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1. Introduction

O-GIcNAc, the modification of Ser and Thr residues
of nuclear and cytoplasmic proteins with O-linked
B-N-acetylglucosamine, is one of a growing number
of posttranslational modifications of proteins thought
to modulate the function/activity of proteins in cells.!
Three features suggest that O-GIcNAc plays an
analogous role to protein phosphorylation in cellular
regulation: (1) like phosphorylation, O-GIcNAc is
highly dynamic with rapid cycling in response to
cellular signals or cellular stages;>* (2) O-GIcNAc
occurs at sites on the protein backbone that are
similar to those modified by protein kinases;> " and
(3) O-GIcNAc is reciprocal with phosphorylation on
some well-studied proteins, such as RNA Pol 11,2
estrogen receptor-£3,%1° SV-40 large T-antigen,'* and
the c-Myc proto-oncogene product.*? Recently, per-
turbations in the regulation of O-GIcNAc have been
implicated in the etiology of type Il diabetes, cancer,
and neurodegenerative diseases.! We will review our
current understanding of the importance of the
unique carbohydrate modification O-GIcNAc, in regu-
lating functions within the cell.
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2. Background

In 1984, a significant body of indirect evidence
suggested the presence of nuclear and cytoplasmic
glycoproteins.’® Torres and Hart* observed cytoplas-
mic and nuclear radiolabeling of proteins, when
probing living lymphocytes with 5-p-1—4-galactosyl-
aminyl transferase (Gal-T). Gal-T recognizes terminal
N-acetylglucosamine (GIcNAc) residues and modifies
them by the addition of a single galactose (Gal)
residue via the phosphonucleotide donor uridine
diphosphate (UDP)-Gal.'® Further refinements of this
experiment led them to propose that the product
N-acetyllactosamine (5Gall—45GIcNAc), was the re-
sult of Gal-T recognizing and modifying a single
B-GIcNAc residue O-linked to Ser and Thr residues
(O-GIcNAc) of nuclear and cytoplasmic proteins.1®
This contradicted the then current dogma that the
addition of carbohydrates was restricted to the ER
and Golgi apparatus.

Many proteins modified by O-GIcNAc, from a wide
range of eukaryotes and tissues, have been detected.
These include cytoskeletal proteins,'” nuclear pore
proteins,'6'® chromatin associated proteins,’® RNA
polymerase Il (RNA Pol I1)® and its transcription
factors,?°~23 hnRNPs,?42?5 proto-oncogenes,*?2¢ tumor
suppressors,?” hormone receptors,?®-3° phosphatas-
es,®! and kinases.®?3 O-GIcNAc has now been identi-
fied in all eukaryotic organisms studied.>¢71334 How-
ever, direct evidence of O-GIcNAc-modified proteins
in simple eukaryotes remains speculative, as many
of these organisms also modify proteins with O-linked
o-GIcNAc. Unfortunately many of the techniques
used to detect O-GIcNAc do not discriminate between
a- and -GIcNAc residues® (Zachara, N. Unpublished
observations). As yet, there have been no reports of
O-GIcNAc in prokaryotes, although several other
carbohydrates have been found O-linked to Ser, Thr,
and Tyr residues.3®

3. O-GIcNAc: The Enzymes

Consistent with a regulatory role, enzymes for both
the addition (UDP-GIcNAc: polypeptide O-3-N-
acetylglucosaminyltransferases; OGT, EC 2.4.1.94,
G1:6006036) and removal of O-GIcNAc (O-5-N-acetyl-
glucosaminidase; O-GIcNAcase, EC 3.2.1.52, GlI:
13646137) have been cloned and characterized. OGT
was originally isolated and characterized from rat
liver cytoplasm.®”38 Cloning of the OGT gene indi-
cated that unlike prototypical glycosyltransferases
OGT was not a type 2 membrane protein.3*4° OGT
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is highly conserved, the human gene having 80%
homology to that of Caenorhabditis elegans.

