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ABSTRACT A unique form of nucleoplasmic and cyto-
plasmic protein glycosylation, 0-linked GlcNAc, (O-GlcNAc) is
present on proteins ranging from those of yeast to man,
including many chromatin proteins, transcription factors, nu-
clear pore proteins, and certain types of cytoskeletal proteins.
In this report we have studied the effects of cellular activation
on O-GlcNAc-modified proteins, using T lymphocytes as a
model system. Results indicate that the apparent levels of
O-GlcNAc on many nuclear proteins increases rapidly after
lymphocyte activation, returning to control levels after a few
hours. In contrast, the apparent levels of O-GkcNAc on a
distinct population of cytosolic proteins decreases rapidly after
cellular activation and also returns to control levels after a few
hours. These data are consistent with the hypothesis that
O-GlcNAc is a regulatory modification and suggest that
O-GlcNAc modification may play an important role in the early
stages of T-lymphocyte activation.

A unique form of nucleoplasmic and cytoplasmic protein
glycosylation in which N-acetylglucosamine monosaccha-
rides are O-glycosidically linked to serine or threonine resi-
dues (O-GlcNAc) has been described in organisms including
viruses, yeast, protozoa, insects, frogs, rodents, and man but
not bacteria (for reviews, see refs. 1 and 2). O-GlcNAc-
modified proteins are enriched in nuclei (3) and nuclear pores
and are particularly dense in chromatin (4). Subsets of the
family of proteins compromising RNA polymerase II tran-
scription factors, but not RNA polymerase I or III transcrip-
tion factors, appear to be glycosylated by O-GlcNAc (5, 6).
One such glycosylated transcription factor, c-fos, is impor-
tant for the activation of the interleukin 2 gene, which
encodes a lymphokine critical to T-cell activation and com-
mitment (7).
Aside from the apparent role of O-GlcNAc-bearing nuclear

pore glycoproteins in nuclear transport (8-11) and the pos-
sible involvement of O-GlcNAc in enhancing the activities of
transcription factors (5), virtually nothing is known concern-
ing the functions of these monosaccharide moieties. It has
been suggested that O-GlcNAc might be required for the
proper assembly of multimeric protein complexes (12) or that
it might serve as a nuclear targeting signal (13) analogous to
the mannose 6-phosphate-mediated targeting of proteins into
lysosomes (14). Based upon the sequences surrounding sites
of attachment of O-GlcNAc on three proteins (15), it also has
been suggested that O-GlcNAc might reversibly block po-
tential phosphorylation sites on proteins (1, 12). The sites of
attachment of O-GlcNAc are similar to the phosphorylation
sites of several known serine/threonine kinases (for a review,
see ref. 16) and a recently described growth factor-sensitive
proline-directed serine/threonine kinase (17, 18). In addition,
the sites of attachment of O-GlcNAc are strikingly homolo-

gous to previously defined proline-acidic residue-(serine or
threonine) regions, which are believed to regulate proteolysis
of rapidly turning-over regulatory proteins (19).
To further evaluate the hypothesis that O-GlcNAc is a

regulatory modification, we have examined the effects of
cellular activation of murine T lymphocytes on O-GlcNAc-
modified proteins. We report here that short-term activation
of T lymphocytes results in rapidly decreased levels of
O-GlcNAc in cytosolic proteins and a concomitant increase
in the levels of O-GIcNAc-modified proteins in the nuclear-
enriched fractions of the cell. Kinetic analyses of these
changes indicate that they are transient, with individual
proteins being affected at different rates. These findings
suggest that O-GlcNAc addition/removal appears to be
highly regulated and may be an important step in the early
stages of T-cell activation.

MATERIALS AND METHODS
Mice. Mice (C57BL/6 strain) used in these studies were

from The Jackson Laboratory and were 6-12 weeks of age.
Breeding colonies were maintained on the premises.

Isolation of Splenic T Cells. Mice were sacrificed by cer-
vical dislocation, and spleens were removed and transferred
to sterile tissue culture tubes containing RPMI 1640 medium
(GIBCO) with 10% heat-inactivated fetal calfserum (GIBCO)
and 50 ,tM 2-mercaptoethanol. Single-cell suspensions were
prepared by homogenization in a Stomacher device (Tekmar,
Cincinnati). Cells were centrifuged (1200 rpm for 10 min), and
the resulting pellet was depleted of erythrocytes by centrif-
ugation over Histopaque (Sigma) or treatment with isotonic
17 mM Tris/14.4mM NH4CI (pH 7.2). Splenic T lymphocytes
were isolated by passage over nylon wool columns as de-
scribed (20).

