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The effect of glycospllingolipids (GSLs) with oligosaccharide chains of different lenglll and charge on mcml~r;mc-nacmbr;mc 
interactions induced by myelin basic protein (MBP) or melittin (Mei) w a s  comparatively investig~ltcd with small unihmlellar 
vesicles. MBP induces a hlst vesicle aggregation and oh)so nlenlbranc apposhion. Merging of lipid bilayers i|lltl vesicle fusion 
induced by MBP are slower and less extensive processes compared to membrane apposition. The ch~mgcs of membrane 
permeability concomitant to these phenomena are small. The Trp region of MBP remains in a rather polar environment whcn 
interacting with vesicles; its accessibility to NO 3 or acryh~midc t!~'enching depends on the type of GSLs in the membrane. The 
Trp region of Mel is inserted more deeply into the lipid biJayer and its accessibility to the aqueous quenchers is less dependent 
on variations of the oligosaccharide chain of the GSLs. Mel induces a hlster and more extensive membrane apposition and 
bilayer merging than does MBP. Extensive vesicle disruption occurs in thc presence of Mcl. Negatively charged GSLs facilitate 
membrane proximity and vesicle aggregation but art increase of the oligosaccharide chain length of either neutral or acidic GSLs 
decreases the interaction among vesicles that arc induced by cilher prntein. This effecl is independent of the different mode of 
insertion of MBP and Mel into the membrane. Our results suggest ~hat the mt~dulation by the oligosaccharidc chain on the 
protein-iulduced interaction.,:, between bilayers containing GSLs is probably cxerted beyond the level of local molecular 
interactions between the basic prolcins and the lipids. 

Introduction 

In thc differentiation, dcvclopment and dcgcncra- 
tion of the nervous system ~he composi: ,n in glycos- 
phingolipids (GSLs) {;f neural membr~.nes undergoes 
dramatic qualitative and quantitative changes [!-4]. 
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Gg.tCer (asialo-GMt), GallJ!-3GalNAc/31-4Gal/31-4Gic/31- ICer; 
NeuAc, N-acetylneuraminale; Sulf, Gal(3-sulfate)/.Jl-ICer; GMI, 
Gal/J 1-3GalNAc/31-4Gal(3-2a NeuAc)~ 1-4GIc/J I - I Cer; G t~ h,, 
NeuAc c~ 2-3Gal/31 - 3GalNAc/31-4Ga1(3-2 ~ NeuAc)/31-4GIc/3 i - 
ICer; PC, egg phosphatidylcholine; PA, egg phosphalidic acid; MBP, 
myelin basic protein; Mel, melittin; RET, resonance energy transfer; 
Trp, Iryptophan residue; NBD-PE, N-(7-nitrobenz-2-oxa-l,3-diazol- 
4-yl)phosphatidylethanolamine; Rh-PE, rhodamine phosphatidyl- 
ethanolamine; NTA, nilrilotriacelic acid; DPA, dipicolinic acid; Tes, 
N-tris(hydroxymethyl)methyl-2-aminoethane,;ulfonic acid; CF. car- 
boxyfluorescein. 

The variability o1' the c~mposition and expression of 
GSLs is important for the recognition, adhesiveness 
and communication among cell membranes [5,61. It has 
been suggested that gangliosides and membrane-asso- 
ciated proteins can mediate surface interactions [4,71. 
However, the influence of the oligosaccharide chain of 
GSLs on membrane-membrane interactions induced 
by proteins has not been systematically studied, in this 
work, wc investigate comparatively how variations of 
the oligosaccharide chain length and charge affects 
membrane interactions induced by two h~lsic proteins, 
myelin basic protein (MBP) and Melittin (Mel), as 
representative models for proteins that are either par- 
tially embedded (MBP) or that insert deeply into the 
lipid bilayer (Mei). 

These proteins were chosen because, different to 
others, a reasonable amount of information exists on 
their effects on the organization and stability of bio- 
membranes. MBP is the main encephalitogenic protein 
of the central nervous sy,item [8,9]. It has been used as 
a model of extrinsic membrane protein and tor its role 
in myelin stability during physiological and pathological 



