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PREFACE

The research presented here represents a preliminary attempt to
understand the biochemistry of the carbohydrate located on the animal
cell surface-

The surface membrane performs a variety of important

biological functions, but little is known of the structure of the sur
face carbohydrates or their method of biosynthesis,,

It is hoped that

the biochemical methods and data presented here will aid and inspire
others in the continuing study of the structure, function, and bio
synthesis of the complex polysaccharides of the animal cell surface.
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yeast, fungus, and mycoplasma which continuously threaten cultured
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ABSTRACT

Ectoglycosyltransferases are membrane bound enzymes whose
active site is accessible from the exterior of the cell.

These enzymes

are detected by incubating suspensions of intact cells with labeled
nucleotide-sugarso

Experimental criteria have been established which

can prove the existence of ectoglycosyltransferases,,

The criteria are

that the nucleotide-sugar must not be transported by the cell, the
nucleotide-sugar must not be broken down to compounds which can be
transported, and finally, the activity must be associated with intact
live cells.

These criteria have been applied to two experimental sys

tems, cultured fibroblasts and concanavalin A stimulated spleen cells.
The results conclusively prove that the fibroblasts possess ectoglycosyltransferases capable of utilizing extracellular nucleotide-sugars.
The spleen cells have no detectable ectoglycosyltransferases;

all of

the incorporation has been shown to be due to hydrolysis of the nucleo
tide sugar and uptake of the released carbohydrates
The specific activity of ectoglycosyltransferases which utilize
UDP-galactose, UBP-N-acetylglucosamine, UEP-N-acetylgalactosamine, UDPglucose, GDP-mannose, and CMP-sialic acid has been determined in several
cell lines derived from inbred BALB/c mice.

These lines include normal

cells, transformed cells which cause tumors which regress, and trans
formed lines which cause tumors which progress to animal death.

The

level of ectoglycosyltransferase activity detected under standard

xi

Xll
conditions does not correlate with the saturation density in culture,
the turaorigenicity, or the malignancy of the cell lines.

It was found

that both normal and transformed cells have higher ectoglycosyltransferase activity when the cells are taken from confluent than from
sparse cultures.

In addition, there was no relationship between the

amount of concanavalin A needed to agglutinate the cells and the ectogalactosyltransferase activity.
The products formed by an ectomannosyltransferase have been
examined in detail.
monophospho mannose.

One lipid has been identified as a polyisoprenol
Another has properties suggestive of a polyiso

prenol pyrophosphate oligosaccharide.

The kinetics of incorporation

from GDP-mannose by the ectomannosyltransferase suggests that the lipid
compounds are intermediates in the synthesis of glycoprotein.
These results indicate that the ectoglycosyltransferases are
not directly involved in the regulation of growth or tumorigenicity.
It is likely that these enzymes participate in the glycosylation of
membrane components, possibly mediated by the action of lipid-linked
intermediates.

INTRODUCTION

The plasma membrane of animal cells is composed of a great
number of components, including a class of enzymes whose active site
is accessible from the exterior of the cell.

These enzymes have com

monly been called ectoenzymes (DePierre and Karnovsky 1973)«

The

presence of active ectoenzymes on cell surfaces has been known for a
number of years.,

Rothstein, Meier and Scharff (1953) demonstrated that

intact and perfused rat intestine could hydrolyse glucose-l-phosphate
to glucose and phosphate»
cells.

The glucose was rapidly taken up by the

The labeled phosphate remained in the extracellular space and

did not equilibrate with intracellular phosphate pools during the dura
tion of the experimentso

The authors also noted the hydrolysis of ATP

and AMP by the intestinal cells.
Ecto-ATPases have been found in many experimental systems.
Wallach and Ullrey (1962) observed the hydrolysis of ATP and many other
nucleoside triphosphates by suspensions of Ehrlich ascites carcinoma
cells.

The presence of the ATPase on the cell surface was confirmed

by histochemical techniques.

Mustafa et al. (1969) showed some pre

liminary evidence that an ecto-ATPase existed on the surface of pul
monary alveolar macrophages.

Similar enzymes have been found on the

surfaces of rat leukocytes (Medzihradsky, Lin and Marks 1975) and glial
cells of the rat (Cummins and Hyden 1962).

In the later study, neurons

in close proximity to the glial cells were found to have no ecto-ATPase

1

2
activity.

Mason and Saba (1969) have attempted to determine the func

tion of the ecto-ATPase on the surface of human platelets,.

They

reported that certain sulfhydryl reagents which would inhibit the
ecto-ATPase would also inhibit platelet aggregation
of this effect was not demonstrated*

The exact nature

Compounds which could stimulate

the activity of the ecto-ATPase did not promote platelet aggregation.
DePierre and Karnovsky (197^a, b) have performed a detailed
series of experiments to show the presence of several ectoenzymes on
guinea pig polymorphonuclear leukocytes.

These cells were shown to

possess an active ecto-ATPase, -AMPase and -p-nitrophenyl phosphatase®
The authors reported control experiments which conclusively demonstrated
that the hydrolysis observed in cell suspensions was due to the ecto
enzymes and not leakage of enzymes from the cells or uptake of the
substrates and hydrolysis within the cells.

DePierre and Karnovsky

stress that extreme care must be taken with experiments designed to
show that the activity observed in a cell suspension is due to a true
ectoenzyme.
Najjar and Nishioka (1970) have reported an interesting enzyme
activity present on the surface of neutrophilic leucocytes.

This

enzyme, a protease, cleaves leucokinin to a peptide fragment, tuftsin,
which is a phagocytosis-stimulating factor with these cells.
The biological functions of the ecto-ATPases mentioned above
are mostly unknown.

The possibility that an ecto-ATPase plays a role

in platelet aggregation has been mentioned.

A simple explanation for

the function of ectoenzymes has been presented by DePierre and Karnovsky

(197*rt>).

These authors speculate that the ecto-ATPase and ecto-AMPase

function to simply dephosphorylate nucleoside phosphates, allowing the
cells to transport and utilize the resulting nucleosides.

This is

similar to the suggestions of Rothstein et al. (1953) that the ectoglucose-l-phosphatase serves to degrade the sugar phosphate to a form
which can be utilized by the cello

It is possible that all of the

ectoenzymes mentioned above serve a similar purpose, that is the modi
fication of impermeable compounds to a form which can be utilized by a
cell.
In recent years much interest has been directed at a new type
of ectoenzyme, the ectoglycosyltransferases.

Ectoglycosyltransferases

were postulated to exist by Roseman in 1970 and are the only known biosynthetic ectoenzymes.

An ectoglycosyltransferase can utilize an extra

cellular nucleotide-sugar and it transfers the carbohydrate moiety to
either endogenous or exogenous glycose acceptors.

These enzymes are

usually detected by incubating suspensions or monolayers of cultured
cells with nucleotide-sugars containing a radioactive label in the
sugar moiety.

Incorporation is followed by observing the transfer of

the radioactive carbohydrate from the soluble nucleotide-sugar to a
large molecular weight glycose acceptor.
Intercellular adhesion is thought to be important in regulating
the growth of cells in multicellular organisms.

This includes develop

ment of the correct cell morphology and formation of tumors and tumor
metastases.

According to Roseman's theory (Roseman 1970), carbohydrates

on the cell surface could act as glycose acceptors for

k
glycosyltransferases on the surface of another cell.

The interactions

in such a system would be a result of the high specificity which gly
cosyltransferases exhibit for particular oligosaccharide sequences<,
The transfer of carbohydrate from an appropriate nucleotide-sugar to
an acceptor on an adjacent cell would cause a modification in the oli
gosaccharide chain and the cells would dissociate,,

Roseman's theory

can also account for the lower adhesion observed with tumor cells, as
these cells have generally lower levels of glycosyltransferases as
measured in homogenateso
It has been observed that omission of L-glutamine from tissue
culture media prevents the adhesion of embryonic cells (Oppenheimer
et al. 1969).

Of all the compounds tested, only D-glucosamine and D-

mannosamine could effectively replace L-glutamine.

L-glutamine is the

donor of the amide nitrogen necessary to convert fructose-6-phosphate
to glucosamine-6-phosphate, the precursor to all other amino sugars®
A block in this reaction presumably results in a low level of glyco
protein and glycolipid synthesis.

This result was taken as evidence

that cell surface carbohydrates were required in embryonic cell
adhesion.

Not all cell systems require the presence of L-glutamine

for cell adhesion (Edwards and Campbell 1971)o
Roth, McGuire and Roseman (1971a) have expanded the work men
tioned above by showing that treatment of embryonic chick neural retina
cells with yS-galactosidase would abolish specific aggregation.

They

attempted to re-establish adhesive specificity by adding back the ter
minal galactose residues by incubation with a soluble galactose

5
transferase.

It was noted that the controls without added enzyme
r-lk -7

showed as much incorporation from UDP /
actions with the enzyme.

^/-galactose as did the re

These results suggested the presence of ecto-

galactosyltransferases postulated to exist by Roseman (1970)*
In another paper (Roth, McGuire and Roseman 1971b) the authors
expanded the previous observations.,

They presented detailed experi

ments to show that the embryonic neural retina cells possessed an ectogalactosyltransferase,

There was no inhibition of incorporation from

r~lk -t

UBPV

C/-galactose by unlabeled UDP-glucose, galactose-l-phosphate or

galactose.

In addition, there was no epimerization of the labeled

carbohydrate, indicating that the cells did not transport the UDP/-"^^C/galactose»

They presented evidence to show that the enzyme activity

was not due to a few broken cells in the suspension.

Most importantly,

it was shown that large molecular weight glycose acceptors would, in
the absence of the UDP-galactose, inhibit cell adhesion,
A similar approach has been applied to normal and transformed
mouse cells (Roth and White 1972)o

In these studies, these workers

were performed controls similar to those mentioned above to show that
these cells possessed ectogalactosyltransferases.

The experiments com

pared the ability of BALB/c 3T3 and 3T12 cells to catalyze incorpora__li). __

tion from UDP-/

C/-galactose into endogenous acceptors.

The 3T3

cells are a contact inhibited cell line which will not form tumors if
injected into irradiated weanling or new born BALB/c mice.

The 3T12

cells grow to very high saturation densities and will form tumors if
injected into irradiated or newborn mice (Aaronson and Todaro 1968).

6
3T3 cells taken from sparse cultures had higher enzyme activity than
cells taken from confluent cultures.

The incorporation observed with

the 3T12 cells was independent of the density of the cell culture„

The

3T3 cells also showed higher incorporation in reactions in which con
tact between cells was maximized,,

The authors interpreted this to mean

that cell-to-cell contact was necessary for the reaction to proceed in
3T3 cells.

The 3T12 cells did not exhibit this effect, indicating that

cell-to-cell contact was not necessary,,
On the basis of the above results, Roth and White (1972) pro
posed a new hypothesis regarding the function of the ectoglycosyltransferaseso

It was suggested that transformed cells could utilize ecto-

glycosyltransferases to glycosylate acceptors on the surface of the
same cello

This ability was termed cis-glycosylation.

The normal 3T3

cells could only transfer carbohydrate to acceptors on another cell.
This was called trans-glycosylation.

This difference in behavior of

the normal and transformed cells was attributed to differences in the
structural organization of the cell surfaces.
Recently, Webb and Roth (197*0 have expanded the work mentioned
above by showing that mitotic 3T3 cells do not require cell-to-cell
contact.

In this respect they resembled 3T12 cells.

cells act the same as interphase cells.

Mitotic 3T12

Furthermore, monolayers of 3T3

cells incubated with UDP-/~^H7-galactose showed labeling only in cells
which were in mitosis.

These results are interpreted to indicate that

the surface of mitotic normal cells is similar to the surface of inter
phase transformed cells.

The mitotic 3T3 cells can transfer

7
carbohydrate to acceptors on the same cell. Studies of cell surfaces
with plant lectins have also indicated that the surface of mitotic
normal cells has properties similar to that of transformed cells (Fox,
Sheppard, and Burger 1971)o
Bosmann (197*0 has studied the ability of L5178Y cells to
jlf
catalyze the transfer of carbohydrate from CMP-/
C/-sialic acid, UDP^cT-galactose and UDP'VZ-N-acetylglucosamine to large molecular
glycose acceptorso

The L5178Y cells are derived from a mouse lymphoma,

and grow in suspension culture®

In these cells, Bosmann found that the

activity of the ectoglycosyitransferases peaks during the S phase of
the cell cycle and was lowest in mitosis.
with endogenous acceptors.

The same results were found

These results were interpreted to indicate

that ectoglycosyitransferases were involved in cellular adhesion.

The

activities of these enzymes would be expected to be minimal during
mitosis when adherence of the cells is also minimal.

This is espe

cially prominent on plates where the cells round up and can detach
during mitosis.

The results with the L5178Y cells are somewhat diffi

cult to compare with the work of others as suspension cultures do not
exhibit contact inhibition of growth.
Bosmann (1972a) has reported some interesting results with
virus transformed cell lines.

These studies utilized BALB/c3T3 as the

normal cell line and mouse sarcoma virus transformed BALB/c3T3 (MSV3T3), polyoma virus transformed 3T3 cells (PY-3T3) and Rous sarcoma
virus transformed 3T3 (RSV-3T3).

The transformed cell lines all had

elevated levels of ectoglycosyitransferases when compared to the normal
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3T3 cells.

The results of Roth and White (1972) concerning the contact-

dependent decrease in the ectoglycosyltransferase activity of 3T3 cells
were also confirmed in these studies-

The transformed cells did not

show any contact dependence.
Bosmann, Case, and Morgan (197*0 have expanded the above obser
vations with a series of experiments utilizing temperature-sensitive
virus transformed cells,,

These experiments v/ere performed with chick

embryo fibroblasts (CEF), CEF transformed by the Schmidt-Ruppin strain
of Rous sarcoma virus (SR-RSV-CEF), and a temperature-sensitive mutant
of the SR-RSVo

There was a twelve-fold increase in the activity of

the ectoglycosyltransferases in the SR-RSV-CEF cells compared with the
CEF.

CEF which were infected with a non-transforming virus, RAV-1, had

activity similar to non-infected cells.

These experiments confirmed

those reported earlier with BALB/c mouse cell lines (Bosmann 1972a)®
In other experiments, the temperature-sensitive mutant of the
SR-RSV was used to transform the chick cells.
virus but does not transform at *+1°.

This mutant produces

At this temperature, cells in

fected with this virus had levels of ectoglycosyltransferases similar
to normal CEF at the same temperature.

At the temperature at which

the virus would transform cells, the activities of the enzymes was
similar to those of CEF.

The studies with virus-transformed cells

have shown a definite correlation between levels of the ectoglycosyl
transferases and transformation.

In the systems studied by Roth and

Bosmann the transformed cell lines have had higher levels of these
enzymes than their normal counterparts.
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Sudo and Onodera (1975) have studied a variety of ectoglycosyltransferases in an established mouse cell line, C3H-2K and the same
cells transformed by simian virus 'tO.

In these studies only the activ

ity of the ectosialyltransferase was elevated in the transformed cells.
The abilities to transfer carbohydrate from GDP-mannose, UDP-galactose,
UDP-glucose and GDP-fucose was similar in normal and transformed cells.
In addition, the enzymes in normal and transformed cells reacted dif
ferently in the presence of dibutyryl adenosine 3'5'-cyclic monophos
phate. Incorporation from UDP-galactose was inhibited in transformed
cells by the cyclic AMP; the incorporation in normal cells was not
changed*

The activity of the galactosyltransferase in microsomes pre

pared from normal or transformed cells was slightly stimulated by the
cyclic AMP.
It was mentioned previously that normal cells taken from con
fluent cultures had lower ectoglycosyltransferase activity than cells
taken from sparse cultures.
formed cells.

This effect was not observed with trans

Bosmann et al. (1973) have studied the ectoglycosyl-

transferases of two malignant melanoma cell lines.

One line, number

26, forms very few metastases when injected into C57 mice®
line, number 36, forms a very high number of metastases.

The other
These workers

examined the ability of these cells to catalyze transfer from UDPglucose, UDP-galactose, UDP-N~acetylglucosamine, GDP-mannose and CMPsalic acid into endogenous acceptors.

The cell line which formed few

metastases had the same activity in sparse and confluent cultures.
line which formed large numbers of metastases exhibited growth

The
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dependence.

Incorporation from UDP-glucose, UDP-galactose, GDP-mannose

and CMP-salic acid was reduced in cells taken from confluent cultures®
In addition, the cells from sparse cultures had higher levels in ac
tivities than those of the line 26 cells.,

In confluent cultures, the

ectoglycosyltransferase activities of the two cell lines were very
similar„
Studies of ectoglycosyltransferases have not been limited to
tissue culture and transformed vs normal cell systems.

Weiser (1973a,

b) has studied the activities of this type of enzyme in a cell system
undergoing rapid differentiation, namely, the intestinal epithelium of
the rat.

The cells in this tissue differentiate as they migrate from

the crypt zone to the villus tip.

The cells begin as mitotically

active, undifferentiated cells in the crypt and differentiate to mature,
nondividing cells in the villus.

Using a method to prepare cells from

each section, Weiser examined the ability of suspensions of these cells
to transfer the carbohydrate from a number of extracellular nucleotidesugars to endogenous acceptors.
in cells from the villus.

The activities detected were highest

In this system, no connection could be found

between the activity of the ectoglycosyltransferases and cell adhesion.
In fact, the cells from the villus which had no ectoenzyme activity
were only slightly less adhesive than cells from the crypt.

It was

suggested (Weiser 1973b) that the rapid membrane synthesis necessary
in the dividing crypt cells results in a surface membrane which re
tains many of the characteristics of the Golgi apparatus.

The Golgi

apparatus, as will be discussed later, is the source of much of the
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plasma membrane of animal cells and is highly enriched in glycosyltransferases.

Interestingly, while the incorporation from the extra

cellular nucleotide-sugars was maximal in the cells from the crypt, the
r-lk -7

incorporation from D-/

r-l^f -?
C/-glucosamine, D-/
C/-galactosamine and L-

/~^H7-fucose was maximal in the villus cellSo
The activity of ectoglycosyltransferases has also been studied
in normal and neoplastic rat intestinal epithelium (LaMont, Weiser, and
Isselbacher 197*0 <»

Adenocarcinomas of the large and small bowel were

induced by weekly injections of dimethylhydrazine.

The tumor cells

examined had levels of ectoglycosyltransferase activity similar to the
normal crypt cells.

Tumors of the rat colon had lower levels of

enzyme activity than the surrounding normal tissue.

Studies of this

type are difficult to interpret as it is not possible to determine the
correct normal cell type,,
Ectoglycosyltransferases have also been observed on the surface
of platelets and have been implicated in the adhesion of these cells to
collagen.

Barber and Jamieson (1971a, b) have found that platelet

plasma membranes contain both glucosyl- and a galactosyl-transferase.
It has been suggested that the glucosyltransferase may be an ectoenzyme.
In addition, inhibitors of collagen:

platelet adhesion have been shown

to reduce detectable glucosyltransferase (Jamieson, Urban, and Barber
1971).

Bosmann (1972b) has suggested that an ectosialyltransferase may

also be involved in platelet adhesion.
LaMont, Perrotto et al. (197*0 have looked at an ectogalactosyltransferase on thymus and spleen lymphocytes.

The activity of the
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galactosyltransferase was increased when the thymus cells were stimu
lated to undergo blast transformation by concanavalin A,

These results

are somewhat similar to those reported for crypt cells (Weiser 1973a, b).
The mitotically active, growing cells had higher levels of enzyme
activity than the resting, non-dividing cells®
The papers discussed above by no means constitute the total
literature concerning ectoglycosyltransferases.

These papers do repre

sent the major contributions as well as the major evidence from which
theories concerning the functions of these enzymes have been derived.
A full understanding of these theories requires some evidence concern
ing the possible origin of these enzymes.

These studies will be of

interest when considering the possible functions of the ectoglycosyltransferases.
The Golgi apparatus is part of the complex intracellular mem
brane system of animal cells.

The characteristic features of this

structure are a stack of smooth membrane-bounded cisternae.

Associ

ated with and forming from this structure are numerous vesicles of
various sizes.

This complex of membranes usually has a definite posi

tion within the cell, between the smooth and rough endoplasmic reticulum
and the plasma membrane,

A detailed discussion of the structure and

functions of the Golgi apparatus is beyond the scope and purpose of
this presentation.

Several recent reviews are available (Northcote

1971; Dauwalder, Waheey, and Kephart 1972),
It is generally agreed that most oligosaccharide chains are
synthesized by a sequential addition of carbohydrate units.

Many of
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the enzymes involved have been found to be associated with the Golgi
apparatus (McGuire and Roseman 196?; Hagopian, Bosmann, and Eylar 1968;
Hagopian and Eyler 1968; V/agner and Gynkin 1971; Keenan, Morre, and
Basu 1974).

It has been postulated that the carbohydrate units are

attached in sequence as the glycoproteins and glycolipids migrate from
the smooth endoplasmic reticulum to the Golgi apparatus and in Golgiderived vesicles to the cell surface (Schachter et al» 1970)®

The

attachment of glycose units to membrane components also occurs within
the smooth membranes of the cell (Ito 1969; Bennettl970; Reith, Oftebro,
and Seljelid 1970; Bosmann, Hagopian, and Eylar 1969)0

All of the gly-

cosyltransferases studied in the above systems have been shown to be
membrane bound.
The role of the Golgi apparatus in the excretion of glycopro
teins has been established by pulse-chase experiments and radioautography (Haddad et al. 1971; Jamieson and Palade 1967a, b)0

The mecha

nism of this process is thought to involve the following sequence of
events.

