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The topological distribution of the two major phospholipids of brush-border membrane, phosphatidylcholine 
(PC) and phosphatidylethanolamine (PE), has been investigated using brush-border membrane vesicles from 
rabbit small intestine. Bee venom phospholipase A s and phosphatidyleholine exchange protein from bovine 
liver were used as membrane probes. It is shown that the brush-border membrane retains its integrity under 
conditions of phospholipase hydrolysis and intermembrane phospholipid exchange. Kinetic analysis of the 
data of phospholipase hydrolysis and phospholipid exchange at temperatures under 10 ° C shows that both PC 
and PE occur in two pools: a minor (about 25%) more readily accessible pool and a major one (about 75%) 
less readily available. The rate of PC exchange between these two pools is relatively fast. The half-time 
derived under conditions of phospholipase hydrolysis is of the order of 20 min. Under conditions of 
phospholipid exchange the exchange rates may be even faster. The difference in exchange kinetics observed 
with the two methods of probing is probably due to changes in membrane properties such as the bilayer 
fluidity induced by the probing process itself. It is proposed that the two pools represent the transverse 
distribution of the phospholipids. The two major phospholipids of brush-border membranes, PC and PE, 
would be distributed mainly on the inner (cytoplasmic) side of the brush-border membrane. The phospholipid 
exchange between the brush-border vesicles and unilamellar phosphatidylcholine vesicles in the presence of 
phosphatidylcholine exchange protein reveals that significant quantities of phospholipid are taken up by 
brush-border membrane independently, i.e., in a separate process independent of the exchange protein-cata- 
lyzed phosphatidylcholine exchange. 

Introduction 

It is now generally accepted that biological 
membranes are organized asymmetrically. Experi- 
mental evidence exists that phospholipids are dis- 
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tributed asymmetrically between the two bilayer 
halves, but frequently serious problems are en- 
countered in providing this evidence. The infor- 
mation available about the phospholipid distribu- 
tion in biological membranes is sometimes puz- 
zling and even contradictory [1-3]. One of the 
possible reasons is that phospholipid asymmetry 
may be coupled to rapid transmembrane migra- 
tion (flip-flop) of phospholipid molecules. De- 
termination of the transverse distribution of phos- 
pholipids under conditions of rapid flip-flop re- 
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quires special precautions. In studies of the topo- 
logical distribution of phospholipids the proper 
choice of the system to be studied is very im- 
portant. Obligatory requirements are not only the 
purity and homogeneity of the membrane pre- 
paration but also the integrity of the membrane 
and uniformity of the membrane orientation. 

The brush-border membrane of the small in- 
testine is a highly specialized part of the plasma 
membrane responsible for the digestive and ab- 
sorptive functions of the enterocyte. Brush-border 
membrane is easily obtainable in relative large 
amounts in a sufficiently pure state [4]. The result- 
ing brush-border vesicles are relatively homoge- 
neous with respect to size [5] and retain the origi- 
nal membrane orientation present in the entero- 
cyte to more than 90% [6]. Further, the orientation 
of the brush-border vesicle membrane appears to 
be stable and cannot be reversed even by ultra- 
sound treatment. Nevertheless, the internal mem- 
brane surface can be made accessible to protein 
through mild detergent treatment [6]. 

The hydrolytic activity and transport functions 
of the brush-border membrane have been studied 
extensively; however, the molecular organization 
of this membrane is poorly understood. Informa- 
tion about the phospholipid topology of this mem- 
brane is still lacking. The present paper is adressed 
to the question of the organization of the major 
phospholipids (PC and PE) in this membrane. 

Materials and Methods 

Vesicles of rabbit small intestinal brush-border 
membrane were prepared according to Hauser et 
al. [7]. Their properties were similar to those de- 
scribed in this reference. Brush-border vesicles 
were dispersed in buffer 1:300 mM D-mannitol/1 
mM EDTA/10  mM Tris-KOH (pH 7.5). Protein 
was determined following the Lowry procedure as 
modified by Peterson [8] with bovine serum al- 
bumin as the reference. Lipid phosphorus was 
measured by the method of Chen et al. [9]. 

Treatment of brush-border vesicles with phospholi- 
pase A 2 

Bee venom phospholipase A 2 (Apis mellifica, 
EC 3.1.1.4, specific activity 1300 units/mg) was 
isolated and purified according to Gritsuk et al. 

[11]. In a typical experiment, brush-border mem- 
branes (1.6 mg protein at 8 mg/ml)  were in- 
cubated in buffer 1 (total volume 0.2 ml) contain- 
ing 5 mM CaC12 and phospholipase A 2. The 
incubation was stopped by the addition of a 2-fold 
excess of EDTA over Ca 2+, immediately followed 
by lipid extraction according to Folch et al. [12]. 
The phospholipids were separated by two-dimen- 
sional chromatography on silica-gel microthin- 
layer plates (5 × 5 cm) according to Bergelson [13] 
(solvent systems: first dimension, chloroform/  
methanol/water ,  65 : 25 : 4 (v/v);  second dimen- 
sion, ch loroform/methanol /25% ammonium hy- 
droxide, 14 : 6 : 1 (v/v)). Lipids were stained with 
iodine vapor, scraped off the plate and analyzed 
for phosphorus [10]. Each measurement was done 
in triplicate. 

