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We  have considered the extent to which details of lectin binding directly visualized by freeze-etch electron 
microscopy are consistent with current concepts of ganglioside arrangement in phosphatidylcholine bilayer 
membranes. Native lectins in general seem appropriate labels for this type of study. Wheat  germ agglutinin, 
Ric inus  c o m m u n i s  agglutinin, and peanut agglutinin are adequately resolved on membrane surfaces as 
spherical particles of  diameters 6 nm, 10 nm, and 13 nm, respectively (uncorrected for platinum shadow 
thickness). The finite areas covered by these markers correspond to some 56, 157, and 265 lipid molecules, 
respectively, on the surfaces of the shadowed rigid phosphatidyicholine matrices employed here; and this 
constitutes a basic limitation to the precision with which one can localize a given glycolipid receptor. Ric inus  

c o m m u n i s  agglutinin provides a marker whose size permits adequate quantitation of bound material while 
minimally obscuring detail. Using it we estimated the size limits of GMt-enricbed domains, since this is the 
ganglioside which has shown the greatest evidence of discontinuous distribution in our hands (Peters, M.W., 
Mehlhorn,  I.E., Barber, K.R. and Grant, C.W.M. (1984) Biochim. Biophys. Acta 778, 419-428).  Results of 
such analyses indicate the probable existence of phase separated domains selectively enriched in G~41 up to 
60 nm in extent (5600 lipid molecules) for rigid dipalmitoylphosphatidylcholine membranes bearing up to 14 
mol% GMt. Similar observations were true of rigid bilayers of dimyristoylphosphatidylcholine; however, if 
domains enriched in GMI exist in fluid dimyristoylphosphatidylcholine, they are on the order of 6 nm or less 
in diameter (or are dispersed by lectin binding). Employing the small lectin, wheat germ agglutinin, which 
binds to all gangliosides, we then examined the effect of exposure to Ca 2 + ions (while in the fluid state) on 
the gang!ioside 'domain structure'  referred to above in rigid dipalmitoylphosphatidylcholine host matrices. 
G MI, G DIa and G TI b were studied at 0, 2 and 10 mM Ca 2 + concentrations.  It was demonstrated by spin label 
measurements  that the dipalmitoylpbosphatidylcholine matrix retained its basic melting characteristics in the 
presence of added Ca 2+ and ganglioside under these conditions. Within the technique's functional resolution 
limit of s o m e  6 nm we were unable to identify any effect  of Ca 2+ in physiological concentration on 
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ganglioside topography as reflected by bound lectin distribution. The rigid dipalmitoylphosphatidylcholine 
host matrix had been selected to minimize receptor redistribution (ganglioside aggregation or disaggrega- 
tion) caused by lectin probe binding or sample preparation for electron microscopy. However the above 
Ca2+-related observations were basically unaltered in a matrix of intermediate fluidity and zero cooperativity 
obtained by the addition of 30 tool% cholesterol. In none of our samples did we see bilayer disruption that 
might indicate significant patches of very high local glycosphingolipid concentration. 

Introduction 

Glycolipids and glycoproteins of the eucaryote 
plasma membrane have attracted considerable at- 
tention in recent years as specific binding sites for 
a wide range of macromolecules, infectious agents, 
and agents of the immune system. Their role as 
mediators of tissue recognition and attachment in 
morphogenesis and oncogenesis is of major re- 
search interest. Of these two families of carbo- 
hydrate-bearing molecules, glycolipids are physi- 
cally restricted by their size to a region very close 
to (within some 2.5 nm of) the membrane surface 
[1,2]. Presumably as a result of this spatially re- 
strictive location, glycolipid function as attach- 
ment or recognition sites for exogenous macro- 
structures depends critically not only upon their 
presence in the membrane, but also upon (as yet 
incompletely defined) local factors. An early ex- 
ample of this phenomenon was the observation 
that anti-globoside antibodies bind much more 
extensively to fetal erythrocytes than to those of 
later developmental stages although membrane 
antigen quantities are similar [3,4]. More recently 
Hakomori's group has demonstrated that high and 
low expressors of the tumor-associated antigen, 
gangliotriaosyl ceramide, identified amongst sub- 
lines of murine L5178Y lymphoma, do not bear a 
simple relation to analytical glycolipid content [5]. 
Certain glycolipids in transformed cells react more 
strongly with antisera directed against them than 
they do in the parent cell line [6]. In a similar vein, 
susceptibility of complex glycosphingolipid oligo- 
saccharide headgroups to enzyme attack is often 
limited in the cell membrane, and can be affected 
by oncogenic transformation and cell cycle [7-10]. 
It is unlikely that any single factor would account 
for all such observations. However, one of the 
major possibilities being considered in a number 
of laboratories is that glycosphingolipid arrange- 
ment relative to other .membrane structures sig- 

nificantly modulates their role as binding sites for 
macromolecules [11-16]. 

We have felt that interpretation of experiments 
designed to identify factors that control glyco- 
sphingolipid arrangement is often significantly 
limited by lack of detailed structural knowledge 
regarding the membrane systems employed [17]. 
Similar concerns have been raised by others (see, 
for example, Ref. 18). Freeze-etch electron mi- 
croscopy offers a partial solution to this problem. 
It provides 100 times the resolution of light mi- 
croscopy, and lends itself particularly well to the 
study of membrane surface features. Since oligo- 
saccharide headgroups themselves are not detecta- 
ble at the freeze-etch resolution limit of 2-4  nm, 
we have employed unmodified lectin molecules as 
topographic probes. In previous work we demon- 
strated the feasibility of the technique [19], and 
that lectin molecules marking the presence of the 
monosialo-ganglioside, G M1, were less homoge: 
neously distributed than those marking GDla in 
several simple bilayer systems [20]. In this article 
we consider the implications of interpreting such 
inhomogeneous distribution in terms of phase-sep- 
arated regions enriched in ganglioside and address 
the extent of Ca 2÷ effects. 