conditions [10-12]. The small amphipathic peptide Mel, 
the main constituent of bee venom [13], has been 
considerably studied as a model of amphipathic pep- 
tides that affect the structural integrity of membranes 
[13-17]. MBP and Mel induce membrane aggregation, 
permeability changes, vesicle fusion, and affect the 
formation of hexagonal !1 phases [16-24]. Both are 
basic proteins that interact well with either neutral or 
zwitterionic lipids but the effects are more marked 
with negatively charged phospholipids and GSLs 
[16,1%25-29]. Native MBP induces chicken erythrocyte 
filsion [30] and this effect is abolished by acetylation or 
succinylation of its basic amino-acid residues [31]. Suc- 
cinylated Mel can induce vesicle fitsion in a pH-depen- 
dent manner [32]. The interactions of MBP and MoI 
with GSL~ depend on the type of oligosaccharide chains 
in the lipid polar hcadgroup [25-27,33]. We previously 
found that Sulf and GalCer, two GSLs with short polar 
headgroups that are enriched in myelin, can moduiate 
the rate and extent of membrane interactions induced 
by MBP [34]. The results of the present work indicate 
that the length and charge of the oligosaccharide chain 
of GSLs are major factors that modulate the interac- 
tions among membrane surfaces induced by MBP and 
Mel. 

Materials and Methods 

Reagents. Egg PC, PA, NBD-PE and Rh-PE were 
from Avanti Polar Lipids (Whithling, AL). They were 
over 99% pure as checked by HPTLC. GSLs were 
prepared as described elsewhere [35]. Gangliosidcs 
were submitted to the additional purification steps 
necegsary for monolayer work [36]. Porcine MBP,was 
from Ely Lilly, and it was furthi:r purified as previously 
described [30]. Mel was from Sigma (St. Louis, Me ,  
USA), and further purification was according to Mollay 
et el, [37] as described previously [25]. CF was from 
Eastman Kodak (Rochester, NY). NTA, Tes, DPA, 
and Sephadex G-75/120 were from Sigma (St. Louis, 
Me).  TbCl,~ .6H20 was from AIfa (Danvers, MA). 
EDTA disodium salt, and other chemicals were of 
analytical reagent grade, solvents were freshly redis- 
tilled ~for¢  use and water was bidistilled in an all-glass 
apparatus. 

Vesicles. Small unUamellar vesicles were prepared by 
evaporating under N, lipid solutions of egg PC with 
GSLs in the desired proportions in chloroform/ 
methanol (2:1, v/v). The dry lipid was lyophUized for 
at least 4 h. The lipid was suspended in 100 mM 
NaCI-5 mM Tes buffer (pH 7.4), vortexed and subse- 
quently sonicated under N 2 for 1 h in a cup-horn 
sonicator above the transition temperature previously 
determined for each lipid system [38]. The suspension 
was centrifuged to remove undispersed lipid [34]. Neg- 
ative staining (1% uranyl acetate) of the preparations 

revealed small unilamellar vesicles of 20-50 nm diame- 
ter. Vesicles were stored above their transition temper- 
ature and used within two days. For fluorescence RET 
assays the vesicles contained 0.6 mol% (probe dilution 
assay) or 2 mol% (probe mixing assay) of NBD-PE and 
Rh-PE in the same or in separate vesicles, respectively 
[34,39]. Mixing of aqueous compartments or leakage 
was determined using different populations of vesicles 
entrapping one of the following solutions: Ca) 15 mM 
TbCI~; (b) 50 mM DPA and 20 mM NaCI; (c) 1.25 mM 
TbCi  3, 25 mM NTA, 25 mM DPA and 10 mM NaCI; 
(d) 50 mM CF. All solutions were buffered in 5 mM 
Tes at pH 7.4. The buffers for measuring the fluores- 
cence and for the elution of the vesicles from the 
column contained EDTA [40]. Unencapsulated mate- 
rial was eliminated by gel filtration through a column 
of Sephadex G-75. Between 95-98% of PC and GSLs 
was recovered in the solvent front for all vesicle prepa- 
rations. 

Measurenwnts. Different conclusions may be reached 
depending on the particular fluorescent assay em- 
ployed to evaluate intermembrane interactions [41)]. 
Due to this, we employed light scattering, absorbance 
changes and six different fluorescence assays to moni- 
tor lipid bilayer merging, vesicle aggregation, fusion, 
permeability changes, and vesicl~z-~rotein interactions; 
several of these assays were performed simultaneously 
with the same vesicle preparation [34,41},41]. Fluores- 
cence measurements were made continuously as a 
function of time with an SLM-4800C fluorometer at 
22 + I°C under continuous stirring. The final lipid con- 
centration was 50 #M. MBP or Mei were added from a 
concentrated solution (10 mg/ml). Calibration of fluo- 
rescence, excitation and emission wavelengths and fil- 
ters employed for the different assays was done as 
described recently [34]. The tables and figures show 
mean values of duplicate or triplicate experiments. For 
all the assays the S.E. of these values was within a 
maximum of +6%. The ,~,,,~ were reproducible to 
+ 1.5 nm and the Ksv values to + I M-~. 

