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ABSTRACT
PROLIFERATION DEPENDENT EXPRESSION AND

NUCLEAR LOCALIZATION OF CARBOHYDRATE-BINDING PROTEIN 35
IN CULTURED FIBROBLASTS

By

Ioannis Konstantinou Moutsatsos

A highly specific polyclonal antibody against
carbohydrate-binding protein 35 (CBP35), was used to analyze
the subcellular distribution of the galactose specific
lectin in mouse 3T3 fibroblasts. Cell surface specific

labeling with anti-CBP35 and 125

I revealed the presence of
small amounts of CBP35 externally exposed at the cell
surface. However, the majority of CBP35 was localized
intracellularly as revealed by immunofluorescent studies of
fixed and permeabilized 3T3 cells. The staining pattern
showed the presence of CBP35 on the nucleus and in the
cytoplasm. Subcellular fractionation studies also indicated
that CBP35 can be detected by immunoblotting procedures in
the nuclear pellet, the cytoplasm, and the plasma membrane.

The levels and the localization of CBP35 in the nucleus
and the cytoplasm vary depending on the proliferative state
of the cells. Sparse proliferating cultures of 3T3 cells

contain high levels of CBP35, prominently localized in the

nucleus, relative to quiescent cultures of the same cells as



revealed by cytometric analysis of a large number of
immunofluorescently labeled cells. In quiescent cells, the
majority of the cells have lost their high level of nuclear
staining and have undergone a general decrease in the
overall fluorescence intensity. Stimulation of serum-starved
quiescent cells by the addition of serum resulted in an
increase in the level of CBP35. More importantly, there was
an apparent translocation of CBP35 into the nucleus.
Nucleolar staining reached a maximum before the onset of DNA
synthesis and then decreased. This translocation into the
nucleoli was blocked by hydroxyurea, a G1/S transition
blocker, and was resumed upon removal of the drug.

CBP35 exhibits similar localization, expression and
molecular properties to a protein called cyclin. Certain
patients with the autoimmune disease systemic lupus
erythematosus produce autoantibodies to both of these
antigens, and transformed cells contain higher levels of
both of these proteins than their normal counterparts.
However, the two proteins appear to be antigenically
distinct as antibodies reactive against CBP35 and cyclin do

not cross-react.
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INTRODUCTION

Our laboratory has previously isolated three
carbohydrate binding proteins (CBPs) from mouse 3T3
fibroblasts. These lectins specifically bind to galactose
containing glycoconjugates, and they have been named in
terms of their molecular weights as CBP35 (Mr 35,000),
CBP16 (Mr 16,000) and CBP13.5 (Mr 13,500). Counterparts
of CBP16 and CBP13.5 have been identified previously in a
variety of other species, but CBP35 represented a newly
identified lectin.

In an effort to better understand the endogenous
function of CBP35, we have investigated the localization of
this protein in the 3T3 cells. This thesis will describe the
localization data that we have obtained using
immunocytochemical and biochemical techniques. Localization
data of other lectins have been used as a first approach to
the study of the endogenous function. Therefore, 1 have
chosen to review the available data on the localization of
lectins and examine the way that postulated functions have
been derived from them.

As it will become apparent, although detailed
localization data are available for several well known

lectins, the endogenous function of many of these proteins
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remains uncertain. Naturally, localization data by
themselves are not expected to give the answer to a complex
question like the endogenous function of a polypeptide.
However, they can eliminate unfavorable possibilities and in
conjunction with other data (endogenous ligand, structure,
biochemical characteristics, developmental regulation) they
can present a more complete picture from which a function
may be suggested. The localization studies of CBP35 have
given us new insight into the regulation of this protein and
have suggested new ideas for the elucidation of its

endogenous function.



CHAPTER I
LITERATURE REVIEW

Introduction to Carbohydrate Binding Proteins

Proteins that bind carbohydrate moeities of
glycoproteins, glycolipids, or regions of polysaccharides
have been isolated from a variety of organisms. These
carbohydrate binding proteins (CBPs) are commonly referred
to as lectins if they agglutinate cells that display more
than one saccharide of sufficient complementarity and do not
have any known enzymatic activity (la). Obviously, such
criteria make lectins a subclass of CBPs but in the present
literature review the two terms will be used
interchangeably.

