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In this study we have developed a prototype system for distinguishing between the topographical distribution 
of glycolipids versus glycoproteins on the ultrastructural level. Direct modification of membrane-based sialic 
acids with biotin groups labels both glycolipids and glycoproteins. In this case, subsequent uitrastructural 
localization of biotinylated sites would not discern between these two classes of glycoconjugate in an 
unambiguous manner. When biotinylated cells are fixed prior to interaction with ferritin-conjugated avidin, 
the mean distance of marker molecules from the membrane bilayer is 8.0 nm. In contrast, if the cells are 
allowed to cap through the action of ferritin-avidin conjugates on unfixed cells, the average distance (13.0 
nm) of the marker molecules appears even more distant from the membrane on the capped portion of the cell 
(uropod), whereas those on the head region are positioned in close proximity to the bilayer (3.7 nm). In order 
to exclusively label cell surface glycolipids on the uitrastructurai level, bovine brain gangliosides were 
biotinylated in vitro and the haptenized gangliosides were incorporated into intact cells. In this case, marker 
molecules denoting the incorporated gangliosides were found in relatively close juxtaposition to the 
membrane surface, in a manner strikingly similar to the labeling pattern of the head region on capped cells. 
These results support the concept that, in the native state, the carbohydrate portion of glycolipids is 
positioned closer to the membrane bilayer than that of glycoproteins. 

Introduction 

Glycolipids and glycoproteins are major con- 
stittlents of the cell surface membrane. Both pre- 
sumably participate either alone or in concert in 
various biological processes necessary for normal 
cell function [1]. Due to the structural similarity of 
the carbohydrate portion, especially the terminal 
saccharides, on the different carrier molecules, it is 
difficult to differentiate between the two species of 
glycoconjugates with regard to the corresponding 
biological role(s) and respective topographical lo- 
cation on the cell surface. It is interesting to note 
that most schematic illustrations (see, for example, 
Refs. 2 and 3), depicting glycolipids and glycopro- 
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teins, show the former in closer juxtaposition to 
the membrane bilayer without any factual evi- 
dence to support this claim. 

In previous studies we have shown that the 
chemical modification of membrane based sialic 
acids with various haptenic groups labels both 
glycolipids and glycoproteins with concomitant 
preservation of mitogenic activity [4-6]. Further- 
more, haptenized-glycolipids can also be incorpo- 
rated into cell surface membranes [7], and nuto- 
genic signals can be transmitted lntracellularly 
through the action of these exogenously incor- 
porated molecules [7]. 

It is clear that the systematic evaluation of the 
location, distribution and dynamics of these two 
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kinds of membrane-bound glycoconjugates is a 
necessary prerequisite for understanding mitogenic 
interactions and the mechamsm(s) by which 
mitogens induce transformation. These mitogenic 
systems described above provide a umque oppor- 
tunity for the ultrastructural visualization of vari- 
ous surface constituents and, specifically, to dis- 
tinguish between the topographical distribution of 
glycolipids and glycoproteins. The biotin molecule 
can be selectively implanted onto membrane-based 
saccharides, in particular terminal sialyl [8;9] or 
galactosyl [10,11] sites, for the purpose of electron 
microscopic analysis. 

In this study we describe the modification of 
lymphocyte membranes with biotin hydrazide and 
its subsequent localization on cell surfaces via 
ferritin-avidin conjugates. The distribution of bio- 
tinylated compounds is compared with that of 
glycolipids which have been biotinylated in vitro 
and subsequently incorporated into the lympho- 
cyte membrane. Our results support the intuitive 
consensus that the sugar residues residing on gly- 
colipids are in closer proximity to the lipid bilayer 
than those of glycoprotelns. 

Materials and Methods 

Chemicals and btochemicals. Sodium periodate 
and potassium borohydride, analytical quality rea- 
gents, were obtained from BDH Chemicals Ltd. 
Highly purified, bovine brain gangliosides were 
obtained from K.N. Pharmaceutical Inc., Cleve- 
land, OH. Avidin was purchased from Sigma 
Chem. Co., St. Louis, MO. Biotin hydrazide was 
synthesized as described previously [10], and ferri- 
tin-avidin conjugates were prepared by reductive 
alkylation [ 12]. 

