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Summary. It had previously been found that small unilamellar 
liposomes of ca. 0.03 pm diameter which bear synthetic cholesterol- 
containing glycolipids may be aggregated by an appropriate lectin 
[8]. Where studied, threshold effects have been observed in that 
the amount of glycolipid incorporated in the liposomes must exceed 
a certain minimum concentration in order for aggregation to occur 
[3, 8, 9, 13, 14]. Threshold effects of this type may be important 
in mediating cell-cell and virus-cell interactions. However, before 
studies with small unilamellar liposomes are useful as a model 
for these recognition and binding phenomena, it must be shown 
that the observed threshold effects are not associated with the 
very small radius of curvature of these liposomes. This article 
reports that larger liposomes of average diameter 0.26 and 0.45 gm 
which contain the synthetic glycolipid l also show threshold effects 
when aggregated with the galactose binding lectin ricin agglutinin. 
Under conditions where more than 1% (mole) glycolipid is required 
to support the aggregation of the smallest liposomes, those of 
intermediate size require only 0.18% (mole) while the largest lipo- 
somes examined require between 0.095 and 0.15% (mole) depend- 
ing on the method of preparation. 
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Introduction 

Small unilamellar vesicles of  ca. 0.03 pm diameter 
which contain glycolipids can be aggregated by an 
appropr ia te  lectin [3, 8, 9, 11, 13, 14]. Interestingly, 
the rates and extents of  aggregation,  as judged by 
light-scattering measurements,  are no t  propor t iona l  
to the amoun t  o f  glycolipid incorporated [3, 8, 9, 
11, 13, 14]. Clear threshold effects are observed in 
that below a certain percentage of  glycolipid incorpo-  
rated aggregation is not  observed irrespective of  the 
concentrat ions of  added lectin. Fo r  example, small 
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unilamellar vesicles prepared f rom egg phosphat idyl  
choline and the synthetic glycolipid (/) are aggregated 
by the fi-galactosyl binding lectin ricin agglutinin [9, 
13]. Below 2% l in the membrane  aggregation did 
not  occur [9]. Increasing the concentra t ion of  glycoli- 
pid f rom 2.8 to 7% led to nearly a 100-fold increase 
in the apparent  first-order rate constant  of  aggrega- 
tion, and at the same time the lag period for  the 
aggregation process decreased by approximately  the 
same factor  [9]. It was shown in this case that  l was 
incorporated  into the vesicles in a unimodal  way 
at all concentrat ions so that  the observed threshold 
effects could not  have been an artifact of  the way 
in which the glycolipid was incorporated  into the lipo- 
somes [9]. In addition, ricin agglutinin does not  itself 
exhibit cooperat ive binding of  ligands [17]. Similar 
results were obtained when small unilamellar lipo- 
somes bearing ~-mannoside containing glycolipids 
were treated with concanaval in A [8]. It was therefore 
concluded that the threshold effects are an intrinsic 
proper ty  of  the system and not  some easily rat iona- 
lized artifact. If  these effects were also relevant to 
cellular recognition phenomena,  such as cell-cell ad- 
hesion and virus-cell adhesion, then large qualitative 
changes in recognition patterns could arise f rom small 
quanti tat ive changes in the concentrat ions of  some 
components  at the cell surface. However,  before the 
not ion of  threshold effects can be applied to cellular 
behavior  it must  first be determined whether  these 
effects are associated with the very small radius of  
curvature  found with small unilamellar vesicles (diam- 
eter ~ 0.03 pro). To these ends, large l iposomes (mean 
diameters 0.25 and 0.46 pro) were prepared containing 
1. Even larger l iposomes of  1-2 gm diameter did not  
yield reproducible results in our  hands due to stability 
problems [16]. The ricin-mediated aggregation of  
these larger l iposomes was compared  to that o f  the 
small nnilamellar vesicles. In this article we show that  
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t h r e s h o l d  effects  are  o b s e r v e d  wi th  the  large  l ipo-  

somes  c o n t a i n i n g  l and  tha t  the  t h r e s h o l d  occurs  at  

l ower  c o n c e n t r a t i o n s  o f  syn the t ic  g lyco l ip id  than  wi th  

the  smal l  u n i l a m e l l a r  vesicles u n d e r  iden t i ca l  cond i -  

t ions.  