Although lectins were originally identified in plant
extracts as agglutinins of erythrocytes (8), the past decade
has unraveled a much wider distribution of these proteins in
species as diverse as the slime molds and humans. Since this
thesis will describe the localization and expression of a
mammalian lectin, I have chosen to review data relevant to
invertebrate and vertebrate lectins but not those of plant
origin. Table I summarizes certain properties of the lectins

that will be discussed below.
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a) Classification

Lectins can be subdivided on the basis of whether or
not they integrate into membranes. The integral membrane
lectins require detergent for their solubilization but the
soluble ones do not. Therefore two general categories of
CBPs have been defined : a) soluble CBPs and b) membrane
bound CBPs (l1). It has been proposed that such a subdivision
probably suggests a fundamental difference in the general
functions of these classes. Integral membrane CBPs appear to
have evolved to bind glycoconjugates to membranes and
transport them to other cellular compartments. Well studied
examples of these proteins include the asialoglycoprotein
(ASGP) receptor found in mammalian liver membranes (2) and
the mannose 6-phosphate (M6P) receptor (7). The function of
the soluble CBPs has been more difficult to infer partly
because these CBPs tend not to be as sharply localized as
those in the membranes. The finding that many of these CBPs
are originally localized inside cells but are ultimately
externalized has led some investigators to believe that they
function extracellularly to bind the complementary
glycoconjugates on and around the cells that release them.
Examples in this category include chicken lactose lectin I
and 11 (CLL-I, CLL-II) (3 , 4) and the slime mold CBPs,

discoidin I and II (5 , 6).



b) Endogenous Ligands

One approach for the determination of the function of
a CBP is the isolation of the glycoconjugate that it binds.
A biologically meaningful interaction will result only if
the participants of appropriate complementarity are at the
right place at the right time. A few such candidates have
been identified for both the membrane bound CBPs and the
soluble ones. Probably the most well understood example is
that of the M6P receptor. Neufeld and coworkers (7) showed
that a CBP was involved in the transport of lysosomal
enzymes from the extracellular medium into the cell. This
protein binds specifically to mannose 6-phosphate residues
which are post-translationally incorporated into the
lysosomal enzymes (33). In addition, Sly and his coworkers
have since shown that the delivery of lysosomal enzymes from
the rough endoplasmic reticulum, where these enzymes are
synthesized, to their main residence site, the lysosome, is
also mediated by intracellular M6P receptors (36, 37).

For soluble lectins, the candidacy of components as
natural ligands has been supported by their abundance in
tissues rich in the CBP as well as their colocalization to
the same tissue or subcellular site. For example, intestinal
mucin, a highly glycosylated protein that contains many
terminal pg-galactoside residues, appears to be an endogenous
ligand for CLL-11 (4). The mucin and the CBP bind well, and
both are found in the secretory granules of the goblet cells

and on the intestinal mucosal surface. Similar findings
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suggest that a polysaccharide synthesized by D. Discoideum
at a late developmental stage is an endogenous ligand for
discoidin II (6). This material contains mostly galactose
and N-acetylgalactosamine, binds well to the CBP, and
immunohistochemical evidence suggests that both discoidin II
and the polysaccharide are localized in vesicles in prespore
cells and are secreted around these cells later in

development.

c) Developmental regulation of expression

A recurring theme in the study of CBPs has been their
temporal expression and association with certain tissues or
organs. CBP amounts and localization seem to vary, depending
on the developmental stage of the organism under study. For
example, CLL-I levels in embryonic muscle become maximal as
it differentiates and decline thereafter (9). Similarly,
CLL-II levels in liver and kidney are much higher in the
embryo than in the adult (9). CBP35, a lectin isolated from
mouse 3T3 fibroblasts, is present in the embryonic mouse
muscle, liver and skin, but absent in the corresponding
tissues of the adult (10). Not in all cases, however, is the
expression of a lectin maximal in embryonic tissues. CLL-I
is scarce in embryonic liver but plentiful in the adult and
CLL-II becomes plentiful in the intestine only late in
development and is maintained at high levels thereafter (9).
Since the same lectin can be differentially expressed either

in embryonic or adult tissues, it appears that it does not
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only participate in the process of development but also in
adult processes as well.

The slime mold Dictyostelium discoideum can be induced
to differentiate from a unicellular to a multicellular form
by starvation. The individual amoeboid cells, which do not
contain any detectable CBP activity, are then induced to
produce large amounts of CBPs as they form aggregates and
develop into a fruiting body (11). Among these CBPs the
discoidins are the best studied . Because the synthesis of
discoidin I coincides with the event of cell-cell adhesion,
its possible role in this process has been examined in
detail by Barondes and coworkers (11 , 12). However, recent
evidence suggests that the expression of this CBP may not be
necessary for aggregation and subsequent fruiting body
construction since mutants that express neither discoidin I
nor discoidin 11 can still complete morphogenesis and
cytodifferentiation (16).

