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The transbilayer distribution of choline phospholipids in trout intestinal brush-border membrane has been 
investigated using phospholipase C (from Clostridium welchii). In the middle intestine, 84% of phosphati- 
dylcholine (PC) and 60% of sphingomyelin (SP) are located in the outer membrane leaflet. In the posterior 
intestine, 89% of PC and 52% of SP are located in the outer membrane leaflet. The externally located PC 
molecular species are ( n -  3) fatty acid-rich in both parts of the intestine. While the sphingomyelin 
molecular species containing 24: l (n  - 9) are exclusively located in the outer leaflet in the middle intestine, 
those containing 14:0 are more abundant in the same leaflet but in the posterior intestine. This strongly 
asymmetric distribution of both choline phospholipids may have numerous consequences on the brush-border 
membrane characteristics. 

Introduction 

Phospholipids play an important role in the 
properties of most biological membranes of 
eukaryotic cells, such as fluidity [1], permeability 
[2] and enzyme activities [3]. 

Easy to purify [4] and leading to closed vesicles 
remaining in the original orientation of the mem- 
brane [5], the intestinal brush-border membrane is 
responsible for the digestive and absorption func- 
tions of the enterocytes. Hence, the intramem- 
brane distribution of the different phospholipids 
may participate in the control of the vectorial 
processes occurring through this particular mem- 
brane. 

In a previous paper [6], we reported the asym- 
metric distribution of aminophospholipids be- 
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tween the two leaflets of trout intestinal brush- 
border membrane. To complete this work, we 
investigated the topological location of choline 
phospholipids in this membrane, using phos- 
pholipase C from Clostridium welchii, a useful tool 
for that kind of study [7]. 

Material and Methods 

Fish and membrane preparations 
Rainbow trout (250-350 g) were fed for 3 

months a linolenic acid-rich diet, prepared as pre- 
viously described [4]. Intestinal brush-border 
membranes were prepared from the middle and 
the posterior intestine according to an original 
procedure, yielding pure and closed vesicles with 
low amounts of contaminating organelles and 
therefore suitable for biochemical studies [4,8]. 
For the experiments, membranes of similar purity 
were selected according to the alkaline phos- 
phatase enrichment (13-18-fold). 
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Phospholipase C treatment of the brush-border vesi- 
cules 

The hydrolysis of the brush-border phospholi- 
pids by phospholipase C from C. welchii (type X, 
Sigma) was carried out as described by Freysz et 
al. [9]. Brush-border membranes (0.6 mg protein/ 
assay) were suspended in 20 mM Tris-HC1, 0.87% 
NaC1 (pH 7.4). 1 mM CaC12 in a final volume of 
0.45 ml. The reaction started with the addition of 
2 U/ml  phospholipase C. An aliquote was im- 
mediately extracted corresponding to the zero-time 
of hydrolysis. The reaction was performed at 37 ° C 
and stopped by lipid extraction [10]. 

Phospholipid analysis 
Phospholipids were purified on silica gel col- 

umn and separated by thin-layer chromatography 
[11]. Fatty acid methyl esters were then prepared 
from each phospholipid according to Morrison 
and Smith [12], and analyzed by gas chromatogra- 
phy [4]. The data are expressed as percent molar 
distribution. The amount of each phospholipid, 
before and after hydrolysis, was estimated using 
heptadecanoate as an internal standard. Their 
average molecular weight was computed from their 
fatty acid composition. The hydrolyzed phos- 
pholipid quantity is expressed as molar percent of 
the initial quantity. The fatty acid composition of 
the outer leaflet phospholipids was calculated by 
substracting the value obtained after phospholi- 
pase C treatment (phospholipid remaining from 
the inner leaflet) from those obtained for total 
phospholipids. 

Results 

Treatment of brush-border vesicles with phospholi- 
pase C 

The rate of hydrolysis of phospholipids ex- 
tracted from brush-border membranes and disper- 
sed by sonication in the incubation medium was 
very similar to that reported for microsomal phos- 
pholipids [13], PC, PE and sphingomyehn (SP) 
were rapidly hydrolyzed whereas the hydrolysis of 
PI was very slow and PS remained unmodified. 
Therefore the use of phospholipase C for the 
study of the asymmetry of brush-border mem- 
branes is valuable for PC, PE and sphingomyelin 
especially when compared with other methods. 
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Fig. 1. Time course for the hydrolysis of choline and 
ethanolamine phospholipids of intestinal brush-border mem- 
brane from rainbow trout. The extent of the reaction is ex- 
pressed as phospholipids (mol%) remaining intact. Incubation 
at 37 ° C with 2 U of phospholipase C /ml .  Values are means _+ 

S.E. of three determinations. II, PC; e,  SP; A, PE. 