Although there is evidence for multiple splice
variants of OGT, the major species appears to be a
110 kDa protein, which forms a homotrimer.53%40 A
78 kDa protein is sometimes observed in OGT
preparations, but it is believed that this is a pro-
teolytic fragment. The OGT protein can be broken
into two functional domains, a C-terminal catalytic
domain and an N-terminal domain containing 9—12
tetratricopeptide repeats (TPRs). The TPR domain,
commonly involved in protein—protein interactions,
is important for trimerization and stability of OGT#
and is required for enzymatic activity toward protein
substrates.®® Interestingly, the protein is both ty-
rosine phosphorylated and modified by O-GIcNAc.3%41
OGT is also regulated by UDP-GIcNAc, the protein
has multiple K, values for UDP-GIcNAc, and the
glycosylation efficiency toward different substrates
changes at different UDP-GIcNAc levels.*

Zachara and Hart

While many sites of O-GIcNAcylation have been
identified, there is no consensus concerning the motif
for the addition of O-GIcNACc.53%40 This led research-
ers to propose that there is more than one OGT, but
no other eukaryotic genes have thus far been identi-
fied. The lack of an agreed upon motif for the addition
of O-GIcNAc may be explained by the role of the TPR
domain in substrate recognition.®349-42 While many
different peptides are acceptors for GIcNAc* with
varying K, values, proteins are more efficient sub-
strates.334% Moreover, Comer and Hart*? have shown
that cooperativity between OGT subunits is required
for efficient glycosylation of the C-terminal domain
(CTD) of RNA polymerase Il (RNA Pol II).

O-GlcNAcase, 3-N-acetylglucosaminidase, or hex-
osaminidase C*4 was purified from the cytosol of
rat spleen® but was not successfully cloned until
recently.*64” This study identified a 130 kDa protein
from bovine brain, which had previously been identi-
fied as a putative hyaluronidase.*® However, it is
clear from the kinetic data that the protein prefers
O-GIcNACc as a substrate.*’

O-GlIcNAcase is expressed in all tissues and is
predominantly localized to the cytoplasm.*® O-GIcNA-
case is expressed as two splice variants, the full-
length protein (p130) and as a shorter protein (p75)
with a different C-terminal tail.*® The shorter of the
two variants (p75) appears to have a predominantly
nuclear distribution,*® but is not an active O-GIcNA-
case.*” O-GIcNAc has recently been characterized,
with a turnover rate of 1.1 s™! and a catalytic
efficiency of 1 x 103 M~ s7! toward p-nitrophenyl-
GIcNAc. The activity of the O-GIcNAcase suggests
that it is regulated. In support of this, Wells and co-
workers have shown that the protein is phosphory-
lated and purifies as part of a larger complex.*”
Future studies will elucidate the role of these pro-
teins in the regulation of O-GIcNAcase. The inhibi-
tion of O-GIcNAcase by O-(2-acetamido-2-deoxy-
D-glucopyranosylidene)amino-N-phenylcarbamate
(PUGNAC)*® rapidly increases O-GIcNAc levels in
cells, further demonstrating the dynamics of this
modification.

4. O-GlcNAc: Cellular Regulation

The modification of key cellular proteins, such as
transcription factors and tumor suppressors, by O-
GIcNAc has suggested its potential in cellular regula-
tion. However, the most compelling evidence for the
importance of O-GIcNAc to cellular regulation is
studies where the addition and removal of O-GIcNAc
have been blocked. Use of a Cre-Lox mutagenesis
system to delete the OGT gene from mouse germ cell
lines has indicated that OGT, and thus O-GIcNAc,
is required for embryonic stem cell viability and
mouse ontogeny. Interestingly, the gene for OGT
maps to Xql3, a locus commonly associated with
neurodegenerative diseases.>!

Researchers have also blocked the ability of cells
to add O-GIcNAc to proteins by altering the levels of
UDP-GIcNAc, the donor substrate for OGT, within
the cell by inhibiting components of the hexosamine
biosynthesis pathway. In one recent study, a gene
for glucosamine-6-phosphate acetyltransferase was
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knocked out.5? The authors showed that while levels
of GIcNAc in N-linked carbohydrates and GPI-
anchors remained unaffected, levels of O-GIcNAc
were reduced. The affect was lethal in mice, with
embryos dying at day 7.5. In cell culture, fibroblasts
without this gene exhibited reduced proliferation and
adhesiveness and, interestingly, reduced susceptibil-
ity to apoptotic stimuli.>?