Recently, Jessel and coworkers have identified a series
of developmentally regulated cell-surface glycoconjugates
that are restricted to subsets of dorsal root ganglia (DRG)
neurons. Lactoseries glycoconjugates are expressed in the
cytoplasm and on the surface of small-diameter DRG neurons
(13 , 14 ). The fact that the same DRG neurons also express
two endogenous lactose binding lectins (Mrs 14,500 and
29,000) (15) suggested to the investigators that these
complementary molecules contribute to the development and

function of primary sensory neurons.



Localization of CBPs

A standard approach in our search for the endogenous
function of CBPs has been the detailed localization of these
proteins within the system that contains them. The hope of
most investigators is that such a study will provide
topological information that may be unique in its
interpretation with respect to the function. From the
description that will follow, however, it will become clear
that although detailed localization studies have been
performed quite successfully, the function of CBPs still
remains unclear mainly due to the following reasons:

a) CBPs have been found to be localized in a variety of
patterns that excludes an underlying unifying theme, and

b) CBP localization may be transient and controlled by both
the state of development of the organism as well as its
proliferative state.

Two main approaches have been used in the localization
of CBPs. Immunohistochemical techniques and functional
(usually agglutination) assays. Each approach has its
limitations and it is possible that a form of the CBP
detected by the one method is not detected by the other and
vice versa. Immunohistochemical techniques are based on the
use of polyclonal or monoclonal antibodies and the
specificity of such antibodies, preservation of antigen
after fixation and processing for immunocytochemistry, and
masking of antigenic determinants by endogenous cellular

components are all factors that have to be addressed for the
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meaningful interpretation of immunocytochemical localization
data. Functional assays, such as agglutination, lack the
specificity of immunological methods but are important if
the carbohydrate binding function of the protein is to be
detected. In most cases a combination of these approaches
has been used to define the localization of a CBP, thus
eliminating most of the uncertainties of a single method.

I have chosen to present examples of the various CBP
localizations in a pattern moving from the outside of the
cell towards its center, the nucleus. However, it should be
noted that a unique localization is the exception rather
than the rule in the study of CBPs and therefore the
following classification should be viewed with a liberal

eye.

a) Extracellular CBPs

Several immunohistochemical studies show that cells
frequently release their soluble CBPs which remain near the
cells that make them. In this sense then, these soluble CBPs
may be viewed as a class of extracellular proteins. The fact
that the extracellular matrix of cells is rich in
glycoconjugates with affinity for the CBPs makes it likely
that such binding takes place in vivo and is
biologically important.

Barondes and coworkers (17), using immunoelectron
microscopy, demonstrated that discoidin I becomes localized

in vesicles and multilamellar bodies as it is synthesized.
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Very little labeling was found in the nucleus ,the
cytoplasm, or the plasma membrane under the fixation
conditions used. These multilamellar bodies appear to be the
vehicle for release of the lectin around the agreggating
cells where it is now postulated to play a role in
cell-substratum adhesion (18). Despite the fact that
secreted multilamellar bodies appear to originate from
vesicles with digestive function, they contain intact
discoidin I with active carbohydrate binding sites.

Many vertebrate CBPs are also externalized into the
extracellular space of the cells that synthesize them. CLL-I
was localized by immunohistochemical techniques in tissue
samples taken at various stages of in vivo development and
in primary muscle cultures (19). The lectin which was
diffusely distributed in the cytoplasm of myoblasts, became
localized in myotubes in a distribution similar to that of
the sarcoplasmic reticulum and T tubules. Later in
development, the CBP was predominantly extracellular. The
investigators suggested that externalization may have
occurred by migration in the T tubules which are continous
with the extracellular space. Both CLL-I and CLL-II were
also localized within the vesicles of the mucin-secreting
intestinal goblet cells by indirect immunofluorescence and
immunoperoxidase staining methods (20). The localization of
CLL-II in secretory vesicles, as well as on the intestinal
epithelial surface, suggested that at least a portion of the

CLL-1I in the vesicles was secreted and rebound on the
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mucosal surface. Secretion of the CBPs may occur in
conjunction with mucin because both are localized in the
secretory vesicles and CLL-I and CLL-II bind strongly to
purified chicken intestinal mucin.

A B-galactoside binding lectin which has been
identified in several mammalian tissues including bovine
(21, 22) and rat lung (23, 24) (dimer of Mr 29,000) has
been immunohistochemically localized in the cytoplasm of
both alveolar and smooth muscle cells of rat lung and in
high concentrations in the extracellular space of elastic
fibers. All lung elastic fibers including those of the lung
parenchyma and blood vessels contain this CBP. Because the
CBP was accumulated at an extracellular site it was assumed
that it is secreted there from the cells that make it.
However, no structures resembling secretory vesicles were
found to be associated with the CBP (47).

