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S U M M A R Y  

The basic protein of central nervous system myelin has been shown to form 
complexes with acidic lipids in vitro. We measured the interaction of myelin basic 
protein with several charged and neutral lipids in a biphasic chloroform/methanol/ 
water system and investigated the effect of decreasing the electrical charge of the basic 
amino groups of the myelin basic protein by acetylation. The modified myelin basic 
protein, which has an average of eight acetyl residues incorporated, was characterised 
by gel electrophoresis and circular dichroism. Complexes formed between the acety- 
lated myelin basic protein and acidic lipids exhibited a reduction in the amount of 
lipids bound, a value that could be correlated with the number of modified amino 
groups. The significance of these experiments with reference to protein-lipid inter- 
action in the myelin membrane is discussed. 

I N T R O D U C T I O N  

Recent reviews of membrane structure have stressed the importance of types 
of association of lipid and protein and their contribution to the arrangement and 
stability of membranes [1, 2]. Although lipids in membranes may be associated with 
protein through both ionic and non-polar interactions, substantial experimental 
evidence is needed to support this assessment. Recent in vitro model studies on the 
specificity of myelin protein-lipid interactions have shown that the myelin basic pro- 
tein seems to interact most strongly with sulfatide, whereas the proteolipid protein 
interacts with cerebroside and cholesterol [3, 4]. 

Developmental studies [5] suggest that the deposition of myelin lipids and 
proteins in vivo correlates with the specificity found in in vitro models. Thus during 
myelination there is an early appearance of myelin basic protein together with sulfa- 
tide, while the more hydrophobic components, proteolipid protein, cholesterol and 
cerebroside appear later. These results would favor the hypothesis that membrane 
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proteins at least partly influence the lipid composition of a given membrane [6] and 
in particular give further support to the concept that the myelin basic protein may 
represent a committing step in myelin formation. 

Furthermore it has been shown that the interaction between myelin basic 
protein and acidic lipids results in an increased stability with respect to proteolytic 
enzymes [8, 9]. This fact is of particular importance in certain pathological conditions, 
such as demyelinating disorders, in which the myelin basic protein is susceptible to 
proteolytic attack, at least with cerebral acid proteinase [10]. 

If the myelin basic protein plays an important role in the assembly and 
stability of the myelin membrane it is of importance to determine the nature of the 
association of this protein with acidic lipids. While it has been suggested that the 
complexes myelin basic protein-acidic lipids are stabilised by electrostatic inter- 
actions [11 ], no direct experimental evidence supporting this concept has been avail- 
able so far. We therefore measured the interaction of myelin basic protein with several 
charged and neutral lipids and investigated the effect &decreasing the electrical charge 
of the basic amino groups of the myelin basic protein by acetylation. From the com- 
position of the complexes formed (as judged by the ratio of their constituents) we 
obtained an evaluation of the effect of charge modification of the myelin basic protein 
on lipid-protein interaction. 

MATERIALS AND METHODS 

Preparation of myelin basic protein. Myelin basic protein was prepared from 
whole bovine brain essentially according to the method described by Oshiro and 
Eylar [12], using Cellex-P column chromatography as a final step. The protein was 
dialysed against distilled water and stored at --20 ° C as a 2 mg/ml solution. The 
protein preparation, which showed one major single band on analytical disc gel 
electrophoresis described below, was used in this study. 

Lipids. Phosphatidylcholine, phosphatidylinositol, cerebroside and sulfatide 
were obtained from Applied Science Laboratories. Phosphatidic acid and cholesterol 
were from Koch-Light Laboratories. Purity of all batches was tested by thin-layer 
chromatography. In some batches a slight contamination of sulfatide with cerebroside 
was removed by thin-layer chromatography, scraping off the sulfatide spot and eluting 
the lipid from the silica gel with chloroform/methanol (2 : 1, v/v) containing 5 ~o 
water. Triphosphoinositol was prepared from bovine brain by the method of Dittmer 
and Dawson [13]. All lipids were stored in chloroform/methanol at ---20 °C. 