Btotinylation of ganghosides. Biotin-modified 
bovine brain gangliosides were prepared via the 
same reaction pathway described for dinitropheny- 
lation of gangliosides [7]: Bovine brain ganglio- 
sides (1 mg), suspended in 1 ml phosphate buffered 
saline, pH 7.2, were treated with sodium periodate 
(2 mM) for 30 min in ice. The reaction mixture 
was dialyzed extensively against the buffer; biotin 
hydrazide (I0 mM) and MnCI 2 (1 mM) were then 
added. After incubation for 30 min at 37°C the 
modified gangliosides were dialyzed and reduced 
with potassium borohydride (1 mM) for 10 rain at 

room temperature and extensively dialyzed. Alter- 
natively, the modified gangliosides were applied to 
a calibrated column of Sephadex G-25 for separa- 
tion of the biotinyl gangliosides (void volume frac- 
tion) from the excess of free reagents. Thin-layer 
chromatography was performed on precoated 
plates (0.2 mm layer thickness) of DC-Alufolien 
Kieselgel 60 (Merck, Darmstadt). Plates were de- 
veloped with ch l o ro fo rm/ me t hano l / wa t e r  
(65:25:4, v/v) and biotinyl gangliosides were 
visualized with dimethylaminocinnamaldehyde 
spray [13]. Under these conditions the migration 
rate of the haptenized gangliosides was not signifi- 
cantly altered from that of native gangliosides. In 
addition, biotinylated gangliosides were still capa- 
ble of reacting with resorcinol [14]. 

lncorporatton of btotm-tagged ganghostdes into 
thymocytes. Lymphocytes were obtained from 
thymuses of hydrocortisone-treated rats as de- 
scribed previously [7]. Mature thymocytes 
(108/ml), suspended in Dulbecco's modified Ea- 
gle's medium supplemented with 0.2 mg/ml bio- 
tinylated gangliosides, were incubated for 2 h at 
37°C in a humidified incubator (5% CO2-air mix- 
ture). After incubation, cells were washed and 
resuspended in phosphate-buffered saline, pH 7.2. 

Dtrect bwtmylation of thymocytes. Mature rat 
thymocytes were biotinylated as described earlier 
[4]: Briefly, cells were oxidized with I mM peri- 
odate for 30 min in ice, centnfuged, washed, and 
treated with a solution containing 10 mM biotin 
hydrazide and 1 mM manganese chloride. The bio- 
tin-modified cells were centrifuged, washed and 
reduced with 1 mM borohydride for 10 min at 
room temperature. 

Aldehyde-fixatwn of cells. Fixation of cells was 
accomplished by adding a given cell suspension to 
an equal volume of Karnovsky's fixative [15] con- 
taining 1% formaldehyde and 3% glutaraldehyde 
in 0.1 M cacodylate buffer, pH 7.4. After 30 min 
at 25°C, the cells were washed three times with 
buffer. 

Affinity cytochemlstry. A sample (0.5 ml) of 
aldehyde-fixed, biotin-modified lymphocytes was 
conditioned with 5% bovine serum albumin (0.5 
ml) for 10 min and washed twice with phosphate- 
buffered saline. The pellet was resuspended in a 
solution containing ferritin-avidin conjugates (1 mg 
ferritin/ml). The cell suspension was incubated at 



room temperature for 30 min, washed twice and 
resuspended in 0.5 ml phosphate-buffered saline. 
An equal volume of Karnovsky's fixatwe was ad- 
ded, and the cells were then processed further for 
electron microscopy. 

In order to study the redistribution of biotinyl 
residues on viable cells, a fresh, biotin-modified 
cell suspension was resuspended in a solution con- 
taining ferritm-avidin conjugates (1 mg /ml  fern- 
tin). The cell suspension was incubated at 37°C 
for varying time intervals, centrifuged, washed and 
fixed with aldehydes. 

Processing for electron mwroscopy. Aldehyde- 
fixed cells were postfixed in 1% OsO 4 for 1 h at 
4°C, washed twice with distilled water and dehy- 
drated in graded ethanol solutions (50%, 75%, 
90%, 96% and 100%). The dehydrated cells were 
embedded in Epon [ 16], and sections approx. 600 .~ 
thick were obtained with an MT-2 Sorval micro- 
tome. The sections were mounted on naked 400- 
mesh copper grids and coated with carbon before 
viewing in a Jeol 100-B electron microscope at 80 
kV. 

Cahbration of ferritm-membrane mterspace. M1- 
crographs of a given cell type were enlarged a 
million-fold, and portions of perpendicularly sec- 
tioned membrane were chosen, such that the two 
opposing electron-dense sides of the membrane 
bilayer were clearly distinguishable. The distance 
of individual particles of the ferritin core from the 
outer dense line of the membrane bilayer was 
measured w~th a Vernier calliper to the nearest 
millimeter, and, according to the final magnifica- 
tion, this value was directly converted to nanome- 
ters. In this manner, the ferrltin-membrane inter- 
space was determined for at least 20 labeled cells 
of each type. The results were graphed m histo- 
gram form and the mean and standard devlat~on 
of the ferritm-membrane interspace were com- 
puted. 