The polypeptide chains are synthesized within the rough endo

plasmic reticulum and then transferred to the smooth endoplasmic
reticulum.

From the smooth membranes, the completed proteins are

transferred by means of small vesicles to the forming face of the Golgi
cisternae.

The proteins are passed through the Golgi apparatus to the

secreting face where they are packaged in vesicles.

These Golgi vesi

cles migrate through the cytoplasm to the plasma membrane where they
fuse with and become a part of this membrane.

During the fusion process

the interior of the Golgi vesicle becomes the outer surface of the
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plasma membrane, and the contents are emptied into the extracellular
space.
The above sequence suggests that membrane can flow from the
cisternae of the Golgi apparatus to the plasma membrane„

This hypothe

sis requires that the membrane of the Golgi become altered during its
passage through the cello

It has been found that the lipid, protein

and carbohydrate components of intracellulcir membranes in a variety of
cell types changes from a "Golgi-like" composition to one similar to
the plasma membrane (Grove, Bracker, and Morre 1968; Morre, Keenan,
and Mollenhauer 1971)«

In some interesting work with ferritin con

jugates of plant lectins, Hirano et al. (1972) have shown that the
carbohydrates of intracellular vesicles are only on one side of the
membrane, which would be required if the vesicles will fuse with the
plasma membrane»

In addition, the carbohydrate chains of Golgi mem

branes were shorter than those found on the outer membranes®
The firm binding of the glycosyltransferases to the membranes
and the ultimate fusion of these vesicles with the plasma membrane
makes it very likely that the ectoglycosyltransferases arise from this
fusion®

In this manner, the enzymes which were producing secretory and

membrane oligosaccharides during migration of the vesicles through the
cytoplasm will retain their membrane location after fusion with the
plasma membrane.
Several recent papers have cast serious doubt that ectogly
cosyltransferases exist or can be detected by incubating intact cells
with nucleotide-sugars.

Evans (197*+) has found that nucleotide
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pyrophosphatase exists on the surface of hepatocytes.
grades nucleotide-sugars to the sugar-phosphate.

This enzyme de

Evans suggests that

the presence of this enzyme on cell surfaces would make the detection
of ectoglycosyltransferases impossible as the nucleotide-sugar sub
strate would be rapidly decomposed,,

Deppert, Wechau, and V/alter (197*0

have reported that monolayers of BHK cells have no detectable ectogalactosyltransferaseSo

In these experiments, the extracellular UDP-

galactose was decomposed to galactose-l-phosphate and galactose.

All

of the incorporation seen with these cells could be attributed to the
uptake and incorporation of free galactose formed from the hydrolysis
of added UDP-galactose.

These authors suggest that many previous

workers had not performed sufficient controls to eliminate the possi
bility that the nucleotide-sugars were hydrolysed to free sugars prior
Deppert et al. (197*0 have found similar results

to incorporation,

with monolayers of BALB/c 3T3 cells,.
The activity of nucleotide pyrojjhosphatase can seriously inter
fere with the interpretation of results from experiments with glycosyltransferases.

Kirschbaum and Bosmann (1973) reported that folic

acid could stimulate the activity of several glycosyltransferases*
The authors suggested that folic acid was a controlling factor in the
action of glycosyltransferases.

Geren and Ebner (197*0 have shown

that folic acid stimulates incorporation by the glycosyltransferase
by inhibiting the action of nucleotide pyrophosphatase.

Low concen

trations of 5'-adenosine monophosphate can also inhibit action of the
pyrophosphatase.

The studies of Evans (197^); Deppert et al. (197*+)
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and Geren and Ebner (197*0 have emphasized the importance of careful
controls in the study of glycosyltransferases, especially the ectoglycosyltransferases. .
Several general conclusions are possible from data which have
been presented concerning the ectoglycosyltransferases,,

First, these

enzymes apparently exist on the surface of many cell types, but in most
studies the presence of these ectoenzymes has not been rigorously
proven.

Secondly, the experiments which have been performed with nor

mal and transformed cell lines have indicated that the activity of
ectoglycosyltransferases in the transformed cells is different from
that of the normal cells.
been defined.

The exact cause of this difference has not

The work of Geren and Ebner (197*0 has shown that the

controls for hydrolysis of the nucleotide-sugars have frequently been
inadequate.
In addition, many contradictions exist in the literature and
may have arisen by different methods of cell preparation.

For example,

experiments with BALB/c 3T3 cells have indicated that these cells could
utilize extracellular UDP-galactose as a glycose donor (Roth and White
1972; Webb and Roth 197*0°

In these experiments, the cells were first

suspended by a brief exposure to trypsin.

Deppert et al. (197*0 could

find no evidence for the presence of an ectogalactosyltransferase in
monolayers of the same cells.
The ectoglycosyltransferases present an interesting field of
study for several reasons.

It is known that many of the enzymes

responsible for the synthesis of nucleotide-sugars are present in the
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cytosol.

For these compounds to be utilized in glycoprotein and gly-

colipid synthesis within the Golgi vesicles, it would be necessary for
the glycosyltransferases to span the membrane in some manner®

This

could be accomplished by utilization of lipid carriers for the acti
vated sugars.

Preliminary evidence for these compounds has been pre

sented (Dorsey and Roth 197^; Yogeeswaren, Laine, and Hakomori 197*0.
A mechanism utilizing lipid-linked intermediates has been worked out
from experiments with cell homogenates and will be discussed later.
The utilization of these compounds within the cell membrane would be
similar to the mechanism found in many microorganisms (Lennarz and
Scher 1972).

An interesting possibility is that ectoglycosyltrans

ferases are involved in the synthesis of the oligosaccharide portions
of membrane components.

As mentioned earlier, glycosylation of mem

brane glycoproteins and glycolipids occurs within the vesicles of the
Golgi apparatus.

This process may continue after fusion of the vesi

cles with the plasma membrane.
I have studied the ectoglycosyltransferases in cloned cell
lines derived from inbred BALB/c mice.

The in vitro growth properties

tumorigenicity and malignancy, and the concanavalin A stimulated agglu
tination of these cell lines has been described (Grimes 197**» Van Nest
and Grimes 197*0 °

Some of the lines are normal in their growth

characteristics and do not form tumors when injected into immunocom
petent BALB/c mice, while some grow to very high saturation densities
and form tumors in the BALB/c mice.

Of the lines which form tumors,

some are rejected and some form tumors which continue to grow and
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eventually kill the animals.

The comparison of ectoglycosyltransferases

in cell lines with different surface properties will allow detection of
any correlation between the biological properties of the cells and the
activities of the ectoenzymes.

In this manner the ectoglycosyltrans

ferases can be used as probes of the structural organization of the
cell surface.

I have also considered the possibility that the ecto

glycosyltransferases may be involved in the glycosylation of membrane
components.

These studies have focused on an ectomannosyltransferase

which forms and utilizes lipid-linked intermediates.

Results from

these studies allow new inferences on the possible biological function
of ectoenzymes.

MATERIALS AND METHODS

Cell Lines and Culture Conditions
Several cell lines derived from inbred BALB/c mice have been
used in the experiments presented here,,

The BALB/c 3T3 cells, clone

A31 and B3T3, BALB/c 3T3 cells transformed by simian virus ^0, SVT2,
and BALB/c 3T12 cells were the gift of Dr., George Todaro, NIH.

BALB/c

3T3 cells transformed by murine sarcoma virus, KMSV, were the gift of
Dr. Lo Culp, Case Western University. PBC cells are low passage BALB/c
fibroblasts prepared in this laboratory by mild trypsin treatment of
16 day post-gestation BALB/c embryos.

The 3T12T and 2°KMSVT cell lines

are derived from tumors produced by injection of 3T12 or KMSV cells
into adult BALB/c mice.

The clone 5 cells are one of a number of cell

lines prepared by Dr. William J« Grimes by plating A31 cells at very
low densities and isolating the clones as described (Puck, Marcus, and
Crecevia 1956).
The jln vitro growth characteristics and malignant properties of
these cell lines have been described (Grimes 197^5 Van Nest and Grimes
197*0 •

A summary of the saturation densities, tumorigenicity and

malignancy, and concanavalin A induced agglutination is shown in Table
1.

The saturation density is the cell density in culture at which

cell division and growth ceases.

The A31 and PBC cell lines are con

sidered normal because they grow to low saturation densities and do
not form tumors in BALB/c mice.

The SVT2, 3T12, 3T12T, 2°KMSVT, and
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Table 1.

Cell Line

Growth characteristics, tumorigenicity and malignancy, and
concanavalin A agglutination of BALB/c cell lines.

Saturation Density
cells/35mm plate

Malignancy
Tumors
Fate

Agglutination
ptg/ml Con A
at 1/2 maximal
agglutination

A31

2.8 x 105

-

-

>1000

PBC

k

x 105

-

-

600

3T12

1.0 x 106

+

o
•

50

3T12T

1.0 x 106

+

Kills

50

+

Kills

6oo

2°KMSVT

N.D.

SVT2

4

x 106

+

Regresses

50

Clone 5

h

x 106

+

Regresses

100

The saturation density, tumorigenicity and malignancy, and con
canavalin A stimulated agglutination are taken from Van Nest and
Grimes (197*0.
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Clone 5 cell lines all grow to high saturation densities and cause
tumors when injected into BALB/c mice.

The fates of the tumors formed

by these cell lines are not identical.

The Clone 5 cells form tumors

in the BALB/c mice which always regress.

These cells also form tumors

in nude and newborn mice which do not regress.

This indicates that the

adult BALB/c mice can utilize their immune system to eliminate the
tumor cells.

The SVT2 cells also cause tumors which regress if a low

number of cells had been injected.

The 3T12 cells elicit an immediate

inflammatory response in adult BALB/c mice which destroys most or all
of the injected cells.

In about half of the mice injected with the

3T12 cells, the tumors return after a dormant period and kill the
animals, the rest of the animals remain tumor free.

The 3T12T and

2°KMSVT cells form tumors in the BALB/c mice which will eventually kill
3
all of the animals receiving 5 x 10 cells or moree
Several cell lines of hamster origin have also been used in
these studies.

The N1LB and N1L2B cell lines were the gift of Dr. P.

W. Robbins, M.I.T.

The cell lines are clones of N1LB cells which were

derived from the original NiL line of Diamond (1967).

PHC cells are

low passage fibroblasts prepared by mild trypsin treatment of Golden
hamster embryos.

The baby hamster kidney fibroblasts, BHK, were pur

chased from Grand Island Biological Co., Grand Island, New York.
Cell cultures were maintained in Eagle's minimal essential
medium (Grand Island Biological Co.) with four times the usual concen
tration of amino acids and vitamins.

This media was supplemented with

fetal calf serum at a concentration of 1Cf/o.

This growth medium was
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changed during the course of the experiments presented here to D.ulbecco's modification of Eagle's minimal essential medium,,

No differ

ence in the properties of the cells was observed in the new media.

All

media contained penicillin and streptomycin at concentrations of 50
units and 50 mg. per ml respectively.

Cell cultures were maintained

in Falcon plastic tissue culture flasks and grown in Bellco roller
bottles prior to enzyme assayso
All cell lines were tested routinely for the presence of myco
plasma by spreading cell suspension on 2.5% PPLO agar (Difco Labora
tories, Detroit) containing 2C$? horse serum and IQP/o yeast extract.

The

plates were examined for mycoplasma colonies after incubation at 39°
for two weeks.

Cell cultures were also tested by the uridine phos-

phorylase assay for mycoplasma of Levine (1972).

Cultures showing

evidence of contamination were either discarded or grown in the presence
of 50mg/liter of gentamicin (Schering Corp., Port Reading, New York)
until tests were negative.
Spleen cell cultures were prepared by Mr. Robert Endres,
Department of Microbiology, University of Arizona.

Spleens were ex

cised from BALB/c mice and the cells were teased into Hank's balanced
salt solution containing 0.6% Dextran.

The cells were washed twice

with the above solution and suspended in RPMI-1640 media (Grand Island
Biological Co.) supplemented with 2mM glutamine and
serum.

fresh human

The cells were stimulated to undergo blast transformation by

the addition of lOmg/ml of Concanavalin A.
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Radioactive Compounds
The following radioactive compounds were purchased from New
England Nuclear, Boston, Massachusetts:

CMP-^^C^-sialic acid (229

Ci/mole), UDP-/~lifc7-galactose (27^ Ci/mole), UDP-N-acetyl-/-l4c7/*—1^" "7
glucosamine (51-5 Ci/mole), UDP-N-acetyl-/^ C_/-galactosamine (5605
Ci/mole), UDP-/~^'f£7-glucose (227 Ci/mole), GDP-/~"'"^c7-mannose

(2k6

Ci/mole), DL-Mevalonic-5-/~^H7 acid (6,7^ Ci/inmole), UDP-galactose-1/~3H7 (1®23 Ci/mmole) and D-galactose-/~"^H7

(G) (2.0^ Ci/mmole).

The D-galactose-/~^H7 was diluted to a specific activity of 250 Ci/mole
with unlabeled galactose.

D-mannose-2-^^^n7 (2 Ci/mmole) v/as purchased

from the Radiochemical Centre, Amersham, England.

Preparation of Exogenous Acceptors
Exogenous acceptors for glycosyltransferases have been prepared
from fetiun by mild acid hydrolytic cleavage of the sialic acid resi
dues with a crude almond emulsion jQ-galactosidase.
Desialized fetiun was prepared by dissolving 500 mg, of com
mercially prepared fetiun (Grand Island Biological Co.) in ^0 ml of
0.05N H^SO^ and incubating at 70-80 degrees for 1 hour.
sialic acid was monitored by subjecting 5

Release of

aliquots of the reaction

mixture to the thio-barbituric acid reaction.

This procedure results

in a linear release of the sialic acid residues which is essentially
complete after 60 minutes.

After the acid hydrolysis, the reaction

was cooled and neutralized with additions of 1.0N NaOH.

This solution

was dialyzed against several changes of distilled water and lyophilyzed.
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Desialized fetiun was incubated with crude /3-galactosidase
under the conditions described by Spiro (1962).

200 mg of desialized

fetiun and 40 mg of almond emulsion (Sigma Chemical Co., St. Louis,
Missouri) were dissolved in 80 ml of 0.2 M sodium acetate buffer, pH5®0.
This reaction mixture was incubated at 37 degrees for 48 hours.
Aliquots of 0.200 ml of the reaction mixture were withdrawn at
0, 12, 2b and 48 hours for analysis of the amount of neutral carbohy
drate released.

The aliquots were pipeted into 1,0 ml of cold 1Q& tri

chloroacetic acid and centrifuged at 1800 rpm for 10 minutes..

1.0 ml

of the resulting supernatant solution was withdrawn and washed twice
with 2.0 ml portions of diethyl ether.

Aliquots of the lower aqueous

phase were subjected to the anthrone test for neutral hexose.
Following the incubation with the crude jQ-galactosidase, the
reaction mixture was cooled and mixed with 1/2 volume of 0.68 N
perchloric acid.

1%,

This gives a final perchloric acid concentration of

The resulting precipitate was removed by centrifugation at 1800

rpm.

The supernatant solution was dialyzed against several changes of

distilled water and lyophilyzed0

'

Desialized fetiun was also treated with an immobilized prepa
ration of the almond emulsion ^0-galactosidase.

The ft-galactosidase was

immobilized by use of N-hydroxysuccinimide ester of succinylated aminoethyl BIO-Gel A (Affigel 10, Bio-Rad Laboratories, Richmond, Califor
nia).

The crude j8-galactosidase preparation (200 mg) was dissolved in

25 ml of 0.02 M phosphate buffer, pH 7.2 and cooled to 2-5 degrees.
This mixture was added to the Affi-gel 10 and shaken overnight at 2-5

25
degrees.

The reaction was terminated by addition of 1 ml of a 1.0 M

solution of ethanolamine in 0.1 M phosphate buffer, pH 7.2.

The gel

slurry was poured into a glass column (2.5 x 25 cm) and washed with the
following solutions:

25 ml of the 0.1 M phosphate buffer, pH 7.2; 50

ml of 1.0 M NaCl in the phosphate buffer; and finally, 100 ml of a
0.1 M sodium acetate buffer, pH 5.0.

The washed gel was suspended in

kO ml of the acetate buffer.

Fractions of 2 ml were collected from the washes of the gel.
The amount of N-hydroxysuccinimide in each fraction was estimated from
the absorption at 290 nm.

The amount of protein was determined by

withdrawing 0.100 ml aliquots of each fraction for analysis by the
Lowry reaction.
The fractions were also tested for the amount of /3-galactosidase present using the artificial substrate p-nitrophenyl-^3-Dgalactopyranoside.

This assay was adapted from that described by

Conchie, Findlay, and Levvy (1959)•
In this procedure, 0.100 ml aliquots of the fractions were
added to 1 ml of a 5 mM solution of the p-nitrophenyl-^3-Dgalactopyranoside in 0.2 M sodium acetate buffer, pH 5.0.
mixtures were incubated at 37 degrees for 30 minutes.

The reaction

After the incu

bation, 2.0 ml of a 0.4 M Glycine-NaOH buffer, pH 10.8, was added and
the reaction mixtures were centrifuged at 1200 rpm for 20 minutes.

The

absorbance of the p-nitrophenol, released was determined at bj>0 nm.
Desialized fetiun (135 mg) was dissolved in 20 ml 0.1 M sodium
acetate buffer, pH 5-0 and mixed with an equal volume of the

immobilized

/3-galactosidase

preparation.

This reaction mixture was

shaken at 37 degrees for three days after the addition of a few drops
of toluene.

Aliquots of 0.5 nil were taken at

analysis of released carbohydrate.

2.b hour intervals for

The aliquots were added to 1 ml of

cold 15% trichloracetic acid and passed through a Pasteur pipet con
taining a glass wool plug.
at 1800 rpm for 20 minutes.,

The eluate was collected and centrifuged
1 ml of the resulting supernatant solu

tion was withdrawn and extracted twice with 2 ml portions of diethyl
ether.

Aliquots of 0.200 ml were taken from the washed aqueous phase

for reaction with the anthrone reagent.
After the 72 hour incubation, the reaction mixture was cooled
and poured into a 2.5 x 25 cm column and eluted with 100 ml of 0.1 M
sodium acetate buffer, pH 5.0.

The eluate was dialyzed against several

changes of distilled water and lyophilyzed.
All preparations of exogenous acceptors were dissolved in Trisbuffered saline, pH 7.^» at a concentration of lOmg/ml.

Preparations

were stored at 0-2 degrees until use.

Preparation of Intact Cell Suspensions
Cells for glycosyltransferase assay were usually taken when the
monolayers were confluent unless otherwise noted.

The medium was de

canted from the roller bottle and the monolayer washed with 50 ml of
Solution A (0.8^ NaCl 0.05^ KC1, and 0.001 M KPO^, pH7.^) containing
0.01 M EDTA.

An additional 30 ml of Solution A with EDTA was then

added and the roller bottle returned to the incubator for 10 minutes.

Following this, the rounded and free floating cells were centrifuged
for 5 minutes at 1800 rpm„

The cell pellet was gently resuspended by

pipeting and washed once with 30 ml of TBS (0.15 M NaCl and 0.02 M
Tris-HCl, pH7.

i +)o

The final cell pellet was resuspended in TBS to

give an appropriate concentration of cells as indicated®
In experiments with the spleen cell preparations, the cells
were pelleted by centrifugation as above and washed twice with TBS.
The washed cells were suspended as above at an appropriate concentra
tion of lymphocytes.

Preparation of Cell Microsomes
Cell suspensions, prepared and washed as above, were suspended
in 10 ml of 0.02 M Tris-HCl, pH8.0, allowed to swell for 5 minutes at
room temperature and homogenized by 20-30 vigorous strokes in a Dounce
style homogenizer with a Type "B" pestle.

After homogenization, 1 ml

of a solution of 0.03 M MgC^ and 0.1 M NaCl was added and the nuclei
1

and unbroken cells removed by centrifugation at 1000 xg for 1 minute.
The resulting supernatant solution was then centrifuged at 37,000 rpm
for 60 minutes in a Beckman SW*K) or TY65 rotor.

The pellet from this

centrifugation was resuspended in TBS by homogenization as above at a
concentration of 2-^mg/ml protein.

Preparation of Cell Monolayers
In experiments in which cell monolayers were needed, the cells
were grown to confluency on 35 mm plastic Petri plates under the usual
culture conditions.

Prior to the enzyme assays, the culture medium
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was removed by aspiration and the cell monolayers were washed twice
with a 2 ml of prewarmed (37°) Tris-buffered saline.

Incubations for Glycosyltransferase
Determination
Detailed descriptions of incubation conditions will be given
in the table and figure legends.

Many determinations of glycosyl-

transferase activity have been conducted under standard conditions as
described below.
Generally, incubation mixtures contained 1-2 x 10

intact cells,

an appropriate concentration of divalent ion required for maximal
activity and the following amounts of a particular nucleotide sugar:
GMP-/~"'"^c7-sialic acid, 80 pmoles; DDP-/_"1"i+C/7-galactose, 80 pmoles;
UDP-/~'^d7-N-acetylgalactosamine, 230 pmoles; UDP-/~"'"^c7-N-acetylglucosamine, 160 pmoles; UDP-/^
mannose, 80 pmoles„

"7

C/-glucose, 60 pmoles; and GDP-£

~7

C/-

The incubation mixtures, in a final volume of

0.110 ml TBS, were incubated at 37° for 1 hour.
Incubations with monolayers of cells were as described above
except the entire mixture was scaled up four fold.

