins as markers: 
thyroglobutin (apparent molecular weight M r = 
660000);  bovine serum albumin ( M  r = 67000) ;  
ovalbumin (M,  = 45 000); a-chymotrypsin (Mr = 
25000); cytochrome c ( M  r = 12400). The distribution 
function K d = ( V  ~ -  Vo) / (V t -  Vo) was plotted semi- 
logarithmically as a function of the apparent molecular 
weight M r of the marker proteins yielding a good 
straight-line relationship. V~ is the ehition volume of the 
protein, V and ~ are the column void volume and total 
volume, respectively. V o and V t were determined by 
chromatographing Blue dextran 2000 and [t4C]suerose. 
Supernate-proteins were also fractionated on smaller 
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Sephadex G-75 SF columns and on Sephacryl S-200 H R 
for analytical purposes [3]. 

(it) Immobilized artificial mealbrane (IAM) chro- 
matography. Column chromatography based on phos- 
phatidylcholiue-bonded silica was introduced by one of 
us I5,6]. 1-Myristoyl.2-(13.carboxyltridecanoyl).sn- 
phosphatidylcholine was bonded Io silica particles in a 
four ste F process as described by Pidgeon and his 
co-workers [61. As silica particles Nucleosil-300 (7NH2) 
was used which is a brand name for silica derivatized 
with propylamine. The surface density of the propyla- 
mine groups was similar to the density of hydrocarbon 
chains present on the surface of chromatographic sup- 
port material used for reverse phase chromatography. 
The resulting chromato~aphic material was denoted as 
Nucleosil-phosphatidylcholine [6]. It consists of silica 
parlicles of 7/Lm diameter wilh 30 nm pores to which 
dimyristoylphosphatidylcholine is ¢ovalently linked via 
an amide bond as was demonstrated by infrared spec- 
troscopy 16]. Nucleosil-phosphatidylcholine is one type 
of immobilized artificial membrane. It was packed into 
a HPLC column (dimensions 10 cm x 0.46 mm) and 
rinsed with acetone. Prior to use, acetone was replaced 
by distilled water and the column was equilibrated with 
buffer B containing 0.125% CHAPS. The fractions of  
peak 3 obtained by gel filtration of supernate-proteins 
on Sephadex G-75 SF were pooled and concentrated 
using the Amicon filtration equipment and YM 10 
Amicon filters. To the concentrated protein solution 
containing approx. 4.8 mg /ml ,  CHAPS was added to a 
final concentration of 0.125~%. The solution was centri- 
fuged at about 100000 × g for 20 min in a Beckman TL 
100 ultracentrifuge with a TLA 100.3 rotor, and 1.9 ml 
of the superaatant were applied to the Nucleosil-phos- 
phatidytcholine column using a LKB 2152 controller 
equipped with two LKB 2150 pumps (from Pharmacia 
LKB). All solvents and solutions were filtered through a 
Millipore filter (mean pore size 0.45 #m) and degassed 
prior to their application to the Nucleosil-phosphatidyl- 
choline column. The column was ehited with buffer B at 
a flow rate of 0.7 m l / m i n  and 0.7 ml fractions were 
collected in an automated fraction collector and 
analyzed for protein. Since the presence of CHAPS 
interfered with the determination of lipid exchange ac- 
tivity, 0.2 ml of each fraction were dialyzed exhaustively 
against buffer B using Visking dialysis tubing (Union 
Carbide, cut-off molecular weight 6000-8000). After 
dialysis, the lipid exchange activity was determined as 
described above. 

(i~i) Reverse phase chromatography. Reverse phase 
chromatography was performed on a butyl-Nuvleosil 
column of dimension (6 × 0.4 em). The butyl-Nueleesil 
particles at" 5 ttm diameter contmning 30 nm pores were 
obtained from Macherey-Nagel A G  (Oensingen, 
Switzerland). The column was equilibrated with 0.1% 
trifluoreacetic acid, Proteins applied to the column were 

eluted with a linear gradient of n-propanol in 0.1% 
trifluoroaeetic acid (0-5070 in about 30 mini. 

Analytical procedures 
Lipid phosphorus was determined according to Chert 

et al. [7], protein according to Lowry et al. [g] or 
alternatively with biclnchoninic acid [9] using bovine 
serum albumin as the standard. The reactinn kit for the 
latter method was obtained from Pierc~ Europe (Oud 
Beijedand, The Netherlands). The lipid content of brush 
border membrane vesicle,'~ was determined gravimetri- 
eally or by phosphorus analysis after lipid extraction. 
To this end, brush border membrane lipids were ex- 
tracted with chloroform-methanol. The extraction pro- 
endure and TLC analysis of lipids were carried out as 
detailed before: [10]. Sodium dodecyl sulfate polyacryl- 
amide gel electrophoresis was carried out  using the 
Mini-Protean 1I Dual Slab Cell from Bio-Rad according 
to the Bio-Rad instruction manual. Bio-Rad low molec- 
ular weight markers were used as standards. Proteins 
were visualized by Coomassie blue or silver staining. 