Preventing the removal of O-GIcNAc from proteins
is also toxic to cells. Until recently the gene for
O-GIcNAcase had not been cloned, and to study the
effects of preventing the removal of O-GIcNAc re-
searchers have used Gal-T (see above). Two ap-
proaches have been taken, Gal-T has either been
expressed as a soluble cytosolic/nuclear protein or it
has been microinjected into cells.53%* Expression of
a soluble cytosolic/nuclear Gal-T resulted in cell
death.5® Microinjection into oocytes prevented their
exit from mitosis, as the cells were unable to form a
viable mitotic spindle.>* It should be noted that
toxicity may be due to the disruption of protein—
protein interactions, rather than blockage of the
removal of O-GIcNAc.

It has long been accepted that phosphorylation is
a key posttranslational modification, required for
balancing the activity of proteins within the cell.
These and other data discussed below argue that
O-GIcNAc plays a similar, perhaps competitive, role.

A. O-GIcNAc: A Modification Analogous to
Phosphorylation

Studies that have shown that O-GIcNAc was
dynamic, with rapid cycling in response to cellular
signals or cellular stages,>+5% led researchers to
propose that O-GIcNAc was a regulatory modification
like protein phosphorylation.

To investigate the possible roles of O-GIcNAc in
cellular regulation, Kearse and Hart® investigated
changes in O-GIcNAcylation in nuclear and cytoplas-
mic pools of proteins from lymphocytes before and
after activation with the T-cell mitogen Con-A. The
authors observed a decrease in cytoplasmic glycosy-
lation and a concomitant increase in nuclear glyco-
sylation. The authors suggested several explanations
for their observations: (1) O-GIcNAc was a transient
signal analogous to phosphorylation; (2) O-GIcNA-
cylated proteins were rapidly translocated to the
nucleus; and (3) proteins were rapidly degraded.
However, careful analysis of the data showed that
the changes in glycosylation were transient, return-
ing to basal levels within hours. Moreover, the
populations of proteins disappearing from the cyto-
plasm were largely distinct from those appearing in
the nucleus. Last, for a subset of proteins this affect
was independent of protein translation, suggesting
that O-GIcNAc was a signaling event. Supporting
this, other researchers have now shown that O-
GIcNAc turns over faster than the protein backbone
on cytokeratins and a-B-crystallin.?# Finally, muta-
tions in a putative OGT from Aribodopsis, called
Splindly, led to constitutive activation of the gibber-
ellin signaling pathway.*® This suggests a role for
O-GIcNAc in the regulating of proteins in this signal-
ing pathway.
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B. The Yin—Yang Hypothesis

Careful site-mapping of O-GlcNAc-modified pro-
teins showed that O-GIcNAc occurs at sites on the
protein backbone that are similar to those modified
by protein kinases.>>~7 Furthermore, O-GIcNAc is
reciprocal with phosphorylation on some well-studied
proteins, such as RNA Pol 11,8 estrogen receptor-3,°
SV-40 large T-antigen,** and the c-Myc proto-onco-
gene product.'?2® These data led to the development
of the “yin—yang” hypothesis, in which O-GIcNAc and
phosphorylation compete for the same site or region
on the polypeptide backbone. In support of this, only
a handful of proteins modified by O-GIcNAc are
modified by phosphate at the same time.5” In more
compelling studies, it was shown that prior glycosy-
lation prevents*? or reduces®® phosphorylation of a
peptide substrate in an in vitro kinase assay. The
study by Comer and Hart,*> which examined the
reciprocity between O-GIcNAc and O-phosphate on
the CTD of RNA Pol Il, went on to show that
phosphorylation of a similar substrate prevented
glycosylation by OGT.

A global relationship between O-GIcNAc and O-
phosphate has been demonstrated by comparing the
levels of O-GIcNAc and O-phosphate before and after
treatment with kinase and phosphatase inhibitors.
Treatment of cells with phosphatase inhibitors and
kinase activators leads to decreased levels of O-
GIcNAc within the cell.5®%° The converse is also
true: treatment of cells with kinase inhibitors in-
creases levels of O-GIcNAc.>® These data led to a
complex model of protein regulation where many
different posttranslationally modified forms of a
protein can exist (see Figure 1) and a series of
deglycosylation/phosphorylation and/or dephospho-
rylation/glycosylation events would be required to
alter the behavior of a protein. It has recently been
observed that OGT copurifies with an unknown Ser/
Thr phosphatase,®! which supports a model for some
proteins where phosphate is replaced with GIcNAc
via the same enzyme complex. Studies are currently
underway to determine if kinase activity associates
with O-GIcNAcase.