Experiments with

spleen cell preparations were conducted with twice the amount of
nucleotide-sugar shown above and in a final volume of 0.060 ml.

In

r-1^ -7
many experiments, the incorporation from UDP-^
C/-galactose and
/~~^H7-galactose have been compared.

In these experiments, equal con

centrations of the two radioactive compounds were used.
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Determination of Carbohydrate Incorporation
Incorporation of radioactive carbohydrate into glycolipids and
glycoproteins has been determined by several techniques.

Following

incubation at 37°i the reactions were terminated by the addition of
2 ml of cold 1% phosphotungstic acid in 0.5N HC1„

In the centrifuga-

tion assay method, the precipitated material was collected by centrifugation at 1800 rpm and washed twice with 2 ml portions of 1% phosphotungstic acid.

The washed pellets were then extracted twice with 2.0

ml portions of chloroform:methanol (2:1).

The pooled chloroform:metha

nol (2:1) extractions were dried in scintillation vials-

The extracted

pellets were dissolved in 1 ml of 0.5N NaOH and transferred to scintil
lation vials.
In the filtration method, the phosphotungstic precipitated
material was filtered through either a 0.22 mm Millipore filter or a
glass fiber filter (Schleicher & Schuell, Keene, N. H.).

The material

retained by the filters was washed twice with 5 ml portions of cold 1%
phosphotungstic acid in 0.5N HC1 and once with cold 5% trichloroacetic
acid.

The washed filters were then extracted twice with 2 ml portions

of chloroform:methanol (2:1).

The chloroform:methanol extracts were

pooled and dried in scintillation vials.

The extracted filters were

dried and placed in scintillation vials with 1 ml of either Protosol
(New England Nuclear, Boston, Massachusetts) or 0.5N NaOH.
Incorporation of carbohydrate into glycolipids was also deter
mined by Sephadex G-25 filtration (Wells and Dittmer 1963)•

In this

procedure, the reactions were terminated by the addition of a 20-fold

30
excess of chloroform:methanol (2:1), followed by an additional extrac
tion with 2 ml of chloroform:methanol:water (60:30:^.5).

The combined

extracts were pooled and washed through a 1 x 7 cm. column of superfine
Sephadex G-25 equilibrated with chloroform:methanol:water (60:30:*f.5)»
The column was then washed with 5 ml of the same solvent®

Under these

conditions, nucleotide-sugars, sugar-phosphates, and free sugars are
retained on the column,,

The column effluent was collected and dried in

scintillation vials.
In some experiments, the chloroform:methanol (2:1) extractions
have been omitted and total incorporation of carbohydrate was deter
mined.

After the final

trichloroacetic acid wash, the pellet was

dissolved in 1 ml of 0.5N NaOH and placed in a scintillation vial.
High voltage electrophoresis (Roth, McGuire, and Roseman 1971b)
was also used to determine total carbohydrate incorporation,,

In this

procedure, the incubation mixtures were spotted on the baseline of
Whatman 3MM paper and subjected to electrophoresis in a 0.02 M sodium
borate buffer pH 9«6 at 60 v per cm.

Small molecular weight carbohy

drates form charged compounds in the borate buffer and migrate away
from macromolecules which remain at or near the origin.

Picric acid

was used as a visual marker for the rapidly migrating material.

After

electrophoresis, the paper was dried, cut into convenient sized pieces
and counted in scintillation vials.
Incorporation of mannose from GDP-mannose has sometimes been
determined in a manner different from that used for the other
nucleotide-sugars (V/aechter, Lucas, and Lennarz 1973).

After incubation
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at 37°, the reactions were terminated and extracted twice with 2 ml
portions of chloroform:methanol (2:1).

The pooled chloroform:methanol

(2:1) extracts were washed once with 2 ml of 0„9^ NaCl and twice with
chloroform:methanol: 0.9% NaCl (3:^8:^7)0

In some experiments, the

washed chloroform:methanol (2:1) extracts were run through small
columns (0.6 x 2.5 cm) of DEAE-cellulose acetate equilibrated with
chloroform:methanol:water (10:10:3).

The columns were then washed with

3 ml of chloroform:methanol:water (10:10:3)«
in scintillation vials and dried.

The eluate was collected

The small columns were then eluted

with chloroform: methanol: ^OmM Ammonium acetate (10:10:3)0

This wash

was also collected in scintillation vials and dried.
The residue remaining after the chloroform:methanol (2:1) ex
tractions was dried and washed a total of four times by repeated sus
pension in cold distilled water followed by centrifugation at 1200xg.
After the final distilled water wash, the pellet was extracted twice
with 3 ml portions of chloroform:methanol:water (10:10:3)-

The

chloroform:methanol:water (10:10:3) extracts were pooled and dried in
scintillation vials.

The residue from these extractions was dissolved

in 1 ml of either Protosol (New England Nuclear, Boston, Massachusetts)
or 0.5N NaOH and placed in scintillation vials.
In experiments in which cell monolayers were used, the super
natant solution was withdrawn at the end of the incubation period and
2 ml of cold

1% phosphotungstic acid in 0.5N HC1 was added. The pre

cipitated cells were removed from the Petri plate with a rubber police
man and filtered through a glass fiber filter.

The material retained

on the filter was washed three times with 5 ml portions of cold 5%
trichloroacetic acid and dried.

The dried filters were placed in

scintillation vials with 1 ml of 0.5N NaOH.
In some experiments with cell monolayers the cells were dis
solved in 2% sodium dodecylsulfate.

The resulting solution was added

to an equal volume of cold 5% phosphotungstic acid and the protein
allowed to precipitate for 1-2 hours at 2°.
Incubations with cells and the exogenous acceptors were essen
tially the same as described previously.

After incubation at 37° for

1 hour, the reactions with cell suspensions were terminated by the
addition of 1 ml of cold TBS and the cells were pelleted by centrifugation at 1800 rpm for 5 minutes.

The resulting supernatant solution

was withdrawn and the cell pellet washed twice as described above*
washes were pooled and added to an equal volume of cold

The

phosphotung

stic acid, allowed to precipitate for several hours at 2°, and washed
as usual.

Reactions with monolayers and exogenous acceptors were

assayed in essentially the same manner.
by the addition of 1 ml of cold TBS.

The reactions were terminated

This supernatant solution was

decanted and the monolayer washed twice as above.

These washes were

pooled, precipitated, and washed as above.

Measurement of Radioactivity
All samples were suspended in 10 ml of a scintillation fluid
composed of 2900 ml xylene, 9&0 ml Triton X-ll^f, and 125 ml of Liquiflour (New England Nuclear, Boston, Massachusetts).

All samples were
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acidified by the addition of 0.1 ml glacial acetic acid.
efficiency in this procedure was 67% for

Counting

14
3
C and 3396 for H»

Lowry Protein Determination
Protein concentration was determined by the method of Lowry
basically as described (Lowry et al„ 1951)»

The sample was dissolved

in 0.5N NaOH for 30-60 minutes at room temperature.

A 0.200

ml aliquot

of this solution was added to 1.0 ml of a solution composed of 1 part
1% cupric sulfate, 1 part 2%> sodium potassium tartrate, and 100 parts
2% sodium carbonate.

This solution was allowed to stand at room tem

perature for 10 minutes.

After this, 0.100 ml of Folin phenol reagent

(Harleco, Philadelphia, Pennsylvania) diluted 1 to 1 with distilled
water was added.

After a 30 minute incubation, the absorbance was de

termined at 750 nm.

The protein concentration was estimated by refer

ence to a standard curve made with bovine serum albumin (Sigma Chemical
Co., St. Louis, Missouri) as standard.

Descending Paper Chromatography
Samples for paper chromatography were spotted on the origin of
Whatman No. 1 or 3 MM paper and developed in one of the following sol
vent systems:

ethyl acetate:pyridine:water (8:2:1) for the separation

of neutral sugars; isobutyric acid:ammonia:water (5^:4:^9) f°r the
separation of certain lipids; and 1.0 M ammonium acetate, pH 3»6 :95%
ethyl alcohol (30:75) for the separation of nucleotide-sugars, sugarphosphates and free sugars.
for 17 to

The chromatograms were allowed to develop

2k hours at room temperature. Standard carbohydrate

3^
compounds were detected on the dried chromatograms by spraying with a
solution composed of four parts aqueous

sodium metaperiodate and

one part 1% potassium permanganate in 2?/o sodium carbonate (Limieux and
Bauer 195*0•
When the supernatant solutions from incubations were to be
subjected to chromatography, the reactions were terminated by the addi
tion of 1 ml of cold 5p/° trichloroacetic acid and centrifuged at 1200xg
to remove precipitated material.

An aliquot of the resulting super

natant solution was withdrawn, made 20-50mM in EDTA, and neutralized by
additions of 2„5N NaOH.

The addition of EDTA is important to prevent

formation of a complex between manganese ions and some nucleotidesugars.

This complex runs with an Rgal of 0.90 in 1M Ammonium acetate,

pH 3«6:95$> Ethanol (30:75) and can cause errors in estimating the
extent of nucleotide-sugar decomposition,.

Thin Layer Chromatography
Thin layer chromatography was performed on plastic sheets precoated with a 0.25 mm layer of unactivated silica gel G (Polygram Sil
G, Brinkmann Inst.).

Samples were spotted with standard compounds

2 cm. from the bottom of the plate.
of the following solvent systems:

The plates were developed in one
A, chloroform:methanol:water (65s

25:^); B, chloroform:methanol: acetic acid: water (25:15**^:2); C,
chloroform:methanol:2.5N ammonia (60:35i8); and D, n-propanol:water
(7:3).

The solvent was allowed to ascent to within 1 cm of the top

of the plate.

The standard glycolipids were detected by placing the
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dried plate in a chromatography tank equilibrated with iodine crystals
for 15-20 minutes.
Monosialylganglioside, ceramide-GLc-Gal (NANA)-GalNAc-Gal, and
disialylganglioside, ceramide-Glc-Gal (NANA)-Gal NAc-Gal-NANA and
glucosylceramide, ceramide-Glc, were purchased from Supelco, Inc.
Bellefonte, Pennsylvania.

Tay-Sachs ganglioside, ceramide-Glc-Gal

(NANA)-GalNAc, was the gift of Dr. Roscoe Brady, NoI.H.

Hematoside,

ceramide-Glc-Gal-NANA, was isolated from horse erythrocytes by Dre
William J. Grimes.

Lactosylceramide, ceramide-Glc-Gal, was prepared

from hematoside by mild acid hydrolysis®

In this procedure, 100 mg«

of hematoside was heated with 50 ml of 0.05N f^SO^ for one hour at 80°.
The amount of sialic acid released was determined by the thiobarbituric
acid assay as described below.

This solution was cooled and extracted

with 100 ml of chloroform:methanol (2:1) followed by 100 ml of chloro
form: methanol: water (86:1^:1).

The extracts were pooled, dried, and

taken up in a small volume of chloroform.

This material was applied

to a 2.5 x 25 cm column of silica Gel equilibrated with chloroform.
The column was eluted with two liters of chloroform followed by two
liters of chloroform:methanol (8:2).

Fractions of 20 ml were collected

and tested for the presence of carbohydrate by the anthrone reaction as
described below.

The lactosylceramide was eluted by the chloroform:

methanol (8:2) washed, dried, and purified by preparative thin layer
chromatography on silica Gel G thin layers in a solvent composed of
chloroform:methanol:water (65:25:*0.

Analysis of this material by the

anthrone reaction gave the theoretical amount of neutral carbohydrate.
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Anthrone Reaction for Neutral Hexoses
Neutral hexoses were detected and quantitated by the anthrone
reaction (Roe 1955)•

In this procedure, 1«0 ml of anthrone reagent

(500 ml of 13 M sulfuric acid containing 250 mg anthrone and 5 g of
thiourea) was added to 0.2 ml aliquots of the material to be analyzed.
The samples were heated for 15 minutes at 100°, cooled, and the absorbance at 620 nm determined„

The amount of neutral hexose was

determined by reference to a standard curve.

Thiobarbituric Acid Assay for Free
Sialic Acids
Free sialic acids were measured by the thiobarbituric acid
assay of Warren (1959)•

In this procedure, 0.050 ml of a solution of

0.2 M sodium metaperiodate in 9 M phosphoric acid was added to a 0.100
ml aliquot of the material to be analyzed.

This mixture was allowed

to react at room temperature for 20-30 minutes, followed by the addi
tion of O.h ml of 12.5?^ sodium arsenite in 0.5 M sodium sulfate and
0.1N surfuric acid.

This mixture must be mixed immediately until the

yellow color disappears.

After mixing, 1 ml of a solution of 0.9^

thiobarbituric acid in 0.5 M sodium sulfate is added and the reaction
mixture heated at 100° for 15-20 minutes.
is extracted with 1 ml of cyclohexanone.

After cooling, the reaction
The absorbance at 5^0 and

532 nm of the cyclohexanone is then determined.

The amount of free

sialic acid was then determined by reference to a standard curve or
calculated from the following equation:
fig sialic acid = 6.*t8 x

- 2.35 x ^532
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The absorbance at 532 nm is caused by a chromophore formed by
deoxy sugars found in some biological samples.

Gel Chromatography
Bio-Gel P-2, 200-^00 mesh, exclusion limit 1200 daltons and
Bio-Gel/P-6, 200-400 mesh, exclusion limit 6,000 daltons, were equili
brated overnight in a 0.02 M phosphate buffer, pH 7.5 containing 5mM
sodium azide.

1.6 x 85 cm columns were prepared and eluted with the

buffer used for equilibration.

The columns were standardized with the

following carbohydrates; mannose, M.W. 180, lactose, M.W. 3^+2, raffinose, M.W. 50^ and stachyose, M.W. 666.

The standards were detected

in 0.2 ml aliquots of the fractions by the anthrone reaction.

Frac

tions of 2.0 ml were collected.
Bio-Gel P-10, 200-^00 mesh, exclusion limit 2^,000 daltons, was
equilibrated with a 0.02 M Tris-HCl buffer, pH 7-2, containing
sodium dodecylsulfate and 1.0 mM EDTA.

0.1%

A 1.5 x 90 cm column was pre

pared and eluted with the equilibration buffer.

Fractions of ^+.0 ml

were collected.

DEAE-Cellulose Chromatography
DEAE-Cellulose was acetylated by the method of Dankert et al.

(1966). DEAE-Cellulose (microgranular, DE-32, Whatman Products) was
suspended in 1.0 M NaOH overnight and then washed repeatedly with
distilled water.

The washed gel was dehydrated by washing in in

creasing concentrations of ethanol and finally washed with 99% methanol.
The dehydrated gel was dried overnight in a vacuum desiccator and
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suspended in glacial acetic acid overnight.

Following this, the acety-

lated gel was washed extensively with 99% methanol and suspended in the
same solvent,,

A 2.5 x *f0 cm column was prepared and eluted with 80 ml

of 99% methanol followed by a linear gradient made by mixing 80 ml of
99% methanol and 80 ml of 1.0 M ammonium acetate in 99% methanol.

Frac

tions of 3.0 ml were collected.
In some experiments, small columns of DEAE-cellulose acetate
were used. Following the final 99% methanol wash in the above acetylation procedure, the gel was washed twice with chloroform:methanol:water
(10:10:3) and suspended in the same solvent.

Small columns, 0.6 x 2.5

cm, were prepared and eluted with 10 ml of chloroform:methanol:water
(10:10:3) followed by 20 ml of chloroform:methanol:40 mM ammonium ace
tate.

1.0 ml fractions were collected.

Mild Acid Hydrolysis
-1^ -7

Radioactive material from incubations with GDP-/

C/-mannose

or 2~/~^H7-mannose soluble in chloroform:methanol (2:1) or chloroform:
methanol:water (10:10:3) was dried under filtered air and hydrolysed
in 0.1 N HC1 in 50% n-propanol at 100° for 30 minutes.

The reaction

mixture was then neutralized with 0.2 N NaOH and extracted with four
volumes of chloroform:methanol (2:1).

The lower phase was then ex

tracted twice with one volume of chloroform:methanol:0.9% NaCl (3:^8:
^7).

The combined upper phases were concentrated by lyophilyzation.
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Base-Borohydride Hydrolysis
i—l A- —7

The insoluble residue from reactions with GDP-/

C/-mannose or

2-/~^H7-mannose was hydrolyzed with strong base by the method of Lee
and Scocca (1972)»

The sample was dried with filtered air and heated

for 1 hour at 100° with a solution of 1 M NaOH and 1 M sodium borohydride.

After cooling, the sample was acidified with glacial acetic

acid until bubbling stopped and then neutralized and lyophilyzed.

Pronase Digestions
Insoluble material was exhaustively digested with Pronase
(Sigma Chemical Co., St. Louis, Missouri) in a buffer composed of 0.02
M Tris-HCl, pH 7®0, 0.15 M NaCl, and 0.02 M CaCl^.

The incubations

were conducted for 72 hours at 37° with the addition of a small amount
of toluene to retard bacterial growth. Pronase was added at an initial
concentration of 5-10^ that of the insoluble material.
enzyme was added at Zh and ^8 hours.

Additional

After digestion, the mixture was

dialyzed in a buffer composed of 0.02 M Tris-HCl, pH 7»2, 1.0 mM EDTA
and

0ol% sodium dodecylsulfate for 2't- hours.

After dialysis, the

sample was lyophilyzed, dissolved in a small amount of distilled water
containing 8^ sucrose and layered on top of the Bio-Gel P-10 column and
eluted as described in a previous section.

RESULTS

Before experiments to demonstrate the presence of ectoglycosyltransferases could begin, a rapid and repeatable method for detecting
r-lk -7

the transfer of carbohydrate from nucleotide-/
molecules had to be founds

C/-sugars to acceptor

The traditional method for detecting in

corporation of carbohydrate into macromolecules, high voltage elec
trophoresis in a borate buffer, is not easily applicable to a large
number of samples.

Another common method is to precipitate the reac

tions with cold phosphotungstic acid, wash the resulting precipitate
several times to remove any unreacted labeled carbohydrate, and extract
labeled glycolipids with chloroform:methanol (2:1).

This procedure is

useful for moderate numbers of samples; however, the many centrifugation steps required can consume a lot of time and can lead to errors
in procedureso
The best method of assay for experiments involving large numbers
of samples is the filtration method described under Materials and
Methods.

In this procedure, the reactions are terminated by the addi

tion of cold 1% phosphotungstic acid and the precipitated material is
captured on filters held in a 30 sample capacity Millipore filter mani
fold.

All of the above procedures give equivalent results for the

incorporation of labeled carbohydrates into macromolecules.

Table 2

compares the results obtained when suspensions of SVT2 cells are incubated with the indicated nucleotide-/
hO

C/ sugars and assayed by the

Table 2.

A.

Comparison of some methods for determining glycoprotein and
glycolipid synthesis from radioactive precursors.

Incorporations determined by borate electrophoresis, phosphotung
stic acid precipitation, and Millipore filtration.

Substrate

Borate
Baseline
cpm

Phosphotungstic Acid
cpm
GP
G1
Tot,

Millipore Filtration
cpm
GP
Tot.
GL

Exp. I
800

430

^30

860

1000

170

650

820

350

5^0

Uoo

4-70

UDP-Gal

2200

880

2070

970

GDP-Man

1350

930

1060

1060

UDP-Gal
UDP-Gal NAc
Exp. II
CMP-S.A.

Exp. Ill
GDP-Man

2900

23*+0

700

3040

2100

650

2750

GDP-Man

31^0

2130

680

2810

2100

670

2770

B.

Incorporation into glycolipid as determined by the phosphotungstic
acid precipitation method and Sephadex G-25 chromatography.
Phosphotungstic Acid
Method
cpm

Sephadex G-25
Chromatography
cpm

GDP-Man

1500

1300

CMP-S.A.

1900

1800

Substrate

Procedures for cell preparation, reaction conditions and the assays
used are described under Materials and Methods. Each reaction con
tained 2 x 10^ suspended SVT2 cells and 25,000 cpm of the indicated
nucleotide-sugar.

different procedures mentioned above.

An additional method for the

analysis of glycolipids is shown in Part B.
For most parts of this presentation glycolipid will refer to
the material which is extracted from the acid precipitated material by
chloroform:methanol (2:1)„

The remainder of the acid precipitated

material is considered glycoprotein.

In many experiments only the

total acid precipitable incorporation is used.

Evidence for the Existence of
Ectoglycosyltransferases
Suspensions of cultured fibroblasts, prepared by a brief exj—l^f
posure to EDTA, can incorporate the carbohydrate moiety from CMP-/
C/—nil _
/—l't —7
sialic acid, UDP-/
C/-galactose, UDP-N-acetyl-/
C/-galactosamme,
UDP-N-acetyl-/~"^d7~glucosamine, UDP-/-'^c7-glucose and GDP-/~~"^tc7mannose into endogenous glycoproteins and glycolipids.
are conducted in Tris-buffered normal saline, pH 7«^«

The reactions
No change in

the activity has been observed in other buffer systems.

All the reac

tions show a slight requirement for a divalent ion for maximal incor
poration from the nucleotide-sugar.

The data for suspensions of SVT2

cells are shown in Figures 1 and 2.

The transfer of carbohydrate from

CMP^C/7-sialic acid, UDP-/~"^c7-galactose and UDP-N-acetyl^C7galactosamine is optimal at 5nM MnCl^.