Results 

Kinetics of cholesterol uptake from mixed micelles 
Fig. 1 shows the kinetics of cholesterol absorption by 

brush border membrane from mixed micelles consisting 
of egg lysophosphat idylchol ine/egg phosphat idyl-  
choline/cholesterol  (60 : 38 : 2, w /w) .  Fig. 1A gives the 
amount  of radioactive cholesterol remaining in the donor  
mieelles as a function of the time of incubation of 
donor and aceeptor particles. The data of Fig. 1A were 
linearized (Fig. IB) assuming that the radioactivity of 
the donor particles decreases exponentially [11-14]. 
Pseudo-first-order rate constants were derived from the 
linear relations shown in Fig. 1B and the values for the 
pseudo-first.order rate constants thus obtained are listed 
in Table 1. The pseudo-first-order .-'ate constants in- 
creased linearly with the weight ratio of accep tor /donor  
lipid as shown in Fig. IC  (eL Table I) suggesting that 
cholesterol absorption from mixed micelles is a second- 
order reaction. This  was confirmed by plott ing the data 
according to the general rate law expressed in Eqn. 1: 

-(dlD]/dt li~ia~L ~ klalglD]g It) 

where (d[D]/dt)initial is the initial rate of cholesterol 
absorption, [A]o and [D]o are the initial aceeptor and 
donor concentrations, respectively, a and d a le  the 
order of the reaction with respect to the acceptor and 
donor concentration, respectively, and k is the rate 
constant. Plotting log of the initial rate of cholesterol 
absorption versus log of the initial acceptor concentra- 
tion keeping the donor concentration constant yielded a 
straight line of slope a = 1.1 (data not  shown). 
Cholesterol absorption by brush border membrane is 



therefore a first-order reaction in the brush border  
m e m b r a n e  (accepter)  concen:rat ion and  a second-order  
reaction overall. 

T h e  kinetics of cholesterol absorpt ion from tauro- 
chela te  mixed miceltes are shown in Fig. 2. The  tauro- 
chela te  mixed micelles behaved  quite differently from 
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Fig. l. (A) Time course of choleslerol absorption from mixed micelles 
(donor particles) to brush-border membrane vesicles (acceptor par- 
ticles), The donor particles were mixed micelles consisting of egg 
lysophosphafidylcholinc/egg phosph atidylcholine/cholester ol 
(60:38:2; wt. ratiol labeled with a trace of [la,2afnF3Hlcbolesteral. 
The acceplor particles were brush-fiord~ membrane vesicles. Disper- 
sions or donor and a.:ceptor particles in boff~ A were mixed so that 
the final concentration of donor lipids was 0.15 mg lipid/rat contain- 
ing 0.2/xCi [ JHlcholesterol/ml and the final bRtsh border membrane 
¢~acentratioias were 0.22 (0.19) {O) 0.73 (0.63) (o), 2.2 11.9) (X), 4.4 
(3.8l (A) and 8.7 (7.5) (~,) mg prolein/mL The numbers in parentheses 
are the brush-border lipid concentration which w~ cal~lated ~s 
0.g6 x protein concentration. After timed intervals brush-border mcm. 
brane vesicles were separated from the donor micelles by centrifuga- 
fion at 1O0000xg for 10 mln. The mieelles remained in the super- 
natant and the amount of radioactive chaleslerol reolalaing in the 
micefies was determined in a Reckman LS 7500 liquid scintillation 
counter. (B) The curves depicted in (A) were linearized according to 
In[(x - x ~ l / ( x  o -  x~)] = - kt where x o ~ 1(~% at t = O and x and 
x~ represent the fractional transfer of radioactivity at lime t and al 
equilibrium (t ~ o ) ,  respectively. (C) Pseudo-fn'st~rder rate con- 
slants k I (h - l)  ~ a [ ~ ¢ t i ~  of the weight ratio of brush-border 
membrane fipid to total lipid present in-mixed mieelies, k I values 
were determined for the following lipid wt, ratios: 1.25. 4.2, 12.5, 2~, 
50, 99. The sOfid fine is a least-squares fit to the experinlental data 

(r2 = 0.099). 
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TABLE I 

Ps~do-ft~l.order rate constants k t and half times tl/2 for choleste~l 
a~orption by bn~¢h border membrane 

As donor particle, two type.~ of mixed mi~H~ were u~d, either 
micelles consisting of egg lys~phospha0dylcholine/egg phosphatidyl- 
choline/ch01esterol (60: 38:2, w/wl. or tanrOCholate mixed mieege5 
consisting of taur~holate/aleie acid/moneoleOylglycerol/cholesterol 
(S8 : 6 : 3.6 : 2.6. w/w), both containing a Irace of [ ~Hlcholest eroL The 
pseud~first-order rate constants Ikl) were derived from the lineadza- 
lion of the cu~eg shown in Figs. IA and 2 as di~cug--,ed in the text. 
The decrea~ in chot~t~l  content of the taurocholate mixed mieelles 
~hown in Fig. 2 is not a simple exponential function. Instead, the 
initial rapid decrease of radioacfivity within the first 10 s (Fig. 2l can 
be filled by the gem of two expo~tial~ Therefore, two rate con- 
slants were derived for chol~terot absorption from mixed taur~ 
cholate micelleg 

Donor Accepter Ao=eptor k t (h ~) tl/z 
lipid/donor 
lipid 
(wt. ratio) 

Egg lyso- brush 13 0.45 1.5 h 
phosphat idyl- border 25 1.3 0.53 h 
choline mixed membrane 50 2.8 0.25 h 
micelles vesicles 100 5.9 0.12 h 

Taure- b~sh 3.3 l.O-lO 4 0.24s 
chelate border 2.8.102 9.0 s 
mixed membrane 
micclles vesicle~ 