Ca 2+ which is critical to membrane integrity in 
general has been suggested as a possible modula- 
tor of ganglioside arrangement and behaviour. 
Certainly the carboxyl-bearing N-acetylneura- 
minic acid residue characteristic of gangliosides 
might be expected to be significantly influenced 
by Ca 2÷ (reviewed in Refs. 21, 22). For instance 
Ca2+-induced crosslinking of phosphatidylserine 
headgroup carboxyl groups provides a very signifi- 
cant driving force to phase separation and rigidifi- 
cation of this lipid in bilayer membranes [23-25]. 
A similar phenomenon has been claimed for phos- 
phatidic acid [24,26] and phosphatidylglycerol 
[24,27]. We originally pointed out that the same 
effect could explain some of our experiments with 



spin-labelled gangliosides (and neuraminic acid- 
rich glycoproteins), which we interpreted in terms 
of Ca2÷-induced increases in oligosaccharide 
packing density [28]. It has been demonstrated on 
the basis of monolayer experiments and theoreti- 
cal modelling, that Ca 2+ effects on gangliosides 
likely involve more than just crosslinking of 
carboxyl groups [21,22]. For one thing the glycerol 
side chain of N-acetylneuraminic acid is im- 
portantly involved in Ca 2+ binding [29-31]. Nev- 
ertheless a single Ca 2÷ ion does seem capable of 
simultaneously binding to several ganglioside 
headgroups [29,30]. There now exist in the litera- 
ture suggestions that Ca 2÷ may lead to important 
alterations in ganglioside arrangement relative to 
surrounding lipids [21,22,32,33a] (but see Ref. 
33b), and to increased attractive forces between 
ganglioside molecules [22,28,32,34,35]. On the 
other hand, McDaniel and McLaughlin [36] have 
pointed out that some previous measurements of 
ganglioside affinity for Ca 2+ may have been over- 
estimated, with resultant overemphasis on its 
potential role in ganglioside behaviour. 

Given these concerns we have screened for any 
visible effect of Ca 2+ on the putative domain 
structure of mono-, di- and trisialogangliosides, in 
bilayers of dipalmitoylphosphatidylcholine. Such 
bilayers may be incubated at temperatures above 
41.5°C to permit diffusional equilibration, and 
then marked with lectin in the rigid state minimiz- 
ing possible lectin-induced and quenching 
artefacts. Addition of cholesterol in excess of 20 
mol% to such a (rigid) host matrix removes the 
cooperative phase transition of lipid acyl chains 
and imposes a relative freedom of lipid motion 
[37] more typical of eucaryote plasma membranes, 
without need for temperature alteration. Similar 
systems have been considered by a number of 
groups employing different techniques, so that it is 
possible to correlate our morphological findings 
with the results of other workers. 

Materials and Methods 

L-ct-Dipalmitoylphosphatidylcholine (DPPC), 
L-a-dimyristoylphosphatidylcholine (DMPC), 
wheat germ aggiutinin (WGA), Ricinus comrnunis 
agglutinin (RCA 60), peanut agglutinin, and di- 
cetyl phosphate were obtained from Sigma (St. 
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Louis, MO). Cholesterol was from Serdary Re- 
search (London, Canada). Gangliosides were ob- 
tained from Supelco (Mississauga, Canada). GT1 b 
was further purified of a GDa b contaminant as 
described below. All lipids used were pure as 
judged by thin-layer chromatography on plates 
coated with silica gel GF254 (Stahl), eluted with 
55 : 40 : 2 : 8 (v/v)  ch lo roform/methano l /ammo-  
n ia /wate r  (gangliosides) or 6 5 : 2 5 : 4  (v/v)  chlo- 
r o f o r m /  me thano l /wa te r  (phospholipids), and 
developed with sulfuric acid spray. GT1 b was fur- 
ther purified by an adaptation of the method of 
Hakomori and Siddiqui (38) on a 1 × 30 cm col- 
umn of Anasil-S (Analabs, North Haven, CT). 
Briefly, 10 mg of commercial material was dis- 
solved in 60 : 30 : 8 (v /v)  ch lo roform/methano l /  
water and layered on a column prepared with the 
same solvent. Elution was with 60 ml of 60 : 40 : 10 
(v/v)  solvent followed by pure methanol. The spin 
label ,  2 ,2 ,6 ,6- te t ram e t h y l p i p e r i d i n e - N - o x y l  
(TEMPO), was synthesized as described by 
Rozantsev [39]. 

Liposome preparation involved dissolving the 
desired ratio of lipid components in chloroform/  
methanol (1:1,  v/v) ,  and drying to thin films 
under a stream of nitrogen gas. Films were further 
dried in a vacuum desiccator for 2-3 h to ensure 
removal of residual solvent. Details of subsequent 
hydration and incubation are given in the figure 
and table captions. Ca 2+ concentrations were 
tested by atomic absorption flame photometry. 
For freeze-etch electron microscopy liposomes 
were harvested by centrifugation at 1700 × g and 
quenched on gold alloy planchets in a slurry of 
freon cooled in liquid nitrogen. Freeze-etch repli- 
cas were prepared by platinum shadowing in a 
Balzers BAF 301 apparatus equipped with elec- 
tron beam guns. Where possible, samples to be 
directly compared were handled simultaneously to 
avoid differences due to shadow variability. Etch- 
ing was for 2 min at -103°C .  Replicas were 
cleaned in NaC10,, rinsed with distilled water, 
and exposed to e thanol /acetone (1:1,  v /v)  for 1 
h to remove lipid traces. They were picked up on 
400 mesh copper grids and viewed in a Philips 
EM300. 