The transfer from the other

r-l*f —7
nucleotide-/
C/-sugars requires 15 mM MgCl^.

Similar ion require

ments were found with suspensions A31 and BIIK cells.
similar concentrations of CaCl^ had no effect.

The addition of

Figure 1.

Cation requirements for the transfer of carbohydrate from
CMP-/"^C7-NeuNAc, UDP-/~l^c7-galactose and UDP-N-acetyl^^^c[7-galactosamine»
All reactions contained 2 x 10^ suspended SVT2 cells, the
indicated concentration of MnCl2 or MgCl2, and the amount
of labeled nucleotide-sugar as described under Materials
and Methods. All the reactions were assayed for incor
poration into glycoprotein and glycolipid by the Millipore
filtration method. Abbreviations used are; CMP-NeuNAc,
CMP-sialic acid; UDP-Gal, UDP-galactose; and UDP-GalNAc,
UDP-N-acetylgalactosamine. Solid lines, incorporation in
the presence of MnCl^, dashed lines, incorporation in the
presence of MgCl^.
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Figure 1.

Cation requirements for the transfer of carbohydrate
from CMPC7-NeuNA c, UDP-/""1'^£7-galactose and
UDP-N-ace tyl-7~^-^c7-galac tosamine.

Figure 2.

Cation requirements for the transfer of carbohydrate from
UDP-N-acetyl-/~^-*fd7-glucosainine1 GDP-/~li+C/'-mannose and
UDP-j/^-^cZ-glucose.
g
All reactions contained 2 x 10 suspended SVT2 cells, the
indicated amount of MnCl2 or MgCl2» and the amount of
labeled nucleotide-sugar as described under Materials and
Methods. All the reactions were assayed for incorporation
into glycoprotein and glycolipid by the Millipore filtra
tion method. Abbreviations used are UDP-GLcNAc, UDP-Nacetylglucosamine, GDP-Man, GDP-mannose and UDP-GLc,
UDP-glucose. Solid lines, incorporation in the presence
of MnCl2, dashed lines, incorporation in the presence of
MgCl2.
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Figure 2.

Cation requirements for the transfer of carbohydrate
from UDP-N-acetyl-/-^ c7-glucosamine, GDP-/~^c7mannose and UDP-/~T^c7^glucose.
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The incorporation into macromolecules is also dependent on the
concentration of the labeled nucleotide-sugar.

These data can be

plotted as incorporation _vs nucleotide-sugar concentration and shows
the typical saturation at high substrate concentrations..
also be plotted as reciprocal plots by the usual methods.

The data can
The data

for suspensions of SVT2 cells are shown in Figures 3 and 4.
sible to calculate apparent K

III

and V

illciJv

It is pos

values from these data.

By

analogy to treatment of published data concerning the transport of
metabolites into cells, the apparent Km can be considered as an affin
ity of the transferase-acceptor complex for the nucleotide-sugar.

The

Vmax is a measure of the number of transferases and/or acceptors on
the cell surface.
It is interesting to note that the apparent
galactose is similar in normal and transformed cells.

for UDP^Q7The kinetic

constants found with suspensions of SVT2, A 31, and PBC cells are shown
in Table 3.
The majority of the experiments presented here have not been
conducted with saturating levels of the nucleotide-/-^"^^7-sugars.

The

concentration of the nucleotide-sugar at saturation is sufficiently
high to make the necessary amount of the labeled compounds prohibitively
expensive.

Measurement of ectoplycosyltransferase activity at satura

ting levels of the nucleotide-sugar does not alter the relative amounts
of incorporation in normal and transformed cells.
Ectoglycosyltransferases are detected by incubating suspensions
or monolayers of cells with labeled nucleotide-sugars and measuring the

Figure J>.

_Q_lf _
Kinetics of incorporation of carbohydrate from CMP-/
C/NeuNAc, UHP-N-acetyl-/~"'-^'C/'-galactosamine, and UDP-Nacetyl-^f"1 (^/-glucosamine.

r-14 -r

Reactions for incorporation from CMP-/
C/-NeuNAc and UDPN-acetyl-/~^-^7-galactosamine contained 0.05 ml of TBS
containing 2 x 10^ suspended SVT2 cells, an appropriate
volume of TBS containing the nucleotide-/-l^C/-sugar to
give the indicated concentration (220 pmoles UDP-N-acetyl/~^-^c7-galactosamine per 0.005 ml and 80 pmoles CMP/_ 1^C/7-NeuNAc per 0.005 ml), the optimal cation concentra
tion, and sufficient TBS to give a final volume of 0.105
ml. Reactions with UDP-N-acetyl-/"^(^-glucosamine con
tained the same amount of cells and cations and 0.010 ml
of TBS containing 50,000 dpm of UDP-N-acetyl-/-!^^/7glucosamine diluted with unlabeled UDP-N-acetylglucosamine
to give the indicated concentration. All reactions were
assayed for incorporation into glycoprotein and glycolipid
by the Millipore filtration method.
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Kinetics of incorporation of carbohydrate from UDP/^'+c7-glucose, GDPC_7-mannose and UDP-/~^Cf7galactose.
Reactions contained 2 x 10^ suspended SVT2 cells,
the optimal cation concentration, 0.010 ml of TBS
containing 50»000 dpm of the nucleotide-/- c7sugar diluted with unlabeled nucleotide-sugar to
give the indicated concentration, and sufficient
TBS to give a final volume of 0.105 ml. All reac
tions were assayed by the Millipore filtration
method for incorporation into glycoprotein and
glycolipid.
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Table 3«

Cell Line

Kinetic constants for the incorporation of galactose from
UDP-galactose.

Glycoprotein
K
V
m
max

SVT2

9

33

A31

7

PBC

7.7

K

Glycolipid
V
m
max

3.7

17

100

9

6o

180

^.7

50

Cell suspensions of the SVT2, PBC or A31 cells were prepared as
described under Materials and Methods. Kinetic constants were cal
culated from the data of Figures 3 and k. K is expressed as /iM,
V
as pmoles/mg protein/hour.

h9
amount of labeled carbohydrate transferred to macromolecules.

Several

experimental criteria must be fulfilled to prove that the incorporation
is the result of the action of an ectoglycosyltransferase.

First, it

is necessary to prove that the nucleotide-sugar serves as the direct
glycose donor.

Secondly, the intact nucleotide-sugar must not be

transported by the cells.

Finally, the enzyme activity must be associ

ated with the intact cells.
Several control experiments have been performed using UDP-/^ _C/galactose to show that the nucleotide-sugar is the direct glycose donor.
f~^/-galactose has been included to measure incorporation by transport
and intracellular utilization of a free sugar.
It is possible that the incorporation observed in cell suspen
sions is due to hydrolysis of the nucleotide-sugar and uptake of the
released free sugar.

Figure

5

shows the time course of the hydrolysis

of UDP-/~"^c7-galactose incubated with suspensions of BHK cells.
These cells hydrolyse a significant portion of the added nucleotidesugar to galactose-1-phosphate; however, little free galactose is
formed.

Similar results are observed with suspensions of SVT2 and A31

cells.
The small amount of labeled galactose formed by hydrolysis of
—l^
the UDP-/ ^/-galactose could still function as a glycose donor in the
reactions with cell suspensions.

The addition of an excess of unlabeled

UDP-galactose or its decomposition products to reactions of cell susr-14 -7

pensions and the determination of incorporation from UDPV

C/~

galactose into macromolecules can aid in determining what the direct

/
/

Figure 5»

r--7

Hydrolysis of UDP-£
suspensions®

£/-galactose incubated with cell

Cell suspensions of BHK cells were incubated with UDP/-^^'C7-galactose as described under Materials and Methods.
At the indicated times, reactions were terminated by the
addition of 1 ml of cold 5% trichloroacetic acid and
centrifuged for 5 minutes at 1000 xg« Aliquots of the
supernatant solution were chromatographed as described
under Materials and Methods. The percent of each labeled
compound was calculated from the total number of cpm
recovered from duplicate paper strips. Standard UDPgalactose, galactose-l-phosphate and galactose were
detected by a periodate permanganate spray as described
under Materials and Methods.

50
100
UDP-Gal

90

Gj 80
UJ 70

u 50

40
30

20

Galactose
10

40

20

60

minutes
Figure 5«

Hydrolysis of UDP-/
cell suspensions.

^/-galactose incubated with
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glycose donor is.
in Figure 6.

The results with suspensions of BHK cells aire shown

The addition of unlabeled UDP-galactose to the reactions

—lif
inhibits the incorporation from the UDP-/
C/-galactose but not the
/"~^H7-galactose0

Adding unlabeled galactose had the opposite effect;

"2
the incorporation from the /~ Ip'-galactose was inhibited but not the
_Qk _
UEP-/
C/-galactose<>

The addition of unlabeled galactose-l-phosphate

at a concentration up to 1,000 times that of the UDP-/
had no effect on the incorporation from either compound,.

C/-galactose
The lack of

inhibition of incorporation from /"^[{/-galactose by the galactose-lphosphate also indicates that the fibroblasts do not hydrolyse this
compound to free galactose0
It has been shown that low concentrations of 5'-adenosine mono
phosphate (5'-AMP) can inhibit the action of the nucleotide pyrophos
phatase (Bischoff et al. 1970; Bischoff, Wilkening, and Decker 1973;
Geren and Ebner 197*0 «>

The bottom panel of Figure 7 shows that low

r-lif -7
concentrations of 5'-AMP inhibit the hydrolysis of the UDP-/
C/galactose by the suspensions of BHK cells.

The incorporation from UDP-

f ^-galactose and /"" H/-galactose was also determined in this ex
periment e

These data are shown in the top panel of Figure 7»

The

/-I*+ "7

inhibition of the hydrolysis of UDP-/

C/~galactose causes an increase

in the incorporation from this compound.

The incorporation from the

/"•^H^-galactose is also increased by the addition of 5'-AMP.
mechanism of this increase is not known.

The

The increase in incorporation

from the ^~^7-galactose is prevented by the addition of a 10,000 fold

Figure 6.

Incorporation from UDP-/~ c7-galactose and /" h7galactose in the presence of various concentrations
unlabeled UDP-galactose and galactose.
Incubations of intact BHK cells were prepared and reacted
with UDP-/"^c7-galactose and /~"3H7-galactose as described
under Materials and Methods,, Reactions contained either
unlabeled UDP-galactose (top) or galactose (bottom) at the
indicated concentration. Incorporation is expressed as
percent of control reactions containing no unlabeled com
pounds. Closed circles, incorporation from UDP-/~1^C7galactose, open circles, incorporation from /~3H7-galactose.

52
100
UDP-Gal

80

60

-\

O
QC
h-'
z

-

o

o
l4r

\

o

-

w

h
z
UJ
o

a:
iLl

a.
80

60
40

Galactose

-\ \
-

@

-

\

-\
U

'H

20
u
1
mM

•

6
8
Addition

o
10

-1^
Figure 6. Incorporation from UDP-/~XHc7-galactose and /~^h7galactose in the presence of various concentrations
unlabeled UDP-galactose and galactose.

Figure 7«

Incorporation from UDP-^^CjJ-galactose and
galactose in the presence of 5'-AMP.
Incubations of suspended BHK cells were prepared and
reacted with 50,000 dpm of UDP-Z^^cZ-galactose, closed
circles, and 50,000 dpm of /~3H7-galactose, open circles.
Incorporation into acid precipitable material was de
termined by the centrifugation method as described under
Materials and Methods. Bottom panel, hydrolysis of UDP^~l^d7-galactose in the presence of 5'-AMP. Aliquots of
the first trichloroacetic acid supernatant were subjec
ted to chromatography as described under Materials and
Methods. The percent of each compound was calculated
from the total cpm recovered from duplicate chromatograms.
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Incorporation from UDP-/~ c7-galactose and /" rf7galactose in the presence of 5'-AMP.

5^
excess of unlabeled galactose.

The addition of unlabeled galactose

—llf
does not affect the increase from the UDP-/
C/-galactose.
The experiments mentioned above have shown that the decomposir-lk -i

tion products of UDP-/

_C/~galactose are not used as substrates m

reactions with fibroblasts,,
the intact nucleotide-sugar.

It is possible that fibroblasts transport
It has been shown for other cell types

that intact nucleotide-sugars are not transported (Bischoff et alo 1973*
Bischoff, Liersch et ale 1970).,

Figure 8 shows the time course of in

corporation from UDP-j/ "^c7-galactose and _^/~^H7-galactose into acidsoluble and acid-insoluble material in suspensions of BHK cellso

The

/"~^H7-galactose appears in acid-soluble material at a faster rate in
the acid-insoluble material.
The ^/""^H^-galactose must be transported, phosphorylated, and
converted to the nucleotide-sugar before incorporation into macromolecules.

_l/| _
The carbohydrate from the UDP-/
C/-galactose is incorporated

into acid insoluble material without any incorporation into acid
soluble material.
Another control for uptake of the nucleotide-sugar comes from
an analysis of the reaction products.

A summary of some of the path

ways of neutral sugar metabolism are shown in Figure 9®

The epimeriza-

tion reactions take place at the level of the nucleotide-sugar.
of the UDP-/
UDP-/

If any

C/-galactose were transferred intact into the cell some

1^ _
C/-glucose would be formed.

Evidence of epimerization in the

reactions with BHK cells has been looked for by two methods; acid
hydrolysis of the insoluble products followed by chromatography of the
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Incorporation from UDP-£
C/-galactose and /_ Wgalactose into acid soluble and acid insoluble mate
rial.
Suspensions of BHK cells were prepared and incubated
with 50i000 dpm each of UDP-z^'+C/'-galactose and
7galactose as described under Materials and Methods.
At the indicated times, reactions were terminated by
the addition of 1.0 ml of cold TBS and the cells pel
leted by centrifugation. The resulting cell pellet
was washed once more with the TBS. The cells were then
precipitated by the addition of 1.0 ml of cold 5^ tri
chloroacetic acid and the resulting precipitate was
washed with an additional 1.0 ml. The two trichloro
acetic acid washes were pooled and are considered the
acid soluble material. The precipitate was dissolved
in 1 ml of 0.5N NaOH and is the acid insoluble material.
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Some pathways of neutral sugar metabolism.
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released neutral sugars, and by analysis of the glycolipids formed.
--14
These experiments have been performed with UDP-/
_C/-galactose and

Z"3h7-galactose

as before.

The acid precipitated material was isolated

and hydrolysed in 2.0 N trifluoroacetic acid at 120° for 90 minutes®
This treatment releases monosaccharides which are then subjected to
descending paper chromatography.

Figure 10 shows that the

migrate only with the galactose standard.

The

Ik

C-cpm

3H-cpm migrate with both

the galactose and glucose standards.
The other method involves the isolation and analysis of the
glycolipid fraction.

For this procedure, suspensions of BHK cells were

incubated with UDP\j7-galactose and

galactose as before.

The

glycolipids were extracted with chloroform:methanol (2:1), concentrated,
and subjected to thin-layer chromatography in two solvent systems®
results are shown in Figure 11.

The

It is important to note the material

migrating with the glucosylceramide standard.

The ^H-cpm, from

galac

galactose, comigrating with this compound shows that the

tose has been epimerized prior to incorporation into glycolipid. The
14
C-cpm migrate only v/ith lipids which can contain galactose residues.
Further proof that the material migrating with the glucosylceramide
contains glucose is shown in Figure 12.

This experiment is similar to

the one described above except that the cells were incubated with UDP__l4 _
3 _
C/-glucose and /_ ^/-galactose.

The coincidence of the

2.k

C-cpm and

-cpm migrating with the standard confirms that some of the
galactose has been converted to glucose prior to incorporation.

This

figure also demonstrates that the fibroblasts can synthesize glucosyl
ceramide from an extracellular nucleotide-sugar.
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Separation of the neutral sugars released by acid
hydrolysis of the acid insoluble material.
Suspensions of BHK cells were incubated with UDPgalactose, /""^h7-galactose and 5'-AMP as
described under Materials and Methods. Acid insol
uble material was prepared by the phosphotungstic
acid precipitation method. The insoluble material
was hydrolysed in 2.ON trifluoroacetic acid for 90
minutes at 120° in a sealed tube. The tube was
opened and dried at ^5° under filtered air. The
neutral sugars were extracted with 0.200 ml dis
tilled water and spotted on the origin of Whatman
No. 1 paper with standards of galactose, glucose,
and mannose. The chromatograms were developed in
a descending manner in a solvent composed of ethyl
acetate:pyridine:water (8:2:1) for 17 to 20 hours.
The strips were dried, sprayed with a periodatepermanganate spray as described under Materials
and Methods, and cut into 1.0 cm strips for scin
tillation counting.

35

Figure 11.

Thin layer chromatography of glycolipids extracted from
cell suspensions of BHK cells.
Acid insoluble material from BHK cell suspensions was
prepared from reactions containing UIP-/~^_C"7-galactose
and /~3H7-galactose as described in the legend to Figure
10. This acid insoluble material was extracted three
times with two ml portions of chloroform:methanol (2:1).
These extractions were pooled, dried, and taken up in a
small volume of chloroform:methanol (2:1). The sample
was spotted on the origin of thin layer plates as
described under Materials and Methods. The standard
glycolipids were detected by exposing the plates to
Iodine vapors. The lane containing the sample was cut
into 0.5 cm strips for scintillation counting. Panel
A, chromatogram developed in chloroform:methanol:water
(65:25:^0; Panel B, chromatogram developed in chloroform:
methanol:2.5N Ammonia (60:35:8). Standards are: glc-cer
glucosylceramide; glob, globoside; hem, hematoside; msg,
monosialoganglioside; dsg, disialoganglioside; lac-cer
lactosyl-ceramide. Closed circles, l^C-cpm; open circles,
^H-cpm.
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Thin layer chromatography of glycolipids extracted
from cell suspensions of BHK cells.
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20

Chromatography of glycolipids extracted from BHK
suspensions incubated with UDP-/~l*+c7-glucose and
^_3H7-galactose.
Glycolipids were extracted from BHK suspensions in
cubated with UDP-/~~l-^Q7"-glucose and /^H/-galactose
as described in the legend to Figure 11. Chroma
tography was performed as described in the legend
to Figure 11. The solvent used was chloroform:
methanol:water (65:25:^). Open circles, 3H-cpm;
closed circles, l^C-cpm. Standards are as described
in the legend to Figure 11.

6i
/—l*f —r
The above series of experiments shows that UDP-/
C/-galactose
serves as the direct glycose donor when incubated with suspensions of
intact fibroblasts,,

These experiments have also shown that the activ

ity is not due to transport of the intact nucleotide-sugar.

A diffi

cult question to answer has been whether the incorporation was due to
a few broken cells in the suspension.

The viability of the cells as

measured by exclusion of Trypan Blue is usually greater than 9Q?o.

This

percentage does not increase during the incubation in the Tris-buffered
saline.

The cells also retain their ability to grow and divide.
Several experiments have been conducted which show that the in

corporation is not due to a few broken cells in the suspension.

In

creasing the number of broken cells by mild homogenization does not
result in an increase in incorporation.

The viability of the cells is

decreased to about 10% by this treatment.
Table k0

These results are shown in

This mild homogenization only results in a 2(M increase in

the incorporation from the UDP^c7-galactose and 30^ from the GDP__Tk

/

C/-mannose.

The reaction mixtures all contained 5mM 5'-AMP to

eliminate any increase in nucleotide pyrophosphatase activity.
part B of Table
Triton X-100.

In

the cells were homogenized in the presence of 0.59^
This procedure disrupts the normal membrane structures

and causes a four-fold increase in incorporation.
Another type of experiment is shown in Table 5»

In this ex-

/-l^ -7
periment, suspensions of A31 cells v/ere incubated with UDP-/^
C/-
galactose, GDP-/~^^c7-mannose, or /""^7-galactose.

After incubation

for 60 minutes at 37°, the cells were washed, fixed with glutaraldehyde,
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Table 4.

Incorporation of carbohydrate by suspended and homogenized
cells.

Cell Type

Substrate

Acid Insoluble Incorporation
cpm - SoD.

A.
Intact-BHK

UDP-/"lifc7-gal

1320 -

20

Homog.-BHK

(JDP-/"lifc7-gal

1720 i

70

Intact-BHK

GDP-/"1^c7-rnan

3950 - 230

Homog.-BHK

GDP-/~lifc7-man

5640 t 480

Intact-A31

UDP-/"llfc7-gal

1060 t

Homog.-A31

UDP-/"l2+c7-gal

1320 i 60

Intact-BHK

UEP -/~1^c7-gal

990 - 50

Tx 100-BHK

UDP-/"l/+c7-gal

3880 i 480

40

B.

Cell suspensions were prepared and incorporation into acid precipitable
material determined as described under Materials and Methods. Homog
enized cells were prepared by suspending BHK cells in TBS and gently
homogenizing with 10-20 strokes with a dounce style homogenizer
utilizing a type "B" pestle. The same number of cells was used in
both the intact and homogenized cell suspensions. Exclusion of Trypan
Blue was 88 - 9Q?j in the cell suspensions and 10-2C$> for the homogenized
cells. In part B, the homogenized cells were suspended and homogenized
in TBS containing 0.5% Triton X-100. All reactions contained 80 pmoles
of the labeled nucleotide-sugar (50,000 dpm), the optimum cation con
centration, and 5mM 5'-AMP.
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Table 5»

Percent of labeled cells incubated with /~^H7-galactose,
UEP-/"1 C/-galactose or GDP-/~^c7-mannose.

