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Summary 

Liposomes of  phospholipids fully sustain the enzyme activity of  the 
amphiphile<lependent dimers of  human erythrocyte  membrane acetylcholines- 
terase; no head group specificity exists. Diacylglyceri'des, glycerophosphoryl- 
choline, or free fa t ty  acids do not  sustain the catalytic activity. It could be 
shown that the dimeric acetylcholinesterase with an exposed hydrophobic  
region can penetrate the lipid bilayer of  liposomes and thus becomes stabilized 
by the surrounding phospholipid molecules. 

The lipid dependency of  a number  of  membrane enzymes is a well known 
fact [1]; however,  little is known so far about  specific interactions of  pure 
human erythrocyte  membrane acetylcholinesterase with lipids. This purified 
enzyme [2,3] exists as a 6.5 S dimer in the presence of  detergents at their 
micellar concentrations.  It could be shown that the catalytic activity of  the 
dimeric form not  only depends on the presence of  amphiphilic molecules [3] 
but  is also strongly modulated by  the hydrophobic  environment [4].  In this 
s tudy we investigated the interaction of  phospholipids and related substances 
with the enzyme as well as their effect  on catalytic activity. The dimeric form 
of  acetylcholinesterase was obtained as described previously [3] except  that  
1.5% fl-D-octylglucoside (Calbiochem, San Diego) was used instead of  Triton 
X-100. Acetylcholinesterase activity was determined according to the method  
of  Ellman et al. [5].  All enzyme assays were carried out  in 100 mM sodium 
phosphate buffer, pH 7.4. Membrane lipids were extracted from human eryth- 
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rocyte  ghosts [6] following the procedure of Foch et al. [7]. Individual phos. 
pholipids were separated according to the method of  Comfurius and Zwaal 
[8 ]. Purity was checked by two-dimensional thin-layer chromatography accord- 
ing to the method of Broekhuyse [9]. Cholesterol was determined as described 
by Watson [10]. Liposomes were prepared by sonication (1 h, 25°C) [3] or by 
gel filtration according to the method of Brunner et al. [11]. Acetylcholines- 
terase was co-reconstituted with phospholipids either by gel filtration [ 11] or 
by removal of  Triton X-100 with the hydrophobic  resin, Amberlit  XAD-2 [12]. 

The effect of  phospholipids on the activity of acetylcholinesterase was 
investigated by adding dimeric enzyme to preformed liposomes. Fig. 1 shows 
the enzyme activity as a function of the concentrat ion of different  lipids. With 
total e ry throcyte  membrane lipids, full activity was preserved at 3.9 mM lipid 
phosphorus and 3.0 mM cholesterol. Cholesterol-depleted ery throcyte  mem- 
brane lipids sustained activity to the same degree. Similar results were ob- 
tained with phosphatidylcholine (Koch-Light Ltd., London).  On the other 
hand, phosPhatidylserine from bovine spinal cord (Lipid Products, Nutfield) 
alone or its mixture with cholesterol (1 : 1, mol/mol)  was essentially unable to 
sustain the catalytic activity. The effect  of  phosphatidylethanolamine from 
erythrocyte  membranes,  which does not  form liposomes [13], was investigated 
in mixtures with phosphatidylcholine or phosphatidylserine at molar ratios of 
1 : 1. The results are summarized in Table I. To check the effect  of diacyl- 
glycerides on the catalytic activity of acetylcholinesterase, liposomes prepared 
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Fig. 1. E f fec t  of  phospho l ip ids  on  the  re la t ive  ac t iv i ty  of  acetylchol tnesterase .  The dimezic f o r m  of acetyl-  
chol inesterase  (0 .02  I .U .  in 100  m M  Phosphate  buffer ,  p H  7.4,  and  1.5% ~-D-octy lg lucos ide)  was  d i lu ted  
1000-f01d in 1 m l  of  l iposomal  suspens ions  of  var ious  lipid concentrat ions .  The  mixtures  were incubated 
for 30 m i n  a t  25°C  and  ac t iv i ty  was  then measured by  add ing  2 ~tl of  a so lu t ion  of  0 .52  M acety l th io-  
chol ine  iodide  in w a t e r  a nd  30 NI of  5 ,05  m M  3 ,3 ' -d i th iob i s (6 -n i t robenzo ic  acid)  in buffer.  PhosphoHpid 
concentra t ions  are expressed in terms of  lipid phosphorus  which  was  assayed b y  using the m e t h o d  of 
Rouse r  et  al. [ 1 4 ]  a f t e r  lipid e x t r a c t i o n  according to  the m e t h o d  of  R e n k o n e n  et  al. [ 1 5 ] .  Th e  ac t iv i ty  
was re la ted  to the  va lue  o b t a i n e d  in 0 .05% T r i t o n  X-100  (see Fig. 3, Ref.  3). Egg leci thin ( 4  4),  
erythrocyte phospho l ip ids  (~ ~), p h o s p h a t i d y l s e r i n e  (e I ) ,  
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T A B L E  I 