For EPR work lipid pellets were incubated with 
the TEMPO spin label [40] at a mol ratio of 125 : 1 
lipid to spin label. Samples were placed in Corn- 
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ing 50/~1 microsampling pipettes sealed at one end 
and held in the dewar insert of a Varian El2 
(Tmll 0 cavity) using an insert described by workers 
in Harden McConnell's laboratory [40,41]. 

Results and Discussion 

Sample fixation for freeze-etching is cryogenic: 
a small droplet of membrane suspension being 
frozen within a fraction of a second to liquid 
nitrogen temperatures, so that features present 
under the initial incubation conditions are pre- 
served. A fracture induced through the frozen 
droplet tends to split bilayer membranes in the 
plane of their hydrophobic interiors. Membrane 
outer surfaces are then exposed by sublimation of 
overlying ice ('etching') in high vacuum. Subse- 
quent shadowing with atomic platinum at a 45 ° 
angle highlights membrane features that protrude 
above the surface. The use of native lectin mole- 
cules as glycolipid location markers is illustrated 
in Fig. 1. Each micrograph shows at high magnifi- 
cation a portion of liposome hydrophobic interior 
and outer surface. In Figs. 1A-C, WGA, RCA 60, 
and peanut agglutinin, respectively, mark the pres- 
ence of GM1 in rigid bilayers of DPPC. Their 
diameters reflect the gradation in size anticipated 
for macromolecules of increasing M r (see below). 
Figs. I D - I  show typical controls that illustrate 
lack of the lectin-related features found in Figs. 
1A-C when membranes bear the wrong receptor 
(D, E) or no receptor (F, G, H, I). 

Fig. 1 also illustrates a very basic limitation to 
the use of specifically bound macromolecules as 
markers of receptor location: the size of the marker 

molecule itself. For instance, WGA is a plant 
protein of M r 36000 with 4 equivalent binding 
sites for sialyl residues of glycolipids [42-44]. As- 
suming spherical shape and a partial specific 
volume of 0.69 m l /g  [45], the diameter of this 
molecule would be 4.4 nm. This is only marginally 
greater than the 2-4  nm theoretical resolution 
limit imposed by the thickness of the platinum 
shadow, and approaches the smallest object one 
can hope to resolve distinctly by freeze-etching. 
Consistent with such considerations, the bilayer 
etch face in Fig. 1A shows particles 6 to 7.5 nm in 
diameter (uncorrected for shadow thickness). 
These are only well resolved as separate particles 
in particularly good replica regions. Given that a 
phospholipid molecule in rigid DPPC occupies an 
area of 0.5 nm 2 (i.e. has a size of about 0.7 nm in 
one dimension parallel to the bilayer surface) [46], 
a platinum-shadowed WGA molecule would cover 
a patch of 56 lipid molecules. At a lateral surface 
pressure of 33  d y n / c m  as found in the human 
erythrocyte [47], G M1 in pure monolayers occupies 
an area of 0.7 nm 2 [21]. This area may be smaller 
when spaced with intervening phospholipids to 
decrease glycolipid headgroup steric interactions, 
hence the presence of GM1 will not greatly alter 
the above calculation. The oligosaccharide 
headgroup of GM1 is 2.2 nm in length, which 
might add yet more uncertainty to the receptor 
location marked by a given bound macromolecule 
in freeze-etch preparations if the headgroup is not 
simply extended straight up perpendicular to the 
plane of the membrane. However steric considera- 
tions from model building indicate that this factor 
probably does not significantly affect the estimate 

Fig. 1. Freeze-etch electron micrographs of three native lectins and their use as markers for gangliosides in a rigid DPPC host matrix. 
(A, B,C)  show liposomes of DPPC bearing 7 mol% GM1 and exposed to: native wheat germ agglutinin at 0.5 m g / m l  (A), RCA 60 at 
0.15 m g / m l  (B), or peanut agglutinin at 2 m g / m l  (C) in 10 mM phosphate buffer (pH 7.4). Native lectin molecules are visualized as 
spherical particles of diameter 0.6, 1.0 and 1.3 mm (corresponding to actual diameters of 6, 10 and 13 nm - uncorrected for shadow 
thickness) on membrane etch faces in A, B and C, respectively. (D, E) are controls for 1 B in which liposomes bore 7 mol% GDl a 
which is not a receptor for RCA 60, while (F) shows a liposome of DPPC alone exposed to RCA 60. (G, H, I) are controls in which 
liposomes bore 7 mol% dicetyl phosphate instead of ganglioside, and were exposed to twice the concentration of WGA in the 
presence of 0, 2 and 10 m M  CaC12, respectively. Samples were prepared by hydration of dry lipid films at 50°C  (well above the 
41.5°C host matrix phase transition temperature), vortexing, and allowing to cool in an 80 ml water bath to 22°C over 15 min. 
Exposure to lectin was for 10 min at 22°C, followed by harvesting of liposomes at 1700× g for 10 min at the same temperature. 
Liposomes to be used in the W G A / C a  2+ experiments were suspended in large volumes (1 mg total lipid in 10 ml) of 5 mM Hepes 
buffer containing 20 m M  NaC1 and 0, 2 or 10 mM  CaC12 (pH 7.4), incubated for 1 h at 50°C,  harvested by centrifugation, and 
resuspended to a final lipid concentration of 0.5 m g / m l  prior to lectin addition, to ensure equilibration with Ca 2+ at the desired 
concentration. Magnification: × 100000. Shadow direction from bottom to top. Bar represents 100 nm. 
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of uncertainty already arrived at based on lectin 
size and shadow thickness. 