Tuuro- brush border 3,3 2.1-103 1.2 
chohte membrane 2.0 0.34 h 
mixed vesicles 
mieellcs stored ~l room 

temperature 
for Iwo hours 

Tauro- brash border 3.3 0.63 1.l h 
chelate membrane 
mixed v~ides after 
nxicellez protcinas~ K 

trea~lnent 

egg lysophospha t idy lcho l ine /egg  phosphat idylchol ine  
mixed mieelles. C o m p a r i n g  the t ime courses of 
cholesterol absorpt ion (Fig. 1A a n d  Fig. 2), it is obvious 

that  cholesterol absorpt ion is much  faster from the 
taurocholate mixed micelles. T h e  halft ime t t /z  of  
cholesterol absorpt ion from taurocholate  mixed micelles 
is in the order of 1 s. Und~q', .~'xmparable condit ions,  the 
half t ime t t / 2  of cholesterol absorp t ion  from egg- l~ :o-  

phospha t i dy l cho l i ue / egg  phospha t idy lcho l ine  mixed 
mieelles is in the order  of  several hours,  i.e., the absorp-  

tion of  cholesterol f rom taurocholate mixed micd les  is 

about  10 a t imes faster. Fur thermore ,  as ment ioned  
above each curve shown in Fig. 1A represents  a single 
exponent ia l ;  in contrast ,  the decrease in radioactivity of 
the taurocholam micelles is not  a s imple exponent ia l  
[unction. T h e  initial rapid  decrease in radioactivity (Fig. 
2) occurr ing dur ing  the first 10 s can  be fitted b y  the 

sum of two exponentials .  T h e  two k values thus der ived 
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Fig. 2. Time course or chol~te~l absorpaon fl~m taur~holate mixed 
miccllcs as the donor to brush-border membrane vesicl~ as the 
acceptor. The laurccholate mixed micelles consisled of taurocholate/ 
oleic acid/monooleoylglycerol/cholesterol =8e:e:3"6:2.6 (by 
weighl) ~ntalning a trace or [la.2a(n)-~Hleholestcrol. Donor and 
aceeptor particles both suspended in buffer A were mixed so that the 
final micellar coneenlration was 3 mg total hp;d/mi and the lipid 
concentration of brush-border m~branc was 10 mg lipid/nxL The 
cholesterol absorption was stopped and donor and accepmr particles 
were separated by filtration as described in Materials and Methods. 
The amount of radlolabcled cholesterol remaining in the micelles was 
dete~ined by scintillation counting in a Beckman LS 750O hquid 
~intillation ~unler. Dntrealed brash border membrane (ol; brash- 
border membrane incubated with taurocholate mixed micelles con- 
taming a trace of [carboxyl-14Clcbolate (11); brush border membrane 
after proteinase K treatment (A); blush-border membrane stor~.d at 
r~m temperature for 2 h before cholesterol absorption was de- 

termined I~'). 

were k t - l . 0 - 1 0  + h -I and k ~ - 2 . 8 - 1 0 2  h - t  corre- 
sponding to halt-lives of 0.24 s and 9.0 s, respectively 
(Table I). 

In a double-labeling experiment taurocholate mixed 
micelles were used containing trace amounts of 
[3H]cholesterol and sodium [l+C]cholate. As shown in 
Fig. 2, the absorption by brush border membrane of 
cholate from these micelles was negligible. Also in- 
cluded in Fig. 2 are the effects of storing brush border 
membrane vesicles at room temperature and the di- 
gestion of these vesicles by proteinase K. After storing 
brush border membrane at room temperature for 2 h, 
cholesterol absorption was slowed down (Fig. 2). Again, 
the initial cholesterol uptake within the first 10 s could 
be fitted by the sum of two exponentials yielding k 
values of kL=2.1.103 h i ( t l / 2=  1. 2 s) and k ~ 2 . 0  
h -1 (tt/2 = 0.34 h) (Table 1). After proteinase K treat- 
ment, the brush border membrane apparently lost its 
ability to take up cholesterol effectively from tauro- 
cholate mixed micelles (Fig. 2). Even after proteinase K 
treatment, about 5% of the radioactive cholesterol pre- 
sent in tauroeholate mixed micelles appeared to be 
taken up rapidly by brush border membrane. The mech- 
anisln of this uptake is uuknown. However, apart from 
this minor contribution, cholesterol absorption after 

proteolysis was independent of aeceptor concentration 
and hence a first-order reaction (data not shown) with a 
rate constant k l ~ 0.63 h - i  (tt/2 ~ 1+1 h) (Table 1). 

All cholesterol uptake measurements were performed 
at room temperature. Cholesterol uptake at 37°C, 
thou,~a physiologically relevant, was too fast to be mea- 
surable with the methods used here. 

Purification of a protein that catalyzes cholesterol ex- 
change and phosphatidylcholine exchange between two 
populations of small unilamellar vesicles 

Supernate-proteins were produced as described in 
Materials and Methods. It can be shown that these 
proteins are active and catalyze the exchange of both 
cholesterol and phosphatldyleholine between two popu- 
lations of small unilamellar vesicles. These experiments 
were described and discussed in some detail previously 
[1,2]+ It suffices to say that cholesterol exchange was 
accelerated about 5-fold in the presence of supernate- 
proteins (1 mg/ml)  [11 and phosphatidylcholine ex- 
change by a factor of about 200 [2]. 

The active protein(s) released from brush border 
triembrane by proteolysis, and responsible for cholesterol 
and phosphatidylcholine exchange between two popula- 
tions of small unilamellar vesicles were purified by two 
steps: 