E F F E C T  O F  V A R I O U S  P H O S P H O L I P I D S  O N  T H E  C A T A L Y T I C  A C T I V I T Y  O F  A C E T Y L C H O L I N E S -  

T E R A S E  D I M E R S  

The l i p o s o m e s  w e r e  prepared by  s o n i c a t i o n  ( A )  or b y  gel f i l trat ion (B).  Sa mple s  c o n t a i n e d  3.9  m M  p b o s -  
pho l i p id s .  The p h o s p h a t i d y l c h o l i n e  derivat ives  c o n t a i n e d  3.9  m M  p h o s p h o r u s  and w e r e  w a t e r  so luble .  The  
fa t ty  ac ids  (7 .8  r aM)  w e r e  son i c a te d  for  3 0  rain at 3 5 ° C .  The  d imer ic  f o r m  o f  a c e t y l c h o l i n e s t e r a s e  ( 0 . 0 2  
I .U.  in  1 0 0  m M  p h o s p h a t e  buf fer ,  p H  7 ,4 ,  a n d  1 .5% ~ - D - o c t y l g l u c o s i d e )  wa s  d i luted  1 0 0 0 - f o l d  in 1 m l  o f  
the  various s o l u t i ons  c o n t a i n i n g  the  c or r e sp on d in g  substances .  E n z y m e  act iv i ty  was  m e a s u r e d  as out l ined  
in Fig.  1. If  the  e n z y m e  was  d i luted  in 1 0 0  raM p h o s p h a t e  buf fer ,  p H  7 .4 ,  the  remain ing  act iv i ty  was  less 
than 0 . 0 2 % .  

Phosphol ip ids  and re lated  subs tances  m o l  ratio Relat ive  e n z y m e  act iv i ty  (%) 

A B 

E r y t h r o c y t e  m e m b r a n e  p h osp h o l ip id s  
T o t a l  e r y t h r o c y t e  m e m b r a n e  l ip ids  
P h o s p h a t i d y l c h o l i n e  
Phosphat idy l ser ine  
Phosphat idy l ser ine  + c h o l e s t e r o l  (1 : 1) 
Phosphat idy l ser ine  + p h o s p h a t i d y l c h o l i n e  (1 : 1) 
Phosphat idy l ser ine  + p h o s p h a t i d y l e t h a n o l a m i n e  (1 : 1)  
P h o s p h a t i d y l c h o l i n e  + p h o s p h a t i d y l e t h a n o l a m i n e  (1 : 1)  
r a c - G l y c e r o - l - p h o s p h o r y l c h o l i n e  
P h o s p h o r y l c h o l i n e  
Oleic acid or stearic  acid 
rac-Glycero-l-phosphorylcholine + oleic acid (I : 2) 

9 5  
91 

1 5  
17  

6 5  

0 . 0 3  
0 . 0 2  

< 0 . 0 2  
< 0 . 0 2  

1 0 0  
9 4  

1 0 3  
1 2  

58  

9 4  

with phosphatidylcholine containing the incorporated enzyme [12] were 
treated with phospholipiase C. As shown in Fig. 2A, the acetylcholinesterase 
activity decreased with time. The loss of  activity correlated with the hydrolysis 
of  lecithin. On the other hand, phosPholipase A2 treatment had no effect on 
acetylcholinesterase activity (Fig. 2B). This result is consistent with the former 
observation that lysophosphatidylcholine can fully sustain the catalytic activity 
[3]. 