Phospholipid exchange between brush-border vesicles 
and sonicated phosphatidylcholine liposomes 

PC exchange protein (specific activity 600 
units/mg) was isolated from bovine liver accord- 
ing to Kamp et al. [14] except that the last purifi- 
cation step by gel-filtration on Sephadex G-50 was 
omitted. Donor liposomes were prepared from 
egg-yolk P C  (Lipid Products, U.K.) containing 
[N-methyl-14C]PC and traces of tri[9,10(n)-3H] 
oleoylglycerol as a marker non-exchangeable by 
PC exchange protein (both from Amersham Inter- 
national, UK). PC dispersions in buffer 1 were 
made as described before [15] and sonicated using 
a Branson sonifier (with a microtip, in a pulsed 
mode, under N 2 at 4°C for 10 min). The lipo- 
somes were centrifuged for 30 min at 27000 × g 
before use. In a typical experiment brush-border 
vesicles (0.2 mg protein, 14.5 nmol PC) were in- 
cubated with an excess of liposomes (1.2 /~mol 
PC) in the presence or absence of PC exchange 
protein in a total volume of 0.7 ml at the indicated 
temperature. Due to the about 80-fold excess of 
liposomes, the decrease in specific radioactivity of 
the liposomes during incubation was negligible. 
Incubation was stopped by cooling on ice and 
samples were centrifuged at 27 000 × g for 30 min. 
The lipids were extracted from pelleted membrane 
vesicles according to Bligh and Dyer [16]. The 3H 
radioactivity in this pellet is a measure of the 
non-specific adsorption of liposomal PC by 
brush-border vesicles, while the 14C radioactivity 



is the sum of two contributions, one due to specific 
PC exchange and the other due to non-specific PC 
adsorption. The difference between the 14C and 
3H radioactivity is a measure of the protein-cata- 
lyzed PC exchange discussed in this paper. 

Results 

Characterization and stability of brush-border 
vesicles 

Brush-border vesicles prepared as described un- 
der Materials and Methods were analyzed for 
total lipid, phospholipid, cholesterol and protein. 
The values obtained were in good agreement with 
published data [7]. Our brush-border vesicle pre- 
paration consisted of right-side-out vesicles for 
about 90% of sucrase-isomaltase was released by 
papain treatment. No latency of the sucrase activ- 
ity was detected with 1% Triton X-100. The integr- 
ity of the brush-border vesicle membrane was 
checked by measuring the ability of the vesicles to 
accumulate and retain D - [ 3 H ] g l u c o s e  [4]. Further- 
more, the inaccessibility of actin on the inner 
membrane surface to trypsin was taken as a crite- 
rion for membrane integrity (see below). 
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Treatment of brush-border vesicles with bee venom 
phospholipase A 2 

It has been reported that small intestinal epi- 
thelium contains endogenous phospholipase A and 
B activity [18-21]. Part of this phospholipase ac- 
tivity of rat small intestine has been shown to be 
localized in the microvillus membrane [22]. Since 
endogenous phospholipase could interfere with the 
interpretation of the results of phospholipase 
probing, we first determined the phospholipase 
activity in our brush-border vesicle preparation. 
Prolonged incubation of brush-border membrane 
at 37°C was accompanied by significant phos- 
pholipid degradation. The lipid primarily affected 
was PE; 80% of the total PE was degraded after 
incubation at 37°C for 15 h. That this degrada- 
tion did not lead to disruption of brush-border 
vesicles could be shown by repeated sedimentation 
and redispersion of brush-border vesicles after the 
incubation. Practically all the remaining phos- 
pholipid, cholesterol and membrane protein sedi- 
mented with brush-border vesicles. At shorter 
incubation times and lower temperatures the ex- 
tent of degradation was significantly decreased, 
even in the presence of Ca 2+. 

As can be seen from Table I, the PC and PE 

TABLE I 

EFFECT OF ENDOGENOUS PHOSPHOLIPASES ON INTACT AND PARTIALLY HYDROLYZED BRUSH-BORDER 
VESICLES 

Brush-border vesicles (8 mg protein/ml;  total sample volume 0.2 ml) were incubated at 30°C for various periods of time with and 
without added Ca 2+ and phospholipase A 2 (PLase A 2) and the PC, PE, lyso-PC (LPC) and lyso-PE (LPE) content determined as 
described under Materials and Methods. All measurements were made in triplicate. 

Conditions Time of Content (% of total phospholipid) 

incubation PC LPC PC + PE LPE PE + 
(min) LPC LPE 

Brush-border vesicles (control) 

Brush-border vesicles + Ca 2 + (5 mM) 

Brush-border vesicles + PLase A 2 (0.4/L g) 
+ C a  2+ (5 raM) 

0 31.5 3.9 35.4 38.9 4.1 43.0 
20 32.0 3.0 35.0 38.1 3.5 41.6 
45 31.5 3.0 34.5 39.4 3.9 43.3 

0 32.7 2.0 34.7 38.6 3.3 41.9 
20 32.2 2.0 34.1 32.9 6.6 39.5 
45 32.6 3.8 36.4 31.3 9.6 40.9 

0 32.2 2.2 34.4 38.3 4.6 42.9 
20 17.2 13.8 31.0 23.1 19.5 42.6 
45 16.8 15.6 32.4 15.2 26.3 41.5 
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c o n t e n t  as wel l  as the  c o n t e n t  o f  the i r  lyso-de r iva -  

rives d id  p rac t i ca l ly  no t  change  d u r i n g  i n c u b a t i o n  

o f  b r u s h - b o r d e r  vesicles  at 3 0 ° C  and  p H  7.5 for  

45 min .  In  the  p re sence  o f  5 m M  Ca  2+ the c o n t e n t  

of  PC  and  ly so -PC r e m a i n e d  cons tan t ,  whe reas  a 
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Fig. 1. (A) Hydrolysis of phospbolipids in brush-border vesicles 
(8 mg protein/ml) as a function of increasing concentrations 
of phospholipase A 2 from bee venom. The hydrolysis of the 
two major phospholipids, phosphatidylcholine (PC) and phos- 
phatidylethanolamine (PE), is expressed as a percentage of the 
initial PC and PE content, respectively. The hydrolysis was 
carried out in a sample volume of 0.2 ml for 10 rain at 30°C. 
Each point is the mean of three measurements. (B) Kinetics of 
phospholipid hydrolysis in brush-border vesicles (8 mg pro- 
tein/ml) treated with phospholipase A 2 (2 ~g/ml) from bee 
venom at 30°C. Each point is the mean of three measure- 
ments, the standard deviation is given by the size of the 
symbols. For comparison, brush-border vesicles (8 mg pro- 
tein/ml) were incubated with 0.2% deoxycholate and phos- 
pholipase A 2 (2 ~g/ml) for 10 rain at 0°C (no Ca 2+ present, 
total sample volume 0.2 ml). Phospholipase A 2 was then 
activated by the addition of 7.5 mM CaC12 and raising the 
temperature to 30°C. At the same time deoxycholate was 
precipitated by Ca 2+. The hydrolysis was stopped after 10 rain 
and the quantity of PC and PE that was hydrolyzed under 
these conditions was determined (+deoxycholate is the aver- 
age of two measurements). 