(i) gel filtration on Sephadex G-75 SF and 
(it) by immobilized artificial membrane (IAM) chro- 

matography on a Nucleosil-phosphatidylcholine-HPLC 
column. The gel filtration pattern of supernate-proteins 
on Sephadex G-75 SF is shown in Fig. 3A. Most of the 
protein (80-85%) was eluted as an asymmetric peak at 
the column void volume V o. Only minor protein peaks 
appeared at elution volumes V+ > F~,. The eluate was 
also analyzed for phosphatidylcholinc and cholesterol 
exchange activity. The phosphatidylcholine exchange 
activity was eluted in three well resolved peaks (desig- 
nated peaks 1 to 3, Fig. 3A). The elution volume of all 
three peaks was well reproducible within the error of 
the measurement. Using the calibration curve (cf. inset, 
Fig. 3A), elution volumes were converted to apparent 
molecular weights and the values thus obtained for 
peaks 1, 2 and 3 were M r ~ 70000, M, = 22000 + 2000 
and M r = 11 500 + 1250, respectively. The relative 
phosphatidylcholine exchange activities in peaks 1,2 
and 3 were 29 4- 6%, 29 ± 4% and 42 + 8%, respectively 
( n ~  five experiments). The relative intensities of the 
three peaks varied from experiment to experiment as 
indicated by the large standard deviations of the mean. 
Protein present in peak 3 was pooled, concentrated, and 
rechromatographed on Sephadex G-75 SF. Peak 3 was 
eluted as a single peak at an elution volume V¢ con- 
sistent within experimental error with the first chro- 
matogram shown in Fig. 3A. The same was true when 
peak 2 was rechromatographed. In order to check the 
homogeneity of peak 3, 0,1 ml of the protein solution of 
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Fig, 3. t A) Gel filtration on Sephadex 13-75 SF of supernate-proteins 
liberated from brush-border membrane by proteolysis (see Materials 
a n d  Methods). About I0 ml of solution of supernat¢~proteins in 
buffer B (approx. 25 mg protein/ral) were applied to the Sephadex 
G-75 SF eolunm (29.7×4.4 cm), and the p~lein w~ eluted with 
buffer B at a flow rate of approx. 29 ml/h. Fractions of 6 ml weTe 
collected in art automatic fraction collector and analyzed for protein 
(c o) and phosphatidylcholine exchange activity ( e - - e ) .  
F o = 24.3 ml. V t = 70.0 ml. (B) Gel filtration or supemate-proteins on 
Sephadex G-75 SF. 0.8 nil of the supernate-proteins in buffer B 
(approx. 37 mg protein/ml) were applied to the Sephadex G-75 SF 
column (SOx I cm) and the protein was eluted with buffer B at a flow 
rate of 4 ml/h. Fractions of 0.3 ml were cogected in an automatic 
fraction collator and analyzed for cholesterol exchange ( x - -  x ) 
and phosphatidylcholme exchange activity t O - -  -It). V 0 = ill.0 ml. 
V t = 40.5 ml. (C) Gel filtration of sup~rnate-prn~ein~ on Sephac~l 
S-200 HR. 0.8 ral of protein solution (i.I mg/nd) were applied !o the 
Sephaeryl S-200 HR column (53× I.t cm) and the protein was eluted 
with buffer B at a flew rate of 6,5 ml/k Fractions of 0.44 nil were 
collected in an automatic fraction collector and analyzed for protein 
(t3 o} and phosphalidylcholine exchange activity 0 1 t - - o ' l .  
V o = 22.5 ml, V, = 48.7 ml. Calibration curves of the columns are 
ptesenled as insets. The logarithm of the apparent molecular weight 
of various marker proteins in units of thous,3axds is plotted as a 
fmletlon of K¢ ([/= -- V V ) / ( W  t -- V . )  where ~ is the elution volume 
of the protein. V o and V, are the void and total volume of :he column. 

t~pectively. 
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peak 3 [5.91 mg protein/ml) was chromatographed on a 
Bio-gel P i0 column (18.5 × 0.84 era) which was equi- 
librated and ,un with 10 mM sodium phosphate buffer 
(pH 7.3) containing 0.14 M NaC1, 2.5 mM EDTA and 
0.02% NAN,. The protein elution pattern consisted of a 
main slightly asymmetric peak with a shoulder at the 
tailing edge. 1his peak exhibited also phosphatidyl- 
choline exchange activity hut the peak position of the 
phosphatidylcholine exchange activity w~.q displaced (to 
a larger elution volume) relative to that of the protein 
peak (data not shown). The displacement of the two 
peaks indicates that protein of peak 3 is inhomogencoas 
with respect to size (see below). The peak position in the 
phosphatidylchotine exchange activity pattern was close 
to that of ribonuclease A corresponding to a molecular 
weight of 13 700. 

The cholesterol exchange activity was eluted from the 
Sephadex G-75 SF column in two well resolved peaks, 
the first one in the column void volume V,, and the 
second one at V~ consistent with peak 3 (Fig. 3B). The 
chillon pattern was similar to that of the phosphatidyl- 
choline exchange activity except that there was little 
cholesterol exchange activity between peak 1 and 3. 

For comparison, supernate-proteins were also ehro- 
matographed on Sephac=yl S-200 H R  (Fig. 3C). From a 
comparison of the gel filtration patterns obtained on 
Sephadex G-75 SF and Sephacryl S-200 HR (el. Figs. 
3A and 3C), it is clear that the protein eluted as peak l 
from Sephadex G-75 SF is highly irdaomogencous with 
respect to size. Peak 1 protein was eluled from Sep- 
hacryl S-200 HR as a broad peak consisting of three 
partly resolved peaks. The e!ution volumes of these 
three ~-eako ranged from the column void volume i,~ to 
V¢ = 30 ml corresponding to a molecular weight range 
from 65000 to greater than 190000 (Fig. 3C). The 
phosphatidylcholme exchange activity was associated 
with the centre peak at V e = 27 ml (Fig. 3C) correspond- 
ing to an apparent molecular weight of 100000 + 10000 
( n =  3). Phosphatidylchofine exchange activity was 
eluted in a second peak well-resolved from the 100000 
protein. This second peak is asymmetric (Fig. 3C) with 
a shoulder at the tailing edge, its elution volume V~ = 36 
ml corresponding to an apparent Mr = 16000. A com- 
parison with the gel filtration pattern on Sephadex G-75 
SF (of. Figs. 3A and 3C) reveals that this peak is a 
composite one containing both the 22 000 and the 12 000 
protein. Apparently, in contrast to gel filtration on 
Sephadex G-75 SF, these two proteins are not resolved 
on Sephacryl S-200 HR. 