RCA 60 is generally considered to be a mono- 
valent plant protein of 60000 M r [48]. Assuming 
sphericity and a partial specific volume of 0.75 
m l / g  [49], its diameter should be 5.2 nm. In Fig. 
1B it is seen bound to GM~ receptors as spheres of 
diameter 10 nm (uncorrected for shadow thick- 
ness). This is in a size range quite readily resolved 
as single or multiple species, making it convenient 
for quantitation while keeping marker size to a 
minimum. Each platinum-shadowed RCA 60 
monomer thus occupies a surface area equivalent 
to 157 phospholipid molecules in a rigid phos- 
phatidylcholine matrix [46]. Theoretically in the 
case of RCA 60, a single bound marker could be 
indicating the location of between 1 and 112 GM1 
molecules (assuming that they occupy a surface 
area of 0.7 nm 2 per molecule [21,47] in a phos- 
phatidylcholine rigid lattice). However, phos- 
pholipid bilayer integrity is known to break down 
at G ~  concentrations in excess of 25 mol% in 
dipalmitoylphosphatidylcholine [31,50]. The elec- 
tron micrographs which we have viewed of sys- 
tems such as those described here show no evi- 
dence of bilayer disruption. Hence one may esti- 
mate at 34 the maximum number of GM~ mole- 
cules in the membrane region marked by a single 
platinum-shadowed RCA 60 molecule. 

A larger lectin still is the 110000 M r tetravalent 
peanut agglutinin [51] seen attached to GM1 in 
Fig. 1C. One may calculate its diameter to be 6.4 
nm if spherical with a partial specific volume of 
0.73 ml /g  [51]. This species is quite easy to resolve 
as 13 nm particles (uncorrected for shadow thick- 
ness). A freeze-etch feature of this size would 
cover some 265 lipid molecules in the host matrix 
visualized in Fig. 1. Clearly there is potential 
advantage to employing the smallest probe mole- 
cule possible. In general we find that bound lectins 
are particularly well resolved on rigid bilayers of 
synthetic phospholipids, and less well resolved on 
fluid matrices (see later experiments with di- 
myristoylphosphatidylcholine). Perhaps highly 
uniform crystal packing of phospholipids permits 
little penetration amongst the headgroups. 

On the basis of size and steric considerations, it 
seems likely that two glycolipid molecules would 
have to be separated in the membrane by a dis- 

tance equal to about one half to one lectin diame- 
ter in order to bind two different lectin molecules. 
If so, any membrane feature related to glycolipid 
arrangement would have to be larger than one half 
to one lectin diameters in extent to be identified 
by the criterion of binding two or more lectin 
molecules in recognizable proximity. 

Points to be addressed in this manuscript are 
(a) to what extent are details of the lectin binding 
pattern significant, (b) what are the implications 
to glycolipid arrangement in bilayer membranes, 
and (c) how does Ca 2+ affect these considera- 
tions? For instance the lectin molecules bound to 
GM~ in Figs. 1A-C often exist in small groups up 
to 60 nm in diameter. Is it reasonable to consider 
this a reflection of domains enriched in GMI? 
Dealing with such questions requires use of the 
phase separation concept introduced by Chap- 
man's [52] and McConnell's [40] groups (reviewed 
in Ref. 53). Any bilayer membrane has certain 
crystal characteristics. Theoretically a different 
type of lipid added to such a host matrix would 
diffuse uniformly throughout the bilayer only if it 
'fit '  in exactly the same way as the original host 
matrix molecules. In general this will not occur, 
and there will be a finite tendency for laterally 
separated regions of different composition to 
coexist in dynamic equilibrium. Probably one 
should be careful about using the term, 'clusters', 
in describing glycosphingolipids since it implies 
the existence of pure groups of a particular lipid 
molecule, whereas most often laterally separated 
domains only show selective enrichment. As al- 
ready described, any significant region of mem- 
brane with greater than 25 mol% glycosphingoli- 
pid would be expected to show evidence of bilayer 
disruption [31,50]. In addition to lectin size, there 
are several factors which may limit the informa- 
tion content of lectin location as a reflection of 
such domain structure. Firstly there is the ques- 
tion of non-specific binding - which has already 
been addressed, and may be controlled for. Sec- 
ondly there is the possibility of glycolipid/lectin 
redistribution subsequent to lectin binding, which 
in fact was originally suggested as a mechanism of 
action for cholera toxin (see, for example, Ref. 
54). A tetravalent lectin should have no difficulty 
binding to at least two glycolipid molecules 
simultaneously in the model membranes described 