Using immunoperoxidase staining and immunofluorescence,
an a and B-galactoside binding CBP found in Xenopous laevis
oocytes has been localized during the process of
fertilization and embryo formation (25). The localization of
the CBP depends on the stage of development and includes
yolk platelets, cortical granules and vitelline envelope of
oocytes and unfertilized eggs, and the fertilization
envelope of fertilized eggs. In the embryo, however, the CBP
is present in extracellular materials in the cleavage furrow
region. The authors suggested that the CBP associated with

the yolk platelets is a storage form, like the remainder of
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the yolk materials, and that the lectin found in the
cleavage furrows of the embryos is derived from yolk
platelets through an externalization process that is not yet

understood.

b) Cell Surface CBPs

The two major paradigms of cell surface CBPs are those
of the ASGP receptor in the liver and the M6P receptor in
fibroblasts and other cells. Both CBPs have been initially
identified by their ability to bind and endocytose ligands
carrying the appropriate carbohydrate (26, 7) and further
localization studies have taken advantage of both the
carbohydrate binding ability of these CBPs (27) as well as
immunocytochemical methods. It should be noted that for both
the ASGP and M6P receptors, only a small percentage of the
total CBP is actually expressed at the cell surface.
Therefore, the abundance of a CBP at a particular site does
not necessarily reflect its significance in terms of a
physiological function. Finally, both the ASGP and M6P
receptors are not degraded in the lysosomes but each
receptor seems to be separated from its ligand in some
prelysosomal compartment and then recycles to the cell
surface (40).

Initial subcellular fractionation studies using
functional assays for the ASGP receptor from rat liver
demonstrated that the protein was found on plasma membranes

and in other membranous intracellular organelles like Golgi
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and lysosomes (27, 28). Only a few data are available as to
the quantitative distribution of ASGP receptors in rat
liver cells. Measurements of ligand binding capacity of
intact and solubilized cells led Steer and Ashwell (29) to
suggest that about 90% of the ASGP-binding sites occur in
intracellular compartments. More recently however, others
estimate that about half of the receptors are at the cell
surface in isolated hepatocytes (30). Geuze and coworkers
have been able to visualize using double label
immunoelectron microscopic technique and antibodies to the
ligand, the ASGP receptor and chlathrin, the compartments in
which dissociation of ligand-receptor complexes occur (31).
By quantitating binding sites for their anti-ASGP receptor
antibody they concluded that about 35% of the receptor is at
the plasma membrane while most of the intracellular receptor
was found in the Golgi complex and the smooth ER/CURL
(compartment for receptor ligand uncoupling).

The M6P receptor is a membrane - associated protein
required for proper targeting of lysosomal enzymes in
mammalian cells and tissues (32). The receptor binds the M6P
residues that occur in oligosaccharides of lysosomal enzymes
(33) and was originally studied in the context of
endocytosis of extracellular enzymes (34, 35). The receptor
is now perceived as playing a key role in the intracellular
transport of enzymes to lysosomes (36, 37). By subcellular
fractionation of rat liver (38) and by ultrastuctural

immunocytochemistry of Chinese hamster ovary cells (39) the
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CBP has been localized primarily in the endoplasmic
reticulum and Golgi regions, with a minor fraction (about
10%) on the cell surface. The properties of the receptor at
the cell surface have been studied by cell- surface specific
lactoperoxidase catalyzed radioiodination and
immunoprecipitation. The subunit molecular weight of the
cell surface receptor, its half life and its binding
specificity are identical with those of the biosynthetically
labeled receptor (40).

Several other CBPs, whose functions are still largely
unknown, have been localized at the cell surface. During
erythroid differentiation in the adult bone marrow,
erythroblasts cluster together in the vicinity of a "nurse"
macrophage cell until the enucleation stage when the
immmature reticulocyte is released and passes through the
sinusoidal wall into the circulation. A g-galactoside
specific CBP, (Mr 13,000), can be extracted from
erythroblast enriched marrow. This CBP has been termed
erythroid developmental agglutinin (EDA) and has been shown
by immunofluorescence to exist at the surface of
erythroblasts and reticulocytes. It has been suggested that
EDA may be responsible for the inter-erythroblast
recognition and adhesion in vivo (41).