Biphasie solvent system. The interaction between the purified myelin basic 
protein and various Jipids was studied in a biphasic system consisting of chloroform/ 
methanol/water (8 : 4 : 3, v/v) [11 ]. About 250 #g of myelin basic protein in 0.3 ml 
of water was added to increasing amounts of dry lipids (after removal of the organic 
phase under Nz) and the volume made up to 1.5 ml with chloroform/methanol (2 : 1, 
v/v). The contents of the tube were thoroughly mixed, allowed to stand for 30 rain at 
room temperature, the solution centrifuged and the resulting upper and lower phases 
were analysed for protein. The values for protein were calculated by assuming a 
volume of the upper phase of 0.7 ml. 

Aeetylatiort of myefin basic protein. The myelin basic protein was acetylated 
by the procedure of Fraenkel-Conrat [14]. Reaction was at 0 °C for 1 h. The modified 
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protein was separated from unwanted components of the reaction solution by dialysis 
against water. 

Polyaerylamide 9el eleetrophoresis. The method of Panyim and Chalkley [15] 
was used. The gels were composed of 15 ~ acrylamide, 0.1 ~ N,N'-methylenebis- 
acrylamide, 5.4 ~ glacial acetic acid, 0.5 ~ N,N,N',N'-tetramethylenediamine, 6.25 M 
urea and 0.125 ~ (NH4)2S208. Tray buffer was 0.9 M acetic acid with a pH of 3.2. 
The samples were run on gels 5 m m ×  9 cm at 2 mA per gel for 2.5 h. Gels were stained 
with Coomassie blue and de-stained by diffusion. 

Circular dichroism measurements. These measurements were performed with 
a Roussel-Jouan Model CD 185 Instrument calibrated with isoandrosterone. Molar 
ellipticity was calculated on the basis of a mean residue weight of 115. 

Analytical procedures. Protein was measured by the method of  Lowry et al. 
[16]. When necessary, organic solvents were first removed by evaporation. Bovine 
serum albumin was used as a standard. For circular dichroism measurements protein 
concentration was determined by measuring the absorbance at the absorption peak 
near 280 nm, taking for the extinction coefficient of  a 0.1 ~ solution, with 1 cm path 
length, 0.589 [17]. Lipids were measured by gravimetry or by phosphate analysis [18]. 

Chemicals. Acrylamide and N,N'-methylenebisacrylamide were from Serva. 
N,N,N',N'-tetramethylenediamine was from Fluka. [1-14C]Acetic anhydride (specific 
activity 29 Ci/mol) was from the Radiochemical Centre, Amersham. All chemicals 
used were analytical grade. 

RESULTS 

Interaction of  native myelin basle protein with lipids 
Fig. 1 shows the interaction between myelin basic protein and the major acidic 

lipids of myelin. With increasing amounts of acidic lipids the myelin basic protein 
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Fig. 1. Complex formation of myelin basic protein with acidic lipids in a biphasic system. 0 ,  
sulfatide; O, phosphatidylinositol; A, phosphatidic acid; A, triphosphoinositol. Conditions as 
• described in Materials and Methods. 
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Fig. 2. Interact ion o f  myelin basic prote in  with neutral  and  acidic lipids in a biphasic system. 
II, cholesterol;  [ ] ,  cerebroside; × ,  phosphat idylchol ine;  O ,  sulfatide; A,  t r iphosphoinosi tol .  Con-  
dit ions as described in Materials  and  Methods .  

progressively disappears from the upper aqueous phase. The formation of the protein- 
acidic lipid complex exhibits a linear relationship to the amount of lipid present. As 
was shown initially by Palmer and Dawson [11 ], the concentration ratio between the 
lipid and the protein depends approximately on the charge available on the lipid mole- 
cule. Thus the complex formed with triphosphoinositol (a lipid with five negative 

t --0] 

0.1 01 o'- 

s S 

] I - -  [ l I I l ~ I 
D 0.1 01 03 0.4 05 0,6 07 08 0,9 1 (] 

Ratio Lipid//Protein (~J mo le /m 9 ) 

Fig. 3. Complex  format ion  o f  myelin basic protein  with sulfatide and  t r iphosphoinosi to l  in a biphasic 
system. - - ,  prote in  in upper  phase;  - - -, protein in lower phase;  O ,  sulfatide; A ,  t r iphosphoinosi tol .  
Condi t ions  as described in Materials  and  Methods .  
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Fig. 4. Effect of cholesterol on complex formation between phosphatidylinositol and myelin basic 
protein in a biphasic system. C), phosphatidylinositol alone; B, phospbatidylinositol with an excess 
of cholesterol (1.75/tmol cholesterol per mg myelin basic protein) added to the system. Conditions 
as described in Materials and Methods. 

charges) has a much lower lipid protein ratio than the complex formed with phos- 
phatidylinositol (a lipid with one negative charge). 