Materials and Methods 

Ricin, the fi-galactoside-binding agglutinin from Ricinus communis 
was obtained from Boehringer Mannheim, Inc. Egg phosphatidyl 
choline was prepared and purified by the method of Litman [4]. 
The phospholipid was stored in chloroform solution at a concentra- 
tion of 100 mM at --70 ~ under an atmosphere of nitrogen. The 
purity of the preparation was checked routinely by thin layer chro- 
matography (silicic acid; chloroform/methanol/acetic acid/water 
(70:30:2:3)). The 3H-/?-galactosyl glycolipid 1 was prepared by 
the published procedure [9] and had a specific activity of 10.5 Ci/ 
mol. The phospholipid concentrations of liposome preparations 
were determined as inorganic phosphate after ashing and acid hy- 
drolysis [1]. 

D) Reverse Phase Evaporation Followed by Extrusion. The pub- 
lished procedure, which is essentially a combination of methods 
B and C, was followed [15]. This method is reported to yield 
unilamellar liposomes. 

Aggregation Assays 

Liposomal solutions were diluted to 0.06mM using the buffer and 
brought to 10 ~ in 1-ml cuvettes in the thermostatted cell compart- 
ment of a Gilford model 240 spectrophotometer. The aggregation 
reaction was initiated by adding ricin to a final concentration 
of 160 gg/ml. This concentration had previously been determined 
to be saturating with the small unilamellar liposomes E91. The 
aggregation reaction was monitored by recording continuously the 
absorbance increase at 360 nm. Liposomes did not aggregate when 
the ricin was added in the presence of 1 mM galactose. Adding 
galactose (1 raM) to liposomes which had been aggregated by ricin 
agglutinin reduced the absorbance at 360 nm very rapidly. This 
indicates that the liposomes were caused to disaggregate and im- 
plies that little or no fusion of the liposomes had taken place. 
Glucose (1 mM) had no effect on the aggregation. 

Liposomes 

All the liposome preparations used a buffer which comprised Tris 
(10 mM) and 2-mercaptoethanol (3 raM) adjusted to pH 7.5. 

A) Small Unilamellar Liposomes. A published method was used 
for the preparation of the small unilamellar vesicles (diameter 
~0.03 btm) containing the 3H-labeled glycolipid l [2]. The amount 
of glycolipid incorporated was determined by radioactivity count- 
ing. 

B) Extrusion through Polycarbonate Membranes. The published 
method was used [6]. Chloroform solutions of the synthetic glycoli- 
pid l and egg phosphatidyl choline (12 txmol) were mixed in a 
vial, and the solvent was removed on a rotary evaporator to leave 
a thin film of lipid. Buffer was added (at least 2.5 ml), and the 
lipid was allowed to hydrate for 20 min before mixing vigorously 
for 1 min using a vortex mixer. The cloudy suspension was extruded 
successively through polycarbonate filters of decreasing pore size 
finishing with 0.4 and 0.2 btm filters for liposomes with mean diame- 
ters of approximately 0.45 and 0.26 btm, respectively. The liposomes 
were fractionated by chromatography on a BioGel-A 150 m col- 
umn, in order to reduce the variance of the diameter of the resulting 
preparations. As expected, liposomes which had been extruded 
through a 0.2 gm filter travelled through this column more slowly 
than did liposomes which had been extruded only as far as the 
0.4 bLm filter. Fractions from the center of the peak which contained 
both 3H and phosphate were pooled, diluted immediately to ca. 
3 m~a in lipid, and cooled to 0 ~ 