To verify whether acetylcholinesterase becomes lipid bound when full 
enzyme activity is preserved, sucrose density gradient centrifugation was 
carried out. As shown in Fig. 3A all catalytic activity floated on top of  the 
gradient when the 6.5 S form of  the enzyme was mixed with liposomes made 
from total erythrocyte membrane phospholipids or phosphatidylcholine. 
Similar results were obtained if acetylcholinesterase dimers were co-recon- 
stituted with phosphatidylserine according to the method of  Brunner et al. 
[11] .  However, aggregated acetylcholinesterase (s20,w > 10 S) mixed with 
these lipids sedimented towards the bottom of  the gradient and thus was not 
lipid associated (Fig. 3B). 

The binding forces responsible for the enzyme-lipid interaction were 
examined in the following experiment. Dimeric enzyme was added to pre- 
formed lecithin liposomes of  increasing lipid concentration as described in 
Fig. 1. Aliquots of  every sample were diluted 10-fold in 0.1 M phosphate 
buffer, pH 7.4, containing 0.9 M NaCI. Consequently, the phospholipid concen- 
tration was reduced 10-times. Under these conditions, no significant loss of  
activity occurred. 
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Fig. 2. E f f ec t  of  phospho l ipase  C and  phospho l ipase  A 2 t r e a t m e n t  on  r e c o n s t i t u t e d  ace ty lcho l ines te rase .  
A sample  of  l iposoraes  (1 rag  l ipid/ra l )  con t a in ing  15 I .U . / r a l  ace ty lcho l ines t e ra se  was  i n c u b a t e d  a t  r o o m  
t e r a p e r a t u r e  w i th  (A)  5 I .U . / ra l  phospho l ipase  C of  Bacillus cereus, a gift of  Dr.  P. Ot t ,  or  (B) phospho-  
lipase A 2 o f  Naja naja, a gift  of  Dr.  Zwaal ,  in 100  r a m  Tris-HCl b u f f e r ,  pH 7.4,  con t a in ing  10  raM CaC12. 
The  p h o s p h a t i d y l c h o l i n e  d e g r a d a t i o n  was  c h e c k e d  as fol lows.  A l iquo t s  were  e x t r a c t e d  wi th  CHCI 3 /CH 3 OH.  
Spots  f r o m  th in - l aye r  c h r o r a a t o g r a p h y  were  sc raped  off  a nd  p h o s p h o r u s  assayed  acco rd in g  to  the  m e t h o d  
of  Rouse r  [ 1 4 ] .  T he  ac t iv i ty  was  r aeasured  as ou t l ined  in Fig. 1. Ac t iv i ty  of  c o n t r o l  (~ ~) and  of  
phospho l ipa se - t r ea t ed  ace ty l choHnes t e r a se  (A A); c o n c e n t r a t i o n  of  l ec i th in  (m m) and  of  lyso- 
leci th in  (o D). 

The results presented in this paper confirm the finding that the activity of 
dimeric human erythrocyte membrane acetylcholinesterase can be stabilized by 
lipids. Since this enzyme form becomes rapidly and irreversibly inactivated in 
the absence of amphiphilic molecules [3], the ability of lipids to prevent this 
loss of activity was examined and the nature of the enzyme-lipid interaction 
investigated. Fig. 1 and Table I demonstrate that preformed zwitterionic phos- 
pholipid liposomes are able to sustain the enzyme activity. The concentration 
dependency (Fig. 1) might reflect a competition between the process of 
denaturation and the probability of an enzyme molecule meeting a stabilizing 
lipid vesicle. 

All different phospholipids tested sustained the catalytic activity if the lipo- 
somes were formed by detergent depletion of solutions containing both 
enzyme-detergent and lipid-detergent miceUes. Hence, this co-reconstitution 
experiment shows that there is no requirement for a specific head group moiety 
to maintain the enzyme activity. However, if acetylcholinesterase dimers were 
added to preformed liposomes prepared with negatively charged phosphatidyl- 
serine, a fast and irreversible loss of activity occurred. In this case, an electro- 
static repulsion between the negatively charged enzyme (isoelectric point 4.5-- 
5.2; Ref. 2) and the phosphatidylserine vesicles must have prevented the 
stabilizing protein-lipid interaction. Mixed liposomes prepared with phos- 
phatidylcholine or phosphatidylethanolamine partially retained the activity, 
indicating that the decrease of the surface charge density [17] lowers this elec- 
trostatic repulsion. 