Substrate
galac tose

% Labeled Cells - S.D.
76 i 6

UDP-/~^^c7-galactose

77-5

GDP-/""^cT-mannose

77-6

Incubations of intact A31 cells v^ere_prepared and reacted with 80
pmoles of
5H^7-galactose, UDP-/ ^ ^/-galactose, or GDP-/^^c7-mannose
as described under Materials and Methods. After incubation, 3 ml of
a fixative composed of k parts TBS and 1 part glutaraldehyde (259^
solution, Sigma Chemical Co., St. Louis, Mo.) were added and the
reactions allowed to sit at room temperature for 20 minutes. After
this, the cells were washed once with TBS and three times with dis
tilled water. The fixed and washed cells were spread on glass slides
previously coated with chrom alum gelatin (5g gelatin, 0.5g chromium
potassium sulfate in 1 liter distilled water). The slides were coated
with Kodak Nuclear Tract Emulsion NTB2 and developed after three weeks.

6k
and spread on glass slides for radioautography.

In this manner the

percentage of cells containing silver grains was determined,.

This per

centage was the same for all three of the substrates and is the same as
the viability determined by Trypan Blue Dye exclusion.

There were no

silver grains observed over obviously damaged or fragmented cells0
The experiments described above show that the fibroblasts pos
sess ectoglycosyltransferases which can utilize the carbohydrate moiety
of extracellular nucleotide-sugars..

The criteria used to establish this

would be more conclusive if a cell system without ectoglycosyltrans
ferases could be used as a control,

I have conducted experiments on

such a system in collaboration with Mr. Robert Endres of the Department
of Microbiology, College of Medicine.

In this experimental system,

spleen cells from BALB/c or C3H mice were stimulated to undergo blast
transformation by incubation with concanavalin A.

The same criteria

which were established to show that the suspended fibroblasts possessed
ectoglycosyltransferases were used to show that the spleen cells did
not possess these enzymes.
Both stimulated and unstimulated spleen cells can incorporate
•—*1

radioactivity from UDP-/

£/-galactose.

corporation is shown in Figure 13.
/"•^H/'-galactose

was

(

The time course of this in

As with the fibroblast experiments,

used to measure intracellular synthesis.

The in

corporation from both substrates reaches a maximum at 48 hours.

This

corresponds v/ith the peak in incorporation of /~^H7-thymidine.

It was

r-lk -7

now necessary to determine if the incorporation from the UDP-/

galactose was due to the action of an ectogalactosyltransferase,

C/-

65

« GLYCOURD

GLYCOPROTEIN

34

L\
l \
\
I \

•o
;3o
3
ill 26
o

//

^22
0.
O

/

> 18
fc
>

Con A

\

IK
\
I
\

b>

§ 14
o

//

0

\

1//

\

If

H! IO

»

\

'

//

•

//

6
'^1-4
Control

2.®
0

Figure 13.

1

2

3
DAYS

J

'''

4
0
AFTER

1
MITOGEN

'''

2

^

3

4

Incorporation from UDP-/~"^c7-p;alactose and /~^H~Jgalactose by suspensions of spleen cells*
Suspensions of spleen cells were prepared and incu
bated with concanavalin A as described under Materials
and Methods. Control cells were incubated without the
addition of the concanavalin A. At the indicated
times, cells were removed from the incubator and pre
pared for determination of transferase activity as
described under Materials and Methods. Incubations
contained 80 pmoles of UDP-/~^c7-galactose and 80
pmoles of /~3H7-galactose. Reactions were assayed
for incorporation into glycoprotein and glycolipid
by the Millipore filtration method. Open symbols
are 3H-cpm; closed symbols are l^C-cpm.
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transport of the intact nucleotide-sugar, or decomposition of the UDP7—IlA

—)

C/-galactose and intracellular utilization of the released galac

tose.
Figure l^a shows the time course of the hydrolysis of UDP-

r—l<!f

/

^/-galactose by suspensions of concanavalin A-stimulated spleen

cells.

There is a considerable amount of free galactose formed by the

spleen cells from the nucleotide-sugar..

Panel b of Figure lU shows the

r-IkC/-galactose
-i
by the

time course of incorporation from the UDP-£
spleen cells,,

The lag in incorporation indicates that some process

must precede the incorporation into acid insoluble material.
In the experiment shown in Figure 151 concanavalin A-stimulated
spleen cells were incubated with equal concentrations of UDP-^^c£7galactose and /"3h7-galactose in the presence of various concentrations
of unlabeled UDP-galactose, galactose-l-phosphate, or galactose.

As

expected, the incorporation from the UDP-^^\j7-galactose is inhibited
by the addition of an excess of unlabeled UDP-galactose.

Incorporation

from this compound is also inhibited by unlabeled galactose-l-phosphate
and galactose.

The incorporation from the j/~^H/r-galactose is also

inhibited by unlabeled UDP-galactose, galactose-l-phosphate, and galac
tose.

The results confirm that the nucleotide-sugar is extensively

hydrolysed by the spleen cell preparations.

The inhibition of incor

poration from UDP-/~"^c7-galactose by the addition of unlabeled galac
tose suggests that the nucleotide-sugar must be broken down to labeled
galactose prior to incorporation into glycoprotein and glycolipid.
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Time course of the hydrolysis of UDP^cy-galactose
incubated with concanavalin A stimulated spleen cells.
The spleen cells were prepared and incubated in the
presence of concanavalin A as described under Materials
and Methods. After k8 hours, the cells were prepared
for glycosyltransferase determinations as described
under Materials and Methods. At the indicated times,
the reactions were terminated and chromatographed as
described in the legend to Figure 5. Panel B, time
course of the incorporation from the UDP-/-^i+d7galactose into acid insoluble material in the reac
tions from Panel A.
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Figure 15.

Incorporation from UDP-/~~ C/-galactose and / H/galactose by concanavalin A stimulated spleen cells
in the presence of unlabeled UDP-galactose,
galactose-l-phosphate and galactose.
Concanavalin A stimulated spleen cells were incubated
with UDP-/^-^c7-galactose, /~3H7-galactose, and the
indicated concentration of unlabeled compound as
described under Materials and Methods. Incorporation
into glycoprotein and glycolipid was determined by the
Millipore filtration method. Closed symbols, incor
poration from UDP-Z^^cy-galactose; open symbols, in
corporation from /~3]{7^galactose.
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Inhibition of the nucleotide pyrophosphatase with 5'-AMP, shown
in Table 6, completely prevents incorporation from UDP-j/~^1+_c7-galactoseThese results also show that spleen cells do not transport the intact
nucleotide-sugar.

It was possible that the spleen cells had ecto-

galactosyltransferases, but the activity was masked by the high levels
of nucleotide pyrophosphatase and phosphatase.

The experiment with the

5'-AMP, which completely prevented hydrolysis of the nucleotide-sugar,
has eliminated this possibility.
An analysis of the products from the reactions with spleen
cells supports the evidence that the nucleotide-sugar must be hydrolysed
prior to incorporation of the carbohydrate moiety.

Acid hydrolysis of

the insoluble material following incubation of the spleen cells v/ith
»—1^4- —j
UDP-/
C/-galactose yields a mixture of labeled galactose and glucose.
l-lk -7
Reactions with GDP-/
C/-mannose also show evidence of epimerizatxon
of the labeled carbohydrate.

These data are shown in Figure 16.

Figure 17 demonstrates that glycolipids extracted from spleen cells
incubated with UDP-/~"^"i<c7-galactose and /~^l|7-galactose also show evidence of epimerization.

Both the

l*f
3
C-cpm and H-cpm migrate with the

glucosylceramide standard.
The above series of experiments has demonstrated that the
spleen cell preparations do not have any ectogalactosyltransferases
which can utilize extracellular nucleotide-sugars.

These experiments

also serve as controls for the criteria used to demonstrate that the
fibroblasts do have the ability to utilize extracellular nucleotidesugars.

The experiments shown here have been conducted with
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Table

6.

Incorporation from UDP-/in the presence of 5'-AMP.

c7-galactose

Glycoprotein
1
^
+
3
C
H
+
,
cpm - s.d.

-

+1

00

+

317 - 36

6

220 - Ik

iko - 20

and /""

1

H7-galactose

Glycolipid
* 1 - 3
C
H
+
j
cpm - s.d.

565 - 30

Ik t

8

575 - 72

3kk t 10

The concanavalin A stimulated spleen cells were prepared, reacted
with the radioactive substrates, and incorporation was determined
by the Millipore filtration method as described under Materials and
Methods. Each reaction contained 50,000 dprn of the radioactive
compound and 1 x 10? concanavalin A stimulated spleen cells.
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Figure 16.

Separation of the neutral sugars released by acid
hydrolysis of the acid insoluble material formed in
spleen cell suspensions.
The acid insoluble material v/as prepared from concanavalin A stimulated spleen cells incubated with
80 pmoles of UDP-/"^-ifc7-galactose (Panel A) or GDP/^-^c7-mannose (Panel B) as described under Mate
rials and Methods. This material was hydrolysed
and chromatographed as described in the legend to
Figure 10.
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Figure 17•

Thin layer chromatography of the glycolipids extracted
from spleen cell suspensions.
Spleen cells were incubated in the presence of concanavalin A as described under Materials and Methods. Cells
were reacted with UDP-/"^c7-galactose and /""3h7galactose, the glycolipids were extracted and chromatographed as described in the legend to Figure 11. Top
panel, chromatogram developed in chloroform:methanol:
water (65:25:^0. Bottom panel, chromatogram developed
in chloroform:methanol:2.5N ammonia (60:35:8). Closed
symbols, incorporation from UDP-/~1 ^/'-galactose; open
symbols, incorporation from /~3n7-galactose. Standards
are G-C, glucosylceramide; L-C, lactosylceramide; GLOB,
globoside; HEM, hematoside; MSG, monosialylganglioside;
and DSG, disialylganglioside.
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suspensions of BHK cells.
of A31 and SVT2 cells.

Similar results are found v/ith suspensions

As many experiments must be considered together

to prove that a particular cell type possesses ectoglycosyltransferases,
a summary of the criteria, experiments used, and the results obtained
with fibroblasts and spleen cells is shown in Table 7.

A major differ

ence in the two cell types is the presence of the phosphatase in the
spleen cell preparations.

Studies of Ectoglycosyltransferases
in Cultured Fibroblasts and Comparison
with Biological Properties
As mentioned in the Introduction, the level of ectoglycosyltransferase activity has often been correlated with a number of bio
logical properties of cells.

A number of these studies have not in

cluded adequate proof that the activity observed was due to the activity
of an ectoglycosyltransferase.

The results with spleen cell prepara

tions presented here and the data of Deppert et al. (197'+) have shown
that incubation of cells with labeled nucleotide-sugars and the re
sulting incorporation into macromolecules is not sufficient proof that
the observed incorporation is a result of the activity of an ectogly
cosyltransferase.

The experiments presented in the previous section

have shown that the suspensions of fibroblasts used in this study do
possess ectoglycosyltransferases capable of utilizing extracellular
nucleotide-sugars.
In an effort to determine if any correlation exists between
various biological properties and the levels of ectoglycosyltransferase

7^
Table 7»

Summary of results obtained with suspensions of fibroblasts
and spleen cells.

Property/Experiment

Fibroblasts

Spleen Cells

Active nucleotide pyrophosphatase

+

+

Active phosphatase

-

+

Transport nucleotide-sugars

-

-

UDP-galactose

+

+

Galactose-l-phosphate

-

+

Galactose

-

+

Inhibition by 5'-AMP

-

+

Epimerization of labeled
carbohydrate

-

+

Inhibition by unlabeled
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activity in the mouse cell lines.

The activity of a number of these

enzymes has been determined under the standard conditions mentioned
under Materials and Methods«

These studies have been conducted with

clones from BALB/c fibroblasts whose growth properties, tumorigenicity
and malignancy, and agglutination by concanavalin A have been described
(Grimes 197'+; Van Nest and Grimes 197*0

and

are summarized in Table 1.

These cell lines include normal cells (A319 B3T3? and PBC) which show
contact inhibition of cell growth, do not form tumors in BALB/c mice,
and are agglutinated by high concentrations of concanavalin A.

Also

included are several transformed cell lines which grov; to a high den
sity in culture, form tumors in BALB/c mice which kill the animals
(3T12T and 2°KMSVT) or regress (Clone 5 and SVT2), and are agglutinated
by lower concentrations of concanavalin A„

The 3T12 cell line grows to

high cell densities, but the exact nature of its tumorgenicity has not
been determined.

These cell lines provide a variety of biological

properties which are believed to be functions of the cell surface.

By

determining the level of ectoglycosyltransferase activity in these
cells, any correlation between the activity detected in cell suspen
sions and the biological properties mentioned above could be detected.
In these studies, the ability of the cell suspensions to
r-1^ -r
catalyze the transfer of carbohydrate from CMP-/
C/-sialic acid UDP/"""*•^C^-galactose, UDP-N-acetyl-/~'*'i|c7-galactosamine, UDP-N-acetyl/"""'"^C/'-glucosamine, UDP-/^^c"7-glucose and GDP-/""'"^C/7-mannose into
endogenous glycoprotein and glycolipid was determined.

The specific

activities of the ectoglycosyltransferases detected in suspensions of

76
PBC, SVT2 and 2°KMSVT cells are shown in Table 8.

These results are

the averages of data from 2 to 5 cell preparations.
was performed in triplicate.

Each enzyme assay

The PBC cells, a non-established cell

line, have much higher levels of activity than either of the trans
formed lines.

Many properties of cultured cells have been found to

differ when cells from sparse and confluent cultures are compared.

All

of the experiments with the PBC and 2°KMSVT cells were performed with
cells from confluent cultures.

No difference in the activity of the

SVT2 cell line was observed in cells taken from sparse or confluent
cultures.
More detailed data on the ectoglycosyltransferases are shown
in Tables 9 and 10.

In these studies, the enzyme activity was deter

mined in cell suspensions prepared from both sparse and confluent cul
tures.

Table 9 shows the specific activity for the activity of the

normal A31 and B3T3 cells.

Both these cell lines have higher levels

of incorporation in cells from confluent cultures than in sparse cul
tures.
10.

The incorporation by transformed cell lines is shown in Table

The cells from confluent cultures of these cells are still rapidly

growing; however, they show the same increases as normal cell lines.
The activity of the Clone 5 cells is very similar to that seen with
normal cell lines.
not as dramatic.

The 3T12 cells are similar, but the increases are

The 3T12T cells show increases upon confluency in

only a few cases, the incorporation from CMP-sialic acid and UDPgalactose into glycoprotein, and from UDP-glucose and GDP-mannose into
glycolipid.
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Table 8.

Incorporation of carbohydrate by suspensions of PBC, SVT2
and 2°KMSVT cells.

Substrate

PBC

cpm/mg - s.d.
SVT2

2°KMSVT

A. Glycoprotein
CMP-Sialic Acid

3570

UDP-Galactose

k5S0

UDP-GalNAc

2230

UDP-GluNAc

2280

UDP-Glucose

3310

GDP-Mannose

12400

+
+
+
+

+
+

260

1270

180

810

20

700

160

1000

100

5^0

?ko

2660

730

860

130

560

120

710

100

660

630

1^50

560

880

+
+
+
+
+
+

280

2180

200

580

80

390

60

510

20

370

580

k6ko

360

1280

iko

370

380

110

2^0

180

200

1380

+
+
+
+
+
+

30
20
30
200
30
210

B. Glycolipid
CMP-Sialic Acid

3100

UDP-Galactose

2880

UDP-GalNAc

330

UDP-GluNAc

1100

UDP-Glucose

3^80

GDP-Mannose

8030

+
+
+
+
+
+

+
+
+
+
+
+

200

+
+
+
+
+
+

90
10
20
100
50
70

Cell suspensions were prepared and incorporation of carbohydrate into
glycolipid and glycoprotein determined as described under Materials
and Methods. All assays were performed by the Millipore filtration
method. Incorporation is expressed as cpm per mg protein - the
standard deviation.

Table 9»

Incorporation of carbohydrate by suspensions of A31 and B3T3 cells.

cpm/mg i SoDo
A31
Substrates

spe

B5T3
cf.

sp0

cf.

A. Glycoprotein
CMP-Sialic Acid
UDP-Galactose
UDP-GalNAc
UDP-GluNAc
UDP-Glucose
GDP-Mannose

1020
900
590

780
450

3100

+
+
+
+
+
+

100
50

60
200
100

2200
1620
850
730
990

260

7510

80

1970

+
+
+
+
+
+

60
130

180
50

20
1450

1440
2470

850
1000
1200
89^0

+
+
+
+
+
+

160
20

2230
5180

10

1260

150

1850

420

1320

530

12250

230

3570

+
+
+

240

580
70

100
+
+

470

2780

B. Glycolipid
CMP-Sialic Acid
UDP-Galactose
UDP-GalNAc
UDP-GluNAc
UDP-Glucose
GDP-Mannose

930
340

120
330

620
2520

+
+
+
+
+
+

20
50
190

20
190

1250
330
480

1670
6?40

+
+
+
+
+
+

130
250
170
180
100
580

840
750
148

160
330
930

+
+
+
+
+
+

60
30

10
100
80

3060
410

600
1800
14900

+
+
+
+
+
+

300
270

150
400

1000
3900

Incorporation into glycoprotein and glycolipid by cell suspensions was determined as
described under Material and Methods# SP refers to cells taken from sparse, rapidly
growing cultures; cf refers to cells taken from confluent cultures®

Table 10. Incorporation of carbohydrate by suspensions of Clone 5» 3T12, and 3T12T cells

cpm/mg - So Do
3T12
sp.
cf

Clone 5
Substrates

sp.

cf

5T12T
sp

cf

A. Glycoprotein
CMP-Sialic Acid
UDP-Galactose
UDP-GalNAc
UDP-GluNAc
UDP-Glucose
GDP-Mannose

ll6o
1620
530
600
300
10640

+

+
+
+
+

+

10
30
60
20
20
520

2430
6?40

1569
1140

670
13550

+

+
+
+
+
+

180
500
160
120
240
2200

560
240
180
120
130
1130

+
+
+

+
+
+

30
20
40

10
20

1740
610
650
210

+
+
+
+

3580

130

1850

40
20
40
20

300

300

180

+

1280
210
210
210
130

440

2610

290

1260

+
+

+
+
+

+

60
20
40
30
4o

2060
640
220
230
430

400

3080

90

1210

20

330

+
+
+
+
+
+

60
200
50
30
20
1200

B. Glycolipid
CMP-Sialic Acid
UDP-Galactose
UDP-GalNAc
UDP-GluNAc
UDP-Glucose
GDP-Mannose

1370

+

1000

+

160

+

170
240
3710

+
+
+

60

10
10
20
30
500

2690
3550
54o

890
880
6420

+
+
+

+
+
+

940
480

10
150
170
1980

84o
330

100
100
190

+

+
+
+
+

40

50
4o
30

13^0 + 150

700
280

+
4-

+

145
420
2710

100
30
30

+
+

30
150

280
120
145
130
1310

+
+
+
+

+
+

30

10
70
210

100
l4o
320
3260

+

100
100

+
+
+
+

60
20
50
500

Incorporation into glycoprotein and glyrolipid by cell suspensions was determined as described under
Materials and Methods. SP refers to cells taken from growing cell cultures; cf refers to cells
taken from confluent cultures.

vO

8o
There are several general observations which can be made from
the data presented in Tables 8, 9> and 10.

The first is that the nor

mal cell lines generally have more activity than the transformed lines.
The activity of the Clone 5 cells is an exception to this and is higher
than that seen in the A31 cells but lower than the B3T3 cells.

Second,

the increase in incorporation as the cells reach confluency is not
limited to normal cells.

Most of the transformed lines have exhibited

this property.
It has been suggested (Podolsky et al. 197*0 that cells which
are agglutinated by a low concentration of concanavalin A will have a
high level of ectogalactosyltransferase activity.

Table 11 compares

the total ectogalactosyltransferase activity determined here with the
agglutination of the cells reported by Van Nest and Grimes (197*0.
There is no obvious correlation between the activity of the ectogalac
tosyl transferase and the amount of concanavalin A necessary to agglu
tinate the cells.

The 3T12 and 3T12T cells are agglutinated by low

concentrations of concanavalin A and have low levels of ectogalactosyltransferase.

The Clone 5 cells have a similar agglutinability, but

have the highest total ectogalactosyltransferase activity.
It is obvious that none of the biological properties can be
directly related to these enzyme activities.

The activities of the

ectoglycosyltransferases in both normal and transformed cell lines show
a growth dependence.

Also, lines which form tumors which kill and

lines which form tumors which regress are very similar.
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Table 11.

Cell Line

Concanavalin A agglutination and ectogalactosyltransferase
activity of BALB/c cells.

Agglutination
Cone. Con A
1/2 maximal

Galactosyltransferase
Sparse
Confl.
cpm/mg

A31

1000

12^0

PBC

600

-

7^40

2°KMSVT

600

-

950

Clone 5

100

2620

2870

10290

SVT2

50

-

1370

3T12

50

570

1310

3T12T

50

490

970
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The experiments in which the levels of incorporation from the
nucleotide-sugars were determined were all conducted without the addi
tion of 5'-AMP to inhibit the action of nucleotide pyrophosphatase<,
It is logical to inquire if the differences in incorporation could have
been caused by the action of this enzyme,,

To investigate this possi-

'
r-OA ->
bility, the extent of hydrolysis of UDP-£
_C/-galactose, UDP-N-acetyl-

Z"1'+d7-galactosamine,

UDP~/-"^C/'-glucose and GDP

^07-mannose

by sus

pensions of A31 and SVT2 has been determined with and without 5'-AMP«
These results are shown in Table 12.