Cell Lines. The T-cell hybridomas DO-11.0 and SK45.1
were provided by J. Kappler and P. Marrack (National
Jewish Center for Immunology and Respiratory Medicine,
Denver), and were maintained as described (21).

Reagents. Concanavalin A (Con A) was obtained from
Sigma and prepared fresh for each experiment. Phorbol
12-myristate 13-acetate (PMA; Sigma) was maintained as a
stock solution (1 mM) and stored at -20'C until use. The
calcium ionophore ionomycin (free acid) was purchased from
Calbiochem and kept frozen in dimethyl sulfoxide at 2 mg/ml
until use. Bovine milk galactosyltransferase (GalTase;
Sigma) was autogalactosylated prior to use in cell-labeling
experiments as described (22).

Activation Experiments. Splenic T cells were washed once
in fresh medium and resuspended at a final concentration of
5 x 106 cells per ml, and tubes were placed in a CO2 incubator
(5% C02/95% air) at 370C for the duration of the experiment.
Mitogen (Con A) was added to obtain a final concentration of

Abbreviations: O-GlcNAc, 0-linked N-Acetylglucosamine;
GalTase, bovine milk galactosyltransferase; Con A, concanavalin A;
CHX, cycloheximide; PMA, phorbol 12-myristate 13-acetate.
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4-5 tkg/ml. T-cell hybridomas were washed once in fresh
medium, and viable cells were separated via centrifugation
over Histopaque (Sigma). Cells were then washed twice in
fresh medium, resuspended at a final concentration of 5 x 106
cells per ml, and placed in a CO2 incubator as described
above. For cell stimulation, PMA was added with ionomycin
directly to cell suspensions to obtain final concentrations of
10 and 250 ng/ml, respectively, whereas Con A was added
alone to obtain a final concentration of 15 ug/ml. Experi-
ments were terminated by the addition of 10 vol of cold
medium, and cells were immediately centrifuged (1200 rpm
for 10 min at 40C). Cell pellets were washed and then
resuspended in RPMI 1640 10% fetal calf serum containing
digitonin at 100 .g/ml for splenic T cells and 500 tkg/ml for
hybridoma T cells, and the suspensions were incubated at
room temperature for 10 min to prepare cytosolic material
(23). The efficiency of permeabilization was determined by
the inability of the cells to exclude trypan blue (GIBCO).
After permeabilization, the cellular membrane fractions were
removed by centrifugation at 200 x g, and the soluble
released fraction was removed. In some experiments, the
remaining pellets were resuspended in buffer H (50 mM
Hepes/500 mM NaCl/2% Triton X-100/0.1% protease inhib-
itor cocktail/0.02% NaN3) and called "digitonin pellet ma-
terial." Samples were stored at -20°C until labeling.
Enzymatic Labeling Experiments. GalTase was used to

label O-GlcNAc-modified proteins with [3H]galactose as
described (3, 22). Reactions in the presence of GalTase were
initiated by the addition of radioactive nucleotide sugar (e.g.,
UDP-[3H]galactose), allowed to proceed for 90 min at 37°C,
and terminated by the addition of 10-20 ul of GalTase stop
buffer (10% SDS/10 mM EDTA).

Other Analytical Procedures. Densitometry was performed
on a Biomed Instruments (Fullerton, CA) Zeineh soft-laser
scanning densitometer. Nonequillibrium pH gradient elec-
trophoresis was performed as described (24), and SDS/
PAGE was performed as described by Laemmli (25).