The presence of galactoside-specific CBPs in a variety
of tumor cells has suggested that such molecules can
influence the metastatic potential of these cells by forming

tumor cell aggregates in the circulation. (42, 43). Raz and
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coworkers have generated monoclonal antibodies to endogenous
galactose specific CBPs from the B16 melanoma cell line. A
monoclonal antibody, designated 5D7, inhibited the homotypic
aggregation of these cells and was used to localize its
antigen by immunofluorescence. When non-permeabilized cells
were examinéd 5D7 showed a microclustered distribution of
fluorescence on the cell surface. Pretreatment of the cells
with the hapten lactose did not abolish the staining
implying that the CBP is an integral membrane protein.
Permeabilization of the cells prior to staining, revealed a
much larger population of intracellular CBP (44).

Finally, several of the CBPs that have been proposed to
function primarily extracellularly have also been identified
at the cell surface. CLL-I is detectable on the surface of
cultured myoblasts (45, 46) and the g-galactoside binding
CBPs from rat lung (47) have been shown recently to exist at
the cell surface of small DRG neurons (15).

c)Intracellular CBPs

I have previously described data concerning the
localization of CBPs found in the extracellular space of
cells as well as on their cell surface. Obviously since the
synthesis and processing of these CBPs has to take place in
the cytoplasm, even to that limited extent we have to accept
that all these CBPs occur intracellularly at one time point
of their existence. As I have already described, the
majority of the ASGP receptor and the M6P receptor occur on

intracellular membranes including those of the endoplasmic
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reticulum , the Golgi complex, and the lysosomes. Since
these organelles are the major biosynthetic, processing and
transport centers of the cell, such a localization per se
does not provide any clear-cut clues as to their function.
However, knowledge of the endogenous ligands
(asialoglycoproteins and lysosomal enzymes) has provided
important insights in these two cases concerning their
function, and the available localization data seem to fit
nicely with the proposed function of these CBPs. For
example, the M6P receptor is a glycoprotein that has to be
processed through the Golgi complex for the attachment and
processing of the carbohydrate chains (40). In addition, it
has been proposed that this CBP is responsible for the
intracellular transport of lysosomal hydrolases from their
site of synthesis and glycosylation to the lysosomes (36).
This intracellular function depends on the dissociation of
enzymes from receptors in lysosomes and on recycling of free
receptors to the endoplasmic reticulum or Golgi complex.

Discoidin I, which I have described as an extracellular
CBP, is localized intracellularly prior to its
externalization and it has been shown by immunoelectron
microscopy to reside in intracellular multilammelar
vesicles but not in the cytoplasm (18). Many of the other
extracellular CBPs, including CLL-I and CLL-II, have also
been localized intracellularly prior to their secretion
(19,20).

Feizi and Raz have idependently examined tumor
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associated CBPs using monoclonal antibodies generated either
against CBPs initially identified in normal cells (48) or
tumor cells (44). Using immunofluorescence they both
observed strong cytoplasmic staining of fixed and
permeabilized cells, indicating a cytoplasmic distribution
of the CBP. In some cases (48) variable nuclear staining was
also observed. However, these studies lacked the detailed
electron microscopic localization which has been performed
with some of the exracellular CBPs and therefore the
association of these CBPs with specific intracellular
structures remains to be determined.

Therefore, both membrane bound CBPs as well as soluble
ones have been localized in intracellular locations. With
the exception of the M6P receptor, however, no intracellular
ligands have been identified. Although there does not appear
to be an obvious intracellular function of these CBPs,
accumulating evidence for intracellular carbohydrate bearing
structures (which will be discussed later) may eventually
lead to the identification of these ligands and the

elucidation of the intracellular importance of CBPs.

d) Nuclear CBPs

The evidence of CBPs in the nucleus has been very
limited and rather circumstantial. Using rabbit antisera
against bovine heart -galactoside binding lectin ( Mr
~13,000), Childs and Feizi have observed immunofluorescent

staining of nuclei in epithelial cell cryosections (49).
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Furthermore g-galactoside binding activity was demonstrated
in sections of nuclei by the addition of
fluorescein-conjugated bovine serum albumin derivatized with
lactose (BSA-lactose). This staining was inhibited by
non-fluorescent BSA-lactose but not with BSA derivatized
with mannose.

