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Glycosylation of Nucleocytoplasmic
Proteins: Signal Transduction and O-GlcNAc

Lance Wells,* Keith Vosseller,* Gerald W. Hart}

The dynamic glycosylation of serine or threonine residues on nuclear and
cytosolic proteins by O-linked B-N-acetylglucosamine (O-GlcNAc) is
abundant in all multicellular eukaryotes. On several proteins, O-GlcNAc
and O-phosphate alternatively occupy the same or adjacent sites, leading
to the hypothesis that one function of this saccharide is to transiently
block phosphorylation. The diversity of proteins modified by O-GlcNAc
implies its importance in many basic cellular and disease processes. Here
we systematically examine the current data implicating O-GlcNAc as a
regulatory modification important to signal transduction cascades.

Cells respond to their environment through dy-
namic posttranslational modification of their
existing proteins. There are more than 20 post-
translational modifications that occur on eu-
karyotic proteins (/). Several of these modifi-
cations, with phosphorylation being the hall-
mark, participate in signal transduction. Gener-
ally, glycosylation is not thought to participate
directly in signaling. Complex N- and O-linked
glycosylation occurs on membrane-bound or
secreted proteins that are synthesized in the
endoplasmic reticulum and Golgi apparatus.
The lumenal or extracellular localization of
these glycans restricts their potential for dynam-
ic responsiveness to signals. In contrast, O-
GIcNAC is a simple monosaccharide modifica-
tion that is abundant on serine or threonine
residues of nucleocytoplasmic proteins (2, 3).
An O-GlcNAc site consensus motif has not yet
been identified. However, many attachment
sites are identical to those used by serine/thre-
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onine) kinases, and a neural network program
has been developed to predict O-GIcNAc
sites (4). Unlike phosphorylation, O-GIcNAc
modification of tyrosine residues has yet to
be observed. Many proteins have been iden-
tified that carry this modification, including
transcription factors, cytoskeletal proteins,
nuclear pore proteins, oncogene products,
and tumor suppressors (5—7). O-GlcNAc ap-
pears to modify a large number of nucleocy-
toplasmic proteins (Fig. 1). The attributes of
0O-GlcNAc, which are distinct from those of
complex carbohydrates, predict that it plays
an important role in signaling.

O-GlcNAc Meets the Requirements for
a Signal Transduction Modification

In order for a protein modification to play an
active role in signal transduction, it needs to
have certain key features. First, the modifica-
tion needs to be dynamic. For the proteins
that have been examined to date, the O-
GIcNAc half-life is much shorter than that of
the modified polypeptide chain (8). Second,
the removal or attachment of the modification
should be inducible by certain stimuli. O-
GlcNAc modification of certain proteins is
known to change in response to T cell acti-

vation, insulin signaling, glucose metabo-
lism, and cell cycle progression (6). Thus,
O-GIcNAc displays features essential for a
role in signal transduction.

Consistent with O-GIcNAc being dynamic
and inducible, regulated nucleocytoplasmic en-
zymes for the attachment [O-GlcNAc trans-
ferase (OGT)] and for the removal (O-GIcNA-
case) of the modification have been purified,
characterized, and cloned (9-12). The OGT
enzyme is modified by both O-GlcNAc and
tyrosine phosphorylation and has 11 protein-
protein interaction domains known as tetratri-
copeptide (TPR) repeats (/3). OGT specifically
interacts with a variety of other proteins. Be-
cause the transferase has a variety of binding
partners and is itself Viewpointposttranslation-
ally modified, OGT’s substrate specificity, lo-
calization, and/or activity are likely to be regu-
lated by signal transduction cascades. Further-
more, the activity of this enzyme is exquisitely
responsive to intracellular uridine 5’'-diphos-
phate (UDP)-GIcNAc and UDP concentra-
tions, which are in turn highly sensitive to
glucose concentrations and are known to fluc-
tuate in response to a number of stimuli (/4).
Disruption of OGT activity is lethal in mouse
embryonic stem cells, underscoring the impor-
tance of this modification (15). O-GlcNAcase,
which specifically catalyzes the removal of O-
GIcNAc from proteins, is a cytosolic neutral
B-N-acetylglucosaminidase, unlike the general
acidic lysosomal hexosaminidases. Both OGT
and O-GlcNAcase are highly conserved from
Caenorhabditis elegans to humans (9, 10, 12).
Regulation of O-GIcNAc levels by these two
enzymes may be analogous to the regulation of
phosphorylation by kinases and phosphatases.
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Potential Roles of O-GlcNAc Addition