Results 

In recent studies we have shown that either 
avidin or ferritin-avidin conjugates stimulate 
lymphocytes which have been modified with peri- 
odate and biotin hydrazide [4,12]. It was of further 
interest to determine the ultrastructural distribu- 
tion of the biotin-tagged sites on the cell surface 
using the affinity cytochemical methods previously 
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developed in our laboratory [8,9,17-20]. Accord- 
lngly, when biotinylated thymocytes were fixed 
with aldehydes prior to incubation with ferritin- 
conjugated avidin, the resultant cell surface was 
characterized by an even distribution of ferritin 
particles (Fig. 1). Most of the marker molecules 
were located at a distance ranging between 40 to 
120 .~ from the outer dense line of the membrane. 

In order to investigate the mobility and redistri- 
bution of biotinylated sites during avidin-induced 
blastogenesis, viable biotin-modified, mature 
thymocytes were treated with ferritin-avldin con- 
jugates prior to fixation with aldehydes. Fixation 
was then performed after varying time periods of 
incubation at 37°C. Under these conditions, ~t was 
found that after about 30 min the majority of cells 
exhibited capping of sialic acid sites (Fig. 2). 

Distinct morphological alterations were evident 
in capped cells. A polar swelling of the cytoplasm 
into a uropod w~th an accumulation of intracellu- 
lar organeUes, e.g. mitochondria and Golgl com- 
plexes, accompanied the capping process. The 
nucleus displayed a typical invagination in the 
region facing the swollen zone. 

The uropod (Fig. 2a) was characterized by a 
dense multilayer of ferrltin particles situated rela- 
tively distant from the membrane bilayer, whereas 
the head region (Fig. 2b) was sparsely labeled with 
ferritin molecules set in close proximity to the 
plane of membrane. The topographical difference 
in the ferritin-membrane interspace between the 
head and uropod regions may reflect a segregation 
of glycoconjugate species during the capping pro- 
cess; that is, the residual ferritln particles in the 
head region could represent glycolipids which fail 
to redistribute to the cap, whereas the relatively 
distant marker molecules in the uropod could de- 
note, for the most part, sialoglycoproteins. 

In order to test this premise, we employed the 
following strategy: Bovine brain gangliosides were 
biotinylated via the same procedure used for intact 
thymocytes, and the mo&fied glycoliplds were 
subsequently relncorporated into unmodified cells. 
Incubation with ferritin-conjugated avidin was then 
performed, and these cells were fixed at time inter- 
vals in a manner similar to that described for cells 
which underwent direct biotinylatlon. Visuahza- 
tion of the ferritin particles attached to exoge- 
nously incorporated ganghosides (Fig. 3) revealed 
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Fig I Mature rat thymocyte, treated successively with sodmm periodate and biotin hydrazlde, fixed with aldehydes and labeled with 
ferntm-avldln conjugates Note the even distribution pattern of ferntm particles over the entire cell surface Magmflcat~on. × 10000 
(a) H~gher magmficatlon of designated area m F~g I Note the relatively uniform distance separating the ferntm core from the outer 
surface of the membrane Magmflcat~on. ×75000 

an even distribution at close proximity which was 
similar to the labeling pat tern of  the head region 
in Fig. 2b. N o  capping of the cells bearing exoge- 
nously incorporated gangliosides could be detected 
under  conditions which caused capping in directly 
biotinylated cells. 

The distribution of  f emt in  particles on the 
above cell types or portions thereof was further 
evaluated by statistical analys~s. The data are pre- 

sented in histogram form in Fig. 4 and sum- 
marized in Table I. The results confirm the ob- 
servation described above that (a) capping process 
is accompanied by a marked reorganization in 
membrane  topography;  (b) in the uropod region, 
most  of the sialoglycoconjugates are posit ioned at 
extended distances from the membrane  bilayer; (c) 
the topographical  labeling pat tern of  the head 
region of capped cells is htghly reminiscent of  that 
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F~g 2 Mature rat thymocyte, treated successively w~th penodate and b~otm hydraz~de and labeled with ferntm-avtdm conjugates 
Following a 30 mm incubation penod at 37°C, aldehyde-fixation was camed out Note the difference both m labehng density and 
ferntm-membrane interspace between the uropod (a) and head (b) regions (Magmficatlon" × 5000) Inserts a and b, magmficatlon 
×60000 



32 

Fig. 3 Mature rat thymoeyte beanng exogenously incorporated bxotm-ganghosxdes, fixed wxth aldehydes and labeled with ferntm- 
conjugated awdin Note the relatively-close proxlmxty of ferntm particles to the membrane surface Magmficatmn × 60000 

of  cell membranes  which contain exogenously in- 
corpora ted  gangliosides. The large s tandard devia- 
tions obtained may  reflect an intrinsic part  of  
membrane  organizat ion (multiple sialyl sites at 
varying distances from the bilayer). Alternatively, 
at such high magnification, the level of  resolution 
afforded by the labeling procedure may be ap- 
proaching the limits of the system. 
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Fig 4 Hxstogram summarizing the &stance between ferntm 
core particles and the outer dense hne of the membrane surface 
of various cell types: I, aldehyde-fixed cells, II, capped cells, a, 
uropod regton and b, head region; III, cells containing exoge- 
nously incorporated blotmyl ganghostdes Ordinate frequency 
m percentage. Abscissa: distance (in nm) between the ferntm 
core and the membrane bilayer 