A monoclonal antibody to the bovine heart CBP has been
produced and it has been used to immunohistochemically
localize this CBP in human lymphocytes (48) and in a variety
of bovine epithelial tissues and cultured fibroblasts (50).
This monoclonal antibody (designated 36/8) stains
predominantly the cytoplasm and the nucleus of a variety of
tissues and cells including bovine and human fibroblasts.
The nuclear staining is variable and electron microscopic
evidence suggests that this CBP is not associated with
membranes, such as those of the ER, the Golgi complex and
mitochondria (50). The results of these studies, however,
are difficult to interpret since immunoblotting analysis of
lymphocyte extracts with 36/8 indicated immunoreactivity
with approximately ten antigenically related proteins
ranging in Mr from 130,000 to 13,000. Which of these
proteins is at the nucleus and whether this protein is in
fact a CBP remains to be determined.

Observations consistent with the nuclear localization
of g-galactoside binding CBPs in epithelial tissues have

also been reported by Beyer and Barondes (51).
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Intracellular CBP ligands: Do they exist?

As more and more evidence is accumulated for the
intracellular localization of CBPs, the question of the
existence of intracellular carbohydrate targets to which
these proteins could bind becomes even more relevant to
examine. Although traditionally carbohydrates in
glycoproteins, glycolipids and polysacharides have been
studied in the context of the extracellular space and the
cell surface, recent evidence points to the existence of
carbohydrate bearing proteins in the intracellular
compartment (52-55). The advent of improved fractionation
techniques for subcellular organelles (56), the use of
monoclonal antibodies of high specificity (55, 57), and the
use of glycosyltransferases and radiolabeled sugar
nucleotide donors to label oligosaccharides of glycoproteins
(54, 58) have given added confidence to these findings.

Gerace and coworkers have identified a Mr 190,000
protein (gpl90) from rat liver nuclei (52) that is
specifically localized in the nuclear envelope. This protein
stains heavily on SDS gels with the periodic acid-Schiff, a

12511

concanavalin A ( Con A, a plant lectin specific for glucosyl

carbohydrate specific stain, and it is labeled with [

and mannosyl residues of glycoconjugates). However, this
glycoprotein apparently does not contain sialyl or terminal

N-acetylglucosamine residues, since it is not labeled on

125

nitrocellulose blots with [ I] wheat germ agglutinin
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(WGA) . This polypeptide becomes dispersed throughout the
cytoplasm of the cell in mitotic prophase when the nuclear
envelope is disassembled, and subsequently returns to the
nuclear surfaces during telophase when the nuclear envelope
is reconstructed. Immunoelectron microscopy revealed that
gpl90 occurs exclusively in the nuclear pore complex, in the
regions of the cytoplasmic (and possibly nucleoplasmic) pore
complex annuli. Monoclonal antibodies made against the gpl90
analog in Drosophila also bound specifically to the nuclear
envelope in situ (55).

Another rat liver nuclear protein (p62) has been
recently immunolocalized by electron microscopy at the
nuclear pore complex (57). This protein was specifically
labeled on nitrocellulose blots by biotinylated WGA, but not
by Con A, suggesting that it contains N-acetylglucosamine
(GlcNac) but not glucose or mannose. Furthermore, Holt and
Hart (54) and Schindler and Hogan (59) have independently
identified terminal GlcNac moieties on intracellular
proteins using a galactosyltransferase to transfer
radiolabeled galactose to available terminal GlcNac. Several
nuclear polypeptides are labeled by this method (54), the
most prominent one of which is a 74 Kd protein. These GlcNac
residues represent a single GlcNac residue attached to the
protein via an O-linkage (60). Nuclei and the soluble
fraction of rat liver cells are particularly enriched with
proteins bearing this novel linkage although virtually all

organelles tested demonstrated the presence of proper
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acceptor proteins (54).

Eucaryotic ribosomes have been reported to contain Con
A binding sites (53). The ribosomes used for this study were
free from plasma membrane contamination. Con A binding to
the ribosomes was saccharide specific, saturable, and
involved the 60S ribosomal subunit. When 3H-labeled
chicken liver ribosomes were fractionated on a Con A
Sepharose column a 31 Kd protein was eluted and it was
assumed to be the glycoprotein to which Con A was bound to
in the 60S ribosomal subunit.

Ricin, a toxin with B-galactoside binding ability, has
also been shown to bind to the rat liver 60S ribosomal
subunit in a lactose inhibitable manner (61). These data
indicate that ribosomes also contain a glycosylated
component.

A major endoplasmic reticulum protein (ERp99) has been
shown by sensitivity to Endo H ( a glycosidase specific for
high mannose oligosaccharides) to be a glycoprotein
primarily localized in the membranes of the rough ER (62)
and two glycoproteins identified by Pastan and coworkers
(63) have been localized by immunofluorescence and electron
microscopy on the lysosomal membranes. Whether the
carbohydrate of these proteins is exposed to the cytoplasm
or it is sequestered to the luminal side of these membranous
organelles is not, however, known.