In this system there was no evidence for complex formation between myelin 
basic protein and non-ionic lipids like cholesterol, cerebroside or phosphatidyl- 
choline (Fig. 2). Here the myelin basic protein remained in the upper phase. 

The complex between sulfatide and myelin basic protein is soluble in the lower 
phase (Fig. 3). With increasing amounts of added lipid the myelin basic protein 
progressively disappears from the upper phase to be recovered almost quantitatively 
in the lower phase. However, the complex formed between triphosphoinositol and 
myelin basic protein does not pass into the lower phase, that is, the complex is not 
soluble in the lower phase. 

In one experiment (Fig. 4) we studied the effect of adding a neutral lipid to 
different ratios of the phosphatidylinositol-myelin basic protein complex. The added 
cholesterol had no effect on the phospholipid-myelin basic protein complex formation, 
indicating that in this system a neutral lipid could not compete for binding sites with an 
acidic lipid. In separate experiments we also found that an increasing amount of 
cholesterol added to a constant ratio of  phosphatidylinositol-myelin basic protein 
had no effect on the complex formation. 

Characterisation of the aeetylated myelin basic protein 
Fig. 5 illustrates the electrophoretic behaviour of the acetylated myelin basic 

protein in polyacrylamide urea gel at acid pH. The modified protein migrates more 
slowly than the native protein, indicating conversion to a less positive form. By this 
technique the modified protein appears essentially homogeneous although it runs as 
a slightly larger band. 

We used [1-14C]acetic anhydride to measure the extent of acetylation. The 
[1-14C]acetyl-labelled myelin basic protein obtained after extensive dialysis contained 
420 nmol [IJ4C]acetyl  per mg of  protein. Assuming a molecular weight of  18 400 
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Fig. 5. Analytical disc gel electrophoresis of the acetylated and native myelin basic protein. About 
10/tg of each protein was subjected to electrophoresis. The protein migrated from top to bottom. 
Right, acetylated myelin basic protein; center, native myelin basic protein; left, combination of both. 

Fig. 6. Circular dichroism curves for the native and acetylated myelin basic protein in diluted HCI 
at pH 4.0. O -  -O ,  native myelin basic protein; - - ,  acetylated myelin basic protein. Conditions as 
described in Materials and Methods. 

for  the myelin basic  pro te in  [19], the modif ied myelin basic pro te in  contains  a to ta l  
o f  eight acetyl residues per  molecule.  U n d e r  the condi t ions  used the acety la t ion  is 
relat ively specific for  the z-amino group  o f  lysine. We have thus modif ied  eight  of  the 
13 lysine residues repor ted  to be present  in the myel in  basic pro te in  [19]. 

Obvious ly  modif ica t ion  o f  the individual  charged groups  o f  a p ro te in  m a y  
also have an effect on  its conformat ion .  We examined  the circular  d ichro i sm of  the 
nat ive and  the acetyla ted myelin basic  pro te in  (Fig. 6). Spectra  quite s imilar  to  those 
previously  r epor ted  for myelin basic  pro te in  and exhibi t ing a typical  curve o f  r a n d o m  
coil  with a t rough  at  199-200 n m  were found  [20, 21]. In  the acety la ted  myel in  basic 
p ro te in  the mo la r  el l ipt ici ty at  199-200 nm decreased f rom abou t  14.5 • 10-3 degrees • 
cm 2 • dmo1-1 to abou t  11.5 • 10 -3 degrees • cm 2 • dmo1-1 at  p H  4.0. A t  p H  7.0 no  
difference in circular  d ichro ism curves between the nat ive and acetyla ted  myel in  bas ic  
pro te in  was found.  
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Interaction of aeetylated myelin basic protein with l@ids 
The ability of the acetylated myelin basic protein to form complexes with 