smal l  dec rease  in PE  c o n t e n t  and  a c o n c o m i t a n t  

inc rease  in l y s o - P E  c o n t e n t  were  obse rved  u n d e r  

these  cond i t ions .  In  cont ras t ,  in the  p re sence  of  

e x o g e n o u s  bee  v e n o m  p h o s p h o l i p a s e  A 2 and  Ca  2* 

at  p H  7.5 and  3 0 ° C ,  a b o u t  50% PC and  60% PE 

w e r e  h y d r o l y z e d  in 45 min.  T h e  r e d u c t i o n  in the 

PC  and  PE  c o n t e n t  was a c c o m p a n i e d  by  a cor re -  

s p o n d i n g  increase  in l y s o p h o s p h o l i p i d  con ten t .  

T h e  sum of  P C  a n d  lyso -PC and  the sum of  PE  

a n d  l y so -PE  r e m a i n e d  c o n s t a n t  w i th in  the  e r ro r  of  

the  m e a s u r e m e n t .  S imi la r  obse rva t i ons  were  m a d e  

w h e n  b r u s h - b o r d e r  vesicles  were  t rea ted  wi th  

p h o s p h o l i p a s e  A 2 at  4 ° C. 

T h e  d e p e n d e n c e  o f  the  ex ten t  o f  hydro lys i s  on 

the  p h o s p h o l i p a s e  A 2 c o n c e n t r a t i o n  (Fig.  1A) and  

t i m e  (Fig.  1B) shows  tha t  PC  a n d  PE  are  hyd ro -  

lyzed  to a p p r o x i m a t e l y  the s a m e  extent .  In the 

p r e sence  o f  deoxycho l a t e ,  that  was  shown  to dis- 

r u p t  the b r u s h - b o r d e r  ves ic le  m e m b r a n e  [6,17,23] 

the  access ib i l i ty  of  p h o s p h o l i p i d s  to p h o s p h o l i p a s e  

A 2 was  s ign i f i can t ly  inc reased  (Fig.  1B). 
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Fig. 2. (A) Kinetics of phospholipid (PC and PE) hydrolysis in 
brush-border vesicles (8 mg protein/ml) in the presence of 
p h o s p h o l i p a s e  A 2 (2  /Lg/ml) from bee venom at 30°C. The 
data in Fig. 1B are plotted in a semi-logarithmic form of 
unhydrolyzed lipid (%) remaining in brush-border vesicles vs. 
time (min). (B) Hydrolysis of PC and PE in brush-border 
vesicles (8 mg protein/ml) in the presence of 6 ktg/ml phos- 
pholipase A 2 (total sample volume 0.2 ml) at 4°C. Each data 
point in (A) and (B) is the average of two experiments. 



The semi-logarithmic plots shown in Fig. 2 
reveal the biphasic character of the hydrolysis 
process at 30 and 4 ° C, respectively. This indicates 
that both PC and PE are distributed (in the 
brush-border vesicle membrane) between two 
pools differing in their accessibility to phospholi- 
pase A 2. Extrapolation of the straight-line portion 
in Fig. 2 to zero time gives a rough estimate of the 
phospholipid fraction undergoing rapid hydroly- 
sis. Approx. 20-25% of both PC and PE are 
cleaved rapidly by phospholipase A2 whereas the 
rest is hydrolyzed at a considerably lower rate. It 
should be noted that as a result of deoxycholate 
treatment the less accessible pool was eliminated 
and the rate of hydrolysis became similar to that 
of the easily available phospholipid pool in intact 
brush-border vesicle membranes (dotted line, Fig. 
2A). 

Exchange of PC between brush-border vesicles and 
sonicated egg PC liposomes 

It was shown previously [24] that the brush- 
border vesicle membrane is capable of incorporat- 
ing significant amounts of [14C] phosphatidylcho- 
line from sonicated liposomes in the presence of 
PC exchange protein. In order to establish whether 
the incorporation resulted from the net transfer of 
PC from liposomes to brush-border vesicles or 
from molecular exchange of phospholipid mole- 
cules between donor and acceptor membranes, the 
following experiments were performed. Brush- 
border vesicles were incubated with an excess of 
sonicated labeled PC liposomes (liposomal P C /  
brush-border membrane PC, 80:1,  mole ratio) in 
the presence and absence of PC exchange protein 
at 37°C for 2 h. The brush-border vesicles were 
then separated from the liposomes by centrifuga- 
tion. The amount of liposomal PC transferred to 
brush-border vesicle membrane by PC exchange 
protein was obtained after correcting for the non- 
specific adsorption of PC. The PC exchange pro- 
tein-catalyzed PC exchange was 98 _+ 4% of the 
inital PC present in brush-border vesicles. Further 
and importantly, the specific radioactivity of PC 
in brush-border vesicles was 96 _+ 6% of that pre- 
sent in liposomes. If the incorporation of PC into 
the brush-border vesicle membrane was due to net 
transfer, then the maximum specific radioactivity 
of the PC fraction of brush-border vesicles would 
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have been one-half of the initial specific radioac- 
tivity in the liposomes due to dilution of the 
labelled PC molecules with non-labeled ones from 
the brush-border membrane. Since the final maxi- 
mum specific radioactivity was 96 + 6%, no such 
dilution was observed; incorporation of labelled 
PC into brush-border vesicles must have pro- 
ceeded with the removal of an equal amount of 
non-labelled PC molecules from brush-border 
vesicles. That the PC exchange protein-mediated 
exchange is specific for PC and is characterized by 
a 1 : 1 stoichiometry was also confirmed by phos- 
pholipid analysis of brush-border vesicles after 
exchange. It was found that the content of three 
major brush-border vesicle phospholipids, PC, PE 
and sphingomyelin, determined after PC exchange 
and after correction for non-specific adsorption of 
PC, was identical within the experimental error to 
that of untreated brush-border vesicles. Thus the 
data obtained show that protein catalyzed incor- 
poration of [14C]PC into the brush-border mem- 
brane results from a specific one-to-one exchange 
and not from net transfer of PC molecules. It is 
important to note that only PC was exchanged by 
the protein; other phospholipids of the brush- 
border vesicle membrane did not participate in the 
exchange process. 