From this brief discussion it should be apparent that

glycosylation of intracellular proteins, although not as
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extensively studied as that of cell surface and of secreted
proteins, is a rather common event. Whether the placement of
the carbohydrate moiety of these glycoproteins with respect
to’ the endogenous intracellular CBPs and whether the sugar
specificity of the CBPs make their interaction possible
remains to be seen. It seems likely though that since the
important components of carbohydrate binding systems have
now been discovered intracellularly (i.e. CBPs and

glycoproteins) it may not be long before their in vivo

interaction will be better understood.

An additional point should be made with respect to the
intracellular functions of CBPs. They do not necessarily
have to be carrying out their intracellular function
exclusively through their carbohydrate binding activity. The
fact that we recognize their carbohydrate binding property
does not mean that their in vivo ligands interact only
via the carbohydrate moeity. Some data to this point have
been obtained with respect to an extracellular CBP,
discoidin I. The cell-substratum association of slime molds
mediated by discoidin I is similar to the fibronectin-
mediated cell-substratum adhesion of vertebrate cells. This
similarity is suggested by the finding that discoidin 1
contains the amino acid sequence arg-gly-asp (64) shared by
fibonectin and implicated in its binding to the cell surface
of fibroblasts. Synthetic peptides containing the above
sequence and adjacent amino acid residues of discoidin I

block attachment of aggregating (but not vegetative) D.
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discoideum to a plastic substratum and block the streaming
of cells into aggregates (65). Therefore, the
cell-substratum adhesion and ordered cell migration depend
on the cell binding site of discoidin I which is distinct
from its carbohydrate binding site. Recently the receptor
for that site has also been isolated (66) and it has been
shown that univalent antibodies against the receptor block
cell aggregation. Therefore, it seems possible that CBPs may
carry more than one functional and/or regulatory domains

independent of the carbohydrate binding site.
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Cell Cycle and Proliferation Regulated Nuclear Proteins

In this last part of my literature review, I would like
to examine in more detail a number of nuclear (and possibly
also cytoplasmic) proteins which have attracted the
attention of cell biologists due to their apparent
regulation by the proliferative state of the cell and/or the
striking differences in their localization during the cell
cycle. The reason for this apparent diversion from the theme
of CBPs will become clear from the data that I will present

in Chapters III and IV of this thesis.

a) Cyclin or Proliferating Cell Nuclear antigen (PCNA)

During a search for differential polypeptide synthesis
throughout the cell cycle of HeLa cells, Bravo and Celis
identified a Mr 36000 acidic polypeptide whose synthesis
increased during the S phase of the cell (67). They
subsequently showed by two-dimensional gel electrophoresis
of karyoplasts and cytoplasts of labeled cells that this
polypeptide is localized predominantly in the nucleus, and
that its relative proportion decreases in parallel with a
decline in cell proliferation (68). Parallel to these
studies, Tan and coworkers discovered that the serum of a
small percentage of patients with the autoimmune disease
systemic lupus erythematosus (SLE) reacts with a nuclear
antigen of proliferating and transformed cells which they
named PCNA (69, 70). Because of the apparent association of

PCNA with proliferation they sought to examine in more
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detail its relationship with respect to DNA synthesis in
synchronized lymphocyte polulations. They made the striking
observation that PCNA appears in the nucleoli of stimulated
cells preceding the onset of DNA synthesis showing a maximum
accumulation early in S phase. After that, the number of
cells showing nucleolar staining decreased (70). These
observations raised the possibility that PCNA may play some
regulatory role in DNA replication.

Closer examination of cyclin and PCNA by
immunoprecipitation, peptide mapping, and two-dimensional
electrophoresis revealed that the two proteins are in fact
identical (71). Therefore, I will use these names
interchangeably or as cyclin/PCNA.

Cyclin has become the subject of some elegant
immunofluorescent studies from which it has been determined
that the cyclin distribution in the nucleus follows a well
defined pattern during the S phase (72, 73, 74).,and it has
been proposed that these patterns can be used as markers for
the finer subdivision of S phase (72). Early in S phase,
cyclin is localized throughout the nucleoplasm with the
exception of the nucleoli. A similar, but stronger, staining
pattern is observed as the cells progress through the S
phase. At a later stage, before maximum DNA synthesis ,
cyclin redistributes to reveal a punctated pattern with
foci of staining throughout the nucleus. A major
redistribution follows during which the protein is detected

in the nucleoli. At this point DNA synthesis is at or near
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its maximum. The pattern then becomes punctated and
decreases in intensity. In addition, it is now known that
although changes in the nuclear distribution of cyclin
depend on DNA replication its synthesis does not (73). Bravo
and Macdonald Bravo have used hydroxyurea (an inhibitor of

the cell cycle transition from G, to S ) to arrest cells

1
at the GI/S boundary. Although the increased synthesis of
cyclin, which is normally seen during the S phase, was not
affected by such a treatment, the sequential redistribution
of cyclin to the nucleolus was inhibited until hydroxyurea
was removed from the media.