here [55] so that aggregation is a possibility. Theo- 
retically, however, further crosslinking should not 
be possible due to inability on steric grounds of 
two lectin molecules to bind to one G M1 
headgroup. Certainly, although we have recorded 
electron microscopic evidence of glycoprotein re- 
arrangement as a result of lectin crosslinking 
[19,56], we have not previously seen the same 
phenomenon with glycolipids [19]. However, even 
with a monovalent lectin, one cannot trivially 
discount the possibility that lectin binding may 
lead to rearrangement of receptors (aggregation or 
disaggregation). The selection of a rigid host ma- 
trix was intended to avoid this problem. Thirdly 
there is the possibility of lectin rearrangement 
during cryogenic fixation: when the sample is 
rapidly quenched to liquid nitrogen temperatures. 
For membranes that are already in a rigid (gel 
phase) lattice this should be minimal. Fluid mem- 
branes permit rapid lateral diffusion and it has 
been demonstrated that a fluid bilayer matrix 
allows significant lateral diffusional rearrange- 
ment of domain structure during the freeze-etch 
quenching process [57,58]. By the same token, 
glycolipids or glycolipid-lectin complexes might be 
laterally rearranged by being 'squeezed' out of an 
increasingly organized host lattice, as has been 
demonstrated for integral proteins (for review see 
Ref. 59). In fact this would be expected if there is 
a tendency to glycosphingolipid phase separation. 
This may be the phenomenon underlying the re- 
cent observation of Tillack et al. that a conven- 
tionally quenched sample of GM1 in a highly fluid 
host matrix showed patchiness of bound cholera 
toxin, while a similar sample 'slam frozen' in Dr. 
J. Heuser's laboratory showed uniform labelling 
[60]. 

In order to assess some of these factors we have 
attempted to analyse the distribution of bound 
lectin in samples whose nature might be expected 
to influence GM1 behaviour. The pattern of lectin 
binding as visualized in such experiments does 
seem to be related to significant membrane events. 
For instance the micrographs in Fig. 2 are all of 
rigid dipalmitoylphosphatidylcholine liposomes 
bearing 4.4 mol% GM1. They were prepared at the 
same time and exposed simultaneously to the same 
lectin concentrations at 22°C. In each case the 
liposomes were produced by hydrating films dried 
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from homogeneous organic solutions of lipid. 
However, those in Fig. 2A, were always main- 
tained at 22°C (well below the 41.5°C main tran- 
sition and 35°C pretransition temperatures of the 
host matrix [53]); while those in Fig. 2B, were 
warmed above 41.5°C and slowly cooled over a 
period of 15 min to 22°C prior to lectin addition. 
A qualitative difference is immediately apparent 
in that the samples which were not equilibrated 
(warmed above the phase transition temperature 
of the host matrix and slowly cooled) show rela- 
tively little evidence of lectin bound in groups. 
Although the samples were not prepared together, 
the same observation may be made in comparing 
Figs. 2A, B to Figs. 1A-C which were equilibrated 
by warming and slow cooling prior to lectin ad- 
dition. Clearly lectin molecules do not bind in 
clusters simply by virtue of being aggregated in 
solution. Reliable quantitative assessment of lectin 
distribution over the membrane surface is a dif- 
ficult problem, particularly in the face of the 
complications already described. The most 
straightforward quantitative method may be to 
note the number or fraction of lectin molecules in 
direct contact with other lectins in replica areas 
chosen for high technical quality, on the assump- 
tion that lectin molecules in direct contact may 
reflect the presence of underlying domains rela- 
tively enriched in G MX. The results of such an 
approach to the data represented in Figs. 2A, B 
are shown in histogram form in Fig. 2C. From the 
histogram analysis, it is apparent that a measura- 
ble difference exists in the lectin binding pattern 
as a result of altering sample preparation. This 
may relate to glycosphingolipid organization 
within the bilayer as follows. 

Given the structural differences between G M1 
and dipalmitoylphosphatidylcholine, it would not 
be surprising if phase separated domains formed 
in mixed bilayers of the two species based on 
failure to be able to substitute exactly for one 
another in a crystal lattice. In fact formation of 
ganglioside-enriched domains in a dipalmitoyl 
phosphatidylcholine host matrix has been claimed 
previously [61-63] and a related phase diagram 
has been constructed [18]. Moreover the formation 
of such GMl-enriched domains has been sug- 
gested by several groups to be most pronounced in 
rigid membranes [62,63]. On this basis a reasona- 
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Fig. 2. Comparison of RCA 60 binding to liposomes of the 
same composition (4.4 mol% GM1 in DPPC) but different 
history. The sample in (A) was hydrated without warming 
above 22°C, while that in (B) was incubated at 50°C  and 
allowed to cool over 15 min to 22°C (liposome phase transi- 
tion temperature 41.5°C). Both samples were then simulta- 
neously incubated with RCA 60 at 22°C and harvested as 
described in the caption to Fig. 1. Magnification: x100000.  
Bar represents t00 nm. (C) is a histogram analysis of the 
surface distribution of receptor-bound RCA 60 on liposomes 
of the preparations illustrated in (A) and (B). Liposomes for 
histogram analyses were chosen solely on the basis of good 
replica quality (ability to distinguish surface features clearly). 
Lectin particles were counted manually at a magnification of 
× t00000 and grouped according to the number  of others with 
which they made contact (defined as cluster size). Areas in 
excess of 120-[04 p,m 2 were counted on 6 or more liposomes 
from each sample using specimens prepared and freeze-etched 
together. Cross-hatched sections indicate data from the sample 
equilibrated at 50°C,  while open sections refer to the sample 
which was not permitted to reach diffusional equilibrium. The 
samples which were not equilibrated show relatively little 
evidence of lectin bound in groups. 

ble explanation would seem to be that the lipids 
dried down in organic solvent were fairly homoge- 
neously dispersed. Hydration at 22°C produced 
bilayers which were too rigid to permit domain 
equilibration through lateral diffusion. As a result, 
the micrograph in Fig. 2A shows little evidence of 
G Ml-enriched domains larger than a lectin diame- 
ter (157 lipid molecules). When the same sample 
was allowed to equilibrate in the fluid state (above 
41.5°C), and then cooled slowly prior to lectin 
addition, domains large enough to bind at least 6 
lectin molecules in close proximity could form. 
This would seem to argue in favour of the 

meaningfulness of details of the lectin binding 
pattern. It also gives some idea of the size of 
domains involved: they are larger than 1 lectin 
diameter (157 lipid molecules) but probably 
smaller than some 10 lectin diameters (5600 lipid 
molecules) in a DPPC host matrix cooled slowly 
through its transition temperature. 