Although O-GIcNAc meets all of the require-
ments of a signal transduction modification and
is apparently essential for life at the cellular
level, the clear functional consequences of this
modification are only beginning to be elucidat-
ed. Most signal-induced modifications affect a
protein’s ability to associate with other proteins
or affect its activity directly. In some recent
examples, O-GIcNAc is implicated in both con-
texts (Fig. 2). The ubiquitous transcription factor
Spl is extensively modified by O-GlcNAc (/6).
Spl becomes hyperglycosylated in response to
hyperglycemia or elevated glucosamine (/7).
Increased O-GlcNAc modification of Spl pre-
vents its degradation via the proteasome (/8).
Also, O-GIcNAc modification is able to inhibit
the interaction of an Spl peptide with TATA-
binding protein—associated factor (TAF110) or
holo-Sp1 (19). Finally, the glycosylation state of
Spl is highly correlated with its ability to trans-
activate genes important in diabetes (/7). Other
examples include the eukaryotic peptide chain
iniation factor 2 (elF-2)-associated 67-kD
polypeptide (p67) that upon deglycosylation is
degraded and no longer protects elF-2 from
phosphorylation (20). Phosphorylated eIF-2 is
then able to inhibit protein translation. O-
GlcNAc modification of the tumor suppressor
pS3 has been reported to increase its DNA
binding, presumably by disrupting an in-
tramolecular interactiong,2/). Modification
of estrogen receptor B bw O-GlcNAc ap-
pears to stabilize the protein while decreas-
ing its transactivation capability (22). Final-
ly, several proteins that are thought to be
involved in Alzheimer’s disease, including
tau, AP3, and the B-amyloid precursor pro-
tein, are modified by O-GlcNAc, and there
is some evidence that O-GIcNAc levels are
perturbed in this disease state (5). Thus,
O-GlcNAc is implicated in transcription,
translation, cancer, neuronal pathology, and
other biological processes.

O-GlcNAc and O-Phosphorylation

Several groups have documented an apparent
reciprocity between O-GlcNAc and O-phos-
phorylation (5, 7). This so-called “yin-yang”
relationship has been shown at both the global
cellular protein level and at specific sites on
particular proteins. For example, treatment of
cells with okadaic acid (a broad-spectrum
phosphatase inhibitor), phorbol esters (activa-
tor of protein kinase C), or adenosine 3',5'-
monophosphate (an activator of protein kinase
A) leads to global decreases in O-GIcNAc—
modified protein levels (23). Conversely, inhib-
itors of kinases, such as staurosporine, increase
the overall level of O-GlcNAc—modified pro-
teins. There are specific examples of a recip-
rocal relationship, in which the sites of gly-
cosylation and phosphorylation have been
mapped to the same residue, such as Ser'® on
estrogen receptor 3 (24). The multifunctional
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COOH-terminal domain (CTD) of RNA poly-
merase 1l is another example of reciprocity
(25). Phosphorylation of the CTD is required
for transcriptional elongation. Glycosylation
of CTD in vitro inhibits its phosphorylation
and vice versa (26). The protooncogene prod-
uct c-Myc is alternatively modified at Thr*®, a
known mutational hot spot in lymphomas, by
both O-GIcNAc and phosphate (27). Thus, a
given serine/threonine may exist in three
states: glycosylated, phosphorylated, or un-
modified. This raises the possibility of addi-
tional control of signaling beyond the binary
model (phosphorylation on/off) and compli-

cates the interpretation of functional analyses

of phosphorylation based solely on site-direct-
ed mutants, which prevent both modifications.