The incubation of brush-border vesicles from 
the posterior intestine with 2 U phospholipase C 
led to the hydrolysis of about 55% of total phos- 
pholipids (89% of PC, 50% of SP and 49% of PE) 
in 10 min and did not change up to 20 min (Fig. 
1). Slight degradation was observed thereafter sug- 
gesting that the treatment of brush-border mem- 
branes for long time produced the disruption of 
the vesicles as it has been reported by Higgins [14] 
and Van Meer [15] for microsomal vesicles. How- 
ever, the vesicles remained sealed during the first 
20 min of incubation, since only about the half of 
the membrane phospholipids was hydrolyzed and 
that the amount of PE hydrolyzed corresponds to 
the amount reacting with TNBS in non-penetrat- 
ing conditions [6]. These data indicate that the 
treatment of brush-border vesicles with phos- 
pholipase C for 20 min hydrolyzed only PC, PE 
and sphingomyelin of the external leaflet and that 
this hydrolysis is complete. 

Fatty acid distribution in PC and sphingomyelin o] 
the two leaflets of brush-border membranes 

When brush-border membranes from the mid- 
dle intestine of trout fed the experimental diet 
were incubated for 20 rain with phospholipase C 
about 84% of PC, 60% of SP and 49% of PE were 
hydrolyzed (Table I). In the posterior intestine the 
same treatment induced the hydrolysis of 89% of 
PC, 52% of SP and 36% of PE. 



TABLE I 

DISTRIBUTION OF CHOLINE AND ETHANOLAMINE 
PHOSPHOLIPIDS (mol%) BETWEEN THE TWO LEAF- 
LETS OF INTESTINAL BRUSH-BORDER MEMBRANE 

Results are mean_+S.E, for three preparations. * P < 0.05, 
• * * P < 0.001 for differences between the two leaflets (Stu- 
dent's t-test) 

Middle intestine Posterior intestine 

internal external internal external 
leaflet leaflet leaflet leaflet 

PC 15 .6+3 .0"**  84.4+3.0 10 .8+3 .0"**  89.25:3.0 
SP 39.75:1.1"** 60.3+1.1 48.45:0.6" 51.6+0.6 
PE 54.0+6.9 46.05:6.9 63.85:3.0 ** 36.25:3.0 

T h e  a n a l y s i s  o f  t h e  f a t t y  ac id  d i s t r i b u t i o n  o f  P C  

a n d  SP  f r o m  b o t h  i n n e r  a n d  o u t e r  l ea f l e t s  o f  t he  

b r u s h - b o r d e r  m e m b r a n e s  f r o m  t he  m i d d l e  in -  

t e s t i n e  s h o w e d  t h a t  t he  P C  of  t h e  i n t e r n a l  l ea f l e t  

w a s  r i c h e r  in  18 : 0 a n d  18 : l ( n  - 9) a n d  c o n t a i n e d  
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less  2 2 : 6 ( n - - 3 )  t h a n  t h o s e  o f  t h e  e x t e r n a l  o n e  

( T a b l e  II) .  T h e  SP  of  t h e  e x t e r n a l  l ea f l e t  c o n t a i n e d  

a l so  less 1 6 : 0  t h a n  t h e  i n n e r  o n e  a n d  all  2 4 : 1 ( n  

- 9) is l o c a t e d  in  t h e  s p h i n g o m y e l i n  o f  t he  ex t e r -  

n a l  leaf le t .  

I n  t he  b r u s h - b o r d e r  m e m b r a n e  of  t h e  p o s t e r i o r  

i n t e s t i n e  P C  of  t he  i n n e r  l ea f l e t  c o n t a i n e d  h i g h e r  

a m o u n t  o f  14 : 0 a n d  less  20  : 5 ( n  - 3) a n d  22 : 6 ( n  

- 3) t h a n  t h o s e  o f  t h e  o u t e r  o n e  w h e r e a s  SP  o f  the  

e x t e r n a l  l ea f l e t  is r i c h e r  in  14 : 0 t h a n  t h o s e  o f  t he  

i n n e r  one .  