Tb, DPA and CF entrapment was between 2.3-3.8 
nmol//zmol lipid, 18.7-25.3 nmol/~mol lipid, and 
16.2-23.7 nmol//zmol lipid, respectively, for the differ- 
ent preparations. Spontaneous leakage of about 4% 
per day for Tb, 12% per day for DPA and 3% per day 
for CF was observed. The different preparations were 
used only during the period in which no significant 
differences were observed in the initial light scattering 
or absorbancc at 450 nm. In the cases where the 
absorbance at 450 nm increased above 0.1 after adding 
the proteins, the fluorescence intensities were cor- 
rected for inner filter effects [42]. No changes of RET 
were found when the vesicles were mixed in the ab- 
sence of proteins. Also, the proteins did not modify the 
fluorescence of vesicles containing only one lipid probe 
incorporated in the membrane or the entrapped 



water-soluble probes. Changes of the intrinsic fluores- 
cence of MBP and Mel upon interacting with the lipid 
vesicles was measured by recording the emission spec- 
tra of their s,|ngle Trp residue with A,:,,,: = 280 am [31]. 

Protein binding. The binding of MBP to the different 
lipid vesicles was evaluated by incubating 50 nmol of 
lipid, in a total volume of 0.5 ml of NaCI-Tes buffer 
containing 1 mM EDTA, with different aliquots of a 
0.1 mM solution of MBP for 30 min at 220C under 
continuous stirring. The preparation was subsequently 
centrifuged at 200000 x g for 1 h. The original super- 
natant was separated, the pellet was washed with a 
same volume of buffer and spun down as before, the 
second supernatant was added to the first. The lipids 
and MBP were determined in both the combined su- 
pernatants and the washed pellet. PC and GSLs were 
determined colorimetrically or by HPTLC as previously 
described [35,36,42]. MBP was determined fluorometri- 
cally with o-phthalaldehyde [44]. The rec,wery of MBP 
and of the different lipids was between 95 and 99%. 
More than 95% of all the lipids was always recovered 
in the pellet. With Meh, the centrifugation method only 
gave reliable results at relatively large lipid/protein 
molar ratios above 200. As this ratio approached about 
50 to 100, lipid was increasingly found in the super- 
natant. This is in agreemem with results from others 
[16,18] and is due to the formation of mixed micelles or 
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discoidal complexes with iipids induced by Mel [45,46]. 
Thus, with Mel we used the shift of Am,,x of its Trp 
residue and the relative fluorescence intensity en- 
hancement upon binding as a measure of its interac- 
tion with lipids [17]. 

Results 

Effect of myelin basic protehz 
Vesicles of PC or PC-GalCer bound i molecule of 

MBP per 80-100 molecules of total lipid. The 
MBP/iipid molar ratio that saturated MBP binding to 
lipid vesicles containing 20 mol% GSLs increased to 
about I :60 for PC-LacCer, 1:45 for PC-Gg4Cer, 1:28 
tbr PC-Sulf, I :22 for PC-GMI, and I: 17 for PC-GDI,,. 
These values are in good agreement with the few 
studies that have reported binding of MBP to vesicles 
containing some of these iipids [10]. These results 
indicate that the presence of more complex or nega- 
tively charged GSLs generally facilitate the interaction 
with and incorporation of MBP into the lipid interface. 
Similar conclusions were previously reached from stud- 
ies of MBP-GSLs interactions done with lipid monolay- 
ers [25,26] and by calorimetry [47]. 

A rapid increase of light scattering occurs after 
adding MBP (Table IA). This is followed by a slower 
increase of absorbance at 451) nm (Fig. la, Table !). 

TABLE ! 

A. haitml rate of ce~ick' hm, ractions reduced by MBP 

Lipid Aggr. Probe mix Probe dilut Fusion Leak TbDPA Leak (,F 
(Ol)4.s./min) (r/;Fm,,~/min) (';/c Ira,,, , / rn in)  1%1.~,,,,~/rain) 1%1.~, .... / rain) l"~,b~,,,,,/rnin) 

PC 3.00 3(11) 49 38 12 7 
PC/GalCer  2.20 89 28 18 5 3 
PC/LacCer 11.71) 68 16 6 3 2 
PC/Gg4Cer  I).21 56 6 I 2 2 
PC/Suif  ~i.20 5211 30 i 3 3 I 
P C / G  M t 3.611 37(1 21 6 10 4 
P C / G  t) t. 3.111) 270 15 2 14 7 