Protein present in peak 3 exhibiting both eholeste:ol 
and phosphatidyleholine exchange activity was further 
purified by [AM-chromatography. The choice of peak 3 
was based on the observation that the active protein 
present in this peak was least contaminated with other 
proteins. Plotting specific phosphatidylcboline exchange 
activities instead of absolute ones as in Fig. 3 would 
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Fig. 4. Purification of proteins contained in peak 3 by immobilized 
artificial membrane chromatography on a Nucl~sil-ph~phatidyl- 
choline HPLC column. The pressure used was 60-70 bar, flow rate 
0.7 ml/min, protein loading approx. 7 nag and protein re,very 
approx. ~%. The IIPLC column (10 cm×4.6 ram) was equilibrated 
with buffer B containing 0.125% CHAPS. 1.9 ml of protein solution 
(approx. 3.6 mg/ml) in buffer B containing 0.125~ CHAPS were 
applied to the column. About 90-95% of the protein were eluted in 
the column pass through peak with buffer B ~nteining 0.125¢~ 
CHAPS. The protein retained on the column was eluted with a l iner 

CHAPS gradient from 0.125 Io 0.5~. 

yield a different intensity pat tern:  peak 3 would have 
maximum intensity and the intensities of  both  peaks 2 
and 3 would be much greater  than that  of  peak 1 (da ta  
not shown). This was confirmed by sodium dodecyl 
sulfate polyaerylamide gel electrophoresis: peak 3 gave 
about 7 protein bands, peak 2 about  20, and peak 1 
more than 50 bands using silver staining (da ta  not  
shown). 

To the concentrated protein solution of  peak 3 in 
buffer B, C H A P S  was added in the same buffer to a 
h,~al concentration of 0.125%. 1.9 ml of  the  protein 
solution (3.6 m g / m l )  were appl;~'J to the Nucleosil-  
phosphatidylcholine column and the column was eluted 
with buffer B containing 0,125% CHAPS.  90-95% of  

the applied protein were eluted from the column in this 
way (Fig. 4). The remaining protein (7.5_+ 1.0%) that  
was bound to the column mater ia l  was eluted with a 
linear C H A P S  gradient  (0.125 to 0.5% ( w / v D  as shown 
in this figure; the protein was eluted at a C H A P S  
concentration of  approx. 0.3%. U p o n  further raising the 
detergent  concentrat ion to 0.5%, no more  protein was 
eluted from the column (Fig. 4). The protein thus ob- 
tained was exhaustively dialyzed agains t  buffer B 1o 
remove the detergent ,  and the lipid exchange activities 
were determined in the detergent  free protein solution: 
31 _+ 7% of  the original phosphat idylehol ine and  
cholesterol exchange activity were recovered from the 
Nueleosi l-phosphatidylcholine column. The  purification 
step[, and their effects on the puri ty  and  recovery of  the  
active protein(s) a re  gummarized in Table  II. The  purifi- 
ca t ion  of peak 3 by I A M - c h r o m a t o g r a p h y  on 
Nucleosi l-phosphatidylcholine led Io an  increase in the  
specific lipid exchange activity by a factor of approx.  
80 -90 .  More  important ly ,  each purif icat ion step pro-  
dueed a similar increase in the specific cholesterol and  
phosphatidyleholine exchange act ivi ty a t  least  wltbin 
the error of  the measurement .  Tiffs f inding suggests tha t  
probably  a single prote in  is responsible for bo th  ex- 
change activities. 

Characterization ol" the active protein purified by IAM- 
chromatography of peak 3 

The puri ty  of the active protein purif ied by I A M -  
cbromatograpi ,y  on Nueleosi l -phosphat idylehol ine was 
checked by reverse phase  chromatography  on butyl-  
Nueleo[,il (particle size 5 #m,  30 n m  pore[,, co lumn 
dimension 6 × 0.4 cm) equi l ibrated with 0.1% triflnoro- 
acetic acid. The  protein was eluted with a gradient  of  

TABLE I1 

Purification of lipid exchange protein .from rabbit small intestine 

Pu=ff fic=cion step Protein Protein Exchange activity (mU) = Recovery of ex- Specific exchange ae- Purification factor = 
(rag) recovery phosphali- chole- change acBvily(%) fivity (mU/mg protein) = phosphati- chole- 

I~) dylcholin¢ stcrol phosphati- chole- ph~sphatl- chole- dylchoBne sterol 
dylcholine sterol dylcholine sterol 

( I ) Starting material: 
Brush border 
membrane 
vesicles ] 49O 

(2) Production of  
supernate- 
proteins 300 100 

(3) Peak 3 produced 
by g, el filtration on 
Sephadex (3-75 SF 7A 2,4 

(4) Protein purified by 
]AM~hromalography O.S5 0.18 

1 040 71 100 100 3.4 0.23 l f 

450 29 43 41 61 4.1 18 18 

160 10 16 14 300 19 8S SO 

= The ~ehaug¢ activity, specific exchange activity, and the puri f icat ion factor are referred to phosphaadylchol ine and cholesterol exchange 
be tw~n  t w o  populat ions o f  small uni lamel lar vesicles, 1 un i t  o f  ac l iv i ly  U = 1 /zmo] l ip id transfc~ed per rain. 
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Fig. 5. Sodium dodecyl sulfate polyacryhmide gel electrophoresis. 
Elecnoph0resis was carried out with 15~ gels as described in Maleri- 
als and Melhods. The protein bands were stained wilh Coomassie 
blue. Mol~ular weight standards (lane IL protein of peak 3 (lane 2L 
pass through peak from the tAM-column (lane 3), protein retarded 

and eluted [r0m the tAM-column with a CHAPS gradient (lane 4). 

n-propanol (0-50%) in 0.1% trifluoroacetie r, ci(~ yielding 
a single, slightly asymmetric peak with a small shoulder 
at the tailing edge. Some minor peaks were ehited in 
front of the main protein peak amounting to less than 
1% of the total protein elated. 