D u e  to  t h e  a s y m m e t r i c a l  d i s t r i b u t i o n  o f  b o t h  

P C  a n d  SP,  t he  a s y m m e t r i c a l  l o c a t i o n  of  f a t t y  

ac id s  b e t w e e n  b o t h  l ea f l e t s  is e m p h a s i z e d ,  w h e n  

c o n s i d e r i n g  t he  c o n t r i b u t i o n  o f  e a c h  l ea f l e t  to  t he  

f a t t y  ac id  c o m p o s i t i o n  of  t he  P C  a n d  s p h i n g o m y e -  

l in  o f  t he  w h o l e  m e m b r a n e  (Fig .  2). I n  b o t h  in-  

t e s t i n a l  r eg ions ,  t h e  m a j o r  c o n t r i b u t i o n  to  m o s t  o f  

t h e  f a t t y  ac id s  f r o m  P C  is t h a t  of  t he  e x t e r n a l  

l ea f l e t  whi le ,  f o r  s p h i n g o m y e l i n ,  th i s  c o n t r i b u t i o n  

is i d e n t i c a l  fo r  b o t h  l ea f l e t s  e x c e p t  t h a t  1 4 : 0  is 

TABLE II 

CHOLINE PHOSPHOLIPID FATTY ACID COMPOSITION (tool%) OF THE INTERNAL AND EXTERNAL LEAFLETS 
FROM MIDDLE INTESTINE BRUSH-BORDER MEMBRANE 

Values are means+S.E, of three preparations. * P < 0.05 for differences between both leaflets (Student's t-test). Fatty acids 
contributing less than 1% were omitted. In brackets, sum of all the fatty acids of the indicated species. 

Fatty PC SP 

acid internal external internal external 
leaflet leaflet leaflet leaflet 

14 : 0 2.3 + 1.5 - 23.8 + 10.7 51.8 +__ 22 
16:0 17.0+3.3 23.8+1.4 28.55:4.8 * 9.0+ 4.6 
18:0 10.4+1.4" 3.9+0.4 15.3+ 2.5 9.0+ 2.9 

(sat) 33.0 5:2.9 28.4 + 1.7 67.6 5 :5 .7  71.9 5 :4 .6  

16:1 2.75:1.2 - 3.3+ 1.7 2.0+_ 1.1 
18:1 21.3+1.9 * 12.5+0.5 26.2+ 4.5 12.5+ 6.2 
24:1 - - - 9.85:7.8 

(n - 9 )  24.75:2.2 * 13.95:1.5 31.0+ 4.5 22.7+14 

18:2 9.9+1.9 7.75:0.8 - 4 .35:3.0 
20:4 3.85:1,9 - - - 

( n - 6 )  13.75:2.7 9.85:0.7 - 4 .35:3.0 

18:3 13.5+1.3 18.1+2.0 - - 
20 : 5 1.9 5:1.0 6.2 + 1.6 - - 
22:6 10.6+0.3 * 15.75:1.2 - - 

(n - 3 )  28.65:3.5 * 48.1 +2.7 - - 

Unsat /sat  2.15:0.3 2.5 5:0.2 0.5 5:0.1 0.5 + 0.3 
(n - 3) / (n  - 6 )  2.1 5:0.5 * 4.95:0.8 - - 
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TABLE III 

CHOLINE PHOSPHOLIPID FATTY ACID COMPOSITION (mol%) OF THE INTERNAL AND EXTERNAL LEAFLETS 
FROM POSTERIOR INTESTINE BRUSH-BORDER MEMBRANE 

Values are means_+ S.E. on three preparations. * P < 0.05, * * * P < 0.001 for differences between both leaflets (Student's t-test). In 
brackets, sum of all the fatty acids of the indicated species. 

Fatty PC SP 
acid internal external internal external 

leaflet leaflet leaflet leaflet 

14:0 4.8+0.9 * 1.0_+0.5 19.4_+ 5.0 * 47.6_+6.3 
16:0 34.1_+5.9 26.8_+2.4 26.7_+ 9.6 18.1_+0.7 
18:0 13.4+4.5 4.9_+0.7 8.9_+ 0.4 6.0_+2.4 

(sat) 52.3 _+ 5.3 * 32.8 _+ 2.3 55.0 _+ 5.0 71.8 _+ 9.5 

16:1 7.2+3.0 2.3-+1.0 5.4_+ 3.1 8.2_+2.0 
18:1 17.2+5.2 17.2-+1.0 23.1-+11 9.1_+1.1 
24:1 - - 16.5_+ 3.2 10.3+6.8 

( n - 9) 24.4 -+ 3.9 20.6 5= 0.8 45.0 _+ 5.0 28.2 + 9.5 

18 : 2 3.4_+0.5 4.7 + 1.0 - - 
(n -6)  8.0-+2.5 7.9-+1.2 - - 

18:3 4.7_+0.8 7.8_+2.4 - - 
20:5 2.8+1.4 * 7.9+1.1 - - 
22:6 7.7-+2.2 *** 15.7+0.3 - - 

( n - 3 )  15.3-+2.2 *** 38.6-+0.3 - - 

Unsat/sat 1.0-+0.2 * 2.1-+0.2 0.8_+ 0.2 0.4+_0.2 
( n -  3) / (n-6)  1.9-+0.5 * 4.9-+0.7 - - 

mainly  located in the external leaflet and  24:  l ( n  
- 9) is exclusively external in the middle  intestine. 