C) Reverse Phase Evaporation Method [16]. A solution of the tri- 
tiated glycolipid in methanol was mixed with a solution of the 
phospholipid (ca. 10 Ixmol) in a small flask. The solvent was re- 
moved at 25 ~ using a rotary evaporator to leave a thin film 
of lipid. Ether (1.5 ml) and buffer (0.5 ml) were added, and the 
mixture was sonicated until homogeneous (ca. 5 min). The ether 
was then removed cautiously using a rotary evaporator, while 
keeping the flask in contact with water at 10 ~ The resulting 
solution of liposomes was diluted with a suitable volume of buffer 
and traces of ether were removed under reduced pressure at 20 ~ 
The resulting liposomes were fractionated on a BioGel-A 150-m 
column and the peak fractions were collected, pooled, and cooled 
to 0 ~ immediately. 

Results and Discussion 

P r e v i o u s l y  l igh t  sca t t e r ing  at  360 n m  had  been  s h o w n  

to be  an  a d e q u a t e  q u a n t i t a t i v e  assay fo r  the  aggrega-  

t ion  o f  smal l  u n i l a m e l l a r  l i p o s o m e s  [9]. In  F ig .  1 the 

a d e q u a c y  of  the  assay,  as app l i ed  to the  l a rger  l ipo-  

somes  used  here ,  was  inves t iga ted .  In  Fig.  1, 0.46 lam 

l i p o s o m e s  b e a r i n g  3H- labe led  l were  t r ea ted  wi th  r icin 

agg lu t in in  (160 btg/ml). A t  v a r i o u s  t imes  a p o r t i o n  

o f  the  r eac t i on  m i x t u r e  was  w i t h d r a w n  and  the  ab- 

s o r b a n c e  at  360 n m  was d e t e r m i n e d  i m m e d i a t e l y .  A 

second  p o r t i o n  was  c e n t r i f u g e d  fo r  90 sec wi th  a Beck-  

m a n  m i c r o f u g e  a n d  the  r a d i o a c t i v i t y  r e m a i n i n g  in 

the  s u p e r n a t a n t  was  d e t e r m i n e d .  A f t e r  24 h r  m o r e  

t h a n  9 5 %  of  the  label  cou ld  be cen t r i f uged  u n d e r  

these  cond i t i ons ,  s h o w i n g  tha t  the  r eac t i on  h a d  gone  

v i r tua l ly  to  c o m p l e t i o n .  F r o m  Fig.  1 it  appea r s  t ha t  

the  sca t t e r ing  assay is sens i t ive  on ly  to  the ear ly  steps 

o f  a g g r e g a t i o n  since la rge  aggrega tes  c o n t i n u e d  to 

be  f o r m e d  and  c o u l d  be r e m o v e d  by cen t r i f uga t i on ,  

even  af te r  the  a b s o r b a n c e  a t  360 n m  h a d  r eached  a 

s table  value.  Neve r the l e s s ,  l ight  sca t t e r ing  was  con-  

ven ien t ly  used  to d e t e r m i n e  w h e t h e r  o r  n o t  aggrega-  

t ion  had  occur red .  Because  o f  the  l im i t a t i ons  o f  the  

assay,  h o w e v e r ,  k ine t i c  m e a s u r e m e n t s  were  n o t  at- 

t emp ted .  
In  o r d e r  to c o m p a r e  the  a g g r e g a t i o n  r eac t i on  o f  

the large  l i p o s o m e s  to tha t  o f  the  smal l  u n i l a m e l l a r  

l i posomes ,  a g g r e g a t i o n  s tudies  were  r e p e a t e d  wi th  

these  l a t t e r  l i p o s o m e s  u n d e r  the low salt  c o n d i t i o n s  

c o m p a t i b l e  w i th  the  s tab i l i ty  o f  the i r  l a rge r  c o u n t e r -  