363 

The finding that the association of  the dimeric enzyme with phosphatidyl- 
choline could not  be disrupted in a buffer of  high ionic strength excludes an 
electrostatic interaction as a major force for the binding of  the enzyme to lipo- 
somes. The interaction appears to be predominantly hydrophobic.  This hypoth- 
esis is confirmed by the observation that aggregated enzyme,  the hydrophobic 
regions of  which are masked [3] ,  does not  interact with l iposomes (Fig. 3). 

To characterize further the nature of  the lipid-protein interaction, the 
influence of  chemically defined portions of  the phospholipid molecules on the 
dimeric form of  acetylcholinesterase was checked. Diacylglycerides (Fig. 2), 
glycerophosphorylcholine,  phosphorylcholine and free fatty acids (Table I) had 
no stabilizing effect. From this result, it must be concluded that phospholipids 
are able to maintain the catalytic active conformation of  the enzyme only, if 
they contain both the polar head groups and the hydrophobic portion of  the 
molecule.  

The authors are indebted to the central Blood Bank of  the Swiss Red Cross 
for supply of  human erythrocyte sediments, to Miss Y. Amrein and M. Brcic 
for skilful technical assistance and to Dr. P. Ott for carefully reading the manu- 
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Fig.  3. A s s o c i a t i o n  of  a c e t y l c h o l i n e s t e r a s e  w i t h  p h o s p h o l i p i d s .  Suc rose  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  

p rof i l e s  f r o m  i n c u b a t i o n  m i x t u r e s  o f  l i p o s o m e s  w i t h  a c e t y l c h o l i n e s t e r a s e  d i m e r s  (A) and  a g g r e g a t e d  

e n z y m e  (B) are  s h o w n .  7 ~1 o f  i so la t ed  a e e t y l c h o l i n e s t e r a s e  dirners  (0 .22  I .U. )  w e r e  a d d e d  to 700  ~1 o f  
b u f f e r ,  c o n t a i n i n g  l i p o s o m e s  f r o m  e r y t h r o e y t e  p h o s p h o l i p i d s  or  egg lec i th in ,  r e spec t ive ly ,  a t  a c o n c e n t r a -  

t i on  o f  3.9 m M  lipid phosp h or u s .  Th e  s a m e  a m o u n t  of  a g g r e g a t e d  e n z y m e  was  a d d e d  to l ipid suspens ions .  
500  ~1 of  the  e n z y m e / l i p i d  m i x t u r e s  were  l aye r ed  on  t o p  o f  a c o n t i n u o u s  (5 - -30%)  suc rose  d e n s i t y  
g rad ien t .  C e n t r i f u g a t i o n  was  p e r f o r m e d  a t  4 ° C  and  3 0 0 0 0 0  × gay  fo r  15 h. F r a c t i o n s  o f  1.1 m l  were  col -  
l e c t ed .  A b s o r b a n c e  a t  3 0 0  n m  se rved  as a m e a s u r e  for  the  presence  o f  l i p o s o m e s  (~ ~). The  values  
were  c o r r e c t e d  fo r  suc rose  a b s o r b a n e e .  Cata lase  se rved  as a m a r k e r  p r o t e i n  w i t h  a s e d i m e n t a t i o n  co e f f i -  
c i en t  of  11 .4  S ( i n d i c a t e d  b y  a r rows ) .  I t s  a c t i v i t y  was  m e a s u r e d  a c c o r d i n g  to  the  m e t h o d  o f  A e b i  [ 1 6 ] .  
A c e t y l c h o l i n e s t e r a s e  a c t i v i t y  was  m e a s u r e d  as ou t l i ned  in  Fig.  1 (e  e) .  In  the  case  o f  pho spha t idy l -  
ser ine  a d i s c o n t i n u o u s  g r a d i e n t  was  used .  T h e  l i p o s o m e s  (in 40% sucrose )  w e r e  l a ye r e d  on  a c u s i o n  o f  60% 
sucrose .  A f t e r  c e n t r i f u g a t i o n  the  a c e t y l c h o l i n e s t e r a s e  ac t i v i t y  f loa t ed  at  t he  i n t e r p h a s e  b e t w e e n  25 and  
0% sucrose .  
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