The amount of substrate hydroly

sis is the same in the two cell lines.
In Table 13, the incorporation into acid insoluble material is
shown for the reactions shown in Table 12.

The addition of 5'-AMP to

the reactions increases the incorporation from UDP-/

_C/-galactose and

—llf
GDP-/
C/-mannose in both the normal and transformed cells.

The m-

/—I —7
7—1^ ~~~)
corporation from UDP-N-acetyl-/
C/-galac tosamme and UDP-/
_C/glucose remains unchanged.

The ratio of the incorporations in the A31

and SVT2 cells remains the same in the presence of the 5"-AMP.

These

results demonstrate that the amount of nucleotide pyrophosphatase in
the suspensions of normal and transformed cells are similar and that
this activity does not change the relative levels of ectoglycosyltrans
ferases detected under certain standard conditions.

Studies with Exogenous Glycose Acceptors
The preceding series of experiments has been performed with
cells suspended from a monolayer by a brief exposure to EDTA.

It is

of obvious interest to determine if this treatment has any effect on

Table 12. Hydrolysis of extracellular nucleotide-sugars by A31 and SVT2 cell suspensions in
the absence and presence of 5mM 5'-AMP.

Substrate
TOP-/"1 ^-galactose

UDP-/~1^C/r-GalNAc

UDP-/~^c7-glucose

5'-AMP

C/-mannose

SVT2 Suspensions
Percent Recovered as
Hex-PO^
NDP-Hex
Hex

-

32

63

6

29

65

6

+

93

3

k

89

9

2

-

if5

if?

8

35

^5

20

+

89

8

3

Bh

if

12

-

52

hi

7

61

36

3

+

83

13

k

82

17

1

-

k5

52

3

60

77

3

+

96

2

2

97

2

1

r-lk -r

GDP-/^

A31 Suspensions
Percent Recovered as
NDP-Hex
Hex-PO^
Hex

Incubations v/ith suspended A31.and SVT2 cells were as described under Materials and Methods.
Incubations contained 1.6 x 10° A31 or 3.0 x 10° SVT2 cells. After incubation for 60 min. at
37° » the reactions were terminated and the extent of the nucleotide-sugar hydrolysis de
termined as described in the legend to Figure 5. NDP-Hex otands for the intact nucleotide
sugar; Hex-PO^, for the sugar phosphate and Hex for the free-sugar.

Bk

Table 13•

Incorporation into acid insoluble material by suspensions
of A31 and SVT2 cells in the presence and absence of 5*-AMP»

Substrate
UDP-galactose

UDP-GalNAc

UDP-glucose

GDP-mannose

5'-AMP

-

Incorporation, CPM - S<,Do
SVT2
Aj51

880 + 20

+

1120

-

370

+

320

-

*+20

+

koo

-

2650

+

if250

+

+
+

+
+

+
+

130

1970

2k30

+
+

+

Ratio

100

0.^5

110

O.lfl

10

0„57

100

0o50

30

650

50

6ko

+

160

ikoo

+

260

0.30

30

1610 + 180

0.25

430

9^50

810

+

180

0.28

Ibioo + 750

0.30

The reactions from Table 12 were analyzed for incorporation into acid
insoluble material as described under Materials and Methods®
The ratio
refers to the ratio of the incorporation by SVT2 cells to the incorpor
ation by the A31 cells.
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the activity of these enzymes.

Table l*f shows the results of an ex

periment in which suspensions and monolayers of BHK cells were incu
bated with equal concentrations of several labeled nucleotide-sugars
in the presence of 5'-AMP.

The monolayers do not incorporate carbohy-

date from the extracellular nucleotide-sugar when compared with the
suspended cells,,

These results confirm those of Deppert et al. (197^)

and suggest two possibilities? either the glycosyltransferases are not
active on the surface of the untreated cells or the proper acceptors
may not be available for the enzymes.
The experiment shown in Table l'f was conducted with a concen
tration of 5'-AMP which will prevent hydrolysis of the nucleotidesugars by suspended cells.

It is possible that the nucleotide pyro

phosphatase of the monolayers is not inhibited by the same concentra
tion.

Figure l8 shows the time course of the hydrolysis of UDP-/~"''^C7-

galactose incubated with monolayers of BHK cells.

The rate of hydroly

sis of the UDP-^~^C7-galactose is much faster than in the cell suspen
sions.

There is still little free galactose formed.

Table 15 shows

that the nucleotide pyrophosphatase in the monolayer cells is inhibited
by the

5'-AMP to the same extent as the cell suspensions.

This

experiment demonstrates that the lack of incorporation by the monolayers
is not due to greater nucleotide-sugar hydrolysis.
Two types of large molecular weight glycose acceptors were used
to determine if active ectoglycosyltransferases are present on the sur
face of the cells in a monolayer.

These acceptors have been prepared
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Table 14.

Ectoglycosyltransferase activity in monolayers and sus
pensions of BHK cells.

Substrate

Total Incorporation
cpm/mg - S.D.
Suspension
Monolayer

CMP-Sialic Acid

460

+

73

17

+

UDP-Galactose

692

+

120

18

+

UDP-Glucose

52

+

18

8

+

GDP-Mannose

3603

+

26k

22

•f

7
17
7
2

Suspensions and monolayers of BHK cells were prepared as described
under Methods. Reactions with suspended cells contained 80 prnoles
of radioactive substrate in a final volume of 0.100 ml TBS. Mono
layers received 320 pmoles of substrate in a final volume of 0.^00
m l T B S . R e a c t i o n s w i t h C K P - / ~ l i f c 7 - S i a l i c A c i d a n d U
D
P
galactose contained 5 reM MnCl2» those with UDP-Z^^y-rlucose
GDF-/"^- fc7-mannose contained 15 mM MgClj. All incubations contained
3 rriM 5'-Adenosine monophosphate. After incubation at 37° for 1 hr.f
all reactions were assayed for acid precipitable radioactivity as
described under Methods for analysis of monolayers.
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Figure 18.

, nif _
Hydrolysis of UDP-£
C/-galactose incubated with
monolayers of BHK cells.
Monolayers of BHK cells were incubated with UDP/~-^c7--galactose as described under Materials and
Methods. At the indicated times, the reactions
were terminated by the addition of 1.0 ml of cold
596 trichloroacetic acid and the resulting supernatants were chromatographed as described in the
legend to Figure 5.
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Table 15. Stability of UDP-/-fC/'-galactose incubated with suspen
sions and monolayers of BHK cells#

Cell Type

5'-AMP

Monolayers
1

Suspensions

UDP-Gal

Percent CPM as
Gal-1-P0^

Gal

-

3.8

9^

1.8

+

91.7

7.b

0.9

-

58.3

36.5

5.2

+

95.^

3A

1.1

Incubations were prepared as described in Table 1. At the end of the
incubation period, the reactions were terminated by the addition of
1 ml of cold 55o trichloroacetic acid. Aliauots of the trichloroa
cetic acid wash were made 20-50 rrM in EDTA, neutralized, and spotted
with standards on Whatman No. 1 paper. Chromatograms were developed
in a solvent composed of 95% Sthanolil M ammonium acetate, pH 3.6
(75s30) for 17-20 hours. Strips were cut into 1 cm strips for de
termination of radioactivity.
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from the glycoprotein fetuin.

This protein has several oligosaccharide

chains which terminate in the following sequences
galactose-N-acetyl hexosamine.

sialic acid-

The terminal sialic acid residue was

removed by mild acid hydrolysis in 0.05N
moves 95-lOC^o of the sialic acid residues,,

This procedure re
The desialized fetuin is

an acceptor prepared by treating desialized fetuin with /3-galactosidase
as described under Materials and Methods,,

In the reactions, the

exogenous acceptor is dissolved in buffer and incubated with cells and
radioactive substrates,,

The acceptor remains soluble during the reac

tions and is separated from the cells prior to precipitation,,
Table 16 shows the results of an experiment in which suspen
sions and monolayers of BIIK cells were incubated with desialized fetuin

r-l*f_C/-sialic
-7
acid. The control reactions contained an equal

and CMP-/

amount of native fetuin.

As shown previously, there is little radio

activity incorporated into acid precipitable material of the cells in
the monolayer.

Both the monolayers and suspensions can transfer the

labeled carbohydrate to the exogenous acceptor.

This experiment indi

cates that there is an ectosialyltransferase on the surface of the
monolayer cells which can transfer the carbohydrate from an extracellu
lar nucleotide-sugar to an exogenous glycose acceptor.

Apparently this

enzyme cannot transfer the carbohydrate to endogenous acceptors.

The

activity toward the exogenous acceptors is very low in both suspensions
and monolayers.
Similar results have been obtained with the exogenous galactose
acceptor.

In the experiment shown in Table 17, monolayers of A31 and
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Table 16.

Cells
Suspension

Monolayer

Ability of monolayers and suspensions of BHK cells to
catalyze sialic acid transfer to desialized fetuin.

Amount

Acid Precipitable CPM
Cells
Supernatant

F

1

rag

1509

+

F"

0.5

mg

1608

+

F~

1.0 mg

1659

+

F"

1

mg

39

+

F"

1

mg

53

F"

2

mg

77

Acceptor

1^5

62

89

128

70

218

2

32

+

3

l6l

+

28

337

+

26

+

45

+

+
+
+

2b

21
8

31

Incubations were set up with monolayers and suspensions as described
under Methods. Reactions with suspensions contained 160 pmoles,
100,000 dpm, CMP-/ l^Kj/'-sialic acid, 5mM MnCl2, and the indicated
amount of acceptor in a final volume of 0/L00 ml TBS. Reactions with
monolayers contained 800 pmoles CMP-/~~^C/-sialic acid, 500,000 dpm
5mM MnCl2 and the indicated amount of acceptor in a final volume of
O.^fOO ml TBS. After incubation at 37° for 1 hour, reactions were
assayed as described under Methods. F indicates native fetuin, F ,
desialized fetuin. Incorporation into the supernatant fraction was
significantly above the control values by the student's t-test.
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Table 17.

Ability of monolayers of A31 and SVT2 cells to catalyze
galactose transfer to desialized, /3-galactosidase treated
fetuin.

Acid Precipitable Incorporation
Monolayers cpm - S.D. Supernatant
l4Q
3H
14C
3

Cell
Type

Acceptor

A31

F~

32

F=

20

F"

16

F=

16

SVT2

+
+

+

4

247

3

204

5

758

3

1202

+

+
+

+
+

67

43

86

166

100

12

120

155

+
+

+
+

8

206

20

430

3

156

76

359

+
+

+
+

24
10

10
43

Monolayers of A31 and SVT2 cells were prepared as described under
Methods. Incubations contained 320 pmoles of UDP-/~~lifc7-galactose and
320 pmoles of /~3}{7~galactose, 5
MnCl2, 5
5I-AMP, the indicated
amount of acceptor in a final volume of 0.400 ml TBS. Reactions were
incubated at 37° for 1 hour and assayed as described under Methods.
F~ indicates desialized fetuin, F-, indicates desialized,/^-galactosidase treated fetuin.
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SVT2 cells were incubated with UDP-^^^^-galactose, /~"^H7-galactose,
and the soluble /3-galactosidase treated desialized fetuin.

The mono

layers of A31 and SVT2 cells do not incorporate the radioactivity from
7-1^ —>
the UDP-/ jC/-galactose into endogenous acceptors,,

Both cell lines do

incorporate /""^{7-galactose into endogenous acceptors,.
the cells can transfer the carbohydrate from UDP-_/

In addition,

C/-galactose and

h7-galactose to the exogenous acceptor,,
The experiments shown above demonstrate that monolayers of nor
mal and transformed cells cannot utilize extracellular nucleotidesugars to glycosylate endogenous acceptors.,

The monolayers do possess

ectoglycosyltransferases which transfer carbohydrate to appropriate
glycose acceptors.

The radioactive, acid precipitable material in the

supernatants of reactions containing exogenous acceptors has not been
analyzed further because of the low amounts of radioactivity in this
fraction,,
The steric requirements for the galactose acceptor to function
appear to be quite rigid.

The galactose acceptor prepared by the

soluble ^-galactQsidase method will not accept carbohydrate when incu
bated with monolayers or suspensions.

This acceptor will accept galac

tose residues when incubated with microsomal homogenates and Triton
X-100 detergent.

Some preparations of this acceptor have inhibited in

corporation by the cell suspensions into endogenous acceptors.

The

covalent binding of the acceptors to agarose beads also abolishes the
ability of these molecules to accept carbohydrates from both the
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monolayers and suspensions.

Increasing the reaction time from one hour

to 2k hours and ^8 hours did not result in significant incorporation.

Formation and Utilization of Mannosyl-Lipids
The experiments in the preceding two sections have indicated
that the ectoglycosyltransferases detected in the cell suspensions can
not be directly related to the biological properties of the cell sur
face.

Some of the results suggest that the ectoglycosyltransferases

are related to the cellular systems involved in the synthesis of glyco
protein and glycolipido

The incorporation of mannose from G D P ^ 7 -

mannose into lipid material by the cell suspensions allows insight into
the possible function of the ectoglycosyltransferases.
It has recently been shown by a number of workers that mannosecontaining oligosaccharide chains are synthesized by a series of lipidlinked intermediates.
1975).
19.

These data have recently been reviewed (Lennars

The proposed pathway for this synthesis is summarized in Figure

This pathway has been proposed on the basis of data obtained with

homogenates of various cells and tissues.

Generally, this pathway in

volves the utilization of a polyisoprenol lipid, dolichol, as a carrier
of the carbohydrate units.

An oligosaccharide is built up from the

individual sugars on a similar lipid compound.

The final step in this

scheme involves the transfer of the entire oligosaccharide to a poly
peptide.
In experiments mentioned previously, it was shown that the

r-lk -T

carbohydrate from GDP-/

C/-mannose is incorporated into both

Figure 19. Proposed pathway of the synthesis of mannose containing
oligosaccharide chains.
The first reaction involves the synthesis of dolichol
pyrophosphate N-acetylglucosamine (Leloir et al. 19731
Ghalambor, Warren, and Jeanloz 197*0 from dolichol
monophosphate and UDP-N-acetylglucosamine. Reaction 2
forms dolichol pyrophosphate N1, N-diacetylchitobiose
from dolichol pyrophosphate N-acetylglucosamine and UDPN-acetylglucosamine (Leloir et al. 1973). The first
mannose residue is added to this compound from GDPmannose in reaction 3 (Levy et al. 197*0. The forma
tion of dolichol monophosphate mannose, reaction h, has
been demonstrated in many laboratories (Baynes, Hsu,
and Heath 1973; Maestri and DeLuca 1973; V/aechter et al.
1973). The mannose from this compound is then trans
ferred to the pyrophosphate lipid in reaction 5 (Behrens
et al. 1973; V/aechter et al. 1973; Chambers, Ghidoni,
and Elbein 197*+; Hsu, Baynes, and Heath 197*+; Lucas and
Waechter 197*+)• The oligosaccharide from this lipid is
then transferred, reaction 6, to a polypeptide chain
(Waechter et al. 1973; Hsu et al. 197*+).

9k

DO L-P
UOP-OtcNAc

r

DO .-P-P-GlcNAc
UDP-GICKJAC
'

DOL-P-P-GlcNAc-GlcNAc
3 GDP-Man

DOL-P-P-[GlcNAc] g Man
DOL-P-Man«^

GDP-Man

DOL-P

DO --P-P- [GlcNAc] g [Man])
6

Polypeptide - [GlcNAc]- [Man]

Figure 19. Proposed pathway of the synthesis of marmose containing
oligosaccharide chains.
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glycolipid and glycoprotein.

The only mannose containing lipids found

in animal cells have been the polyisoprenol phosphomannose compounds
mentioned above.

The properties and kinetics of the lipid compounds

formed from GDP-^^c7-mannose by suspended cells have been examined
in detail.

These experiments have shown that the suspended fibroblasts

can synthesize and utilize lipid intermediates in the synthesis of
glycoproteins..
As a preliminary step in this project, experiments similar to
those shovm in the first section of this presentation have been con
ducted.

Figure 20 shows the time course of the hydrolysis of GDP-

i—l'f —i
C/-mannose incubated with suspensions of A31 cells.
little free mannose formed in the reactions.

There is

The effect of the addi

tion of an excess of unlabeled GDP-mannose, mannose-l-phosphate or
T—l^|

mannose to reactions of A31 cells incubated with GDP-_£
shown in Table l8A.

-J

C/-mannose is

There is no inhibition of the incorporation from

r-lk —7

the GUP-/

C/-mannose into acid insoluble material by the unlabeled

mannose-l-phosphate or mannose.

The incorporation was completely pre

vented by unlabeled GDP-mannose.

Part B of Table 18 shows the effect

of adding 5'-AMP to the reactions with A31 cells and GDV-j/

_C/-mannose.

The addition of the 5'-AMP causes a large increase in the incorporation
into acid insoluble material and prevents the hydrolysis of the
nucleotide-sugar.

r-l't -7
These results show that the GDP-/
C/-mannose is

the direct glycose donor in the reactions.
Figure 21 shows the time course of incorporation of radio_i if
activity from GDP-/^ _C7-mannose into acid soluble and acid insoluble
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100,

GDP-Mannosft
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jQ
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Q.
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20
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minutes
Figure 20.

60

I—14 —7

Hydrolysis of GDP-/_^ C_/-mannose incubated with sus
pensions of A31 cells.
Cell suspensions were prepared and reacted with GDP/"•*• c7-mannose as described under Materials and
Methods. At the indicated times, the reactions were
terminated and subjected to chromatography as
described under the legend to Figure 5«
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Table 18.

Incorporation from GDP-^|
Cy-mannose in the presence of
various concentrations of unlabeled GDP-mannose, mannose1-phosphate, mannose, or 5'-AMP.

Addition

Concentration
mM

Times
GDP-/~^c7-mannose
Concentration

Incorporation
cpm - S.D.

A.
1

2hk? - bl6

0.1

100

105 - k3

Mannose-1-P0^

1.0

1,000

272S t 282

Mannose

1.0

1,000

29^9 - 101

10.0

10,000

None

—

GDP-mannose

2370

-

98

5'-AMP

1

1*900 i 450

5'-AMP

5

5950 - 150

Incubations of A31 cells were prepared and incorporation into acid
precipitable material determined as described under Materials and
Methods. Each incubation contained 1 x 10& suspended A31 cells,
15mM MgCl2, and 80 pmoles of GDP-/~lifc7-mannose (50,000 dpm). Times
Substrate Concentration refers to how many times more concentrated
the unlabeled compound is in reference to the concentration of GDP/~lifc7-mannose.
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Figure 21.

Incorporation from GDP-/
C/-mannose into acid soluble
and acid insoluble material.
Cell suspensions were prepared as described under
Materials and Methods. Each reaction contained
1 x 1C)6 A31 cells, 160 pmoles GDP-/~-^c7-mannose
(100,000 dpm), 15mM MgCl2 and 5mM 5'-AMP in a final
volume of 0.120 ml. Incorporation into acid soluble
and acid insoluble material was determined and
described in the legend to Figure 8.
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material.

The results are similar to those shown previously for BHK

r-1^ -7
suspensions incubated with UDP-/
^/-galactose.

There is a rapid

incorporation into acid insoluble material without any significant
incorporation into acid soluble material,,

This experiment was con

ducted in the presence of 5'-AMP to eliminate the effects of nucleotide
pyrophosphatase.

These experiments indicate that the activity observed

in the cell suspensions is due to the action of an ectomannosyltransferase„
The kinetics of mannose incorporation catalyzed by this enzyme
have been examined utilizing a method of analysis (Waechter et al.
1973) developed to separate lipid-linked intermediates in myeloma
homogenates.

The details of this assay are described under Materials

and Methods®

For ease of presentation, the material soluble in

chloroform:methanol (2:1) will be referred to as CM soluble material,
the material soluble in chloroform:methanol:water (10:10:3) as CMW
soluble material, and the residue as insoluble material.
The time course of incorporation of radioactivity into the
three fractions mentioned above by suspensions of A31 cells incubated
with GDP-/^

C_/-mannose is shown in Figure 22.

There is a very rapid

incorporation into CM soluble material which reaches a maximum after
1-2 minutes.

The incorporation into CMW soluble material levels off

after 30 minutes and the radioactivity in the insoluble material con
tinues to increase throughout the length of the incubations.

These

data suggest that the CM soluble material may be a precursor to the

Figure 22.

Time course of the incorporation from GDP-/
by suspensions of A 31 cells.

lAC/-marmose

Cell suspensions were prepared as described under Mate
rials and Methods. Each reaction contained 1 x 10&
suspended A31 cells, 160 pmoles GDP-^^-^cZ-mannose
(100,000 dpm), 15mM MgClg and 5mM 5'-AMP in a final
volume of 0.120 ml. At the indicated times, the reac
tions were terminated and incorporation into chloroform:
methanol (2:1) soluble (CM soluble), chloroform:methanol:
water (10:10:3) soluble (CMW soluble), and insoluble
material was determined as described under Materials and
Methods.

100

CM

32

CMW

Soluble

Soluble

28
24
20

'O
X

z
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o

50

Insoluble

40
30
20

20
minutes

Fii^ure 22.