Kinetics of the PC exchange between brush-border 
vesicles and liposomes 

The kinetics of the protein-mediated PC ex- 
change are shown in Fig. 3. At 37 ° C and 27 o C all 
PC in the brush-border vesicle membrane is read- 
ily accessible and rapidly exchanged at rates de- 
pendent on the PC exchange protein concentra- 
tion. At 17°C the exchange rate is considerably 
reduced compared to 27°C, even though more 
than twice as much PC exchange protein was 
used. Decreasing the temperature further pro- 
duced a marked decrease in the exchange rate. 
Similar to the data at 17 and 27°C, the data at 10 
and 4°C can be readily fitted by a linear regres- 
sion analysis. However, in contrast to the experi- 
ments at higher temperatures, the linear relation- 
ships at 10 and 4°C do not extrapolate to 100% at 
time zero but to about 75% (Fig. 3). This may be 
interpreted in terms of biphasic exchange kinetics 
observable only at temperatures under about 
10°C. The results at low temperatures (no higher 
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than 10°C) would then be consistent with PC of 
the brush-border vesicle membrane being distrib- 
uted between two pools with different accessibility 
for PC exchange protein. It is noteworthy that the 
pattern of the PC distribution is very close to that 
deduced from phospholipase A 2 probing: only 
about 25% of PC belongs to the easily available 
pool, whereas the major part (75%) is present in 
the less available pool (cf. Figs. 2 and 3). How- 
ever, the finding that all PC is exchangeable with 
PC exchange protein at 17°C is at variance with 
the phospholipase A 2 results (cf. Figs. 2 and 3). 
This could be due to differences in experimental 
conditions. The hydrolysis by phospholipase A 2 
requires Ca 2+, which was not present in the ex- 
change experiment. Furthermore, incubation of 
brush-border vesicles with excess PC liposomes 
could lead to cholesterol depletion of the brush- 
border membrane [25]. Both Ca 2+ and cholesterol 
are known to influence the phospholipid dynamics 
[26-28] and could possibly account for the ob- 
served difference. In order to shed light on this 
question, the phospholipid exchange was carried 
out under the same conditions as the phospholi- 
pase hydrolysis, i.e., in the presence of 5 mM 
Ca 2+. In addition, the exchange experiments were 
performed with an excess of liposomes containing 
PC and cholesterol in a ratio of 9 : 1 (by weight), 
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Fig. 3. Kinetics of PC exchange between brush-border vesicles 
and PC liposomes in the presence of phosphatidylcholine 
exchange protein. Brush-border vesicles (0.29 mg prote in/ml;  
total sample volume 0.7 ml) were incubated with sonicated PC 
liposomes (1.7 mM) in the presence of 15 /~g PC at 27°C and 
37°C,  36/Lg PC exchange protein at 17°C, 23 ~g PC exchange 
protein at 10°C and 45 /Lg exchange protein at 4°C.  The PC 
exchange was measured as a function of time as described 
under Materials and Methods. The data are corrected for 
non-specific adsorption by PC by brush-border vesicles. 

corresponding to the total content of cholesterol 
in the brush-border vesicle membrane [7]. No dif- 
ference in the exchange kinetics was observed in 
the presence or absence of 5 mM Ca 2+ and when 
the exchange was carried out with either PC lipo- 
somes or PC/cholesterol  liposomes, Hence, the 
presence of cholesterol in PC liposomes and of 
Ca 2+ in the medium cannot account for the ob- 
served differences. 

In another series of experiments, brush-border 
vesicles were treated first with phospholipase A 2 
for 10 min at 30°C. As indicated in Fig. 4, this 
treatment resulted in the hydrolysis of about 30% 
of PC. The hydrolysis was stopped by adding 10 
mM EDTA, and the partially hydrolyzed brush- 
border vesicle membrane was incubated with an 
excess of sonicated PC vesicles in the presence of 
PC exchange protein. Control experiments were 
carried out under identical conditions except that 
phospholipase A 2 treatment was omitted. Fig. 4 
shows that the PC exchange rate after phospholi- 
pase A 2 treatment is markedly reduced compared 
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Fig. 4. PC exchange between PC liposomes and brush-border 
vesicles after partial hydrolysis of the brush border membrane 
phospholipids by phospholipase A 2. Brush-border vesicles (8 
mg protein/ml ,  total sample volume 0.2 ml) were incubated 
with 2 ~g phospholipase A 2 from bee venom and 5 mM CaCI 2 
at 3 0 ° C  for 10 min. This treatment (see arrow) resulted in the 
hydrolysis of about 30% each of PC and PE. After 10 min the 
hydrolysis was stopped by adding EDTA (10 mM). Aliquots of 
the reaction mixture (containing 0.2 mg protein) were incubated 
with excess liposomes (1.7 mM) in the presence of 15 /~g PC 
exchange protein (total volume 0.7 ml), The PC-exchange was 
measured at 30°C  as a function of time (m). in a control 
experiment (O)  the PC exchange was measured between 
untreated brush-border vesicles and PC liposomes under other- 
wise identical conditions. Each data point is the average of two 
measurements.  



to the control. A similar result was reported for 
rat liver microsomal membranes [33]. After phos- 
p h o l i p a s e  A 2 treatment, the rate of PC exchange 
between the microsomal and sonicated egg PC 
vesicles in the presence of PC exchange protein 
was significantly reduced. 