par ts .  In  Fig .  2, smal l  u n i l a m e l l a r  vesicles  c o n t a i n i n g  
v a r y i n g  a m o u n t s  o f  3H- l abe l ed  l were  t r ea t ed  wi th  

r ic in  (160btg/ml), a n d  the  a g g r e g a t i o n  r e a c t i o n  was 

a l l o w e d  to p r o c e e d  to c o m p l e t i o n .  As  can  be  seen 



.32  5600 

o .50 

,28 

.26 

. 2 4  

.22 

2 0  

48O0 

4000 

3zoo g 

2400 

1600 E) 

800 

0 

M.R. AIecio and R.R. Rando: Lectin-Mediated Aggregation of Liposomes 139 

. 8  ,b 2'o 3'0 4'0 2'0 6'o 7'0 ~'o 9'0 ,6o ,,o ~zo 
Time (rain) 

Fig. 1. Siposomes of ca. 0.46 pm diameter which had been prepared 
by the extrusion method (B) and which contained the tritium- 
labeled galactoside t (0.5% (mole)) were aggregated by adding 
ricin agglutinin. The reaction was monitored by recording the 
change in absorbance at 360 nm and by withdrawing portions 
(800 gl) at various times, centrifuging briefly, and then measuring 
the radioactivity that remained in solution. The reaction mixture 
contained lipid (0.06 mN), ricin (160 gg/ml), Tris (10 msI), sodium 
chloride (8 m~)0 and 2-mercaptoethanol (3 raM) and was adjusted 
to pH 7.6 (HC1) and maintained at 4 ~ 
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Fig. 2. Liposomes of ca. 0.03 gm diameter which had been prepared 
by sonication of a suspension of lipid (method A) and which con- 
tained the galactoside l, were aggregated by adding ricin agglutinin. 
The change in absorbance at 360 nm was measured when reaction 
was complete. The reaction mixture contained lipid (0.06 m,u), ricin 
(160 lag/ml), Tris (I0 raM), sodium chloride (8 raM) and 2-mercapto- 
ethanol (3 mM) and was adjusted to pH 7.6 (HC1) and maintained 
at 10 ~ 

here, under  the conditions of  these experiments a 
threshold exists at approximately  1% (mole) galacto- 
side such that below this concentra t ion aggregation 
does not  occur. Concentra t ions  of  ricin even higher 
than 160 lag/ml still did no t  suppor t  aggregation. In 
Fig. 3 a similar experiment was performed with the 
extruded l iposomes of  average diameter  equal to 
0.25 pm. Interestingly, a threshold is still observed 
al though this time at a glycolipid concentra t ion of  
0.18% (mole). In Fig. 4A and B the same type of  
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Fig. 3. Liposomes with a mean diameter of 0.25 pm which had 
been prepared by the extrusion method (B) and which contained 
the galaetoside t, were aggregated by adding ricin agglntinin. TEe 
change in absorbance at 360 nm was measured when reaction was 
complete. The reaction conditions were as described under Fig. 2 

experiment is performed with the approximately 
0.45 pm diameter  vesicles. In Fig. 4A, the threshold 
is measured for multi lamellar vesicles prepared by 
the filter extrusion technique, and in Fig. 4 B  it is 
measured for  the presumed unilamellar vesicles pre- 
pared by reverse phase evaporat ion followed by filter 
extrusion. In both  cases clear thresholds are observed 
at 0.15% (mole) in Fig. 4A and at 0.095% (mole) 
in 4 B. Thus in all instances threshold effects are found  
a l though they are shifted to lower glycolipid concen- 
trations in the case of  the larger liposomes. 