B. F~xtent of effi, cts induced by MBP after 3 rain 

i! / / n i l  Lipid Aggr. Probe l)robe Fusion Leak Leak " A,,,,,~ , ,sv 
(OD mix dilut (% l"m,,~ ) TbDPA CF (nm) (M 
4511 nm) ( % Fm,,~ ) ( %F,,1,,~ ) ( % Fm,,~ ) ( % Fm,,~ ) 

K l lCl  
S V  

( M  I) 

PC 0.81 33 14 10 31 11) 346 I 1 4 
PC/Galcer  I}.56 29 8 6 13 9 347 10 - 
PC/LacCe r 11.43 15 5 2 6 10 348 10 - 
PC/Gg4Cer  0.18 9 3 ! 4 8 347 12 5 
PC/Sulf  1.211 88 10 7 10 5 344 15 6 
P C / G  M t I).811 67 8 4 33 2 345 17 7 
P C / G  D~,, 0.64 53 7 2 36 2 346 19 7 

MBP was 5.4 v.M and lipid was 50 pM (GSLs are 20 mol% of total phospholipid). ,~,,,,, for Trp fluorescence corresponds to the maximal blue 
shift. This occurs at l ipid/MBP ratios of between 100 and 40 for systems with GaICer, LacCcr and Gg4Cer and between 28 and 17 for those with 
Sulf and gangliosidcs. Am,,, of Trp for MBP in buffer alone is 348 nm. The Stern-Volmer constant for Trp fluorescence quenching of MBP (no 
lipids) by NO~ is ~,.n, = 32.3 M-  t and by acrylamide is K~'v = 10.1 M t Values fi)r% Fm.,x were rounded to nearest integer. " The leakage 

• ~ S V  " , 

values are those taken after 10 rain. 
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Negative charges on the GSLs facilitate an initial rapid 
aggregation induced by MBP. On the other hand, an 
increase of the oligosaccharide chain length induces a 
decrease of both the rate and extent of aggregation 
induced by MBP (Tables IA and IB}. The presence of 
negative charges at the surface is not the only factor 
modulating the membrane interactions. In vesicles con- 
taining PA, in addition to the neutral GSLs (not shown), 
the protein-induced vesicle aggregation is moderately 
higher than in the vesicles of PC with the correspond- 
ing GSLs and without PA but the interfering effect of 
the oligosaccharide chain was very similar. 

The initial rates of RET among probes located in 
different vesicle populations (probe mixing assay, in- 
dicative of both membrane proximity and bilayer merg- 
ing) are very rapid (Fig. Ib and Table IA) and immed;- 
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Fig, I, Absorhance changes and fluorescence RET induced Iw MBP. 
(a) Kineti~ of the ab~rbance changes at 451) nm of vesicles" of: PC 
(I), PC/GalCer (2), PC/LacCer (3), PC/Gg4Cer (4), PC/Sulf (5), 
PC/Gml (h), and PC/GIn, , (7), (hi The percentage of fluorescence 
change (see text) in the probe mixing (dashed lines) or probe dilution 
assay (full lines) is shown for vesicles of: PC (I). PC/Gml (2), and 
PC/Gm~ , (3), MBP was added at time zero at a final concentration 
of 5,4 t,tM. The mole fraction of GSLs is 11.2 and the total lipid 

concentration is 50 t,t M. 
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entrapped Tb-DPA complex (full lines) are shown as a flmclion of 
time h)r vesicles of: P(' (I), PC/G~,ll (2), and P('/GoI,. (3). MBP 
was added at lime zero at a final concemration of 5.4 ~t M. The mole 

fraction of GSLs is 11.2 and the total lipid concentnltion is 50 .u M. 

ately follow the changes of light scattering and ab- 
sorbance. For the probe dilution assay (indicative of 
bilayer merging only) both the rate and extent of RET 
are smaller than in the probe mixing assay (Fig. ib). 
Negative charges provided by the presence of either 
PA or GSLs facilitate the rate and extent of membrane 
approximation induced by MBP but have little effect 
on bilayer merging. An increase of the length of the 
oligosaccharide chain in either neutral or acidic GSLs 
interferes with both processes (Tables IA and IB). 
Bilayer merging (Fig. Ib) occurs immediately prior to, 
and to a greater extent than whole vesicle fusion (Fig. 
2). The hitter is retarded and diminished in extent 
when the membrane contains GSLs with longer oligo- 
saccharide chains (Tables IA and IB). 

The leakage of aqueous markers (Fig. 2) is the 
slowest process. This indicates that the vesicle perme- 
ability changes little during the membrane interactions 
induced by MBP. The presence of neutral GSLs results 
in even less leakage; for vesicles containing negatively 
charged ~3SLs both the rate and extent of leakage 
increase when the oligosaccharide chain is increased or 
contains sialosyl groups (Fig. 2, Tables IA and IB). 