Retention of the integrity of the brush-border vesicle 
membrane under the conditions of phospholipase A 2 
hydrolysis and intermembrane phospholipid ex- 
change 

When elucidating the topological distribution 
of phospholipids it is important to know whether 
the membrane integrity and the permeability bar- 
rier of the membrane are maintained throughout 
the phospholipase treatment and phospholipid ex- 
change. Since it is difficult to measure directly the 
diffusion of phospholipase A 2 across the brush- 
border membrane, we measured the permeability 
of brush-border vesicles to trypsin, the molecular 
weight of which (M r = 23 800) is close to that of 
the bee venom phospholipase A 2 ( m r =  2 0 0 0 0 ;  

[29]). Trypsin was used earlier [6,23] to monitor 
the intactness of brush-border vesicles; this assay 
is based on the digestion of the cytoskeletal pro- 
tein actin which in intact brush-border vesicles is 
not accessible to trypsin. Fig. 5 shows the effect of 
trypsin on brush-border vesicles treated with 
phospholipase A 2. The SDS-polyacrylamide gel 
electrophoresis of intact brush-border vesicles is 
shown as a control in lane A. Incubation of 
brush-border vesicles with trypsin had no visible 
effect on the protein pattern (lane B) while trypsin 
in the presence of Triton X-100 at concentrations 
known to disrupt the membrane, almost com- 
pletely digested actin (lane F, see arrow). Phos- 
pholipase treatment of brush-border vesicles did 
not activate any endogenous proteolytic enzyme(s) 
(lane C) and the subsequent addition of trypsin 
did not reduce the intensity of the actin band 
(lane D). We conclude that even extensive hydrol- 
ysis of the phospholipids (up to 50%) in brush- 
border vesicles does not disrupt the membrane 
and that the inner membrane surface most prob- 
ably remains inaccessible to phospholipase A 2. 
The effect of phospholipase A 2 treatment on the 
permeability of the brush-border vesicle mem- 
brane was also checked. For this purpose the 
ability of brush-border vesicles to accumulate and 
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retain o-glucose in their inner space was used [4]. 
The membrane vesicles were equilibrated with D- 
[3H]glucose at 37°C for 1 h and after treatment 

A B C D E F 

Fig. 5. Determination of membrane integrity of brush-border 
vesicles after phospholipase A 2 treatment. The membrane 
integrity was monitored by measuring the accessibility to tryp- 
sin of the cytoplsmic protein actin (arrows). Sample A (con- 
trol): brush-border vesicles (8 mg pro te in /mE total sample 
volume 0.2 ml) in buffer containing 5 m M  CaCI 2 were incubated 
at 30°C  for 15 min (lane A). Sample B: an aliquot of sample A 
(control) was cooled to room temperature and trypsin (0.15 
m g / m l )  was added. After 20 min incubation at room tempera- 
ture, SDS (final concentration 2%, w/v)  and mercaptoethanol 
(final concentration 5%, v /v)  were added followed by boiling 
for 2 rain (lane B). Samples C and D: aliquots of sample A 
were incubated with phosholipase A 2 (2 ~g /ml )  for 15 min: 
about half of the membrane PC and PE was hydrolyzed by this 
treatment. The hydrolysis was stopped by adding EDTA to a 
final concentration of 25 mM. Both samples were cooled to 
room temperature and to sample D trypsin was added (0.15 
m g / m l )  and the sample treated as sample B (lane D). Sample 
C is as sample D except for the trypsin treatment (lane C). 
Samples E and F were treated as samples C and D except that 
both E and F contained 0.4% Triton X-100. Sample E: brush- 
border vesicles treated with phospholipase A 2 in the presence 
of 0.4% Triton X-100 (lane E); sample F: brush-border vesicles 
treated with phospholipase A 2 and trypsin in the presence of 
0.4% Triton X-100 (lane F). The SDS-polyacrylamide gel elec- 
trophoresis (gel 8.4 × 2.7) was carried out according to Ref. 30. 
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with phospholipase A 2 the o-[3H]glucose con- 
tained within the brush-border vesicles was mea- 
sured by rapid filtration. Table II gives the glucose 
retention of brush-border vesicles before and after 
p h o s p h o l i p a s e  A 2 treatment. The amount of D- 
glucose retained is reduced by about 50% com- 
pared to untreated vesicles, indicating that the 
accumulation of the hydrolysis products (lyso- 
phospholipids and fatty acids) render the 
brush-border vesicle membrane more permeable 
to small molecules like glucose. To check the 
brush-border vesicle membrane integrity under the 

TABLE II 

o-GLUCOSE RETENTION BY BRUSH-BORDER VES- 
ICLES TREATED WITH PHOSPHOLIPASE A 2 AND 
AFTER EXTENSIVE EXCHANGE OF PC BETWEEN PC 
LIPOSOMES AND BRUSH-BORDER VESICLES 

Incubation of brush-border o-[3 H] Glucose 
vesicles - additions retention 

None (control) a 100_+ 5 
+ 5 mM Ca 2 + b 107 + 8 

+phospholipase A 2 and 5 mM Ca 2+ 56_+ 6 

+ PC liposomes c 117 _+ 17 
+ PC exchange protein 101 _+ 3 
+ PC liposomes and PC 

exchange protein 106 +_ 21 

a Control: Brush-border membrane vesicles were equilibrated 
with D-[3H]glucose (1-2 mM) for 90 min in buffer 1 at 
37°C. 