lipids is shown in Figs. 7 and 8. We tested two acidic lipids with similar charge, sulfa- 
tide and phosphatidylinositol. The acetylated protein formed complexes with both 
lipids as shown by its disappearance from the upper phase. However, only about half 
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Fig. 7. Effect of  acetylation on lipid-protein interaction. O,  sulfatide; - - ,  native myelin basic pro- 
tein; - - ,  acetylated myelin basic protein. Conditions as described in Materials and Methods. Data  
are percent of  protein disappearing f rom the upper phase. For  each experiment the amount  of protein 
in the upper  phase without lipid was measured separately and taken as 100 ~,~. 
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Fig. 8. Effect of  acetylation on lipid-protein interaction, m, cholesterol; ©,  phosphatidylinositol; 
, native myelin basic protein; - - ,  acetylated myelin basic protein. Conditions as described in 

Materials and Methods and Fig. 7. 
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of the lipid was necessary to cause the same loss of protein from the upper phase when 
acetylated myelin basic protein was used. On a molar basis* the complex formed with 
native myelin basic protein and sulfatide (Fig. 7) contains an average of 17 tool lipid 
per mol myelin basic protein, while the corresponding complex with acetylated myelin 
basic protein contains only 8 tool lipid per tool myelin basic protein. Similar results 
were obtained with phosphatidylinositol (Fig. 8) where the complex formed with 
native myelin basic protein contains an average of 15 tool lipid per mol myelin basic 
protein while the corresponding complex with acetylated myelin basic protein contains 
6 tool lipid per mol myelin basic protein. Cholesterol, a neutral lipid, did not interact 
with either the native or the acetylated myelin basic protein since the protein remained 
in the upper phase (Fig. 8). 

DISCUSSION 

Our experiments demonstrate that in a biphasic system only anionic lipids such 
as those found in myelin form complexes with the myelin basic protein (Figs. I and 2). 
The ratio of lipid to protein in the complex depends essentially on the charge available 
on the lipid molecule and not on the type of lipid used. In this respect it is of interest to 
compare two lipids with similar negative charge but of different structure like sulfatide, 
a galactosphingolipid and phosphatidylinositol, a glycerophospholipid (Fig. 1). Both 
form complexes with only slight differences in the concentration ratio of lipid to 
protein. While the significance of this difference remains to be verified, steric or solub- 
ility factors might be involved, since we are dealing with two different types of lipid 
molecules. 

While all acidic lipids tested formed complexes with the myelin basic protein, 
the hydrophobicity of  the complexes varied considerably. Thus sulfatide leads to the 
formation of a complex having enough hydrophobic fatty acid residues to be soluble 
in the lower phase, while the complex formed with triphosphoinositol, which has a 
much lower lipid to protein ratio, remained at the interphase (Fig. 3). This may be 
due to the more amphipatic character of this complex, which shows low solubilities 
in the aqueous as well as in the organic phase. The addition of an excess of triphospho- 
inositol caused some resolubilisation of the complex, probably by a detergent-like 
action. 

Further evidence for the electrostatic type of the binding of acidic lipids to 
myelin basic protein is the observation that complex formation is unaffected by the 
presence of a neutral lipid (Fig. 4). The high content of basic amino acids, characteristic 
of the myelin basic protein, would provide the cationic groups for the binding of 
anionic lipids. Selective acetylation of the ~-amino group of lysine reduces strongly the 
nucleophilic character of the nitrogen atom producing the elimination of one positive 
charge unit per each modified group. 

Our results (Figs. 7 and 8) clearly show that significantly less lipid is needed to 
cause the same disappearance of protein from the upper phase when acetylated myelin 