The above changes depend on the MBP concentra- 
tion and on the proportion of GSLs. A! about 3 .aM 
MBP the different effects are near the maximum, Figs. 
3 and 4 illustrate this for the probe mixing and fusion 
assays. A plateau level is reached when the mole 
fraction of GSLs is between 0.1 and 0.2. The magni- 
tude of the effects is very sensitive to small variations 
of the proportions of GSLs below these values (Figs. 3b 
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and 4b) but this can be offset by variations in the 
concentration of MBP with respect to the lipids (Fig.~. 
3a and 4a). 

The Trp fluorescence of MBP shows only a small 
blue shift and a very slight increase of ihe quantum 
yield upon its association to the lipid v,:siclcs ('Fable 
IB). This is in agre~:.~aent with previous fix~dings [38,40]. 
The decrease of iatrinsic fluorescence of the protein in 
buffer (no vesicles) induced hy the collisional aqueous 
quenchers NO.~ or acrylamide, occurs ~vith a Stern- 
Voimer quenching constant of 32.3 M- = for NO.~ and 
10.2 M-~ tbr acrylamide (Table IB). Tl.e Ksv values 
are diminished when the protein interacts with vesicles. 
This indicates a reduced accessibility of the quenchers 
to the Trp region of MBP. When the protein is associ- 
ated tp GSLs-containing vesicles. The Ksv constants 
become larger for vesicles containing Suif and, ':.~'en 
more, for vesicles containing gangliosides. Compared 
to vesicles with neutral GSLs, this indicates that the 
Trp of MBP becomes more accessible to the aqueous 
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quenchers in the membranes with acidic GSLs (Table 
IB). 

Effect of melittin 
The binding of Mei to the vesicles was practically 

independent on the oligosaccharide chain length of the 
GSLs but was sensitive to the presence of negative 
charges. The p~otein/lipid molar ratio at which the 
Mel binding saturates for vesicles of PC only or for 
those containing 20 moi% of neutral GSLs was be- 
tween 1:40 and 1:50. The amount of protein bound 
increased to between 1:18 and 1:22 for PC vesicles 
containing 20 mol% of Sulf or gangliosides. This is also 
in agreement with previous studies [25,26]. 

The turbidity changes induced by Mel are much less 
and more similar among vesicles containing different 
GSLs than those tbund for MBP (Fig. 5a, Tables llA 
and liB). Compared to MBP, the initial rates of RET 
for either the probe mixing or the probe dilution assays 
and the extent of probe dilution induced by Mel are 
markedly increased (Fig. 5b). On the other hand, the 
extent of probe mixing induced by Mel is similar to 
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that caused by MBP in vesicles containing neutral 
GSLs but is about half of that induced by MBP in 
vesicles containing Suif or gangliosides (compare Figs. 
1 and 5 and Tables IB and liB). 

The initial rate and extent of leakage (Fig. 6) in- 
duced by Mel are considerably greater than for MBP. 
The fusion assay exhibits a fast maximum and then a 
decrease, in correspondence to the changes in perme- 
ability (Fig. 6), both the initial rate and the extent of 
fusion are higher than those caused by MBP. However, 
in any case and similar to MBP, the increase of the 
oligosaceharide chain length of GSLs interferes with 
the interactions between membranes (Tables llA and 
liB). 

The quenching of the Trp fluorescence of Mel in 
buffer alone by NO.~ (Ksv 54.1 M- i) or acrylamide 
(Ksv 14.2 M-))  is higher than for MBP. This indicates 
that, in the absence of lipids, the Trp region is more 
accessible in Mel than in MBP to the aqueous 
quenchers. The quenching is markedly decreased in 
the presence of vesicles but different GSLs cause little 
differences in the accessibility of the aqueous quenchers 
to the Trp region of Mel. The blue shift of the single 
Trp of Mel and the increase of quantum yield are 
considerable compared to the changes observed for 
MBP (Tables IB and liB) but the shift of A,,,,,, in the 

presence of vesicles is similar regardless of the lipid 
composition (Table liB). 

Discussion 

Previous work showed that MBP can induce aggre- 
gation and fusion of PC vesicles [19,21)]. The interac- 
tion of MBP with phospholipid liposomes leads to 
vesicle d[mers that subsequently coalesce into more 
compact structures [48] and, with myelin lipids MBP 
induces the formation of multilayered structures 
I I 1,24,49]. 