b Control: Aliquots of 1.6 mg protein in 0.2 ml were incubated 
with 5 mM CaCI 2 in the absence and presence of phos- 
pholipase A 2 (0.4 ~g) for 10 min at 30°C. This treatment 
resulted in the hydrolysis of 30-40% each of PC and PE. 
Aliquots of 50 ~g protein were finally diluted with 3.5 vol. of 
cold 0.15 M NaC1 and immediately filtered through cellulose 
nitrate filters (Sartorius, GiSttingen, F.R.G.; 0.65 #m nomi- 
nal pore diameter) as described by Kessler et al. [4]. The 
amount of radioactivity retained by brush-border vesicles on 
the filter was determined; the radioactivity associated with 
brush-border vesicles in the absence of Ca 2~ and phos- 
pholipase A 2 was taken as 100%. Results are presented as the 
mean +_ S.D. of three measurements. 
Aliquots containing 0.2 mg protein were incubated with 
liposomes (1.7 mM), or with PC exchange protein (8 /~g) or 
both in a total volume of 0.7 ml. Immediately after mixing 
and after 1 h at 37°C, aliquots containing 50 /~g protein 
were diluted with 3.5 vol. of cold 0.15 M NaC1 and filtered 
as described above. The values are the average+ S.D. of six 
experiments. 

conditions of PC exchange the same assay was 
used. The retention of radioactive D-glucose by 
brush-border vesicles was measured before and 
after incubation with PC liposomes and PC ex- 
change protein. The results are summarized in 
Table II. Neither liposomes nor PC exchange pro- 
tein enhanced the permeability of brush-border 
vesicle membrane for D-[3H]glucose. The content 
of radiolabelled glucose in the brush-border 
vesicles did not decrease during the simultaneous 
incubation with liposomes and PC exchange pro- 
tein. During this incubation 90% of the PC of 
brush-border vesicles was exchanged. These ex- 
periments indicate that the integrity of the 
brush-border membrane was not affected during 
the intermembrane phospholipid exchange. Thus, 
the experiments described above demonstrate that 
under the conditions of phospholipid exchange 
and phospholipase hydrolysis, the brush-border 
vesicle membranes do not become leaky to pro- 
teins: the inner surface of the brush-border vesicle 
membrane appears to be inaccessible to both 
phospholipase A 2 and PC exchange protein. 

Discussion 

Probing with phospholipase A 2 
The main conclusion from the phospholipase 

A 2 experiment is that PC and PE are distributed 
in the brush-border vesicle membrane between 
two pools differing by their accessibility to the 
probing reagents. The phospholipid hydrolysis by 
phospholipase A 2 may be described by a kinetic 
model of two pools between which exchange of 
phospholipids occurs (see Appendix, Fig. 6). Using 
this two-pool model the biphasic curves (Fig. 2) 
can be fitted by the sum of two exponentials: 

(% unhydrolyzed lipid) = K 1 e g,t + K2 e g2t 

referring in turn to the fast and the slow phases of 
the probing process. The size of the two phos- 
pholipid pools and the rate constants derived from 
the constants K 1, K 2, gl, g2 (Table III) as de- 
scribed by Bloj and Zilversmit [31] are sum- 
marized in Table IV. The following conclusions 
can be drawn: (i) PC and PE of the brush-border 
vesicle membrane are distributed in this mem- 
brane in a similar way. (ii) The major fraction of 
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TABLE III 

KINETIC ANALYSIS OF PHOSPHOLIPID HYDROLYSIS I N D U C E D  BY PHOSPHOLIPASE A 2 IN BRUSH-BORDER 
VESICLES 

Values for K and g were derived from approximating the experimental curves (Fig. 2) by the sum of two exponentials. 

Phospholipid Temp. Kl K2 gl (h 1) g2 (h l) 
hydrolyzed ( ° C) 

PC 30 0.26 -+ 0.01 0.75 _+ 0.01 25 + 6 0.64 _+ 0.04 
PE 30 0.24 _+ 0.02 0.76 + 0.02 27 +_ 6 0.66 + 0.05 
PC 4 0.18_+0.01 0.82_+0.03 15+ 6 0.41 _+0.05 
PE 4 0.19_+0.01 0.81 +0.03 25+_ 10 0.71 +0.06 

these phospholipids (about 75%) is located in the 
less accessible pool, whereas the remaining 25% 
are in the readily accessible pool. (iii) The pattern 
of phospholipid distribution is not particularly 
sensitive to temperatures between 4 and 30 ° C. (iv) 
The rate of exchange of PC between the two pools 
of the brush-border membrane is characterized by 
half-times of about 20 min. In this context it is 
interesting to note that Bloj and Zilversmit [25] 
demonstrated that cholesterol of brush-border 
membrane also exists in two pools: one of about 
30% which is readily accessible to oxidation in the 
presence of cholesterol oxidase and a major one of 
about 70% less readily accessible to this enzyme. 
The values for the sizes of the two cholesterol 
pools are close to those derived for PC and PE (cf. 
Table IV). Whatever the assignment of these two 
pools may be, it is interesting that the distribution 
of cholesterol in brush-border membrane seems to 
follow that of the major phospholipids (PC and 
PE). 

Assignment of the two phospholipid pools in 
brush-border membrane 

Considering the origin of the two phospholipid 
pools the following observations are pertinent: (i) 
The pattern of the phospholipid distribution is not 
particularly sensitive to temperatures between 4 
and 30°C. It was shown by differential scanning 
calorimetry that the lipids in brush-border mem- 
brane undergo a broad reversible phase transition 
in this temperature range. The assignment of the 
two phospholipid pools to different lipid phases 
can be ruled out. In this case the size of the pools 
is expected to be sensitive to temperatures be- 
tween 4 and 30°C. (ii) The integrity of the 
brush-border membrane was maintained under the 
conditions of phospholipase hydrolysis and phos- 
pholipid exchange at least to the extent that the 
membrane does not become permeable to pro- 
teins. (iii) The less accessible pools of PC and PE 
became available to phospholipase A 2 after de- 
oxycholate treatment of the brush-border mem- 