* Values for the molar lipid : protein ratio were obtained by extrapolation of the linear part of 
the curve to the abscissa. An approximate numerical calculation can be made by assuming that at 
equilibrium the protein is either fully combined in the complex or completely freee [11 ]. It should 
be noted that this calculation does not take in account a possible heterogeneity of the complexes 
formed. 
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basic protein was used as compared to native myelin basic protein. It is possible that 
modification of the myelin basic protein, while still permitting recombination with 
lipids, may give complexes that are more soluble in the lower phase than complexes 
with native myelin basic protein. Another possibility is that the removal of positive 
charges results in the loss of binding sites for acidic lipids in the myelin basic protein. 
Although a direct assessment of these two interpretations is difficult, the following 
arguments in favor of the latter hypothesis can be derived from our results. On a 
molar basis the complex between acetylated myelin basic protein and an acidic lipid 
with one negative charge exhibits an average reduction of 9 tool lipid per tool protein. 
This figure is consonant with our results with [1-14C]aeetic anhydride demonstrat- 
ing an average of eight acetyl residues per tool of modified myelin basic protein. From 
the 31 basic groups (lysine and arginine) reported to be present in the myelin basic 
protein [19], an average of 16 are acting in the binding of acidic lipids (Figs. 7 and 8) 
assuming a one to one correspondance. Therefore, after blocking eight of these groups, 
there still are cationic groups available to account for the residual binding activity 
observed with acetylated myelin basic protein. Furthermore, if a limited amount of 
lipid is added to an excess amount of acetylated myelin basic protein, the same be- 
haviour of  complex formation observed with native myelin basic protein, that is a 
linear relationship to the amount of lipid present, is found. This suggests a similar 
mechanism of complex formation for both, native and aeetylated myelin basic protein. 

Of particular significance for the interpretation of our results are the circular 
dichroism spectra measurements. Following acetylation there was no indication of 
conformational changes from random coil to more ordered structures in the myelin 
basic protein (Fig. 6). It seems reasonable to assume that the accessibility of the ca- 
tionic groups would be comparable in the modified and in the native myelin basic 
protein. Therefore the observed effect of acetylation of the myelin basic protein on 
lipid-protein interaction most likely results from modification of  the primary and not 
tertiary structure of the protein. 

These experiments demonstrate the importance of free amino groups in the 
myelin basic protein for lipid-protein interaction and supports the concept that the 
acidic lipids interact electrostatically with these groups. Studies of Braun and Radin 
[23] have shown that succinylation (introduction of a negative charge) of the lysine 
amino group of the proteolipid protein of myelin ahnost completely abolishes the 
capacity of the protein to associate with lipids. This effect was interpreted as resulting 
from a drastic alteration in the three-dimensional structure of the protein. In view of 
our results an alternative explanation for the total inability of the modified protein to 
bind acidic lipids would be that succinylation suppressed the net positive charge of 
the protein. In comparing Braun's results with ours one should, however, keep in 
mind the difference in the physicochemical characteristics of the systems used. We 
measured lipid-protein interaction in an organic milieu (lower phase) where ionic 
interactions between molecules are favored, while, in the aqueous system Braun was 
using, the charge-charge interactions, critically important for the formation of  pre- 
cipitable complexes, are considerably weakened. 

The question arises whether the modification examined in the present investi- 
gation has any relevance to the myelin membrane. While the myelin basic protein 
from human and bovine brain has an acetylated N-terminal alanine [22], acetylation 
of the amino groups of  the basic amino acids within the polypeptide chain has not 
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been  repor ted .  Mye l in  bas ic  p ro t e in  i so la ted  f r o m  cent ra l  ne rvous  sys tem t issue 

exists,  howeve r ,  in several  f o rms  which  differ  in charge ,  as j u d g e d  by the i r  b e h a v i o u r  

d u r i n g  a lka l ine  p H  gel e l ec t rophores i s  [24]. These  d i f ferent  f o r m s  have  been i so la ted  

a n d  s h o w n  to  have  essent ia l ly  the  same a m i n o  acid  c o m p o s i t i o n  [25]. A m i n o  acid  

m o d i f i c a t i o n  t h r o u g h  m e t h y l a t i o n  [26], d e a m i d a t i o n  [27] and  p h o s p h o r y l a t i o n  [27] 

has  been  imp l i ca t ed  in the  m i c r o h e t e r o g e n e i t y  o f  this p ro te in .  Regard less ,  howeve r ,  
o f  w h a t  m e c h a n i s m  is ac tua l ly  i n v o l v e d  in the p r o d u c t i o n  o f  the mul t ip l e  fo rms  o f  

mye l in  bas ic  p ro te in ,  o u r  resul ts  w o u l d  suggest  t ha t  there  m a y  be dif ferences  in the  

way  the  d i f ferent  f o rms  o f  mye l in  bas ic  p ro t e in  in te rac t  wi th  mye l in  l ipids.  
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