An initial aggregation of the vesicles is the fastest 
kinetic event induced by MBP. The high rate and 
extent of RET in the probe mixing assay (probes lo- 
cated initially in different membranes) shows that this 
occurs with close proximity of the tipid bilayers. Ac- 
cording to the Forster equation [42], the membrane 
surfaces should be at no more than about 5 nm in 
order to have efficient energy transfer of the magni- 
tude observed. The slow initial rati: and small extent of 
interactions found with the probe dilution assay indi- 
cates that most of the RET induced by MBP is due to 
bilayer proximity and not to bilayer merging. The even 
slower rate and extent of whole vesicle-vesicle fusion 
induced by MBP indicates that only a small part of the 

TABLE II 

A. bff,al ra:e of +'esh'h. intera('ti<ms urh, 'cd l+y Mel 

Lipid Aggr. Probe mix Probe dilut Fusion Leak TbDPA l.eak ( 'F 
(OD~s./rain) (':; i'~,,,,/rain) (':; b~,,.,, /rain) 1%/.,,,,, / ra in)  (c; /.,,,,~ / ra in)  (e'; I",,,,~ imin)  

IX" 0.22 8511 q I0 3 I0 611 57 
IX' /GalCe r 11.23 4 Ill 625 218 75 72 
PC/LacCer 0.22 397 5 I0 256 38. 35 
PC/Gg4Ccr I). Io 291 295 225 33 31 
PC/Sulf  0.28 8811 ~XH) 293 45 42 
P C / G  M I 11,19 343 4011 3IX) 150 135 
I~'/G o ~,~ I). 19 3111 331) 268 180 167 

R F~'tenlP of  effects induced by Mel alh'r 3 +niP) 

Lipid Aggr. Probe Probe Fusion Leak Leak A,,,,~ L. . .  
~ S V  

(OD mix dilut (C; b,,,,,, ) "['bDPA ('F (nm) (M - l ) 
4511 nm) (% Fro,,. ) (% b~.,,~ ) (¢; i.,,,,~ ) (+;;/'.,,,.) 

K l l . ' l  
SV  

(M t) 

i~" 0.06 (0.18) 29 51 38 (58) I17 43 335 I I 4 
P( ' /Ga l ( ' c r  0.115 (0.17) 34 46 34 (52) 02 5q 335 10 - 
PC/LacCer  11.04 (11.15) 2h 35 20 (41) 49 2q 336 11) - 
D('/Gg4('cr (I.0410.121 I'~ 23 lfl (2q) 38 30 33() 8 5 
PC/Sulf  0.1)511).121 33 50 36 (56) 62 52 336 I0 6 
PC/GM+ 0.03 (0.I0) 28 411 30 136) 65 50 338 8 4 
P(-'lGt)z~ 0.113 (0.08) 211 311 22 (36) 48 35 338 8 5 

Mel was 5.3 ~ M  and lipid was 50 p M  (GSLs are 20 mole..;- of total phospholipid). Values in brackets correspond to tile peak values that are 
oblaincd between 15-~'; s after adding the protein. The Area ~ for Trp fluorescence corresponds to the maximal bluc shift. This occurs at at a 
l ipid/Mel ratios between 40 and 50 for vesicles of PC or with neutral GSLs and between 18 and 22 for acidic GSLs. Anm.. " of Trp for Mel in 
buffer without vesicles is .'),48 nm. The Stern-Volmer constant Trp fluorescence quenching in buffer alone by NO~ is v , , r  = 54.1 M - i and by 

• m ' S V  

.4... M . Values for% Fma ~ were rounded to nearest integer. acrylamide is KS-~ = ! "~ i 



vesicles that undergo bilayer merging proceed to com- 
plete fusion. Most of the vesicles probably remain in 
close apposition, some with fused bilayers, but with 
separate aqueous vesicular compartments. The initial 
rate of permeability change is small. Compari.,~on of its 
time-course and extent with that of vesicle fusion sug- 
gests that MBP induces a preferential increase of per- 
meability in other vesicles than those actually involved 
in fusion. The larger rate of leakage in the Tb-DPA 
assay compared to that of CF may be due to the entry 
of EDTA into the vesicle. This suggests a certain 
degree of selective permeability changes but without 
marked disruption of  the vesicle integrity. 