C. Regulating Proteins

Phosphorylation affects the activity of proteins
through a number of different mechanisms, one of
which is through the binding of phospho-specific
domains, such as SH2, SH3, and WW domains.®? As
of yet, no O-GIcNAc binding domain has been identi-
fied. Although, there are a number of proteins with
lectin-like activity that have been identified in both
the cytoplasm and nucleus.53"%7 The role of these
proteins in the action of O-GIcNAc has not been
determined.

Several studies have defined specific roles for
O-GIcNAc on specific proteins; these include: (1)
signaling nuclear transport,58-72 (2) regulating the
involvement of proteins in multimeric complexes,.74-76
(3) modulating the half-life and proteolytic processing
of proteins,®’” and (4) regulating protein activity, by
regulating the state of phosphorylation.89.11.12.59.60
More recently, it has been proposed that O-GIcNAc



434 Chemical Reviews, 2002, Vol. 102, No. 2

O-GlcNAc

Phosphoprotein Kinase( O-GleNAcase Glycoprotein

?

Naked-protein O-GleNAcase

Figure 1. The yin—yang hypothesis models O-GIcNAc
preventing phosphorylation and vice versa. This is achieved
by blocking the site of phosphorylation or modification of
an adjacent site. Differently modified proteins may perform
different functions or be regulated by swapping between
modification states. This can be achieved two ways: the
protein must be deglycosylated before phosphorylation can
occur, and the protein is dephosphorylated before glycosy-
lation. This could be achieved in a stepwise manner with
the enzymes uncomplexed or complexed. Alternatively,
O-GIcNAc may be important in kinase recognition and
phosphorylation important for OGT activity. This latter
mechanism would prefer glycosylation and phosphorylation
at adjacent sites.

may play a role in sensing glucose (Glc) and is
implicated in the etiology of type Il diabetes mellitus.

1. Nuclear Transport

Several researchers have proposed that O-GIcNAc
may play a role in nuclear transport. Much of the
focus has been on proteins of the nuclear pore
complex, which is highly enriched in O-GIcNAc.16:18.78
Early reports showed that the lectin wheat germ
agglutinin (WGA) blocked the energy dependent step
of nuclear transport, suggesting that O-GIcNAc played
arole in the transport process.” However, Miller and
Hanover? showed that capping O-GIcNAc on nuclear
pore proteins with Gal had NO affect on protein
transport. This indicates that the effect of WGA is
probably steric.

The nucleus represents one of the greatest concen-
trations of proteins modified by O-GIcNAc,* and
many O-GlIcNAcylated proteins shuttle from the
cytoplasm to the nucleus.®®"* This observation led
researchers to investigate whether O-GIcNAc was an
alternative nuclear localization sequence.?570-72.81-83
The earliest reports on RNA binding proteins showed
that tunicamycin, an inhibitor of N-linked glycosy-
lation, could inhibit nuclear uptake of the La-
antigen.?®> However, since N-glycans have not been
structurally documented in the nucleus, the signifi-
cance of these tunicamycin effects are unclear. The
La-antigen, hnRNP G,?* hnRNP A1, and SR proteins
(Zachara, N. E.; Hart, G. W. Unpublished observa-

Zachara and Hart

tions) are modified by O-GIcNAc. The latter proteins
are predominantly glycosylated in the cytoplasm,
alluding to the existence of either a glycosylation
dependent cytosolic retention mechanism or nuclear
transport signal.

This supposition is supported by the data of Mon-
signy and co-workers, which have shown that the
addition of carbohydrates, including GIcNAc, can
induce the nuclear transport of heterologous proteins
without NLS sequences.”®728 This “carbohydrate
dependent” transport is energy dependent but does
not require cytosolic factors required by typical
nuclear transport mechanisms (Duverger et al.”?).
However, currently there are no direct data with
native proteins that support these suppositions.