The purified protein gave a single band when ex- 
amined by electrophoresis on 15% polyaerylamide gels 
in the presence of sodium dodecyl sulfate using 
Coomassie blue staining (Fig. 5). Silver staining of the 
eleetrophoresis pattern revealed a second minor band 
with a slightly higher mobility. The position of the 
single or main band obtained with the purified protein 
on sodium dodeeyl sulfate polyacrylamide gel electro- 
phoresis corresponds to an apparent molecular weight 
slightly smaller than that of lysozyme (Mr= 14400). 
For  comparison, the electrophoresis patterns of peak 3 
and of the first protein peak eluted with 0.125% CHAPS 
from the Iqueleosil-phosphatidylcholine column (cf. Fig. 
4) are included in Fig. 5. These electrophoresis patterns 
confirm that most of the protein applied to the IAM 
column is not bound to the column support but elated 
right away with the column buffer. 

The apparent molecular weight of the purified pro- 
rein was also determined by gel filtration on a Sephadex 
G-75 SF column which was calibrated with various 
marker proteins (see inset of Fig. 3). The apparent 
molecular weight was 11 500 + 1 250. This is in reasona- 
bly good agreement with the apparent molecular weight 
derived from polyaerylamide gel eleetrophoresis. 

Isoelectrie focussing of the prote i ,  jurified by IAM- 
chromatography revealed two main bands with slightly 
different charge characteristics, one protein having an 
isoelectrie point of 9.1, and the other of 9.4. There was a 
very weak band corresponding to an isoelectric point of 
85.  
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Disctt~sinn 

The first part of our work deals with cholesterol 
absorption by brush border membrane from mixed 
micelles as the donor. Two kinds of mixed micellar 
systems were used: (i) mixed micelles consisting of egg 
lysophosphat idylehol ine /egg  phospha t idy lehol lne /  
cholesterol ( 6 0 : 3 8 : 2 ,  w/w) ,  and (ii) mixed micelles 
consisting of taurocho!ate/oleic acid/monooleoylglyc- 
erol/cholesterol (88 : 6 : 3,6 : 2,(,. w/w] .  The physico- 
chemical properties of mixtures of egg lysophosphati- 
dyleholine/eg$ phosphatidylcholine were the subject of 
a previous study [15]. The composition of the mixed 
tauroeholate mlcelles was the same as that u ~  hy 
other groups [16,17]. The tauroeholate mixed micelles 
are physiologically more relevant than the egg iysophos- 
phatidylcholine/egg phosphatidylcholine micelles. An- 
other reason [or choosing taurocholate as a bile salt was 
the observation that tauroeholate is a mild detergent as 
to its membrane-solubilizing power. Taurocholate had 
little effect on the integrity of the brush border mem- 
brane at least up to concentrations of about 5 mM used 
in this work. This  is consistent with a report on the 
membrane-solubilizing properties of taurocholate [17]. 

Electron microscopy of freeze-fractured samples con- 
firms that the two kinds of donor particles used here 
consist mainly of small micelles. Electron micrographs 
show that egg lysophosphatidyleholinc/egg phospha- 
tidylcholine/cholesterol dispersions consist mainly of 
micelles of a diameter of up  to about 15 nm (cf. ReL 
15). Besides micelles, some larger spherical particles are 
present with diameters greater than approx. 25 urn 
representing small unilamellar vesicles (data not  shown). 
In contrast, electron micrographs of  frceze-fractared 
preparations of taurocholate mixed micelles revealed 
smooth fracture-surfaces with no particulate matter. 
Apparently, the taurocholate mixed micelles are too 
small to be visible by freeze-fracture electron mi- 
croscopy. The molecular weight of the murocholate 
mixed mieelles was determined by gel filtration as 23000 
[17]. 

Cholesterol absorption by small intestinal brush 
border membrane from both mixed micellar systems is 
a second order reaction. In both cases, there is net 
transfer of cholesterol, i.e., at equilibrium practically all 
cholesterol is present in the brush border membrane. 
The cholesterol absorption from both micdlar  systems 
is protein-medlated. This conclusion is based on proteo- 
lyfic treatment of brush border membrane. For  exam- 
ple, proteinase K treatment produces profound changes: 
(i) after proleinase K treatment cholesterol absorption 
is mechanistically different from the protein-mediated 
process. After proteinase K treatment, cholesterol ab- 
sorption becomes a true first-order reaction. (ii) The 
rate of cholesterol absorption by brush border mem- 
brane was dramatically reduced. After proteinase K 
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treatment, k b values were measured which were smaller 
by a factor of about 5 .103  (eL Table I). These k I 
values were identical within experimental error with the 
k~ values for cholesterol absorption by smah unilamel- 
lar egg phosphatidylcholine vesicles from tauroeholale 
mixed micelles (Table I). This process can be shown to 
be also a true first-order reaction, i.e., to be indepen- 
dent of the egg phosphatidyleholine or donor concentra- 
lion. These results indicate that the residual cholesterol 
absorption measured with brush border membrane after 
protelnase K treatment is a passive proCess: it involves 
cholesterol desorption from the tauroeholate mixed 
micelle, diffusion of monomeric cholesterol through the 
aqueous phase and incorporation of cholesterol into the 
bilayer of brush border membrane. Since we are dealing 
with a true first-order reaction, the desorption step of 
cholesterol from the taurocholate mixed micelie must be 
rate-limiting. 