The Trp region of MBP appears to reside in a 
rather polar environment even after interacting with 
the lipid vesicles but its accessibility to the aqueous 
quenchers is impaired. The increased shielding can not 
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(!), PC/Sulf  (2), and PC/GMn (3). (b) The kinetics of the percentage 
of RET in the probe mixing (dashed lines) or probe dilution (full 
lines) assays (see text) are shown for vesicles of PC/LacCer (I), and 
PC/GMn (2). Mel was added at time zero at a final concentration of 
5.3 pM. The mole fraction of GSLs is ').2 and the total lipid 

concentration is 50 tiM. 
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fraction {)1' GSL.,i is ~k2 and the llll~ lipid concentration is q0/z M. 

derive from simple variations of the surface electrostat- 
ics caused by the lipids because similar relative results 
are found for NO~- and acrylamide. However, the 
latter is less discriminatory, probably because of some 
partitioning into the membrane phase [50]. The pres- 
ence of asialo-GM,, with four neutral carbohydrates in 
the oligosaccharide chain, increases only slightly the 
acct:ssibility of the Trp region of MBP to the quenchers, 
compared to when the protein is bound to vesicles of 
PC alone. On the other hand, even though the Ksv 
value,,; remain low compared to that of the protein in 
absence of vesicles, the presence Sulf and gangliosides 
significantly increase the Trp accessibility to the 
quenchers. MBP probably resides mostly at the surface 
of lipid vesicles, with some hydrophobic regions pene- 
trating the bilayer [25,26,51,52], where it induces 
changes of the lipid molecular packing [26], the phase 
state [24,47] and the interfaciai micropolarity [53,54]. It 
was previously shown in lipid monolayers that, depend- 
ing on the Jateral surface pressure, MBP can be 
squeezed out of the hydrocarbon chain portion of the 
interfilce while remaining associated to the lipid polar 
headgroup region [26]. Studies by high sensitivity dif- 
ferentiial scanning calorimetry were consistent with a 
partial embedding of MBP into the lipid phase of 
vesicles formed by PC and the negatively charged GSLs 
[47]. Together with these previous findings, our results 
suggest that in membranes contai,,iug ihesc GSLs the 
Trp region of MBP is located in an environment of 
reduced polarity compared to the bulk aqueous phase 
and becomes more accessible to the aqueous quenchers 
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in proportion to the length of the oligosaccharide chain 
of the acidic GSLs. 

It is clear that an increase of the oligosaccharide 
chain length of GSLs interferes with close intermem- 
brane interactions. The longer the chain the smaller 
the membrane interactions induced by MBP. All Nega- 
tively charged GSLs facilitate vesicle aggregation and 
membrane apposition. On the other hand, all the GSLs 
interfere with bilayer merging and complete vesicle 
fusion. These effects are not due to a reduced binding 
of MBP to the vesicle. To the contrary, the presence of 
GSL,~ with negatively charged or longer oligosaccharide 
chains lead to a greater amount of MBP bound to the 
vesicle surface. 

qhe rate and extent of turbidity changes induced by 
Mel are much less than those caused by MBP. On the 
othtr hand, the initial rate of membrane apposition 
and bilayer merging occur faster than with MBP. in 
principle, it would scent logical that the rate of bilayer 
apposition should always preccde and its extent exceed 
bilayer merging. However, with Mel both the rate and 
extent of RET measured by the probe mixing assay 
(indicative of membrane proximity and/or  bilayer 
me~'ging) are h, ss than those detected by the probe 
dilution assay (indicative of bilayer merging only). 
These two assays depend critically on the relative rates 
at which the vesicles interact among themselves in 
relation to the velocity of their disruption, reorganiza- 
tion or intermediate stabilization. Mci induces a fast 
vesicle disruption, with rapid recombination of lipids 
and formation of non-vesicular structures [45,46,55,56], 
before slower processes such as substantial bilayer ap- 
position, merging or vesicle fusion can take place. 
Thus, a large change of RET is measured by the probe 
dilution assay because both lipi0 probes originally in 
the s a m e  membrane are rapidly dispersed (probably 
into smaller micellar structures as shown by the light 
scattering changes) and recombined with unlabelled 
lipids derived from similarly disrupted vesicles not con- 
taining the probe when the two populations are mixed. 
A rapiO and extensive decrease of RET (also measured 
by a probe dilution assay) induced by Mel was reported 
previously for unilamellar vesicles of cardiolipin [17]. 
The smaller changes in the rate and extent of RET 
measured by the probe mixing assay can also bc ex- 
plained by Mel inducing a very rapid reorganization of 
each separate population of vesicles (NBD-PE or Rh- 
PE type) before detectable (i.e., stable in the time of 
the experiment) intermembrane contacts occur. 