2. Regulating Protein—Protein Interactions

Many proteins modified by O-GIcNAc play key
roles in the organization and assembly of the cyto-
skeleton, including cytokeratins (8, 13, and 18),>™
neurofilaments (H, L, and M),%?% microtubule as-
sociated proteins (MAP 1, 2, 4),8* adenovirus fiber
proteins (types 2 and 5),%4% ankyring, talin,? vincu-
lin, Band 4.1,%5 crystallin,*®" synapsin 1,888 and
Tau.l”8% The observation that other O-GIcNAcylated
proteins are part of multimeric complexes led some
researchers to predict that O-GIcNAc might play a
role in protein—protein interactions. Early studies,
which localized O-GIcNAc to domains important for
protein—protein interaction for Sp1l (see below); ker-
atins 8, 13, and 18;57:9°91 neurofilament proteins (see
below);%2°2 adenovirus fiber proteins 2 and 5;°*% and
synapsin 158 promoted this hypothesis. However, for
many of these proteins, no clear role for O-GIcNAc
has been defined.

Neurofilament proteins are class 1V intermediate-
filament proteins and are the most abundant struc-
tural components of myelinated axons. The proteins
are characterized by a 310 amino acid a-helical rod
domain, which separates the head domain from the
variable length tail domain. The a-helical rod domain
is essential for normal filament assembly, while the
tail and head domains are required for other protein—
protein interactions. Phosphorylation of the head
domains induces depolymerization of intermediate
filaments and prevents filament assembly. Dong and
co-workers were able to show that three neurofila-
ment proteins (H, L, and M) were modified by
O-GIcNAc.® The sites of glycosylation were mapped
primarily to the head domain.%® Deletion analysis of
NF-L (AA 31—87) and NF-M (AA 75—126) resulted
in disruption of filament formation.%6-°7

3. Regulation of Protein Degradation

The level of many key cellular proteins is controlled
both by the rate of synthesis and the rate of degrada-
tion. One mechanisms that targets proteins for rapid
degradation are PEST sequences, or regions enriched
in Pro (P), Glu (E), Ser (S), and Thr (T) residues.””-%
While some PEST sequences are constitutive, many
require activation by mechanisms such as phospho-
rylation. Many researches have shown that protein
sequences modified by O-GIcNAc have high PEST
scores (http://www.at.embnet.org/embnet/tools/bio/
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PESTfind/form.htm). It has been proposed that gly-
cosylation prevents phosphorylation and thus neu-
tralizes the affects of PEST sequences.®

When the a-subunit of eukaryotic initiation fac-
tion-2 (elF2) is phosphorylated, elF2B is sequestered
and ternary complex formation is inhibited, prevent-
ing protein translation. p67 is a cellular glycoprotein
that regulates the activity of the elF2, by preventing
phosphorylation of the o-subunit. Pretreatment of
p67 with WGA (a lectin that binds terminal GIcNAc
residues) prevented p67 inhibition of elF2 kinase.®®
In a subsequent study, it was shown that under
conditions of serum starvation or heme depletion, p67
was deglycosylated and rapidly degraded.'®® Degly-
cosylation was controlled by a latent deglycosylase,
which was activated upon starvation.'°* This leads
to a model where, under normal conditions, p67 is
glycosylated and associates with elF2a, preventing
phosphorylation by elF2 kinase and promoting pro-
tein synthesis. When cells are challenged by serum
starvation or heme depletion, p67 is deglycosylated
and degraded, effectively shutting off protein syn-
thesis.

Studies of the transcription factor Spl have also
shown glycosylation dependent affects on the rate of
protein degradation in a cell type dependent man-
ner.1%2 Here the authors modulated the stoichiometry
of O-GIcNAc on Spl by altering the nutritional state
of the cells using cAMP or 6-diazo-5-oxonorleucine
(DON), an inhibitor of the glucosamine (GIcN) bio-
synthesis pathway. Under such treatments, Spl
became hypoglycosylated and was more susceptible
to proteosome dependent degradation. The addition
of extracellular GIcN abrogated this effect.%? Only
mutagenesis will confirm the role of O-GIcNAc in the
degradation pathway.