The question of ganglioside behaviour in DPPC 
has been addressed by other workers using dif- 
ferential scanning calorimetry, a technique which 
extrapolates from heat uptake and melting be- 
haviour to membrane domain composition. It per- 
mits estimation of 'cooperative unit size': the 



number of lipid molecules which behave as an 
interdependent group, all melting or gelling 
simultaneously. Sillerud et al note that the ad- 
dition of GMx to dipalmitoyl phosphatidylcholine 
reduces the cooperative unit size from some 109 + 
9 to 39 + 3 molecules [31]. Presumably a domain 
could not be smaller than one cooperative unit. 
The resolution of the freeze-etching lectin probe 
technique used here is from one to several cooper- 
ative units in the system under study. Hence there 
is the potential for visualization of features related 
to phase separation phenomena. 

Another experiment relevant to the interpreta- 
tion of lectin binding pattern in terms of underly- 
ing receptor arrangement is the effect of receptor 
concentration. An example is shown in Fig. 3 and 
the accompanying histogram. Liposomes of di- 
palmitoylphosphatidylcholine were prepared 
bearing either 1 or 14 mol% GM1. They were 
warmed above the phase transition temperature 
and allowed to cool to 22°C over a period of 30 
min. Each sample was exposed at the same time to 
identical concentrations (1 mg/ml)  of RCA 60 in 
large excess. Note that there is visibly more lectin 
bound to the liposomes bearing 14 mol% receptor, 
and there appear to be more clusters. In fact 
though, the histogram distribution of particle clus- 
ter size is not as strikingly different as that in the 
previous experiment with equilibrated vs. unequi- 
librated liposomes. Also what difference there is 
may be partly due to the large difference in amount 
of lectin bound. 

Host phospholipid matrix in the samples so far 
considered was selected to be well below its transi- 
tion temperature to minimize glycolipid rearrange- 
ment related to lectin binding or sample quench- 
ing. Fig. 4 summarizes the results of an attempt at 
quantitation of lectin clusters as a reflection of 
GM1 domains in fluid vs. rigid dimyristoyl- 
phosphatidylcholine. Below 23°C this host matrix 
is rigid with an area per lipid molecule the same as 
that of dipalmitoyl phosphatidylcholine (0.50 nm 2 
[46]). At 33°C it is extremely fluid and has an area 
per lipid molecule of 0.60 nm 2 [46,64]. Rigid di- 
myristoylphosphatidylcholine (Fig. 4A) shows the 
regular 'ripple' pattern characteristic of the Pa, 
phase [65]. As judged by size of lectin clusters, 
G Ml-enriched domains in the rigid matrix seem to 
range up to some 1200 molecules. Lectin clusters 
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are less obvious in the fluid phase dimyristoyl- 
phosphatidylcholine (and binding is less, con- 
sistent with the findings of Tillack et al. [66] for 
ferritin-conjugated RCA to asialo-GM1 ). There is 
really no evidence of domain size greater than one 
lectin diameter (157 lipid molecules) in the fluid 
matrix (Fig. 4B). There is also the possibility of 
rearrangement of glycolipids over a distance of 
about 20 nm during the rapid freezing of fluid 
dimyristoylphosphatidylcholine prior to the frac- 
ture step, since irregular waves of this size are 
evident in the fluid membrane micrographs (Fig. 
4B). The latter feature in fluid lipid has been 
noted to represent local rearrangement upon 
quenching [57,58]. 

Hence it appears that, within certain limits, 
there is justification for interpreting the visual 
details of native lectin bound to glycolipids in 
rigid bilayer matrices in terms of their arrange- 
ment within the membrane. We have applied the 
technique to three ganglioside families in order to 
add information from direct visualization to the 
controversial topic of Ca2+-effects on ganglio- 
sides. We selected WGA as the lectin since it 
binds to all gangliosides, and is physically small 
yet distinguishable as a marker. Samples were 
handled in buffer of low overall ionic strength 
(which will tend to amplify any effect of the 
divalent cation). Similar results were obtained with 
isotonic saline, however, the presence of such high 
solute concentrations led to their precipitation 
during the etching step as a smooth layer of 
irregular depth that tends to obscure surface detail 
(and create new surface detail). As glycolipid 
lateral distribution may be sensitive to host matrix 
properties, membrane melting characteristics were 
documented by electron paramagnetic resonance 
spectroscopy. The small, amphiphilic spin label, 
TEMPO, is selectively excluded from rigid mem- 
branes; thus, by keeping track of the magnitude of 
the signal from TEMPO in the aqueous phase 
relative to that in the membrane, it is possible to 
follow the membrane phase state [40]. The results 
of this study are listed in Table I. 

An examination of the data shows that the lipid 
transition temperature is not significantly altered 
relative to the study temperature of 22°C either 
by gangfioside incorporation or Ca 2÷ addition: 
the gross melting behaviour of the host matrix 
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Fig. 3. Freeze-etch electron micrographs of RCA 60 binding to DPPC liposomes bearing different concentrations of GMI. In each 
case liposomes were prepared and handled as described in the caption to Fig. 1. (A) shows a typical liposome with 1 mol% GMI while 
that in (B) has 14 mol%. Magnification: × 100000. Bar represents 100 nm. (C) is a histogram analysis of receptor-bound RCA 60 on 
liposomes of the preparations illustrated in (A) and (B). Lectin particles in contact with one another were counted as 'clusters'. 
Cross-hatched sections represent data from the DPPC liposomes with 14 mol% GM1, while open sections refer to the 1 mol% sample. 

remains the same. More subtle details involve  
small changes in the transition temperature and 
pre-transition. Such changes in the melt ing be- 
haviour of a DPPC multibilayer host matrix have 
been mentioned by other workers, including 
broadening of, and modest  increases in, transition 
and pre-transition temperature [18,31,35]. We will 
not discuss these changes here since they are best 

dealt with in terms of  a phase diagram as Baren- 
holz  et al. [67] and Maggio et al. [18] have done 
for glucosylceramide and gangliosides,  respec- 
tively, in DPPC mixtures. 