The turbidity changes are consistent with these ef- 
fects. The variation of absorbance caused by Mel is 
smaller and kinetically different than for MBP. it shows 
an initial increase followed by a rapid decrease to very 
low values. This, and the high rate and extent of 
leakage, are due to a considerable proportion of vest- 
des being rapidly disrupted. On the other hand, a 

certain fraction of the vesicle population reaches a 
transient stabilization (cf. Ref. 57) through complete 
membrane fusion as shown by the fast intermixing of 
the vesicle aqueous compartments. This exhibits a max- 
imum at about 15-25 s after adding the protein and, 
subsequently, the vesicle content is slowly lost. About 
40-60% of the rapidly fused vesicles become unstable. 

It was previously reported that the oligosaceharide 
chain of GSLs reduces the rate of interaction and 
fusion between bilayer vesicles induced by iectins and 
Ca 2 + [58,59]. Similar to MBP, an increase of the length 
of the oligosaccharide chain of GSLs causes a reduc- 
tion of the intermembrane interactions induced by 
Mei. However, Mel penetrates more deeply into the 
lipid interface [17,25] than MBP. This is also shown by 
the larger shift of the wavelength maximum, by the 
increa,,:e of relative fluorescence of Trp, and by the 
lower quenching by NO.~ ~ or acrylamide. The length of 
the oligosaccharide chain of GSLs has little effect on 
the penetration of Mci into the lipid bilayer. Similar to 
MBP, the effects of Mel are not due t9 a reduced 
binding of the protein to the vesicles containing the 
more compi,:x GSLs since more protein is bound to the 
latter interfaces. 

The more general conclusion of our results is that 
negative charge:,~ in the GSLs facilitates and stabilizes 
membrane proximity induced by the basic proteins 
while, at the same time, an increased length of the 
o l igosacchar idc  chain in ter feres  with close 
membrane-memtmme interactions. The possibilities 
for the apposition and recombination of lipid bilayers 
is determined by a complex balance of forces. Among 
others, the surface free energy, membrane curvature, 
electrostatic, van der Waals and hydration forces are of 
paramount importance [I 1,60,61]. Stuzlies done with 
monolayers [33,60], bilayers [62], X-ray diffraction [63] 
and two-dimensional NMR [64] have consistently. 
pointed out that the oligosaccharide chain of GSLs is ~ 
approximately perpendicular to the surface. This 
notwithstanding the oscillations of a certain amplitude 
that continuously occurs due to thc molecular kinetic 
enerb~ and fluctuations of the lateral surface pressure 
[33]. At the local level, the conformation of the oligo- 
saccharide chain is constrained by specific glycosidic 
linkages that determine the relative position of the 
carbohydrate residues with respect to the membrane 
interface [65]. However, even for GSLs with marked 
distortions in the oligosaccharide chain conformation 
[66], the measured intermolecular spacings are incon- 
sistent with the carbohydrate residues lying flat on the 
membrane surface either for simgle GSLs or when 
these are mixed with other lipids and proteins [66]. 

The modulation of membrane interactions by GSLs 
is not markedly dependent on the mode of insertion of 
the protein into the membrane and is inversely corre- 
lated with the amount of protein bound. This suggests 



that the regulation of protein-mediated membrane 
contacts by GSLs probably occurs at a distance from 
the interface where it is controlled by the length and 
protrusion of the polar headgroup. In GaICer or Lac- 
Cer, the polar headgroup length is similar to that of PC 
[33,60] while in the more complex GSLs the polar 
headgroup protrudes by at least 2 nm into the aqueous 
medium [37,60]. In all cases, the GSLs are highly 
hydrated [63,68] and the size of their hydration shell is 
highly sensitive to the long range order of the bulk 
phase aqueous environment [69]. On these bases, the 
oligosaccharide chain appears to act as a very sensitive 
sensor of membrane proximity or 'spacer' on the basis 
of its length and hydration. On the other hand, the 
specific type of carbohydrate residues (presence of 
negative charges, residue and glycosidic linkage config- 
uration) influences the amount of protein bound and 
the local lipid-protein interactions [26,68,69]. The si- 
multaneous thermodynamic and geometric optimiza- 
tion (cf. Ref. 67) of these factors results in two mem- 
brane surfaces facing each other being kept in proxim- 
ity but at a certain distance (probably at the energy 
minimum where the attractive and repulsive forces of 
different origin balance each other [33,6 i ,67,70]). The 
results of fluorescence RET suggest that this should be 
in the range of probably not less than 5 nm and no 
more than l0 nm. Tl:is is right in the range of distances 
spanned by two approximately straight oligosaccharide 
chains having 2-5 carbohydrate units plus their imme- 
diately associated hydration shell [67]. At the same 
time, the oligosaccharide chains impede extensive 
membrane recombination. 
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