The experiments described above show that  thresh- 
old effects are not  an artifact o f  the extreme radius 
o f  curvature o f  the small unilamellar vesicles but are 
observed in l iposomes approaching  the size of  cells. 
Larger l iposomes (1 gm diameter) could not  be stud- 
ied because o f  their instability. Al though  the thresh- 
old level o f  glycolipid required to support  aggrega- 
tion in the larger l iposomes ranged f rom 0.18 to 
0.095% (mole) this figure must  be taken as an upper  
limit, since the actual amoun t  of  exposed glycolipid 
could no t  be determined. The determination of  the 
exposed glycolipid in the small unilamellar liposomes 
was accomplished by galactose oxidase oxidation of  
the galactose moiety followed by titration with radio 
labeled acetylhydrazide [9]. This procedure was not  
suitable for  the large liposomes because the hydrazide 
appeared to be bound  nonspecifically to the liposomes 
at the low salt concentrat ions required to maintain 
their viability. Other  procedures,  such as periodate 
oxidation followed by titration of  the liberated for- 
maldehyde also were no t  useful because of  sensitivity 
problems at low concentrat ions o f  glycolipid [5]. It 
is interesting to note, however,  that  the technique 
reported to generate unilamellar l iposomes gives a 
lower apparent  threshold level than a technique which 
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Fig. 4. Liposomes which had a mean diameter of 0.46 gm and which contained the galactoside 1 were aggregated by adding ricin 
agglutinin. The experiment of A used liposomes which were prepared by the extrusion method (Method B) while that of B used 
Iiposomes prepared by reverse phase evaporation followed by extrusion (method D). The change in absorbance at 360 nm was measured 
when reaction was complete. The reaction conditions were as described under Fig. 2 

probably  yields a mixture of multi lamellar and unila- 
mellar liposomes, Even though our threshold data 
on the larger l iposomes must  be taken as an upper  
limit, there can be no doub t  that  thresholds are ob- 
served here. The fact the threshold levels of  glycolipid 
required to support  aggregat ion is approximately  an 
order of  magni tude greater for the small vesicles than 
for the larger ones is probably  due to the radius o f  
curvature o f  the small liposomes. On colliding, the 
area of  contact  between small l iposomes is probably  
much smaller than between large liposomes, since 
the latter are bo th  less sharply curved and more  easily 
deformed. 

The finding of  threshold effects in the aggregation 
of  large liposomes is consistent with other  results in 
the literature. For  example, we have shown that  bo- 
vine erythrocytes,  which are not  agglutinable by con- 
canavalin A, can be rendered so by incorporat ing 
an c~-mannoside at the cell surface [7, 10]. Sharp thresh- 
olds were observed here in that  a 15% increase in 
the concentra t ion of  membrane -bound  c~-mannoside 
yielded cells that  fully aggregated at 64 gg/ml conca- 
navalin A f rom cells that  did no t  aggregate at concen- 
trations of  concanaval in A exceeding 500 ~tg/ml [10]. 
Neuraminidase  t reatment  of  SV40-transformed ham- 
ster cells reduced the number  of  soy bean agglutinin 
binding sites by 28% and completely eliminated the 
lectin-mediated agglutination of  these cells [18]. Final- 
ly, it has been found that liver cells bind to sugar 
derivatized polyacrylamide beads and that this bind- 
ing is highly sensitive to the amoun t  of  sugar incorpo- 
rated [12]. Relatively small changes in the sugar incor- 
porat ion levels led to dramatic  changes in the ability 
of  the beads to bind the liver cells [12]. These various 
systems, however, do not  offer the advantages of  the 

l iposomal systems for studying the mechanisms un- 
derlying the threshold effects. These advantages in- 
clude the ability to incorporate  a chemically defined 
and unimodal  popula t ion of  receptors and to alter 
other lipid components  by s t raightforward manipula-  
tions. Studies in the mechanisms underlying the thresh- 
old effects are now in progress using the small unila- 
mellar vesicles as a probe. 

This work was supported by grant PCM 79-27214 from the Na- 
tional Science Foundation. 
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