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1. Introduction

According to the membrane flow or endomem-
brane hypothesis [1,2], membrane biagenesis inclu-
des the physical transfer of membranes from one sub-
cellular compartment to another. Endoplasmic reti-
culum membrane is transferred to the Golgi apparatus
where it is transformed into plasma membrane-like
membranes. This transformed membrane is utilized in
formation of secretory vesicles which arise from cis-
terna of the Golgi apparatus. The secretory vesicle
membranes fuse with the plasma membrane and during
this process the vesicle contents are discharged into
the extracellular space [3,4]. Secretory vesicle
membranes can thus contribute to growth or renewal
of membranes of the cell surface. Additionally,
constituents of surface membranes, especially glyco-
lipids and glycoproteins, have the potential for being
synthesized within the coniext of this export route;
their synthesis need not be restricted to the cell
surface [5-9]. Yet, recent views and hypotheses
assume partial or even exclusive localization of the
carbohydrate transferases of glycoprotein and glyco-

lipid synthesis in or on the surface membrane [10—25].

In this report we critically evaluate the evidence rele-
vant to localization of these transferases within
eucaryotic cells.

2. Discussion
Glycosyltransferases appear to control the struc-
ture and specificity of the carbohydrate portions of

complex polysaccharides [11,25]. In mammalian
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systems these transferase enzymes transfer a carbo-
hydrate from a sugar nucleotide to an acceptor, the
latter being usually the incomplete carbohydrate
chain of a protein or lipid. Additionally, glycosyl-
transferases have been suggested to function directly
as part of the cell surface receptor complex involved
in intercellular adhesion [11—13]. Much of the
argument for the localization of glycosyltransferases
in plasma membranes is based on indirect evidence
(see [21 and 26] for a review of pertinent literature).
Further, glycosyltransferase activities have not yet
been demonstrated in isolated plasma membrane
fractions of defined purity. Nevertheless, several
hypotheses advanced to explain tumorigenesis, cellular
adhesion and other cellular phenomena are based on
presumed surface localization of glycolipid and glyco-
protein glycosyliransferases.

Both external and internal membranes of cells are
asymmetrically substituted with carbohydrate groups
capable of reaction with certain lectins conjugated
with ferritin or other markers [27,28] . The carbo-
hydrate groupings of glycoproteins are exposed on
the inner face of internal cellular membranes [27,29,
30] . In addition, glycoproteins of microsomal vesicles
are labeled by lactoperoxidase-catalyzed jodination
only when the vesicles are made permeable by treat-
ment with detergents [31]. At the cell surface, carbo-
hydrate groupings are exposed along the outer or
environmental face of the membrane only [27—-29].
These observations have been interpreted as resulting
from a flow of membranes with retention of configu-
ration from intracellular biosynthetic sites to the cell
surface (the intraluminal face of endoplasmic reticulum
being equivalent to the external face of the plasma

North-Holland Publishing Company — Amsterdam



Volume 55, number 1

membrane). To achieve this extraceliular distribution,
glycosyltransferases must otherwise function in the
extracellular environment or completed glycolipids
and glycoproteins must be asymmetrically inserted
into the membrane.

An intracytoplasmic rather than extracytoplasmic
site of addition of carbohydrate prosthetic groups was
early inferred from studies with whole cells and intact
tissues. For example, Bosmann et al. [32] found
parallel rates of radioactive glucosamine incorporation
into plasma membrane glycolipids and glycoproteins
of HeLa cells as well as evidence for transfer of these
constituents from intracellular membranes to the
plasma membrane. A central role for the Golgi appara-
tus in protein and lipid glycosylation was first sugges-
ted by autoradiographic studies (cf. {9]] for a recent
review). In these studies, attachment of sugars was
shown to be a late event of glycoprotein formation
and to follow to completion of the polypeptide chain
[8,33]. Early cell fractionation studies served to
localize glycoprotein glycosyltransferases in micro-
somal fractions, particularly those microsomal subfrac-
tions enriched in smooth membranes [34--36]. Later
studies with highly purified and thoroughly characte-
rized cell fractions from rat liver have shown several
different glycoprotein [6,7,37—40], and glycolipid
[9] glycosyitransferases to be concentrated in Golgi
apparatus with lesser amounts being detected in
endoplasmic reticulum. With the marker enzyme
N-acetyl-lactosamine synthetase {a galactosyltrans-
ferase whose in vivo function appears to be the galac-
tosylation of glycoproteins), up to 70% of liver homo-
genate activity van be recovered in highly purified
Golgi apparatus fractions [37,39}. Since recovery of
(olgi apparatus from homogenates is no more than
70%, it follows that the true percentage of this galac-
tosyltransferase which is associated with Golgi appara-
tus must be greater than 70%. The several glycosyl-
transferases involved in conversion of lactosyl ceramide
to the disialoganglioside N-acetylneuraminic acid-galac-
tose-N-acetylgalactosamine-(V-acetylneuraminic acid)-
galactose-glucose-ceramide (Gpy, ) are concentrated in
Golgi apparatus from rat liver with much lower speci-
fic activities being found in endoplasmic reticulum [8].
The total of these activities in endoplasmic reticulum
plus Golgi apparatus accounted for more than 85% of
the activity of the total homogenate [8]. Similarly, the
galactosyltransferase of lactose biosynthesis [41] is
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concentrated in mammary gland Golgi apparatus frac-
tions [42,43] as are glycosyltransferases of ganglioside
synthesis [44] . Glycosyltransferases are also concen-
trated in Golgi apparatus fractions from a diversity

of other animal tissues (for example pancreas [45],
thyroid [46], snail mucopolysaccharide secreting gland
[47], testis [48] and small intestine [49]).