Estrogen receptor o (ER-a) and  (ER-p) are
nuclear hormone receptors, that is, they act as
transcription factors upon binding of their ligands.
Both are modified by either O-phosphate or O-
GlcNAc, predominantly on sequences with high PEST
scores.»10.2830 njtial studies found no difference in
the ability of the glycosylated and nonglycosylated
proteins to bind DNA or transactivate gene expres-
sion.®2830 The role of O-GIcNAcylation on ER-3
protein degradation was also examined. The major
site of glycosylation (Ser16)° was mutated (Ser15 >
Ala, Serl6 > Ala and Thrl7 > Val) and the rate of
degradation was compared to wild-type ER-$ and a
mutant that would mimic constitutive phosphoryla-
tion (Serl5 > Ala, Serl6 > Asp, Thrl7 > Val).l° As
expected, the Serl6é > Asp mutant had the fastest
turnover rate, while the Ser16 > Ala mutant had the
slowest turnover rate. These data suggest that O-
GIcNAc prevents degradation.1©

4. Regulating Protein Activity

O-GIcNACc has been detected on every transcription
factor examined to date.?® Spl, a general transcrip-
tion factor, is modified by an average of 8 mol of
O-GIcNAc/mol of protein. To investigate the function
of O-GIcNAc on Spl the authors used protein purified
from either HelLa cells or expressed in Escherichia
coli in an in vitro transcription system. Using HeLa-
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purified Spl, the authors were able to show a
reduction (~3-fold) in transcriptional activation when
the lectin WGA was added to the reaction. Subse-
guent studies showed that DNA binding was not
inhibited. Comparison of the transcriptional activa-
tion capabilities of the HeLa and E. coli expressed
proteins, showed that the HelLa Spl was 3—5-fold
more efficient that the unglycosylated E. coli pro-
tein.?® These studies do not correlate with those of
Roos and co-workers (see below), who have shown
that glycosylation of the Sp1 transactivation domain
inhibits protein—protein interactions key to trans-
activation.

Roos and co-workers have developed a system for
studying the affects of Spl O-GIcNAcylation on
protein—protein interactions.1%319%4 In an initial study
they determined that the Glu-rich domain (AA 424—
542), which was known to be important for self-
association and binding to TAF 110, was glycosyla-
ted.1% The authors studied the affect of glycosylation
on protein—protein interactions using two different
systems. In one, the protein was produced in E. coli
and shown not to be glycosylated; in the other, the
mayjor site of glycosylation was mutated from a Ser/
Thr residue to an Ala residue. In both cases the
unglycosylated protein was able to self-associate and
associate with TAF 110.19%1%4 |n addition, both the
mutant and unglycoyslated protein were able to
transactivate a reporter system at higher levels than
the glycosylated protein.t% The authors propose that
the glycosylation status of Sp1l is required to prevent
premature protein—protein interactions of Spl.

Many of the differences between these two studies
could be explained by the different sources of pro-
teins. However, it would be interesting to see if WGA
affects the model system developed by Kudlow and
others!31%4 in a manner similar to that observed by
Jackson and Tjian. It is possible that the different
conclusions formed by these two groups could be
explained by a model in which glyco-Sp1 binds DNA
and is then deglycosylated, phosphorylated, and
transactivates gene transcription. In this model, the
addition of WGA would not prevent DNA binding and
would reduce the efficiency of O-GIcNAc removal and
thus the transactivation efficiency.

5. Misregulation of O-GIcNAc

A. O-GIcNAc and Diabetes

Recently, researchers have shown that the levels
of O-GIcNAc change in response to extracellular
levels of Glc and GIcN.41105-108 This may reflect the
change in substrate specificity of OGT at different
levels of UDP-GIcNACc.*! It has been proposed that
this is a general response to increased flux through
the hexosamine biosynthetic pathway and that the
modification of proteins with O-GIcNAc is a nutri-
tional sensor.”3341109 This is an attractive hypothesis,
as different mechanisms could result in both positive
and negative affects on protein activity and expres-
sion. Noteably, changes in the extracellular GIcN
levels both increase and decrease protein expression
in smooth muscle cells (RASM).110

Insulin resistance, the hall mark of type Il dia-
betes, can be induced in animals by prolonged
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exposure to elevated levels of Glc or GIcN.'%112 The
role of O-GIcNAc in the development of insulin
resistance is unclear, though some preliminary stud-
ies indicate that the modification of proteins with
O-GIcNAc may play a key role in signaling Glc
uptake by adipose and muscle tissue and in the
release of insulin in fS-cells. Several studies have
shown that elevated levels of GIcN and insulin lead
to elevated levels of O-GIcNAc in tissues,'*® which
has been implicated in the altered expression of
proteins within the cell.*1° Hyper-O-GlcNAcylation of
proteins may alter the balance between O-GIcNAc
and O-phosphate in the insulin signaling cascade,
thus preventing insulin-induced phosphorylation sig-
nals, triggering increased Glc disposal.