Discussion 

Brush-border membranes  from middle  and  
posterior intest ine of trout  have already shown 
differences in their biophysical  properties as well 
as in their fatty acid composi t ion [4], their enzyme 
activities [8] and their absorpt ion  properties [16]. 
Moreover, we have recently demonst ra ted  on these 
membranes  an asymmetr ica l  d i s t r ibu t ion  of 

aminophosphol ip ids  [6] with regard to the polar  
head group as well as to the fatty acyl tails. This 
s tudy has been completed by the de te rmina t ion  of 
the topological d is t r ibut ion of choline phospholi-  
pids using phospholipase C. The phospholipase C 
of C. welchii was used previously to investigate the 
phospholipid asymmetry of b ra in  and liver micro- 
somes [13,17]. The kinetic s tudy of this enzyme on 
brush-border  vesicles indicates that it is also a 
valuable tool for the s tudy of the dis t r ibut ion and  

fat ty acid composi t ion  of PC and  sphingomyel in  
in both  leaflets of this membrane .  

The present  results indicate for the first time 
differences in the topological d is t r ibut ion of the 

choline phosphol ipids  in the brush-border  mem- 
branes  from middle  and  posterior intestines. PC, 
which represents about  39% and  35% of the 
brush-border  m e m b r a n e  phospholipids from the 
middle  and  posterior parts, respectively, is mostly 
located in the external  leaflet (84% and 89% exter- 
nal, respectively). On  the opposite, sphingomyel in  
(13 and 18% of the brush-border  membrane  phos- 

pholipids from the middle  and posterior intestine, 
respectively), has a near ly symmetric dis t r ibut ion 
in  both leaflets of the posterior intest ine and is 
more a b o u n d a n t  in the external leaflet of the 
middle  intest ine (52% vs. 60% external leaflet, 
respectively). 

A similar asymmetr ical  d is t r ibut ion of PC has 
already been suggested in rat liver microsomes 
[17], in chick bra in  microsomes [15] and  in rat 
enterocyte p lasma membrane  [18]. While in hu- 
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Fig. 2. Fatty acids distribution (mol%) between inner and outer 
leaflets of trout intestinal brush-border membrane. Fatty acids 
contributing less than 2% in the whole membrane phosphofipid 
are omitted. M, brush-border membrane from the middle 
intestine; P, brush-border membrane from the posterior in- 
testine. IN, inner leaflet; OUT, outer leaflet. * P < 0.05, * * P 
< 0.01, * * * P < 0.001 for differences between both leaflets 

(Student's t-test). 

man platelet plasma membranes,  PC is mainly 
located in the inner membrane leaflet [19], in 
rabbit  intestinal brush-border membrane,  more 
than 90% of PC is located in the outer leaflet [20]. 

In contrast to the reported randomized distri- 
bution of PC molecular species in the human [21] 
and rat [22] erythrocyte membrane and in the 
mouse LM cell plasma membrane [23], the two 
pools of PC in the trout microvillus membrane are 
different in their fatty acid composition. The 
noteworthy asymmetric distribution of 2 2 : 6 ( n -  
3) between the two PC pools, mainly in the post- 
erior intestine, is also associated with a prefer- 
ential outer location of all fatty acids of the (n - 3) 
series. This distribution is compensated by an 
opposite asymmetry of saturated a n d / o r  ( n -  9) 
fatty acids. The reversed situation previously re- 
ported [6] for the differential distribution of 
2 2 : 6 ( n - 3 ) - r i c h  PE and PS species allows to 
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estimate that no major differences exist at the 
level of the overall transbilayer distribution of 
22 : 6(n - 3) in both  intestinal part. The important  
fluidizing role played by this highly unsaturated 
fatty acid [24] suggests it should regulate and 
possibly equalize the fluidity of each membrane 
leaflet. 

The preferential location of SP molecules with 
a 14 carbon acyl chain in the outer membrane 
leaflet might have a considerable effect on the 
bilayer Organization [25]. Since the distribution of 
sphingomyelin molecular species in any liposomal 
bilayer or biological membrane is yet unknown, 
one can only speculate about the possible relation- 
ship between the asymmetrical distribution of 
sphingomyelin molecular species and microvillus 
shape. 

Choline phospholipids, which contribute for 
52-53% of all brush-border membrane phos- 
pholipids, are external phosphol ipids  while 
aminophospholipids, which represent 35-38% of 
all membrane phospholipids, are rather internal 
[6]. At present, one may only speculate about the 
physiological significance of this lipid asymmetry 
at the level of both polar head group distribution 
and fatty acid composition but it might have 
numerous consequences on the membrane struc- 
ture [26,27] as well as on its function [28,29] and 
physical properties [30]. 
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