30

40

_l4
Time course of the incorporation from GDP-/^ jC/-mannose
by suspensions of A31 cells.
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CMW soluble material and that the CMW soluble material may be a pre
cursor to the insoluble material®
Additional evidence that the lipid compounds may function as
intermediates is shown in Figure 23.

In this experiment B3T3 suspen-

T-lk

sions were incubated with GDP-_/

£/-mannose and assayed for incor

poration into CM, CMW and insoluble material*

After 5 minutes, a 100-

fold excess of unlabeled GDP-mannose was added to one-half of the
reactionso

The other half received an equal volume of buffer.

The

kinetics of incorporation are similar to those seen in the previous
figure.

The results of the chase with unlabeled GDP-mannose (open

symbols) also suggest that the CM- and CMW-soluble material can act as
intermediates,,

The addition of the unlabeled GDP-mannose causes a

loss of approximately 1^-00 cpm from the CM soluble material in 5 min
utes.

In the same time interval, the CMW soluble material increases

by about 1000 cpm and then falls by about l^fOO cpm„

The radioactivity

continues to increase in the insoluble fraction by about 700 cpm.
These results show that most of the labeled marmose can be chased from
the lipid fractions into the insoluble fraction; however, it is diffi
cult to obtain positive proof of a precursor-product relationship with
intact cells®
Microsomal homogenates prepared from A31 or B3T3 cells also
incorporate /
material.

C/-mannose from GDP-/

C/-mannose into CM soluble

The kinetics of this reaction is similar to that shown for

the cell suspensions.

The homogenates do not incorporate significant

amounts of carbohydrate to the other acceptors.

The addition of 5'-AMP

Figure 23.

_llf _
Time course of the incorporation from GDP-/
C/-mannose
by suspensions of B3T3 cells.
Suspensions of B3T3 cells were prepared as described under
Materials and Methods. Each reaction contained 1 x 10°
B3T3 cells, 160 pmoles of GDP-/~^-i+c7-mannose (100,000
dpm), 15mM MgCl2 and 5rriM 5'-AMP in a final volume of 0.120
ml. At the indicated time (arrow), 1600 pmoles of un
labeled GDP-marmose was added to one half of the reac
tions. Incorporation into CM soluble, CMW soluble, and
insoluble material was determined as described under Mate
rials and Methods. Closed symbols, incorporation from
GDPj-/"^ c7-mannose; open symbols, incorporation from GDPc7-mannose in the presence of the unlabeled GDPmannose.
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Figure 23.

i—1 ^ ^
Time course of the incorporation from GDPC/mannose by suspensions of B3T3 cells.
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or Triton X-100 does not stimulate this activity.

Homogenization may

disrupt the relationship between the transferases and intermediates in
the membranes.
The properties of the CM and CMW soluble material also support
the view that these compounds are intermediates in the synthesis of the
insoluble material •>

Figure 2k shows the results of strong acid hydroly

sis of the CM soluble, CMW soluble, and insoluble material isolated
r-lk ->

from A31 cells incubated with GDP-/

C/-mannose. This procedure

yields monosaccharides which migrate only with the mannose standard,,
It has been shown that chromatography on DEAE-cellulose can
differentiate between lipid mono- and pyro-phosphates (Behrens, Parodi,
and Leloir 1971)•

Figure 25 shows elution of the CM and CMW soluble

material on columns of DEAE-cellulose equilibrated with chloroform:
methanol:water (10:10:3)®

By this procedure the material soluble in

chloroform:methanol (2:1) is not homogeneous,, One component is not re
tained by the DEAE-cellulose under these conditions®

This is similar

to the behavior of dolichol monophosphate glucose (Behrens et alo 1971)
and dolichol monophosphate mannose (Hsu, Baynes and Heath 197*0 under
identical conditions®

The other component is retained by the column

and eluted with chloroform:methanol:40mM ammonium acetate (10:10:3)•
This is similar to the behavior of lipid pyrophosphate oligosaccharide
compounds (Behrens et al„ 1971; Hsu et al. 197*0• The CMW soluble mate
rial is composed of a single component which is retained by the column
and eluted by the chloroform:methanol:A-OmM ammonium acetate (10:10:3)•
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CMW

INSOL

Figure 2 k ,

Separation of material released by acid-hydrolysis from
A31 cells incubated with GDP-/^^j37-mannose.
Suspensions of A31 cells were prepared, incubated with
GDP-/~^c7-mannose» and separated into CM soluble, CMW
soluble, and insoluble material as described under
Materials and Methods. The fractions were dried,
hydrolysed, and chromatographed as described in the
legend to Figure 10.
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Figure 25.

Chromatography of the CM soluble and CMV/ soluble mate
rial on DEAE-cellulose equilibrated with chloroform:
methanol:water (10:10:3).
The CM soluble and CMW soluble material was prepared
from A31 cells incubated with GDP-/~~lifc7-niannose as
described under Materials and Methods,, The concen
trated samples were applied to a 0.6 x 2.5 cm column
of DEAE-cellulose equilibrated with chloroform:
methanol:water (10:10:3). The column was eluted with
10 ml of chloroform:methanol:water (10:10:3) followed
by (arrow) 20 ml of chloroform:methanol:40mM ammonium
acetate. 1.0 ml fractions were collected.
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Chromatography of the CM and CMW soluble material on columns
of DEAE-cellulose equilibrated with 99% methanol supports the above
results.

This is shown in Figure 26.

The CM soluble material is re

solved into two components, one eluting at 0.5 M salt, the other eluting
at 0.7 M salt.

The CMW soluble material elutes at 0.7 M salt.

The

amount of material in the CM soluble fraction which elutes at 0.7 M
salt is extremely variable.

These results suggest that this component

is a contaminant from the CMW soluble material.
for this is shown in Figure 27•

Additional evidence

In this experiment the CM soluble

material was divided into the two components on small columns of DEAEcellulose equilibrated with chloroform:methanol:water (10:10:3).
material not retained by the column is termed CM-I.
similar to those shown in Figures 22 and 23°

The

Its kinetics are

The material retained by

the column and eluted by chloroform:methanol:^OmM ammonium acetate (CMII) is formed at a much slower rate and closely resembles the kinetics
of the CMW soluble material.
If the CMW soluble material is subjected to descending paper
chromatography in a solvent composed of isobutyric acid:ammonia:water
(5^5^!^9) it migrates with an

of 0.7, suggestive of a lipid pyro

phosphate oligosaccharide compound (V/aechter et al. 1973)°
Further identification of the CM soluble material not retained
by the DEAE-cellulose is shown in Table 19.

This table compares the

migration of this fraction with the migration of dolichol monophosphate
mannose in several thin layer solvent systems.

The two components

found in the CM soluble fraction have also been subjected to mild acid
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Chromatography of the CM soluble and CMW soluble
material on DEAE-cellulose equilibrated with 99?^
methanol,.
The CM soluble and CMV/ soluble material was prepared
as described in the legend to Figure 25. The con
centrated samples were applied to a 2.5 x 30 cro
column of DEAE-cellulose equilibrated with 9S
methanol and eluted as described under Materials
and Methods.

Figure 27.

_0A _
Time course of incorporation from GDPC/-mannose into
purified lipid fractions by suspensions of A31 cells.
Suspensions of A31 cells were prepared as described under
Materials and Methods. Each reaction contained 1 x 10°
suspended A31 cells, 160 pmoles of GDP-/~"^c7-rnannose and
15mM MgCl2 in a final volume of O.O65 ml. The reactions
were terminated and separated into CM soluble, CMW
soluble and insoluble material as described under Mate
rials and Methods. The CM and CMW soluble material was
concentrated and applied to small columns of DEAEcellulose equilibrated with chloroform:methanol:water
(10:10:3). The fraction of the CM soluble material elu
ted with chloroform:methanol:water (10:10:3) was termed
CM-1. The fraction eluted with chloroform:methanol:^OmM
ammonium acetate (10:10:3) is termed CM-2. The CMW
soluble material was also eluted from DEAE-cellulose by
chloroform:methanol:^OmM ammonium acetate (10:10:3).
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_Tk _
Time course of incorporation from GDP-£
C/-mannose into
purified lipid fractions by suspensions of A31 cells.
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Table 19.

Thin layer chromatography of CM soluble material.

Solvent System

CM Soluble

Rf

.
Literature

A

0.^-0.45

OA

B

0.9

0.9

C

0.6

0.6

Reference
Baynes and Heath
1972
Baynes et al.
1973
Behrens et al.
1971

The CM soluble from A31 cell suspensions incubated with GDP-/_
C/mannose was prepared as described under Materials and Methods. The
material was purified by passage through a small column of DEAEcellulose equilibrated with chloroform:methanol:water (10:10:3) and
eluted with 10 ml of the same. The material was concentrated and
chromatographed in the solvents as described under Materials and
Methods.
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hydrolysis.

The resulting water soluble material was applied to a

85 x 2.5 cm column of Bio-Gel P-6 and eluted as described under Mate
rials and Methodso

These results are shown in Figure 28.

The com

ponent not retained by the DEAE-cellulose yielded material which mi
grated only with the monosaccharide standard.

Rechromatography of this

material on a column of Bio-Gel P-2 gave the same results.

This agrees

with the identification of this component as a polyisoprenol monophos
phate mannose.

The material retained by the DEAE-cellulose and eluted

with chloroform:methanol:^OmM ammonium acetate yielded material which
gave a broad heterogeneous peak on the P-6 column0
The CMW soluble material was also purified by chromatography on
DEAE-cellulose and subjected to mild acid hydrolysis,,

This resulted in

the formation of water soluble material which gave a single peak in the
high molecular weight range of the P-6 column.
29.

This is shown in Figure

This material elutes in the void volume of the Bio-Gel P-2 column.
Lee and Scocca (1972) have shown that treatment with 1.0 M

sodium borohydride in 1.0 M sodium hydroxide will quantitatively re
lease asparagine-linked oligosaccharides from glycoproteins.

Treatment

of the insoluble material in this manner released all of the radio
activity in a water soluble form.

The elution of this material from

the Bio-Gel P-6 column is shown in Figure JO.

This material is very

similar in its elution behavior to the material released from the CMW
soluble material by mild acid hydrolysis.

Figure 31 shows the results

of an exhaustive pronase digestion of the insoluble material formed
with suspensions of A31 cells.

After digestion, the material was

Figure 28.

Bio-Gel P-6 chromatography of the mild acid hydrolysis
products from the CM soluble material.
The CM soluble material from A31 cells incubated with GDP^l\£7-mannose was obtained as described under Materials
and Methods. The concentrated material was fractionated
into two components on DEAE-cellulose equilibrated with
chloroform:methanol:water (10:10:3). The material eluted
with the chloroform:methanol:water (10:10:3)1 Panel A,
and the material eluted with chloroform:methanol:40mM
ammonium acetate (10:10:3) <, Panel B, was dried, hydrolysed,
and the water soluble material chromatographed on 3io-Gel
P-6 as described under Materials and Methods. The stan
dard mannose, fraction 7^ and stachyose, Fraction 64,
were detected in 0.2 ml aliquots of the fractions by the
anthrone reaction, shown by the dotted line. The solid
line shows the radioactivity detected in each fraction.
VQ denotes the elution volume of BSA,
denotes the elution volume of phenol red.
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Figure 28.

Bio-Gel P-6 chromatography of the mild acid hydrolysis
products from the CM soluble material.
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Figure 29.

80

100

Bio-Gel P-6 chromatography of the mild acid hydrolysis
products from the CMW soluble material.
The CMW soluble material from A31 cells incubated with GDP/~^ifc7,-mannose was obtained as described under Materials
and Methods. The concentrated material was purified by
elution from the DEAE-cellulose equilibrated with chloro
form: methanol:water (10:10:3). The material was dried,
hydrolysed, and chromatographed on the Bio-Gel P-6
column as described under Materials and Methods. The
standard mannose and stachyose were detected by the anthrone reaction, shown by the dotted line.
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Figure 30»

Bio-Gel P-6 chromatography of the material released
from the insoluble fraction by base-borohydride
treatment.
Insoluble material from A31 cells incubated with GDP/~^(£7-mannose was obtained as described under Mate
rials and Methods. This fraction was dried, treated
with 1.0 M sodium borohydride and 1.0 M sodium
hydroxide as described under Materials and Methods.
The soluble material resulting from this treatment
was applied to and eluted from the Bio-Gel P-6 column
as described under Materials and Methods.
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Figure Ji.

Bio-Gel P-10 chromatography of control and pronase
digested insoluble material.
Insoluble material from A31 cells incubated with GDP£~-^Cj-maimose was prepared as described under Mate
rials and Methods. Exhaustive pronase digestion and
chromatography on the Bio-Gel P-10 column was performed
as described under Materials and Methods. Fractions
19 to 23 of the pronase digested material were pooled,
dialized and lyophilyzed.
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applied to a column of Bio-Gel P-10.
pronase elutes in the void volume.

The sample incubated without the

The digested sample is reduced to

glycopeptides by the treatment with pronasee

The material eluting in

fractions 19 to 23 was pooled, lyophylized and applied to the Bio-Gel
P-6 column, shown in Figure 32.

This material elutes in the same range

as did the material released from the CMW fraction by mild acid hy
drolysis.
Bhatti and Clamp (1968) have described a method to determine
the approximate molecular weights of oligosaccharides by gel permeation
chromatography.

Using this method, the molecular weights of the mate

rial chromatographed on the Bio-Gel P-6 column can be estimated.

The

probable number of carbohydrate units has also been calculated.

These

results are shown in Table 20.

The number of carbohydrate residues in

each fraction are very similar, further supporting the hypothesis that
the entire oligosaccharide of the CMW material is transferred to the
insoluble fraction.
Both of the lipid compounds have been shown to contain phos
phate.

In this experiment, monolayers of A31 cells were grown in the

presence of /~^P7-phosphate for 2k hours.

The cells were suspended by

r-l^ -7
EDTA treatment, incubated with GDP-/
C/-mannose, and the CM-soluble
and CMW-soluble material extracted as usual.

When these double labeled

lipid products were eluted through DEAE-cellulose in either chloroform:
methanol:water (10:10:3) or 99% methanol, both the monosaccharide and
oligosaccharide lipids were labeled with ^^C/'-mannose and
phosphate.
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Figure 32.

Bio-Gel P-6 chromatography of glycopeptides formed by
pronase digestion.
The material from fractions 19 to 23 of Figure 31 was
pooled, dialized, and lyophilyzed. This material was
dissolved in a small amount of buffer and chromatoand
graphed with standards of mannose, fraction
staychose, fraction 63, as described under Materials
and Methods. Standards were detected with the
anthrone reaction, dotted lines. Solid lines denote
the radioactivity found in 1.0 ml aliquots of each
fraction.
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Table 20.

Molecular weight estimations of the oligosaccharides and
glycopeptides formed by A31 cells incubated with GDPc7mannose.

Sample

M.W.

Estimated No.
Carbohydrates

CMW

1680-1960

10-12

CM-2

lif00-1960

9-12

NaOH-NaBH^

1640-2120

10-13

Glycopeptides

1980-2180

-

Insoluble Fraction

The molecular weights were calculated from the elution volumes from
the Bio-Gel P-6 and P-2 columns. CMW denotes the material released
from the purified CMW soluble material by mild acid hydrolysis (Fig.
29)1 CM-2 indicates the material released by mild acid hydrolysis of
the component of the CM soluble fraction retained by DEAE-cellulose
(Fig. 28), insoluble fraction,NaOH-NaBH/^. indicates the material re
leased for the insoluble fractions by treatment with NaOH-NaBHif (Fig.
30), glycopeptides indicates the material in the included volume of
the P-10 column following pronase digestion of the insoluble material.
Standards were mannose, lactose, raffinose and stachyose.
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The compounds described above are not only formed from extra
r-1*+ -7

cellular GDP-_/

C/-marmose.

Material with similar properties is also

obtained from cells incubated with 2-/~*^I^-mannose.

The two labeled

mannose is used because the label will be lost if the sugar is con
verted to glucose or galactose.
In summary, the experiments detailed in this section have shown
that suspensions of A31 and B3T3 fibroblasts have an ectomannosylr-lk -7

transferase which can utilize extracellular GDP-/
synthesis of lipid-linked intermediates.

C/-mannose in the

The CM soluble material has

been shown to consist of a lipid, probably dolichol or a similar polyisoprenol, monophosphate mannose.

The CMW soluble material is composed

of a similar lipid linked to a large oligosaccharide by a pyrophosphate
bridge.

Finally, the insoluble material is composed of an unknown

number of glycoproteins.

The mannose-containing oligosaccharides in

the CMV/ soluble and insoluble fractions are of similar size.
1

f»—

kinetics of incorporation from the GDP-/

The

v*

C/-mannose suggest that the

mannose is transferred to the CM soluble material first, then trans
ferred to the CMV/ soluble fraction.

The entire oligosaccharide of the

CMW soluble fraction is transferred to the glycoprotein.

DISCUSSION

Ectoglycosyltransferases were originally postulated to be
directly involved in embryonic cell adhesion (Roseman 1970)„

This

hypothesis has been expanded to include contact inhibition of cell
growth and cell-to-cell communication (Roth 1973), platelet aggre
gation and adhesion to collagen (Bosmann 1972b), and the binding of
desialized glycoproteins to liver plasma membranes (Aronson, Tan, and
Peters 1973)•

In these hypotheses the cell surface glycosyltrans

ferases are postulated to act as binding sites for terminal sugar resi
dues of oligosaccharides on adjacent cells or exogenous glycoproteins.

The enzyme could react to this binding by triggering some sort of
intracellular signal or by transferring an additional carbohydrate
moiety to the oligosaccharide.

The data supporting this function of

ectoglycosyltransferases has been presented in the Introduction.

The possible involvement of glycosyltransferases in biological
interactions has been challenged in several recent publications.
Embryonic cells are known to release tissue-specific aggregationpromoting, factors which are involved in cell recognition and adhesion
(Lilien and Moscona 1967; Lilien 1968; Moscona 1968; Hausman and Moscona 1973)®

A retina-specific aggregation-promoting factor has been

isolated and purified (Garfield, Hausman, and Moscona 197*0. This fac
tor has been shown to be devoid of any detectable glycosyltransferase
activity and cannot accept galactose residues when incubated with
embryonic retina cells.
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In another system, it has been shown that liver plasma mem
branes will specifically bind asialoglycoproteins with the terminal
oligosaccharide sequence galactose-N-acetylglucosamine (Pricer and
Ashwell 1971; Van Lenten and Ashwell 1972)o

It had been proposed that

this binding was brought about by a liver plasma membrane ectogalactosyltransferase (Aronson,Tan andPeters 1973X since the binding of asialoglyco
proteins was inhibited by the addition of a-lactalbumin or acceptors
for a galactosyltransferase.

The liver plasma membrane binding protein

has been isolated (Hudgin et al. 197*0

and

does not have any detectable

galactosyl-N-acetylglucosaminyl- or sialyl-transferase activity (Hudgin
and Ashwell 197*0•

The above findings raise the possibility that

glycosyltransferases are not involved directly in the interactions of
cells and oligosaccharides.

The liver plasma membrane binding protein

shows a very high specificity for a certain oligosaccharide structure,
yet has no glycosyltransferase activity.
Some recent publications have suggested that ectoglycosyltransferases do not exist on all types of cells. Evans (197*+) found a high
level of nucleotide pyrophosphatase on the surface of hepatocytes and
reasoned that this enzyme would make the detection of ectoglycosyltransferases impossible. Deppert et al. (197*0 could find no evidence
for the presence of ectogalactosyltransferases with monolayers of BIIK
or BALB/c 3T3 cells. The authors suggest that the incorporation from
extracellular nucleotide-sugars observed by many workers may be due to
hydrolysis of the nucleotide-sugar and uptake of the released carbo
hydrate•
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Ectoglycosyltransferases have been studied in several cell
lines derived from BALB/c mice.

This work has centered on three areas:

(1) experiments to prove that cultured fibroblasts possess ectogly
cosyltransferases, (2) experiments to determine if the activity of
these enzymes can be directly related to the growth regulation and
tumor-forming ability of these cell lines, and (3) experiments to de
termine what the biological function of the ectoglycosyltransferases
might beD
Ectoglycosyltransferases are detected by incubating intact
cells with labeled nucleotide sugars.

Several experimental criteria

Can show the existence of ectoglycosyltransferases. First, the intact
nucleotide-sugar must not be transported into the cell. Second, the
nucleotide-sugar must not be broken down into compounds which are
transported. Finally, the enzyme activity must be associated with
intact cells and not a few broken or leaky cells. The experiments con
ducted with spleen cell preparations have served as controls and show
that the criteria used can differentiate between direct utilization of
the nucleotide-sugar by an ectoglycosyltransferase and hydrolysis and
intracellular utilization of the released free sugar.
Several different types of experiments have shown that the
fibroblasts do not transport the intact nucleotide-sugars.

These ex

periments have been conducted with UDP^c7-galactose and
*Z

galactose. The /" l£7-galactose has been included to measure synthesis
of complex carbohydrates via transport and intracellular utilization
of a free sugar. The incorporation of radioactivity into acid-insoluble
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j—lA- —

material from the UDP-/

C/-galactose occurs without any significant

incorporation into acid-soluble material.

In contrast, incorporation

from /~^H7-galactose appears in acid soluble material at a faster rate
than into acid precipitable material. The /_ ^H/-galactose must be
converted to a nucleotide sugar within the cell prior to incorporation
into macromolecules.
Epimerization of the neutral sugars occurs at the level of the
nucleotide-sugar.