Brush border membrane stored at room temperature 
seems Io loose ils ability to take up cholesterol effi- 
ciently. The rate of cholesterol absorption by brush 
border membrane stored at room temperature for 2 h 
was reduced by a factor of about 10 (Fig. 2 and Table 
I). The loss of activity of the brush border membrane is 
accompanied by the concomitant release of fragments 
of integral membrane proteins which can be collect ,'d in 
the supernatant and which are referred to as supernate. 
proteins. This finding is a manifestation of the instabil- 
ity of our brush border membrane vesicles at tempera. 
tares above freezing. As was previously discussed [2], 
intrinsic proteinases are responsible for the observed 
membrane instability. It is not known how these intrin- 
sic proteinases are controlled in the intact brush border 
membrane and by which procedures and manipulations 
of membrane vesicles they are activated. Once activated, 
the intrinsic proteinases apparently attack and cleave 
integral membrane proteins leading to the observed 
reduction in activity of various functional proteins. 

Although the cholesterol absorption by brush border 
membrane from both micellar systems is the same re- 
garding the rcaedon order and mechanism, there are, 
however, significant differences regarding the reaction 
rates. Cholesterol absorption from taurocholate mixed 
micelles is about 104-times faster than from egg lyso- 
phosphatidylcholine/egg phosphstidylcholine mixed 
micelles. In control experiments, cholesterol transfer 
was measured from taurocholate mixed micelles to small 
unilamellar vesicles of egg phosphatidylcholine. The 
first-order rate constant of this reaction was k I ~ 0.63 
h 1 ( q / 2  = 1.1 h), These values should be compared 
with corresponding values for cholesterol transfer from 
egg lysophosphat idylchol iue/e~ phosphalidylcholine 
mixed micelles to small unilameliar egg phosphatidyl- 
choline vesicles: kl = 0.08 h -1 (t~/2 = g . 7  h) and for 
cholesterol transfer between two populations of small 
unilamellar phospholipid vesicles reported by McLean 

and Phillips [13]: k I ~0 .070  h 1 (tl/2ffi 10 h) or  by 
Thurnhofer and Hauser [11: kl = 0.10 h -  1 (tl ,2 = 6.3 h). 
Comparing these data, it is clear that cholesterol trans- 
fer from taurocholate mixed micelles is faster than from 
any other donor particle. This  is in agreement with a 
recent finding that the transfer of phosphatidylcholine 
is much faster from taurocholate micelles than from 
small unilamellar vesicles as donors [18,19]. It seems 
that bile salts increase the rate of transfer of cholesterol 
as well as phosphatidylcholine in exchange reactions 
that are not proteln-mediated. We emphasize that 
cholesterol absorption from taurocholate mixed micelles 
is not  accompanied by taurocholate absorption. As 
shown convincingly in Fig. 2, during the fast uptake of 
cholesterol practically no ¢holata is incorporated in the 
brush border membrane. The same is true for the first- 
order reaction of cholesterol transfer from taurocholate 
mixed mlcelles to small unilamellar egg phosphatidyl- 
choline vesicles. The slow uptake of cholesterol by egg 
phosphalidylcholine bilayers is not  paralleled by uptake 
of cholate [data not shown). The following conclusions 
can be drawn from these control experiments: All 
cholesterol transfer reactions between mieelles as the 
donor and small unilamellar egg phosphatidylcholine 
vesicles as the acceptce, as well as between two popula-  
tions of small unitamellar lipid vesicles, are first-order 
reactions and as such the cholesterol desorption must be 
rate-limiting. The control experiments discussed above 
show that the desorption of cholesterol is approx. 10- 
times faster from tanrocholate mixed micelles than from 
other donor particles be it mixed micelles of egg lyso- 
phosphatidyleholine/egg phosphat idylehol ine/choles-  
terol or  phospholipid bilayers [1,13]. The control experi- 
ments also rule out  the possibility that cholesterol is 
absorbed as a eholesterol-taurocholate complex. The 
physiological role of bile salts in lipid digestion and 
absorption is to efficiently emulsify the products of 
lipid digestion and to assist in the absorption process of 
these lipids. In which way, bile salts and their con- 
jugates assist lipid absorption has not  been specified. 
F rom the data presented here it is tempting to speculate 
on this point. It is conceivable that the fast off-rate of 
cholesterol observed with bile salt mixed micelles is of 
physiological significance. Subjecting this hypothesis to 
experimental test will be the subject of a future study. 

Supernate-proteins liberated from brush border 
membrane vesicles by proteolysis are active in catalyz- 
ing both cholesterol and phosphatidyleholine exchange 
between two populations of small unilamellar lipid 
vesicles [1,2]. As detailed previously [1,2], proteolysis is 
due to the activity of intrinsic proteinases. The basic 
rate of proteolysis can be significantly enhanced by the 
addition of extrinsic, proteinases such as papain [1]. It  
was shown before that the inhibition of phosphaiidyl- 
choline absorption by brush border membrane as a 
result of papain digestion is accompanied by the con- 



comitant appearance of proteins in the supernatanl. The 
supernate-proteins are active in phosphatidylcholine ex- 
change [1]. Based on this observation~ we propose that 
both activities are associated with the same integral 
membrane protein of the brush border membrane. 