It was seen in Fig. 1 that l iposomes bearing 
(negatively charged) dicetyl phosphate at 7 mol% 
instead of ganglioside show minimal  evidence of 
WGA-related etch face particles when exposed to 
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Fig. 4. Freeze-etch electron micrographs of liposomes of dimyristoylphosphatidylcholine bearing 7 mol% GM1, and labelled with 
native RCA 60 above and below the host matrix phase transition temperature. In each case dry lipid films were hydrated at 35°C. 
The sample in 4A was subsequently allowed to cool in a 100 ml water bath to 4°C over a period of 15 min. Exposure to 0.15 mg/ml 
RCA 60 was for 10 min at 4°C (A) or 35°C (B) (2 mg tota ! lipid in 2 ml 10 mM phosphate buffer (pH 7.4)), followed by harvesting 
of liposomes at 1700 × g for 10 min at the same temperatures. Magnification is × 100000. Bar represents 100 nm. (C) represents a 
histogram analysis of receptor-bound RCA 60 on liposomes of the preparations illustrated in (A) and (B). Lectin particles in contact 
with one another were counted as 'clusters'. Cross-hatched sections represent data from the 35°C samples, while open sections refer 
to the 4°C samples. 

lectin in the presence of  0, 2, or 10 mM CaC12 
(Figs. 1G, H, I). Fig. 5 shows the appearance of  
l iposomes bearing mono- ,  di-, or trisialo ganglio- 
sides after lectin labell ing at the same Ca 2+ con- 
centrations. For the experiments illustrated, gang- 
l iosides were incorporated at 7 mol% into DPPC 
liposomes.  The dried fi lms of  mixed lipids were 
hydrated in excess buffer above 4 1 . 5 ° C  so that 
thermodynamic  equil ibrium was achieved in the 
presence of  Ca 2+ ions at the concentrations 
quoted. Samples were then al lowed to cool  over a 

period of 60 min to 22°C,  at which point  the host 
matrix should be rigid (Table I), and thus strongly 
inhibit  glycolipid lateral rearrangement. Lectin was 
then added 15 min prior to quenching.  

While  the data shown are representative, there 
is an intrinsic variability amongst  l iposome 
surfaces. However,  based on examination of large 
numbers of  l iposomes in repeated experiments,  
one may draw the fol lowing conclusions.  Firstly 
the tendency for receptor glycolipid to be prefer- 
entially localized between Pa, ripples (as was the 



Fig. 5. Freeze-etch electron micrographs of DPPC liposomes bearing 7 mol% GM1 (A-C), GD1 a (D-F) ,  or G-rib (G-I) ,  and exposed 
to W G A  in the presence of various Ca 2+ concentrations. 0 mM CaC12 (A, D, G). 2 mM CaC12 (B, E, H). 10 m M  CaC12 (C, F, I). 
All samples in 20 m M  NaCI buffered with 5 mM  Hepes (pH 7.4). Sample preparation as in Fig. 1, except that after incubation with 
Ca 2+ at 50°C for 1 h, samples were cooled over a period of 1 h to 22°C prior to lectin addition and quenching from 22°C. 
Magnification: × 100000. Bar represents 100 nm. 



TABLE I 

MELTING BEHAVIOUR 

Melting behaviour of DPPC liposomes bearing 7 mol% GM1, 

GD1 a or GT16 in the presence and absence of Ca 2+. Values 

were determined from plots of EPR TEMPO data as outlined 

in Methods, and are averages of at least two independent 

experiments. 

Lipid, Hydration Pre- Transition 

D P P C +  and incubation transition temperature 

buffer (pH 7.5), temperature ( ° C + 0 . 6 ° C )  

5 mM Hepes, ( ° C +  1.0°C) 

20 mM NaC1 + 

- + 0 mM Ca 2 + 34.1 42.0 

- + 2 mM Ca 2 + 33.0 41.5 

- + 10 mM Ca 2 + 35.7 41.9 

GM1 + 0  mM Ca z+ 33.6 40.6 

GMI + 2 mM Ca 2+ 32.7 40.2 
GMI + 10 mM Ca 2+ 34.0 44.0 

GDl ~ + 0  mM Ca 2 + 34.9 41.6 

GDI a + 2 m M C a  2+ 37.7 41.8 
GD1 a + 10 mM Ca 2-- broad 41.6 

GT1 b + 0  mM Ca 2÷ 35.4 42.4 

G Tlb + 2 mM Ca 2 + 37.0 43.8 

GT1 b + 10 mM Ca 2+ broad 44.3 

case for GM1 in Fig. 2) was not seen for GD1 a o r  

GT1  b. We have noted this previously with regard 
to GM1/GD1 a in the absence of Ca 2+ [20]. The 
result is unaltered by the presence of Ca 2+ at 2 or 
10 mM. Secondly, the existence of bound lectin in 
patches some 60 nm in diameter (5655 lipid mole- 
cules) that was noted in DPPC membranes bearing 
G M a  , is not nearly as striking for GDa a o r  GT1 b. 