Putative Role of O-GlcNAc as a
Glucose Sensor

There is growing evidence of a link between
aberrant O-GlcNAc modification and diabe-
tes (/4). One of the hallmarks of type II
diabetes is the hyperglycemia associated with
an inability of insulin to trigger appropriate
glucose uptake (insulin resistance). Glucose
flux through the hexosamine pathway has been
linked to the onset of insulin resistance (28).
Concentrations of UDP-GIcNAc (the end prod-
uct of the hexosamine pathway) are highly sen-
sitive to ambient glucose levels (29). Because
OGT uses this donor sugar nucleotide in cata-
lyzing the attachment of O-GIcNAc to proteins,
increased levels of extracellular glucose and
glucosamine lead to elevated intracellular O-
GIcNAc modification of proteins in skeletal
muscle (30) and in pancreatic beta cells (37). In
the case of muscle cells, several postreceptor
insulin signaling events are dampened under
hyperglycemic conditions, and reduced insu-
lin receptor substrate (IRS) -1 and -2 signal-
ing are associated with their increased O-
GlcNAc modification and decreased phospho-
rylation (32). Thus, several groups have pro-
posed that hyperglycemia-induced O-GlcNAc
modifications perturb normal signaling events

Fig. 1. O-GlcNAc is an
abundant modification
of nucleocytoplasmic
proteins. Nucleocyto-
plasmic proteins from
HelaS3 cells were im-
munopurified with an
O-GlcNAc—specific an-
tibody (33) and strin-
gently washed, and the
O-GlcNAc—containing
proteins were specifi-
cally eluted with free
GlcNAc. The resulting
proteins were separat-
ed on two-dimension-
al gels and visualized
by silver staining. pl,
isoelectric point; MW,
molecular weight.

100--
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kDa
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required for insulin-mediated homeostasis
(Fig. 2).

Because O-GlcNAc levels on proteins ap-
pear to be sensitive to flux through the hex-
osamine biosynthetic pathway, a role as a gen-
eral sensor of energy (glucose) availability can
be hypothesized for O-GlcNAc. In this model,
the state and stoichiometry of O-GIcNAc mod-
ification are based largely on UDP-GIcNAc
availability and would represent a “set point”
reflecting the nutritional state of the cell. If
O-GIcNAc levels globally increased or de-
creased, there would be a profound effect on a
cell’s ability to respond to specific extracellular
stimuli. In this context, O-GIcNAc can be
viewed as an intracellular signal that generally
determines how a cell is poised to respond to
extracellular stimuli by blocking certain phos-
phorylation signaling events and/or through an
independent mechanism, such as the modula-
tion of protein-protein interactions.

Future Prospects

Many of the tools required for the study of
O-GIcNAc have only become available in the
past few years. The ability to overexpress, lo-
calize, and characterize OGT and O-GIcNAcase
should help us to better understand the function
of O-GlcNAc modification on proteins. Further-
more, an antibody that is specific for O-
GlcNAc-modified proteins is now available
(33), and O-GlcNAc site-specific antibodies for
particular proteins are being generated. Other
detection methods, including tandem mass spec-
trometry approaches (34), have only recently
been refined or are still under development.
Testing whether O-GIcNAc is serving as a
glucose sensor will be one of the primary chal-
lenges of the future. Determining how O-
GIcNAc fits into existing models of transcrip-
tion, translation, and signaling (Fig. 2), as well
as understanding the role of this modification in
disease states such as cancer, diabetes, and Alz-
heimer’s disease, will also be important. Deter-
mining the impact of glycosylation on protein-
protein interactions and whether O-GlcNAc,
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