The gel filtration experiments summarized in Fig. 3 
shed light on the question of the size of the integral 
membrane protein responsible for cholesterol absorp- 
tion and cholesterol and phosphatidylcholine exchange 
between two populations of small unilamellar vesicles. 
The gel filtration patterns of Figs. 3A and 3C taken 
together indicate that proteotysis produces several 
water-soluble fragments of the integral membrane pro- 
tein, the smallest one (peak 3) with Mr = 11500, an 
intermediate one (peak 2) with Mr=  22000 and the 
largest one (peak 1) with M~ _> 70000. Gel filtration on 
Sephadex 0-75 SF clearly shows that there is no equi- 
librium between these fragments, for example the pro- 
tein with an apparent molecular weight M~ - 22000 is 
not a dimer of the smallest fragment. All these frag- 
ments are water-soluble, the largest one exhibiting lipid 
exchange activity has a molecular weight M r - 100000 
as determined by gel filtration on Sephacryl S-200 HR. 
Therefore, the molecular weight of the total integral 
membrane protein is on the order of 100000 or larger 
depending on the mass of the peptide anchoring the 
protein to the lipid bilayer of the brush border mem- 
brane. It is unlikely that the 100000 protein and the 
smaller proteins obtained by proteolysis are of cytosolic 
origin. Extensive proteolysis particularly by papain 
could make the brush border membrane leaky and as a 
result, cytosolic proteins entrapped within brush border 
membrane vesicles would be released into the aqueous 
medium. The following experiments rule out this possi- 
bility. After controlled papain digestion of brush border 
membrane vesicles described in Ref. 2, the brush border 
membrane was still intact as judged from the observed 
glucose overshoot in the presence of a Na + gradient 
([Na+]¢,t~ma~ was ten times larger than [Na+]~,~em~0. 
The observation of glucose transport against a con- 
centration gradient is taken as evidence for the intact 
barrier properties of brush border membrane after 
papain digestion. Furthermore, it can be shown that 
external proteins added to brush border membrane are 
not digested by active intrinsic proteinases of this mem- 
brane. Hence, the smaller fragments identified by gel 
filtration (Fig. 3) must be the result of intrinsic pre- 
teinases cleaving integral membrane proteins. 

All three fragments separated on Sephadex G-75 SF 
catalyze phosphatidyleholine exchange between two 
populations of small unilamellar plmspholipid vesicles. 
It is not clear why protein of peak 2 (apparent molecu- 
lar weight M r ~ 22000) has little or no cholesterol ex- 
change activity. Clearly more work is required to clarify 
this question. Table I1 shows that the purification of 
supernate-proteins [5] by gel filtration and [AM-ehro- 
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matography leads to a n  active protein that is pure by 
sodium dodecyl sulfate polyacrylamide gel electrophore- 
sis. The purification factor is about 80 90, but more 
importantly each purification step leads to about the 
same increase in the specific phosphatidyleholine and 
cholesterol exchange activity. The observation that the 
two specific activities increase in parallel is interpreted 
to indicate that both activities are associated with one 
and the same protein. 

The essential step of the purification of protein ~r 
peak 3 (Fig. 3A) is lAM-ehromarography on Nuelecz~i- 
phosphatidylcholine (Fig. 4). The mechanism of this 
chromatography probably involves both affinity and 
distribution chromatography. It was shown before that 
supernate-protein(s) bind(s), both spin-labeled phospha- 
tidylcholine [2] and 3-doxyl-5a-cholestane [11. Hence, it 
is reasonable to assume that the active protein of peak 3 
binds to Nucleosil-phosphatidyleholine. This is indeed 
the case as is evident from Fig. 4. It is quite likely that 
the protein not only binds to the surface of the [AM- 
column material, but also unfolds at the wa te r /  
Nueleosil-phosphatidylehc, line interface. Hydrophobic 
domains of the protein that become exposed in the 
course of unfolding would then distribu;.., preferentially 
into the bydrophobic matrix of the Nucleosil-phospha- 
t~dyl-choline resin. Unfolding and association of hydro- 
phobic protein domains with the hydrocarbon phase of 
the column are probably irreversible processes. Such 
irreversible processes could be responsible for the low 
yield of about 30% of the phosphatidyleholine exchange 
activity recovered from the Nucleosil-phosphatidyl- 
choline column. The purification of protein of peak 3 
was achieved effectively in a single chromatographic 
step though it seems at the expense of a great loss in 
lipid exchange activity. 

Recovery of total protein was almost quantitative 
averaging at 90 + 5%. The recovery of the activity was, 
however, only approx. 30%. The actual value of protein 
recovery depends crucially on a number of factors, 
among others the total protein mass applied to the 
column and the hydrophobic-hydrophilic balance are 
important. 

We note that Nueleosil-phosphatidylcholine, synthe- 
sized in our lab, performs chromatographically similar 
to the commercially available IAM-phosphatidylcholine 
at least with regard to column seleeti~J.ty. However, with 
regard to protein recovery from the column, Nudeosil- 
phosphatidylcholine performs virtually identical to the 
commercially available IAM-phosphatidylcholine col- 
uruns (Pidgeon, C., submitted for publication). During 
the purification of cytochrome P~50,  60-90% of the 
cytochrome P-450 injected onto IAM-phosphatidyl- 
choline columns is recovered, in almost pure form, from 
a single injection. Eight forms of cytochrome P-450 
have been purified with similar results. Since only 30% 
of the cholesterol transfer protein was recovered from 
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the Nudeosi l-phosphatidylcholine column, the protein 
recovery depends on the t ype  and amount  of  injected 
protein. 

An  approximate  es t imate  o f  the apparent  molecular  
weight of the purified protein was obtalned by two 
independent methods:  polyucrylamide gel electrophorc- 
sis in sodium dodecyl sulfate and  gel  filtration on 
calibrated Sephadex G-75 SF y idded  a value" between 
12000  and 14000. The purified protein is a basic pro- 
tein with a p l  between 9.1 and 9,4. 
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