TABLE IV 

KINETIC PARAMETERS FOR THE HYDROLYSIS OF PC A N D  PE OF B R U S H - B O R D E R  VESICLES IN THE PRESENCE 
OF PHOSPHOLIPASE A2 

Experiment Phospho- Temp. Pool size (%) Rate constants (h 1) Half-time 

lipid ( o C) a a b k 0 k ab k ba (tl/2)(min) h 

Phospholipid PC 30 30_+2 7 0 + 2  2 3 + 6  0.69_+0.04 1.6_+0.2 18 
hydrolysis PC 4 23_+4 77+_4 13+_5 0.46+_0.05 1.6+0.5 ,20 

PE 30 28_+3 72+-3 25+-6 0.72+_0.05 1.9+0.4 16 
PE 4 24+_4 76+_3 23_+9 0.80+0.05 2.6_+0.8 12 

a a, readily accessible pool: b, less accessible pool. 
b Half-time for phospholipid flip-flop between pool b and a. Half-times were calculated according to Bloj and Zilversmit [31]. 
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brane. This treatment has been shown to render 
brush-border vesicles permeable to proteins 
without solubilizing the membrane [6,23]. (iv) The 
PC exchange at low temperatures (under 10°C) 
suggests that PC exchange protein senses two pools 
of PC in brush-border membrane. The size of the 
two pools derived from the PC exchange is in 
good agreement with values derived from phos- 
pholipase A 2 probing. This is remarkable con- 
sidering that not only the two methods of probing 
are basically different but also their experimental 
conditions. Taking all the evidence discussed above 
together, it is tempting to assign the less accessible 
phospholipid pool to the inner (cytoplasmic) side 
of the membrane and the readily available pool to 
the external membrane surface, exposed in vivo to 
the lumen of the small intestine. Shielding of the 
less accessible phospholipid pool by other mem- 
brane components would be difficult to reconcile 
with the finding that all endogenous PC is accessi- 
ble to PC exchange protein at temperatures of at 
least 17°C. However, despite all the blank experi- 
ments carried out, we still cannot rule out the 
possibility that intrinsic phospholipases are acti- 
vated in the presence of externally added phos- 
pholipase. If such an activation takes place, rela- 
tive hydrolytic rates would be difficult to predict. 
On the other hand, the Langmuir-type curves pre- 
sented in Fig. 1 do not support the activation of 
intrinsic phospholipases by externally added phos- 
pholipase. In case of such an activation sigmoidal 
curves characteristic of cooperative phenomena 
are predicted. Certainly more experimental work 
is required; probably studying the topological dis- 
tribution of the negatively charged phospholipids 
and glycolipids may be useful and would help in 
solving the problem. The assignment of the two 
pools to the two membrane halves would imply 
that the distribution of the major phospholipids, 
PC and PE, is highly asymmetric, with a predomi- 
nance on the cytoplasmic side. This would be 
remarkable, because it is different from other 
plasma membranes, e.g., the erythrocyte mem- 
brane [32]. In this context, it is interesting to note 
that an asymmetric lipid distribution was pro- 
posed for pig brush-border membrane (Patton, 
J.S., personal communication). Based on molecu- 
lar packing considerations it was concluded that 
the outer leaflet of brush-border membrane is 

poor in glycerophospholipids and enriched in 
glyco- and sphingolipids, whereas glycerolipids oc- 
cur predominantly on the cytoplasmic side. 

Probing with PC exchange protein 
The PC exchange between sonicated PC lipo- 

somes and brush-border vesicles in the presence of 
PC exchange protein is difficult to interpret for 
several reasons. One major problem arises from 
the non-specific lipid adsorption by brush-border 
membrane. A measure of this is the amount of 
3H-labelled triolein associated with brush-border 
membrane. Evidence for non-specific adsorption 
is the fact that the 3H radioactivity measured in 
brush-border vesicles was the same regardless of 
whether they were incubated with liposomes in the 
presence or absence of PC exchange protein. We 
conclude, therefore, that the triolein uptake repre- 
sents the lipid adsorption which is not catalyzed 
by PC exchange protein. Furthermore, under con- 
ditions of extensive PC exchange, (i.e., in the 
presence of a large excess of PC liposomes, suffi- 
cient PC exchange protein and with long incuba- 
tion times) the amount of PC exchanged ap- 
proached a limiting value which was identical to 
the amount of endogenous PC. In contrast, the PC 
non-specifically adsorbed appeared to increase 
continuously with increasing ratio liposomal P C /  
brush-border vesicle PC (see discussion below). 
Thus, non-specific lipid adsorption and specific, 
PC exchange protein-catalyzed PC exchange ap- 
pear to be independent processes which, however, 
may affect each other indirectly (see below). 

The contribution from non-specific adsorption 
depends on the experimental conditions. It was 
found [36] that it increased with the l iposome/ 
brush-border vesicle ratio. If equal amounts of 
liposomes and brush-border vesicles (referred to 
the PC content of brush-border vesicles) were 
incubated, less than 10% of the brush-border ves- 
icle PC originated from liposomes. In contrast, if 
brush-border vesicles were incubated with a 100- 
fold excess of liposomal PC for several hours, 
50-60% of the brush-border membrane PC was of 
liposomal origin. Under the conditions of exten- 
sive PC exchange, the contribution from non- 
specific lipid adsorption is therefore hardly trivial 
and a correction for PC adsorbed by this mecha- 
nism becomes essential. It should be stressed that 



with this correction the amount of PC exchanged 
in the presence of PC exchange protein could be 
determined sufficiently accurately even in un- 
favourable cases where the contribution from the 
non-specific lipid adsorption was of the order of 
50%. 