If the intact UDP-/

—

C/-galactose were transported

into the cell, it would be exposed to the action of the epimerase and
some labeled UDP-glucose would be formed.

The possibility of labeled
~"l^f —

glucose appearing in the cells incubated with UDP-/.
been examined by several methods.

C/-galactose has

There was no labeled glucose re

covered from the acid precipitable material by strong acid hydrolysis
or by an analysis of the glycolipid fraction by thin layer chroma
tography.

A considerable amount of labeled glucose was formed from the

/~^H_7-galactose.

The results show that the labeled carbohydrate of ex

tracellular nucleotide-sugars is not exposed to the actions of intra
cellular enzymes of the fibroblasts. The results with the spleen cells
stimulated by concanavalin A are quite different.

Analysis of the acid

precipitable material and the glycolipids from spleen cells incubated
T
with UDP-//—1^C/-galactose
showed the presence of labeled galactose and

glucose.
l_

Analysis of material from spleen cells incubated with GDP-

fC/-mannose

showed similar evidence of epimerization of the labeled

carbohydrate. These results show that the labeled carbohydrate from
nucleotide-sugars incubated with spleen cells is exposed to the action
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of intracellular enzymes prior to incorporation into macromolecules.
The spleen cells either transport intact nucleotide-sugars, or the
nucleotide-sugars are hydrolyzed to compounds which are transported.
It has been shown that nucleotide-sugars are hydrolyzed to the
sugar-phosphate by the action of nucleotide pyrophosphatase,,

This

enzyme has been found on the surface of several types of cells (Deppert
et al. 197^; Evans 197*0.

The sugar-phosphates are hydrolysed by a

phosphatase to the free sugar.

The spleen cell preparations have high

levels of both nucleotide pyrophosphatase and phosphatase.
shown by several methods.

This was

Chromatography of the acid soluble material

7-1^ "7
from spleen cells incubated with UDP-/
^/-galactose showed that these
7—1 —>
cells convert almost 50% of the UDP-/
Cy-galactose to labeled galac
tose in one hour.

S7-

The inhibition of incorporation from the

galactose by excesses of unlabeled UDP-galactose or galactose-lphosphate indicates that these compounds are decomposed to galactose
by the spleen cells.

Suspensions and monolayers of the fibroblasts

have an active nucleotide pyrophosphatase but lack much phosphatase
activity.
Several experiments can determine whether the nucleotide-sugar
or one of the decomposition products is the direct glycose donor in
reactions with suspended cells.

In reactions with fibroblast suspen—1k

sions, the incorporation from UDP-/

.

.

.

C/-galactose was only inhibited

by an excess of unlabeled UDP-galactose,

There was no effect by the

addition of an excess of unlabeled galactose-l-phosphate or galactose.
The incorporation from

/"""^(7-galactose

was only inhibited by unlabeled

12k
galactose.

It is important in this type of experiment that

galactose be included to measure incorporation from a free sugar0

It

is necessary to show that the concentration of unlabeled galactose is
sufficient to suppress incorporation from labeled galactose.

Quite

large concentrations were necessary to suppress the incorporation of

r3w -galactose in reactions with suspensions of fibroblasts. The
maximum concentration used was approximately 5 times the Km for sugar
transport reported for many cell types (Kletzien and Perdue 1972;
Renner, Plagemann,and Bernlohr 1972; Weber 1973)°

The results with

the spleen cell preparations have been mentioned above.

Most impor-

r-l^ -7
tantly, the incorporation from the UDP-/
^/-galactose was completely
inhibited by unlabeled galactose.

These results, combined with the

extensive formation of free labeled galactose in these cell suspensions
suggested that spleen cells can only incorporate the carbohydrate from
UDP-/

C/-galactose if the nucleotide-sugar is first hydrolysed to

free galactose.
Additional evidence that the UDP-£

C/-galactose is the direct

glycose donor in reactions with fibroblasts was obtained with the use
of 5*-AMP to inhibit the nucleotide pyrophosphatase.

The addition of

low concentrations of 5'-AMP to reactions with fibroblasts resulted in
an increase in incorporation from the nucleotide sugar.

The reactions

with the spleen cell preparations showed the opposite; the incorpora
tion from UDP-/~"^c7-galactose was completely inhibited by the 5'-AW.
/—1^ -t

This confirms that the spleen cells cannot utilize UDP-/_
directly as a glycose donor.

C/-galactose
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One of the most difficult points to establish has been that the
enzyme activity is associated with intact cells and not a few broken or
leaky cells..

Mild homogenization of the cells in the absence of deter

gent does not cause a significant increase in the incorporation from
the nucleotide-sugars.

This procedure increases the number of broken

cells in the preparations by several fold.

This would also eliminate

the possibility that the enzymes are secreted or leaked into the incu
bation medium in a soluble form.

The radioautographic experiment shows

that the majority of the cells in the suspension incorporate carbohy
drate from the nucleotide-sugars,,

The percentage is the same as the

viability determined by exclusion of Trypan Blue,

Most importantly,

there were no silver grains observed over obviously broken and frag
mented cells.
The experiments discussed above have shown that the suspensions
of fibroblasts can utilize extracellular nucleotide-sugars as direct
glycose donors.

This demonstrates that these cells have active ecto-

glycosyltransferases.

The same types of experiments have been used to

demonstrate that concanavalin A stimulated spleen cells have no de
tectable ectoglycosyltransferases.

The three experimental criteria

mentioned previously can be used by other workers to show if ectogly
cosyl transferases exist in their experimental systems.

It is very

important that the existence of ectoglycosyltransferases be proven
before any inference as to their function can be made.
J-l*f -7
In Figure 131 the time course of incorporation from UDP-/
C/galactose and /~"^H7-galactose by suspensions of spleen cells v/as shown.
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These data were originally interpreted to indicate that there is an in
crease in the activity of an ectogalactosyltransferase in the cells in
cubated with concanavalin A.
that this is not the case.

The experiments discussed previously show

All of the incorporation from UDP/~"^£7-

galactose by the spleen cells is due to hydrolysis of the nucleotidesugar followed by intracellular utilization of the released galactose„
Therefore, it cannot be stated that there is an increase in an ecto
galactosyltransferase in the concanavalin A-stimulated spleen cells.
/-l^ -7

The increase in incorporation from UDP-/

C/-galactose could have been

caused by an increase in the activity of nucleotide pyrophosphatase,
the phosphatase, or an increase in sugar transport.
LaMont, Perrotto et al. (197*0 found that spleen and thymus
cells could incorporate carbohydrate from extracellular UDP-galactose.
It was proposed that incubation of the thymus cells with concanavalin A
caused an increase in the activity of an ectogalactosyltransferase.

In

this report, no data were presented concerning hydrolysis of the
nucleotide-sugar.

It is likely that thymus cell suspensions are simi

lar to the spleen cells studied herec

Thus, it cannot be stated with

certainty that the data presented represent an actual increase in the
activity of an ectogalactosyltransferase,,

The presence of nucleotide

pyrophosphatase and phosphatase on cell surfaces makes it very important
that any study of glycosyltransferases include data on these enzymes
also.

The data presented here with spleen cell preparations as well as

the data of Geren and Ebner (197*0 and Deppert et al. (197*0 have shown
that the activity of these enzymes can seriously interfere with the
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detection of glycosyltransferases and the interpretation of the experi
mental results®
Once the existence of ectoglycosyltransferases has been demon
strated, it is possible to determine if the activities of these enzymes
are primarily related to the loss of the regulatory control of growth
in transformed or neoplastic cells,.

These studies have been conducted

with clones of cells from BALB/c mice*

The _in vitro growth properties,

tumorigenicity, and malignancy has been described (Grimes 197^; Van
Nest and Grimes 197*0 and were summarized in Table 1®

Briefly, the

cell lines include normal cells, transformants which cause tumors which
regress, and transformants which cause tumors which progress to animal
death.
Several general conclusions can be made from the levels of
ectoglycosyltransferases determined in these cell lines.

First, and

most importantly, the ectoglycosyltransferase activity of the trans
formed cells is generally lower than that of the normal cells.

In this

manner, the ectoglycosyltransferases studied here resemble the gly
cosyltransferases studied in cell homogenates by many workers (for
reviews see Hakomori 1975a, 1975b).

Experiments with cell homogenates

and purified glycolipids as glycose acceptors have generally indicated
that transformed cells have a block in the synthesis of certain complex
glycolipids.

In several experimental systems, the defect has been shown

to be the lack of a specific glycosyltransferase.

The low level of

glycosyltransferase activity in transformed cells can also be inferred
from the low quantity of complex glycolipids found in transformed cells
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(Hakomori 1975a, 1975b) as well as lower levels of certain glycopro
teins (V/u et al. 1969)0
Not all the transformed cell lines have lower levels of ectoglycosyltransferases relative to the normal cell lines.

The activity

of the Clone 5 cells is very similar to that found with B3T3 cells and
is slightly higher than the A 31 cells.

The results show that the ac

tivity of the ectoglycosyltransferases does not always correlate with
the saturation density or tumorigenicity of a cell line.

The Clone 5

cells grow to a density in culture almost ten times that of A31 and
B3T3 cells.

In addition, Clone 5 cells form tumors when injected into

BALB/c mice, and A31 and B3T3 do not.

The other transformed cell lines

have levels of ectoglycosyltransferase activity lower than A31 and B3T3
cells.
One property of glycosyltransferases which has previously been
associated only with normal cells is the growth dependence observed in
the activity of these enzymes.

The experiments presented here have

shown that the activity of the glycosyltransferases are higher in cells
taken from confluent cultures than from sparse cultures.

An increase

in glycosyltransferase activity has been noted in various cell homogenates of normal cells taken from confluent cultures (Hakomori 1975a) and
cells from confluent cultures have more complex glycolipid patterns.
The results presented here with the A31 and B3T3 cell suspensions are
consistent with these previous findings0
The transformed cell lines studied here also show a growth de
pendence in the activity of the ectoglycosyltramsferases.

For example,
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the Clone 5 cells show increases in the activity of all the transfer
ases except those catalyzing the transfer from GDP-mannose.

Not all

the transformed cell lines show this increase in enzyme activity as
the cells become confluent.

The activity associated with the SVT2

cells is the same if the cells are taken from sparse or confluent cul
tures,,

A growth dependence in the activity of ectoglycosyltransferases

has been noted previously by Bosmann et al» (1973) in a transformed
cell line which forms a large number of metastases in mice.

In this

study the cells taken from confluent cultures had lower levels of
activity than cells from sparse cultures,,

Sakiyama and Robbins (1973)

have reported that a tumorigenic clone isolated from Nil hamster cells
shows a contact dependence in the complexity of the glycolipid pattern.
It has been suggested that cells which are highly agglutinated
by concanavalin A will have correspondingly high ectogalactosyltrans
ferase activity (Podolsky et al„ 197*0®
support this hypothesis.

The data presented here do not

The cell lines which are highly agglutinated

by the concanavalin A (3T12, 3T12T and SVT2) have the lowest ectogalactosyltransferase activity.

The 2°KNSVT and PBC cells are agglu

tinated by the same amount of concanavalin A, yet the PBC cells have
almost eight times the ectogalactosyltransferase activity found for
2°KMSVT cells.
The studies of the ectoglycosyltransferases in the BALB/c cell
lines have failed to reveal any obvious correlation between the activity
of these enzymes and the biological surface properties of the cells.
The properties have included the saturation density in tissue culture,
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the tumorigenicity and malignancy in BALB/c mice, and the agglutination
by concanavalin A.

It is probable that the ectoglycosyltransferases

do not play a direct role in the interactions of these cells with other
cells.

Measuring ectoglycosyltransferase activity does not predict

whether a cell line is tumorigenic, or whether a tumorigenic line
causes regressing or progressing tumors.
Ectoglycosyltransferases are usually detected in suspensions of
cells prepared by treatment of monolayers with trypsin or EDTA.

The

detection of these enzymes in cells still attached to culture plates
has been difficult.

Deppert et al. (197*0 could find no evidence for

the presence of ectogalactosyltransferases in monolayers of BHK and
Webb and Roth (197*0 reported that only mitotic

BALB/c JT3 cells.

cells in a monolayer of fibroblasts will have the ability to incorpor
ate the carbohydrate from extracellular nucleotide-sugars into endog
enous acceptors.

The results presented here with monolayers of BHK,

A31, and SVT2 cells confirm those of Deppert et al. (197*0. None of
these cells in a monolayer can utilize extracellular nucleotide-sugars
to glycosylate endogenous acceptors.

The same cells after suspension

by a brief exposure to EDTA can utilize the extracellular nucleotidesugars.

These results suggest that treatment with EDTA may cause some

alteration in the membrane which allows the reaction to proceed.

The

control experiments presented in the first section of Results have
shown that EDTA treatment does not render the cells permeable to the
nucleotide-sugars.

EDTA treatment of bacteria does alter the per

meability of these cells (Leive 1968).

The experiments with exogenous
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glycose acceptors have shown that glycosyltransferases are present on
the surface of cells in a monolayer and that they can utilize extra
cellular nucleotide-sugars.

It is obvious that appropriate acceptors

are not available to the glycosyltransferases without the suspension
by EDTA.
The lack of ability to utilize extracellular nucleotide-sugars
to glycosylate endogenous acceptors by both normal and transformed
cells also argues against a role for the ectoglycosyltransferases in
cell-to-cell interactionso

Roth and White (1972) suggested that only

transformed cells could catalyze carbohydrate transfer to acceptors on
the same cell.

Normal cells required cell-to-cell contact before any

enzyme activity could be observed.

In the experiments presented here,

neither the normal nor transformed cells could incorporate carbohydrate
from the extracellular nucleotide-sugars.
sparse and confluent monolayers.

This was evident in both

These results do not eliminate the

possibility that cell-to-cell contact is required for the reaction to
occur, however, this would be required for both normal and transformed
cells.

As the enzymes can transfer carbohydrate to large molecular

weight glycose acceptors, it is possible that some of the activity ob
served in cell suspensions is due to cell-to-cell transfer.

It seems

unlikely that all of the activity can be due to cell-to-cell transfer
as will be discussed later.
Both the suspensions and monolayers could transfer /"^H/^-galactose to the exogenous acceptor.

This :i:

an intracellular nucleotide-sugar, forr,

icates that cells can utilize
"rom the /~^H7-galactose
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after transport into the cell, to glycosylate an extracellular
molecule.

The intracellular nucleotide-sugar is the most probable

natural substrate for the ectoglycosyltranferases, as it is extremely
unlikely that intact nucleotide-sugars could exist in the extracellular
space. Yogeeswaren, Laine and Hakomori (197*0 have observed that mono
layers of BHK cells could transfer carbohydrate to glycolipids attached
to glasso

This transfer was postulated to occur through the action of

an unknown lipid carrier for the carbohydrate, possibly a retinal phos
phate sugar,

A possible retinal intermediate has also been suggested

by Dorsey and Roth (197*0 •

The glycosylation of extracellular mole•7

cules by cells utilizing /" h7-galactose indicates that the ectoglycosyltransferases may participate in the synthesis of cell surface com
ponents, possibly through the action of lipid carriers for the carbo
hydrate.
Figure 19 shows the proposed pathway for synthesis of the
mannose-containing oligosaccharides of glycoproteins.

If the ectogly-

cosyltransferases are involved in biosynthetic processes as has been
indicated, the ectoglycosyltransferases may also utilize lipid inter
mediates.

The data presented under Results have shown that the fibro

blasts possess an ectomannosyltransferase v/hich can utilize extracellular GDP-/

C/-mannose to form lipid-linked intermediates.

These

lipid compounds have been shown to participate in transfer of mannose
residues to glycoprotein. One lipid has been identified as a polyisoprenol phosphomannose.

Another lipid fraction is apparently composed

of a lipid linked to a large oligosaccharide by a pyrophosphate bridge.
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This oligosaccharide is similar to the oligosaccharide found in the
glycoprotein fraction.

The structure of the oligosaccharide and the

exact nature of the lipid moiety cannot be determined until large
amounts of the compounds have been isolated, which was not necessary
for this presentation*
It is interesting that the reaction sequence utilizing the
lipid intermediates does not go to completion in homogenates of the
same cellso

The first intermediate, the polyisoprenol phosphomannose,

is formed at the same rate as with the cell suspensions, but there is
little incorporation into the other compounds.

The method of cell

homogenization may disrupt the complexes which utilize the lipid inter
mediates.

It has been suggested that oligosaccharide chains are syn

thesized by closely associated systems of glycosyltransferases (Roseman
1970).
The formation and utilization of lipid-linked intermediates by
an ectomannosyltransferase suggests that this enzyme may participate
in the glycosylation of cell surface components.

It is not possible

to demonstrate that internal mannose can be transferred to an extra
cellular glycose acceptor, as no appropriate acceptor is available.
r-l't -7
The formation of very similar compounds by GDP-/
C/-mannose and 2/"""^H/'-rnannose indicates that the transferase system can utilize both
intracellular and extracellular GDP-mannose.

The cell surface oligo

saccharides of animal cells may be synthesized in a manner analgous to
that described for bacterial systems (Lennarz and Scher 1972).

In this

13^
scheme, lipid intermediates are used to transfer carbohydrates in an
activated form across the cell membrane.
In summary, the ectoglycosyltransferases detected in cell lines
derived from BALB/c mice cannot be directly correlated with the bio
logical surface properties of these cells.

These properties have in

cluded the saturation density of the cells in tissue culture, the
tumorigenicity and malignancy in BALB/c mice, and the agglutination by
concanavalin A.

The enzyme activities do reflect the cellular systems

for the synthesis of glycoprotein and glycolipid.

The drop in the

level of ectoglycosyltransferases in many of the transformed cell lines
reported here is very similar to that noted by other workers studying
detergent-solubilized glycosyltransferases and purified glycolipids as
acceptors.

The lower level of glycosyltransferase activity in trans

formed cells can also be inferred from the lower amounts of complex
carbohydrates found in this type of cell.

In addition, very similar

compounds are labeled v/hen cell suspensions are incubated with UDP-

*"^c7-galactose
mannose.

and

/~^H7-galactose

or GDP-/-"'"'f^7-mannose and

-

The formation and utilization of lipid intermediates by an

ectomannosyltransferase also supports the conclusion that ectoglycosyl
transferases are closely related to the normal cellular systems for
synthesis of glycoproteins and glycolipids.

It is unlikely that the

ectoglycosyltransferases are a special class of glycosyltransferases
which function only as binding sites for oligosaccharides.
It was mentioned in the Introduction that most studies of cell
fractions have indicated that the glycosyltransferases are concentrated
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in the Golgi apparatus.

The glycosyltransferase-rich Golgi vesicles

are known to fuse with the plasma membrane.

In this manner, the

enzymes of this intracellular membrane may become a part of the plasma
membrane of the cell.

It is not unreasonable to presume that enzymes

which were active in Golgi vesicles could retain this activity after
fusion with the plasma membrane.

The amount of enzyme activity re

tained may depend on the type of cell and the culture conditions.

In

the cells studied here, more than 60-7C$ of the activity found with
cell homogenates could be accounted for by ectoglycosyltransferases.
Similar compounds are formed when cells are incubated with UDP/~"'"^d7-galactose and /~^H7-galactose or GDP-^^c7-mannose and 2-CH.7mannose.

This does not necessarily imply that the reactions are cata

lyzed by the same enzymes in the same location.

Many radioautographic

studies with labeled monosaccharides have shovm that these compounds
are incorporated into macromolecules primarily within the smooth mem
branes of the cell, the smooth endoplasmic reticulum, and the Golgi
apparatus (Ito 1969; Bennett 1970; Porter and Bernacki 1975).

Incor

poration from the nucleotide-sugars occurs mainly at the plasma mem
brane (Roth and White 1972; Porter and Bernacki 1975)•

The mono

saccharides can be transferred to extracellular glycoproteins shown
here or to glycolipids attached to glass (Yogeeswaren et al„ 197*0.
It is obvious that an intracellular nucleotide-sugar is the natural
substrate for an ectoglycosyltransferase.

The activated carbohydrate

may be transferred across the membrane attached to a lipid such as
retinol (Dorsey and Roth 197^; Yogeeswaren et al. 197*0 or the polyisoprenols detected in this study.
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The final resolution of the function of the ectoglycosyltrans
ferases must await a detailed analysis of the products of the reactions.
The labeled carbohydrates from these compounds can usually be removed
from the cells by glycosidases or proteases.

This method cannot dif

ferentiate between cell membrane components and components of the
extracellular matrix or glycocalyx.

In the bacterial systems studied

(Lennarz and Scher 1972) the glycosyltransferases which utilized lipid
carriers were involved in the synthesis of the surface coat.

In animal

cells, certain of the ectoglycosyltransferases could be involved in the
glycosylation of collagen or the formation of extracellular mucins or
mucopolysaccharides.

It has been suggested that this is the only type

of compound formed by ectoglycosyltransferases and that the enzymes are
not involved in the glycosylation of membrane components (Keenan and
Morre 1975)•

The mannose containing oligosaccharides formed by the

ectomannosyltransferase in the BALB/c fibroblasts suggests that at
least this ectoglycosyltransferase is involved in the glycosylation of
membrane components as this type of oligosaccharide is not found in
mucins or polysaccharides.

It will now be necessary to identify the

individual oligosaccharide products of the ectoglycosyltransferases,
especially those from glycoproteins.

This data may resolve the contro

versy as to the function of this class of enzymes.

This will also be

of interest in regard to the mechanisms of surface membrane synthesis
and renewal.
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