Based on the above observations, it is clear that
Golgi apparatus alone or in combination with endo-
plasmic reticulum accounts for a large proportion of
several glycosyltransferase activities, at least in liver.
Thus there is only a small proportion of the total acti-
vities available for distribution among other mem-
branes of the cell. Mitochondrial fractions have been
reported to contain some glycolipid and glycoprotein
glycosyltransferase activities (eg. [S0]); however,
gvidence to rule out an origin from contamination of
the mitochondrial fractions by Goigi apparatus has
not been presented. Sialic acid [51] and galactose
[10] transferase activities have been reported for
plasma membrane fractions from rat liver. Here, the
procedures used to obtain and characterize there
fractions do not satisfactorily account for the possibility
of extensive contamination by either Golgi apparatus,
smooth endoplasmic reticulum, or both. In contrast,
N-acetylactosamine synthesis [37,38], UDP-V-acetyl-
glucosamine: glycoprotein transferase [37] and trans-
ferases of ganglioside synthesis [8] could not be
detected in highly purified plasma membrane fractions
from liver. These transferases were also not detected in
bovine milk fat giobule membrane [44,52], a memb-
rane known to be derived directly from apical plasma
membrane of mammary secretory cells (eg. [53]).
Rabbit erythrocyte membranes were similarly found to
be devoid of sialyltransferase activity [54] and lysed
chicken erythrocytes had no detectable galactosyl or
sialyltransferase activities. (T. W. Keenan and W. W.
Franke, unpublished). However, glycosyliransferases
were detected in immature chicken erythrocytes
induced by phenylhydrazine; these erythrocytes contain
at least fragments of intracellular endomembranes [55].
In summary, there has been no unequivocal demon.
stration of glycosyltransferase actvity in isolated plasma
membranes. The opposite conclusion, that there are
no such activities in isolated plasma membranes, is
favored by currently available experimental evidence.

In recent years an ever increasing number of publi-
cations have appeared which purport to demonstrate
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membrane glycosyltransferase activities on the surface
membranes of cultured mammalian cells [12,13,
15-24,56]. The impetus for these studies appears to
be the suggestion of Roseman [11] that glycosyltrans-
ferases are involved in intercellular adhesion. In his
hypothesis Roseman visualized adhesion as being due,
at least in part, to a lock and key fit between glycosyl-
transferases on a cell surface with their substrate glyco-
protein or glycolipid carbohydrate chains on surfaces
of other cells. He further predicted that one difference
between normal and transformed ceils would be a
reduced leve] of glycosylitransferases, and consequently
a reduced degree of interaction between surface mem-
branes of the latter cell types. The general experimen-
tal design used to test this hypothesis has been to add
radioactively labeled sugar nucleotides to suspensions
or monolayers of cells in buffer, incubate for various
periods, collect particulate matter by precipitation and
centrifugation or filtration, and determine radioactivity
Any radioactivity incorporated is assumed to be in
surface membrane protein or lipid and to have been
incorporated into these structures by glycosyltrans-
ferases in the surface membrane. QOccasionally glyco-
protein [19,21,22] or, more recently, immobilized
glycolipid [56] acceptors have been added to the in-
cubation mixture. A common observation has been
enhanced glycosyltransferase activity in transformed
cells in comparison with untransformed controls
[17,20--22]. Investigators have been undaunted in
interpretation of such results as supporting Roseman’s
hypothesis, even though just the opposite result,
lower levels of transferases on the surface of transfor-
med cells, is predicted by the hypathesis.

In cur view, none of the above-cited experimerits
with intact cells have produced results which conclu-
sively demonstrate the occurrence of glycosyltrans-
ferase activities on the surface of cultured cells.
Experiments purporting to show such localization
can be faulted for one or a combination of the reasons
which follow:

2.1. That hydrolysis of the sugar nucleotide and entry
of the free carbohydrate into the cell may account
for the findings
In these experiments it is normally assumed that

sugar nucleotides are not transported through the

plasma membrane. While this appears to be true, it is
also well established that plasma membranes con-
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tain enzymes which rapidly degrade sugar nucleotides
with generation of free sugars [37,52,57,58]. From
in vivo labeling experiments it is apparent that free
sugars are accumulated by cells and readily incorpo-
rated into glycoproteins and/or glycolipids (eg.
[5.9,59]). It was recently found that BHK cells rapid-
ly liberate free galactose from UDP-galactose through
the intermediate of galactose-1-phosphate [26]. While
most investigators have apparently neglected this
possibility,Roth et al. [13] added unlabeled free
sugar 1o their cell suspensions in an effort to block
incorporation of liberated radioactive sugar. Unfortu-
nately, recent results demonstrate that the levels of
free sugar added by Roth et al. were inadequate to
effectively block entry of radicactive galactose libe-
rated from UDP into BHK cells [26]. Tt was further
observed that sodium azide completely abolished
incorporation of carbohydrate into exogenous accep-
tars in intact cells. Since sodium azide had no effect
on galactosyltransferase activity in cell homogenates,
it was concluded that it blocked entry of the free
carbohydrate into the cells [26] . Identical results have
been obtained when cytochalasin B, an inhibitor of
sugar accumulation by cells, was added to suspensions
of mammary carcinoma cells (T. W. Keenan and