The mechanism of non-specific lipid adsorption 
remains unclear. What is, however, clear is that 
the lipid adsorbed is firmly associated with the 
brush-border membrane. It cannot be removed 
from the membrane by repeated sedimentation 
and redispersion of brush-border vesicles or by 
density gradient centrifugation [36]. In view of the 
amount of lipid adsorbed by this mechanism, the 
term non-specific seems inappropriate. On the 
other hand, the process may be of physiological 
importance and warrants a separate investigation 
and an examination as to its physiological rele- 
vance. The ability of brush-border vesicles to ad- 
sorb different lipids from aqueous dispersions has 
been reported earlier from different laboratories 
[34-36]. It is also clear that, although lipid adsorp- 
tion and PC exchange protein-catalyzed PC ex- 
change may be independent processes, incorpora- 
tion of exogenous PC into the brush-border mem- 
brane will affect membrane properties such as the 
membrane fluidity [17,36], which in turn may af- 
fect the PC exchange. Therefore, the PC exchange 
data must be interpreted cautiously. 

With the proposed assignment of the two phos- 
pholipid pools to different membrane surfaces, the 
exchange rate between these two pools becomes 
the membrane flip-flop rate. The values estimated 
from the phospholipase experiment are relatively 
high (with half-times of about 20 min) compared 
to other plasma membranes [37]. It has been 
pointed out that the exchange kinetics at 17 ° C are 
monophasic. Hence, under these conditions the 
PC flip-flop cannot be rate-limiting and is prob- 
ably even much faster than under conditions of 
phospholipid hydrolysis. Control experiments 
showed that the difference in rate constants can- 
not be attributed to differences in the experimen- 
tal conditions of probing with phospholipase A 2 
and PC exchange protein. Experiments shown in 
Fig. 4 indicate that the exchange rate was reduced 
after partial phospholipid hydrolysis. This is prob- 
ably due to changes in the lipid composition re- 
sulting from the partial hydrolysis of the mem- 

97 

brane phospholipids. The question whether or not 
the observed exchange rates indeed represent flip- 
flop rates remains unanswered and awaits further 
experimentation. Still, even if the assignment of 
the two pools turns out to be correct, the rate 
constants derived from either probing methods 
can hardly be regarded as intrinsic in the light of 
the extensive modification of the bilayer proper- 
ties brought about by these probing procedures. 
Furthermoe, any stable asymmetric distribution of 
the phospholipids would then have to be recon- 
ciled with supposedly high flip-flop rates. 

In summary, the work presented here demon- 
strates the difficulties encountered in studying the 
topological distribution of phospholipid using 
phospholipase A 2 and PC exchange protein as 
membrane probes with such a highly specific and 
functionally active membrane as the brush-border 
membrane. Besselaar et al. [33] have reported sim- 
ilar difficulties, probing the distribution of PC in 
rat liver microsomal membranes using phos- 
pholipase A 2 and PC exchange protein. One diffi- 
culty arises from the presence of intrinsic lipases 
and hydrolases in general; their activity is subject 
to control mechanisms that are presently not un- 
derstood. Secondly, the probing based on phos- 
pholipid exchange in the presence of PC exchange 
protein is hampered by the ability of brush-border 
membrane to take up phospholipids readily from 
exogenous sources. As a result the intrinsic bilayer 
properties may be modified. Furthermore, at- 
tempts to verify the possible asymmetric distribu- 
tion of phospholipids in brush-border membrane 
by chemical labelling methods failed for reasons 
elaborated on previously [38]. It was shown that 
labels of low molecular weight (under 700) con- 
sidered to  be impermeant to other plasma mem- 
branes readily permeate across the brush-border 
membrane, interacting with actin, a protein located 
on the cytoplasmic side of brush-border vesicles. 
The explanation given for this behaviour was [38] 
that a large fraction of brush-border vesicles is 
unsealed or at least leaky to low molecular weight 
compounds. Future studies will have to be ad- 
dressed to these problems before information on 
the topology and dynamics of lipids in brush- 
border membrane can be obtained. 
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Appendix 

The kinetic analysis of  the curves in Fig. 2 is 
based on the two-pool model shown in Fig. 6. The 
differential equations describing the changes in 
PC or PE concentration in the two pools are 

d q , , / d t  = kahqb  -- khaqa - k o q  a = k a h q h - -  k~a (1) 

d q b / d t  = kbaq~ -- kabqb (2) 

kaa = k 0 + kba 

where qa and qb are the PC (PE) concentrations 
in pool a and b, respectively, and k are rate 
constants are shown in Fig. 6. Integration of eqs. 1 
and 2 is carried out by Laplace transformation 
[39]: 

q~, /q t  = k a b - - (  q ' ~ ' o / q t ) g '  e -*:"  + k " b - - (  q a ' ° / q t ) g 2  e g2t 

g', - gl gl - g2 

q b / q t  

(3) 

kba + ( q h ' o / q t ) ( k ° - - g ' )  e ~'' 

g2 -- gl 

k b ,  + ( q h , o / q t ) ( k o - g 2 )  e -X2 ,  + (4) 
gl - g2 

where q~,o and q b , 0  a r e  PC (PE) concentrations at 
t = 0 in pool a and b, respectively, and qt = qa.o + 
qb,o. Addition of Eqns. 3 and 4 yields the fraction 
(qa + qb) /q ,  of the total PC (PE) remaining in 
both pools (a + b) at time t. The fraction is de- 

ra< l 
] kab I 

'n I 

Fig. 6. Two-pool model for the hydrolysis of PC by phos- 
pholipase A2: a = readily accessible pool (25%); b = less acces- 
sible pool (75%). 

termined experimentally as a function of time. 

qa + qb 

qt 
- -  = K 1 e - ~ ' '  + K 2 e - ~ 2 '  ( 5 )  

kab + kba -- gl + k o (  q b . o / q t )  r , ~ k o -  g2 
K, = (6) 

g2 -- gl gl -- g2 

kab + kb~ -- g2 + k o ( q b , o / q t )  gl -- t~ko  
K2  

gl -- g2 gl -- g2 

where 

qa.0 kab 
r a . . . .  (8) 

qt kab+  kba 

gl + g2 = k0 + kab + kba (9) 

glgz = k kab (10) 
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