Rather both higher gangliosides show a more uni- 
form pattern of labelling by lectin at 0, 2 and 10 
mM Ca 2+. If one may take the small groups of 
lectin that are common to Figs. 5 D - I  as a valid 
reflection of domain structure, then domains 
selectively enriched in GD1 a or GT1 b must be in 
the range of 20 nm diameter or smaller. Domains 
of this size range would comprise some 630 or 
fewer lipid molecules. Once again since no evi- 
dence of bilayer disruption is visible, one must 
conclude that selective enrichment in such do- 
mains beyond 20-25 mol% ganglioside is unlikely. 

It may be hoped that incubation with Ca 2+ 
above the transition temperature, followed by slow 
cooling to 22°C, will permit ganglioside diffu- 
sional equilibrium which will then be preserved in 
a rigid matrix prior to lectin addition and prior to 

151 

quenching in liquid freon. However, one might 
argue that the eucaryote plasma membrane ex- 
hibits greater fluidity and less cooperative melting 
behaviour than the systems described above. The 
incorporation of cholesterol above 20 mol% into a 
bilayer lattice of DPPC abolishes the 41.5 o C phase 
transition, and induces a state of intermediate 
fluidity below this temperature (Refs. 68, 69 and 
references therein). Hence we applied the lectin 
labelling technique to bilayer membranes of 2 :1  
(mole ratio) DPPC/choles terol  bearing G M1, G Dla 
o r  GT1 b at 1 and 7 mol%. Typical 7 mol% samples 
are shown in Fig. 6. In spite of the very different 
characteristics of this membrane system, at physi- 
ological Ca 2+ concentration the observations are 
qualitatively similar to those already described for 
bilayers of pure DPPC. GM1 domains marked by 
bound lectin are somewhat larger and more strik- 
ing (Fig. 6A), up to 100 nm in diameter, than we 
recorded in DPPC alone. 'Domain  size' (lectin 
cluster size) of GD1 a and GT1 b membranes with 
cholesterol appears the same as that in DPPC. 
Larger lectin clusters in the case of GMa might be 
accounted for by lectin-induced GM1 patching in 
the more fluid matrix. However, if so, one would 
expect this to occur for all three ganglioside fami- 
lies, and lectin bound to the di- and trisialo species 
showed no such effect. Also, as mentioned earlier, 
we have not previously observed such redistribu- 
tion where tested in matrices of intermediate or 
high fluidity [19,20]. Larger GMI domains in the 
cholesterol-containing matrix might alternatively 
be accounted for on the basis of quenching artefact 
in the more fluid matrix, although this would 
presume a much greater effect upon the 
GM1/lectin complex than upon the higher gang- 
liosides. There was no visible effect of 2 mM Ca 2+ 
vs. 0 mM Ca 2+. Increasing Ca 2+ concentration 
beyond the physiological range to 10 mM did lead 
to the presence of some very large lectin patches 
(see, for example, Fig. 6F), but these were atypi- 
cal. As in all cases, binding was reversed by the 
inhibitory sugar, N-acetyl-o-glucosamine at a con- 
centration of 30 mM. 

Although cholesterol-phospholipid mixtures are 
non-cooperative above 20 mol%, they nevertheless 
are liquid crystal in nature and have been demon- 
strated as a result to exclude integral proteins 
from phase-separated domains [70]. As already 
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Fig. 7. Histogram analysis of the arrangement of RCA 60 
bound to GM1 (7 mol%) in 2 : 1 (mole ratio) DPPC/cholesterol 
as seen in the same sample labelled and quenched at two 
different states of fluidity. Lectin particles in direct contact 
with one another were counted as 'clusters'. 22°C (less fluid): 
cross-hatched bars; 35°C (more fluid): open bars. Sample 
preparation as in caption to Fig. 1 (both samples cooled from 
50°C prior to lectin labelling). Liposomes were exposed to 
RCA 60 in 10 mM phosphate buffer (pH 7.4) for 10 min at 
22°C or 35°C. Magnification: x100000.  Bar represents 100 
nm. 

described, domain formation and quenching 
artefact may derive from the same phenomenon. 
The pattern seen for lectin bound to GM1 is in 
fact very similar to that of the integral protein, 
(Ca 2÷ + Mg2+)-ATPase of rabbit sarcoplasmic re- 
ticulum, in similar bilayers reported by Kleemann 
and McConnell [70] and related by these authors 
to the existence of lipid domains. We studied the 
effect of incubation temperature on liposomes 
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bearing 7 mol% GM1 in a host matrix of 2 :1  
(mole ratio) dipalmitoylphosphatidylchol ine/  
cholesterol by quantitating bound RCA 60. Lipo- 
somes were initially hydrated and then incubated 
at 50°C for 10 min prior to cooling to the temper- 
ature at which they were labelled with lectin. 
Samples were marked with RCA 60 at 35°C and 
quenched from the same temperature, or cooled 
slowly to 21°C prior to lectin addition and 
quenching (from 21°C). DPPC/cholesterol  bi- 
layers are markedly more fluid at 35°C than 21°C, 
yet the specimens quenched from these tempera- 
tures were not obviously different. Overall there 
was a more heterogeneous lectin distribution in 
the 21°C sample, which is reflected in the histo- 
gram (Fig. 7). Such a result is in line with the 
concept already discussed of the existence of 
GMl-enriched domains; however, given the limita- 
tions involved in fluid matrices, it is not a com- 
pelling argument. Certainly though it is incon- 
sistent with lectin-induced clustering of receptors 
or with quenching artefact, both of which should 
be more marked in the 35°C samples. 
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