W. W. Franke, unpublished).

2.2. That release of glycosyliransferases before or
during incubation by cell lysis or secretion of
solubilized transferases may be responsible
While celi intactness is often simply assumed

[15 18,21-24], sometimes it is measured by trypan

blue exclusion and it is normally reported that ‘nearly

all’ or ‘greater than ___ %' of the cells were found to
exclude the dye [13,19,20]. Nevertheless, the levels

of carbohydrate actually incorporated represent a

very small mass or propartion of the total sugar

nucleotide added, and one wonders if this incorpora-
tion is due to the presence of intracellular membranes,
freed by cell lysis, in the incubation mixture. This
could be, but apparently never has been, tested by
removal of intact cells and assay of the resuliant
supernatant for glycosyltransferase activities. Further,
while glycosyltransferases are membrane-bound within
the cell, the fact that they are found in soluble form
in blood serum [60] , amniotic fluid [61] and milk

[62] suggests that they can be discharged in free form

from at least certain cell types. This discharge could
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conceivably oceur in buffer suspensions of ceils. This
possibility, or cell lysis, could readily account for
incorporation of carbohydrates into exogenous accep-
tors which can reasonably be expected not to enter
intact cells [13,15—17,19,21,22,56] .

2.3. That glycosyltransferases are associated with
mammalion cell surfaces but are of a unique class
not invalved in membrane protein or lipid
glycosylation
The best evidence for association of glycosyltrans-

ferases with cell surfaces comes from plant [63,64] or

bacterial [65] cells where such transferases may be
involved, not in glycosylation of membrane proteins
or lipids (i.e. membrane biogenesis) but rather in the
elaboration of surface coats. Clearly, a role for the
plasma membrane (in addition to that of the Golgi

apparatus) is indicated in cellulose formation [63].

Enzymes of chitin biosynthesis apparently act at or

near the surface of the cell [66] . Glycosyltransferases

reported to be present on the surface of the alga

Chiegmydomonas [64], for example, might be an

expression of a more general tendency of plants to

utilize surface transferases in the biosynthesis of walls
and surface coats. Similarly, the D-glucosyltransferase
involved in attaching the terminal glucosyl residues
of collagen is exclusively associated with plasma
membranes [67] and belongs to the category of
transferases functioning in formation of extracellular
coat materials in animal cells.

In secretion Golgi apparatus and other internal
membranes appear to carry out two important
functions. One is the transformation and terminal gly-
cosylation of membrane constituents. The other is
the elaboration, packaging and glycosylation of secre-
tory products including wall components, and mucins
and mucopolysaccharides of cell walls and surface
coats [68] . Secretory vesicles of Golgi apparatus from
both plant [69,70] and animal [71] cells exhibit high
glycosyltransferase activities. These are presumed to
function in the terminal glycosylations of secretory
products as the vesicles migrate to the cell surface
[69—71]. Additionally, such transferases have been
suggested to continue to function after the vesicle
membrane fuses with the plasma membrane, especially
in formation of primary cell walls of plants [69,70].
As suggested by Pat and Grimes [21], glycosyltrans-
ferases entering plasma membranes by such a route
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might be able to incorporate carbohydrate moieties of
exogenous nucleatide sugars into products. However,
such transferases are functionally involved in elabora-
tion of surface coats and not with glycosylation of
membrane components. Such a distinction is often
overlooked and tested only by establishing acceptor
specificity. As far as is known, glycosyltransferases of
polysaccharide or mucin formation differ in
specificity from those of glycoprotein or glycolipid
glycosylation; i.e., they are specific for very different
acceptors. Functions and functional implications also
differ. The products of one class of transferases are
clearly implicated in tumorigenesis. cell recognition
and other aspects of regulation of cellular activities.
The other class results in the formation of protective
walls and surface coats where a regulatory function
for glycosylated products is less clear. Additionally,
alternative pathways not directly involving sugar
nucleotide derivatives might be involved. This could
include participation of lipid intermediates analogous
to the oligosaccharide-polyisoprenol of bacterial
polymers [72].

Until the possibilities enumerated above are tested,
there appears to be no valid basis for the conclusion
that glycosyltransferases of membrane biogenesis are
localized on the surfaces of mammalian cells. It is
certainly apparent that assignment of specific roles
to glycosyltransferases of the cell surface in cellular
processes such, as recognition and tumorigenesis, are
premature.
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