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Unusual Modifications

Glycobiology is undergoing a revolution. Unparalleled
numbers of scientists are turning their focus to the study of
glycoconjugates in a myriad of biological processes. This
surge in interest in turn has brought remarkable results.
As can be seen from the reviews provided in this catalog,
glycoconjugates are proving to play key roles in many topics
at the cutting edge of research today.

One of the unexpected outcomes of this glycobiology
revolution is that carbohydrates are now being reported in
configurations that were never before described. Perhaps
even more surprising, glycoconjugates are also being identi-
fied in cell compartments previously thought to be devoid
of carbohydrates. The following review briefly lists some of
the more novel discoveries in glycobiology.

CARBOHYDRATES IN NEW LINKAGES

Glycosaminoglycans on N-linked Oligosaccharide
Cores

For many decades, glycosaminoglycans were thought to
be attached to proteins only in O-linkages, i.e. via serine and
threonine side chains. However, glycosaminoglycans have
now also been detected in N-linkage to asparagine side
chains on cell surface glycoproteins. A variety of mammalian
cell types bear significant quantities of N-linked chondroitin
sulfates, heparins and heparan sulfates(1-2). A 140 kDa glyco-
protein modified with both sulfated sialic acid and N-linked
heparin/heparan sulfates has also been described®.

N-Acetylgalactosamine * (sulfate, sialic acid) on
N-linked oligosaccharides

The N-linked oligosaccharides on serum and cell surface
glycoproteins have long been known to be terminated in
sialic acid, or more rarely with galactose and N-acetyl-
glucosamine. However, lutropin recently was shown to have
4-(SO4)N-acetylgalactosamine terminals on its N-linked
oligosaccharides(*9). Since this discovery, many other
glycoprotein hormones bearing oligosaccharides termi-
nated by N-acetylgalactosamine also have been found.
Interestingly, several of the N-acetylgalactosamine residues
on these hormones are further modified by the addition
of SO, or sialic acid. The glycosyltransferase and sulfo-
transferase catalyzing the addition of this modified
carbohydrate have also been characterized®. Sulfated
N-acetylgalactosamine does not appear to affect glyco-
protein hormone binding to a given hormone receptor,
but instead plays a major role in its serum half-life. A
hepatic reticuloendothelial cell receptor specific for sulfated
N-acetylgalactosamine mediates the rapid clearance of
glycoproteins bearing these terminals from the serum(®-19),
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O-linked Fucose and Glucose

Several authors have reported the discovery of fucose and
glucose moieties in O-linkage to glycoproteins that bear
certain EGF homology regions, for example epidermal
growth factor, tissue plasminogen activator, and coagulation
Factors VII, IX and XII(D. O-linked fucose is further
processed to a tetrasaccharide chain on Factor IX(12:13),
O-linked glucose also is further processed, undergoing the
addition of one or two xylose moieties(!¥). What functions
O-linked glucose and fucose oligosaccharides play are
unclear, although it has been reported that the removal of
O-linked glucose from Factor VII has little effect on the

known activities of this glycoprotein(1%):

Acid-labile N-acetylgalactosamine on N-linked
Oligosaccharides

The presence of mannose-6-PO, moieties on hydrolytic
enzymes targets the transport of these glycoproteins
to lysosomes by a well known receptor-mediated mecha-
nism{16). This targeting signal is created by first transferring
N-acetylglucosamine in a phosphodiester linkage to a man-
nose terminal on a lysosomal enzyme, and then subsequently
removing the N-acetylglucosamine to leave phosphorylated
mannose. Now, recent studies have hinted at the possibility
of an entirely new form of glycoprotein signaling. When
Golgi preparations are metabolically labeled with
UDP-[6-3H]-N-acetylgalactosamine, a large portion of
the radioactive N-acetylgalactosamine is incorporated into
acid-labile phosphodiester linkages('?). What functional role
these novel phosphodiester-linked N-acetylgalactosmine
residues might play is not known. However, it is likely to be
different from that of mannose-6-PO, addition since this
modification only occurs on oligomannose oligosaccha-
rides, while phosphodiester-linked N-acetylgalactosamine is
added to complex oligosaccharides(8).

Phosphoester-linked Glucose on Glycogen

Glycogen is well characterized as a highly branched, very
high molecular weight polymer of glucose. However, recent
reports have shown that glycogen’s structure is even more
complex than previously suspected. Studies have shown that
a cytoplasmic phosphotransferase catalyzes the addition of
glucose-1-PO, to the C-6 position of a glucose residue
in glycogen, resulting in a glucose phosphodiester(1%).
Subsequent removals of these terminal phosphoester-linked
glucose residues may leave glycogen with a significant
density of phosphate moieties along its backbone(®0),
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Carbohydrates are linked to proteins in a number of ways.

CARBOHYDRATES IN NEW PLACES

O-linked N-acetylglucosamine on Cytoplasmic and
Nucleoplasmic Proteins

A novel form of protein modification in which single
residues of N-acetylglucosamine were shown to be attached
in O-linkages to protein was first reported about ten years
ago@). Since then, O-linked N-acetylglucosamine has
been discovered on a wide variety of cytoplasmic and
nucleoplasmic proteins(??). While a function for O-linked
N-acetylglucosamine addition remains uncertain, current
evidence suggests that this form of protein modification
may play a regulatory role analogous to protein phosphory-

lation(23:24),

Tyrosine Glucosylation Initiates Glycogen Biosynthesis

For decades, glycogen was thought to be composed solely
of polymerized glucose; no protein was detected in cova-
lent attachment to this huge glycan. Now, recent studies
have demonstrated that glycogen is in fact a highly modi-
fied glycoprotein. Glycogen biosynthesis is initiated by the
addition of several glucose residues to the hydroxyl side
chain on Tyr-194 of glycogenin, a reaction catalyzed by
glycogenin itself?>-27) This oligosaccharide serves as a
primer for further elongation by glycogen synthase to
form glucose polymers of the much larger sizes classically
recognized as glycogen®®). The tyrosine glucosylation on
glycogenin is reversed by another novel mechanism.
Glycogen phosphorylase reacts with glucosylated glyco-
genin and phosphate to produce aglyco-glycogenin and
glucose-1-PO,9).

Glycoconjugates in the Mitochondria

Several reports have provided evidence to suggest that there
are endogenous glycoproteins in the mitochondria®?. In
addition, several enzymes necessary for the synthesis and
processing of the N-linked oligosaccharides have also been
localized to this organelle®!-33). No functional role has
been proposed for mitochondrial glycoproteins.

Glycosaminoglycans in the Nucleus

Heparins and heparan sulfates on cell surfaces and circulat-
ing in the serum have been the subject of tens of thousands
of reports over the past fifty years. However, about 8 years
ago it was shown that these glycosaminoglycans are also
found in the nucleus. Heparan sulfates are transported by an
as yet uncharacterized mechanism from the cell surface,
through the lipid bilayer, and into the nuclear compart-
ment(34-35) Unlike its extracellular and cell surface
counterparts, nuclear heparan sulfates are not protein-
linked and are highly enriched in 2-(SO,) glucuronic acids
moieties(3%). More recently, dermatan sulfates have also been
localized to the nucleus of mammalian cells©?). The func-
tion for these nuclear proteoglycans is not known, however
several reports have suggested the intriguing possibility that
these glycoconjugates are involved in the regulation of cell
growth. Nuclear heparan sulfate metabolism correlates with
the growth state of hepatoma cells®®). In addition, nuclear
heparan sulfates isolated from confluent cells inhibited the
growth rate of log phase cells, while extracts from log phase
cells shortened the doubling times of slowly growing
cells39).
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