These properties of cyclin/PCNA make it an attractive

candidate for studying the regulatory components involved in

the initiation of DNA replication and growth regulation.

b) Statin

A Mr 57,000 protein uniquely present in non-
proliferating cells and senescent human fibroblasts has been
recently identified using a monoclonal antibody (75). This
antibody stains the nuclei of the nonproliferating cells
present predominantly in the senescent cultures of human
fibroblasts, whereas no reaction was observed in the
cultures of the same cells during early passage.
Immunoelectron microscopy localized the protein at the
nucleoplasm as well as the nuclear envelope. Furthermore, it

was determined that statin could be induced in young
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proliferating fibroblasts if the cells were arrested at
GO/Gl by growing them to confluency. The expression of
statin could be rapidly turned off once the restriction of
cell replication at GO/G1 was removed by passing the
confluent cultures to lower density or by wounding the
monolayer, thus allowing the cells to replicate in order to
heal the wound (76).

It is interesting to note that, during the cell cycle,
the expression of statin is inversely related to that of
cyclin. Most likely, statin represents a counterpart of

cyclin in the nonproliferating cells.

c) Perichromin

Another nuclear antigen, defined originally by its
reaction with an SLE patient serum, is a Mr 33,000 protein
called perichromin (77). By immunofluorescence microscopy,
it has been shown that perichromin is associated with the
nuclear envelope at interphase, and is localized on the
periphery of the chromosomes at metaphase. There are also
intermediate stages in the redistribution of this antigen as
it moves from association with the nuclear envelope to
localization on the independent chromosomes. Perichromin is
a highly conserved protein across different species, and its
spatial localization during the cell cycle suggests that it
may have a role in the organization of the chromosome in

both metaphase and interphase.
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d) Oncogene Products

There are several other gene products whose expression
has been known to be cell cycle dependent. Such genes
include the oncogenes c-myc (78), c-fos (79, 80), and c-ras
(81, 82, 83); the gene encoding the cellular tumor antigen
p53 (84); genes isolated as cDNA clones on the basis of
their cell cycle dependent expression (85, 86); and genes
coding for well-characterized cellular proteins, such as
ornithine decarboxylase (87), B-actin (88, 81), thymidine
kinase (89), and histones (90). The detailed examination of
all these proteins is out of the scope of this review and
therefore I would like to conclude by briefly mentioning two

of the products from the oncogene family.
1) c~-fos

Growth factors can act as either 'competence factors'
or progression factors' (91). If fibroblasts are exposed to
a 'competence' factor (e.g. platelet-derived growth factor,
PDGF) for a short time, the cells become competent for
growth in that upon subsequent treatment with a progression
factor (e.g. platelet-poor plasma, PPP) they proceed through
G1 and reach the S-phase. Treatment of non-competent cells
with PPP alone has no detectable effect on the growth state
of the cells.

Among the earliest known nuclear events following
stimulation of quiescent fibroblasts by peptide growth

factors is the transient induction of c-fos and c-myc
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proto-oncogenes (81, 79). This observation has led to the
hypothesis that the c-fos and c-myc gene products may play a
role in the control of cell proliferation.

The c-fos gene product (a protein localized by
immunofluorescence to the nucleus) is induced only by
competence factors, but not by the progression factors (92).
This observation suggests that the induction of c-fos may
play a role in conferring competence to the cells but may
not be necessary for the maintenance of the competent state.
Additional observations suggest that cells at different
stages of the cell cycle (except for mitosis) are as
sensitive to c-fos induction by growth factors as quiescent
cells (93). However, with the simultaneous induction of
c-myc and other as yet unidentified products, c-fos may

to the G,.

contribute to remove the cells from the G0 1

2) ps3

Another protein that has been suggested to be involved
in the regulation of the mammalian cell cycle is a protein
with Mr 53,000 that has been identified in mouse cells
transformed by viruses, chemicals or x-ray irradiation (94,
95). Milner and Milner (96) have reported that p53 is not

synthesized in nondividing G, lymphocytes but is

0
synthesized in the same lymphocytes when they are stimulated
to proliferate by the addition of Con A. In addition,
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>