TABLE I 

AVERAGE DISTANCE OF FERRITIN-MEMBRANE IN- 
TERSPACE ON VARIOUS CELL TYPES 

Cell type Mean ± S D 
(nm) 

Aldehyde-fixed cells 8 0± 3 5 
Capped cells 

Uropod region 13 0± 11 3 
Head regton 3 7 ± 2 0 

Blotmyl ganghoslde-mcorporated cells 3 8-+ 2 0 

Discussion 

In recent studies, it was shown by various groups 
that glycolipids can be functionally incorporated 
into the surface membrane  of  various cell types. 
For  example, G~a I was incorporated in GM~- 
deficient human  leukemic cells, and cholera toxin 
was capable of  causing patching and capping of  
the exogenously incorporated gangliosldes [21 ]. In 
another  study [22], the Forssman antigen, a de- 
fined glycolipid, was incorporated into various 
cells which lack this antigen. Subsequent mono-  
clonal ant ibody-induced capping of the exoge- 
nously incorporated antigen could then be demon-  
strated. 

These studies were performed m order to dem- 
onstrate that the incorporated gangliosides ex- 



hibited biological activity as expressed by patching 
and capping. In a more biologically significant 
extension of this approach, we have incorporated 
haptenized gangliosides, modified via their sialyl 
moieties, into thymocytes membranes and have 
shown further that these lymphocytes, containing 
the exogenously incorporated molecules, can be 
stimulated by multivalent anti-hapten probes [7]. 
From all these studies, it is apparent that the 
gangliosides are funcUonally incorporated into 
their native states in the target cell membrane. Our 
use of exogenously incorporated biotinyl- 
gangliosides in the present study as a model sys- 
tem for topographical analysis of native glyco- 
liplds in the cell membrane is therefore justified. 

Since the distance of the ferritin-membrane in- 
terspace m thymocytes containing exogenously in- 
corporated gangliosldes is similar to that of the 
head region of capped thymocytes (Table I and 
Fig. 4), we may therefore consider the following: 
(a) the carbohydrate portion of gangliosides is in 
close proximity to the membrane bilayer, and (b) 
in the capped lymphocyte, the extent of lateral 
mobility and consequent involvement in the cap- 
ping process are apparently less for glycoliplds 
than for glycoproteins. 

It is interesting to note that in the present study 
some of the exogenously incorporated sites (Fig. 3) 
also appear in clusters or patches, albeit smaller 
than those described for the incorporated Forss- 
man antigens [22]. This is not particularly surpris- 
ing, since in the latter case a double-antibody 
(sandwich) technique was employed which would 
increase both the extent of crosslinking as well as 
the distance of marker molecules from the mem- 
brane bilayer. 

We have recently shown [23] that the associa- 
tion of biotinylated phospholipids with the mem- 
brane surface is dependent upon the nature of the 
carrier lipid. In some cases biotinylated lipids may 
be simply adsorbed as intact liposomes onto the 
membrane, while other classes of biotinylated lipids 
are fully incorporated into the membrane, first as 
clusters and then as single marker sites. 

The data currently available cannot unequivo- 
cally solve the problem of the distance of native 
gangliosides. Direct proof may result only upon 
interaction with electron-dense markers, e.g. ferri- 
tin-conjugated cholera toxin or interferon, which 
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specifically and exclusively interact with native 
endogenous gangliosides without extraneous cross- 
reactivity with giycoproteins arising from overlap- 
ping carbohydrate structure. This approach would 
be valid provided that it is proved by independent 
means, e.g. isolation by affinity chromatography, 
that the glycolipid-specific probe fails to interact 
with other species of membrane glycoconjugate. 

Another phenomenon worthy of comment con- 
cerns our own failure to demonstrate capping on 
the ultrastructural level with exogenously incorpo- 
rated gangliosides, even though studies do exist 
(including our own) wherein parallel fluorescent 
affinity probes successfully induced capping detec- 
table by fluorescent microscopy. The reason for 
this apparent discrepancy may be that the in- 
creased size of the ferritln-avidin conjugate (at 
least 10-fold) over that of native or fluorescent 
conjugated avidin may obstruct the mobility of the 
biotinyl gangliosides in the membrane. The flow of 
such massive complexes, which comprise large 
crosslinked protein conjugates implanted in the 
membrane by virtue of the dehcate interactions of 
the glycolipid support, may be further impeded by 
the presence of endogenous membrane glycopro- 
teins, which fail in this case to participate. 
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