Several studies have indicated that cells of the
pancreas have elevated levels of key enzymes re-
quired for the addition and removal of O-GIcNAc.
Treatment of animals with the O-GIcNAc analogue
streptozotocin (STZ), a weak inhibitor of O-GIcNA-
case, results in death of pancreatic j3-cells.106.107.114
While several groups were able to show elevated
levels of O-GIcNAc under these conditions, STZ also
causes apoptosis though poly(ADP-ribose) poylm-
erase-mediated mechanisms.*> Supporting a role for
O-GIcNAc in insulin signaling, one recent report has
shown that the insulin-promoting factor (PDX-1, IPF-
1) is modified by O-GIcNAc. In a g-cell line, hyper-
glycemia concomitantly increases O-GIcNAc levels on
proteins and increases insulin secretion.'® In adipo-
cytes, increased levels of GIcN appear to inhibit the
transport of Glut4 vesicles from the cytoskeleton to
the plasma membrane.'” Hyperglycemia correlates
with decreased phosphorylation and increased gly-

cosylation of the insulin receptor substrates 1 and
2_118

B. O-GIcNAc and Neurodegenerative Diseases

Many proteins of the neuronal cytoskeleton are
modified by O-GIcNAc,*” and of particular interest
are the S-amyloid precursor protein'® and Tau.® The
role of O-GIcNAc in the development of Alzheimer’s
is unclear. Several reports have shown that Glc
metabolism is impaired in Alzheimer’s brains. This
leads to an attractive model, where decreased Glc
metabolism leads to lower levels of UDP-GIcNAc and
thus decreased O-GIcNAcylation. As a result, in-
creased phosphorylation and misregulation of pro-
teins such as Tau would result from exposure of
cryptic phosphorylation sites. Hyperphosphorylation
of Tau, in neurofibrillary tangles, is well-documented,
supporting this hypothesis. However, the complexity
of the relationship between phosphorylation and
O-GIcNAcylation is highlighted by studies that in-
dicate increased levels of O-GIcNAc in some subcel-
lular fractions of Alzheimer brains.'?° Interestingly,
both OGT?! and O-GlcNAcase map*® to chromosomal
locations linked to the development of neurodegen-
erative diseases.”1?1:122

6. Perspectives

The study of the function of O-GIcNAc has been
challenging. In part this is due to rapid cycling of the
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modification, similarity between glycosylation and
phosphorylation sites, and a lack of sensitive detec-
tion methods. Until recently, the methods for detec-
tion of the O-GIcNAc modifications have been limited
to lectins, antibodies, and Gal-T, which lack specific-
ity and/or sensitivity. Recently, Comer and co-work-
ers have characterized a monoclonal antibody, raised
against the C-terminal domain of RNA Pol Il, that
appears to be specific for O-GIcNAc with little
requirement for the protein backbone.’?® This anti-
body will allow the global detection and immunopu-
rification of proteins modified by O-GIcNAc. This, in
combination with new proteomic tools for the detec-
tion of O-GlcNAc-modified proteins,*?4125 will expe-
dite studies looking at the global changes in O-Glc-
NAcylation. Study of O-GlcNAc-modified proteins in
vitro will be aided by an improved glycopeptide
synthesis method,?® which can be combined with
nonhydrolyzable substrates'?” to investigate O-
GIcNAc dependent protein—protein interactions.

It is an exciting time in the field of glycobiology; a
combination of tools and knowledge are culminating
in a rapid expansion of our understanding of the roles
of protein glycosylation,*?® and the modification of
proteins with O-GIcNAc is no exception to this
generalization. A wealth of recent data from many
groups is contributing to our understanding of the
complex interplay between O-GIcNAc and phospho-
rylation in the regulation of cellular events.
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