RESULTS
Mitogenic Activation of T Lymphocytes Induces Rapid

Changes in the Levels of Cytosolic and Nuclear O-GIcNAc-
Modified Proteins. Purified murine splenic T lymphocytes
were incubated with various doses of the T-cell mitogen Con
A for 1 hr at 37°C and washed, and cytosolic fractions were
prepared by mild digitonin treatment (23). Cytosolic material
was enzymatically labeled with [3H]galactose by using UDP-
[3H]galactose and purified bovine milk GalTase under satu-
rating conditions of enzyme and donor substrate (unpub-
lished data and ref. 26). As expected (22), nearly all of the
[3H]galactose radioactive probe was located on protein-
bound O-GlcNAc monosaccharides, based upon resistance
to peptide N-glycosidase F, and was released as the disac-
charide Gal(31-4GlcNAcitol, upon alkali-induced (3-elimina-
tion (see the legend to Fig. 1). After only 1 hr of Con A
activation, the levels of O-GlcNAc in the cytosol of splenic
T cells decreased by nearly half (Fig. 1). The apparent level
of O-GlcNAc on most but not all (see asterisks Fig. 1)
cytosolic proteins was drastically reduced by short-term
cellular activation. Similar but more protein-specific results
were seen in the cytosolic fractions of Con A-activated
DO-11.10 (27) hybridoma cells (Fig. 2 Left). Coomassie
blue-detectable protein levels appeared to be unchanged by
this short-term activation, but the apparent levels of
O-GlcNAc associated with several proteins declined mark-
edly, while that on at least two cytosolic proteins (unfilled
arrowheads) increased. In contrast to the cytosol, the appar-
ent levels of O-GlcNAc on most glycoproteins in the nuclear-
enriched fractions (Fig. 2 Right) increased in response to
short-term activation. These types of studies have been
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FIG. 1. Effect of short-term cell activation on cytosolic
O-GlcNAc-modified proteins of splenic T lymphocytes. Splenic T
cells (5 x 106) were incubated with various amounts of Con A for 60
min at 370C in cell culture medium. Digitonin-released cytosolic
material was prepared as described and labeled with GalTase. Total
[3H]galactose incorporation corresponded to 270,700 cpm in medium
with no Con A stimulation, 152,840 cpm with Con A at 2 ,ug/ml, and
147,330 cpm with Con A at 5 ,ug/ml. GalTase alone showed 1950
cpm. Material was -92% resistant to digestion with peptide N-gly-
cosidase F and 94-95% sensitive to alkali-induced p-elimination
(unpublished data). Radiolabeled products were electrophoresed
through a SDS/10o PAGE gel, and the gel was dried and autoflu-
orographed. Asterisks indicate small molecular mass proteins that do
not appear to change after cell activation; mobilities of the standards
(shown in kDa) are as marked. Lanes: M, medium; 2, 2 ,ug of Con A;
5, 5 ,tg of Con A; GT, GalTase alone.

repeated several times with different activating agents and
both primary splenic T cells and the T-cell hybridomas,
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FIG. 2. Effect of short-term cell activation on O-GlcNAc-

modified proteins of DO-11.10 hybridoma T cells. DO-11.10 cells (5
x 106 cells) were incubated with Con A (15 ,ug/ml) for 60 min;
digitonin-released cytosolic material (Left) and digitonin pellet ma-
terial (Right) were prepared as described and labeled with GalTase.
Radiolabeled products were electrophoresed through a SDS/10%o
PAGE gel, and the gel was dried and autofluorographed. Mobilities
of molecular mass standards (shown in kDa) are as marked. *,
Decrease of O-GlcNAc-modified proteins following cell activation;
D, increase of O-GlcNAc-modified proteins following cell activation;
*, 75-kDa protein in the cytosolic fraction that appeared to increase
following activation. Lanes: C, Coomassie stain; A, autofluoro-
graph; S, densitometry scan of autofluorograph. Radiolabeled ma-
terial of the cytosolic and pellet fractions was 91% and 85% resistant
to digestion with protein N-glycosidase F, respectively, and 96%
sensitive (cytosolic fraction) and 91% sensitive (pellet) to alkali-
induced 8-elimination (unpublished data).
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DO-11.10 (27) and SK45.1 (28). While the specific effects on
each protein appear to be dependent on cell type and the
activator used, the overall effect of O-GlcNAc in each
subcellular fraction is similar in every case to that described
here.
Activation-Induced Changes in Levels of O-GlcNAc-

Modified Proteins Are Transient. To examine the kinetics of
activation-induced changes in O-GlcNAc-modified proteins,
T-cell hybridoma cells were activated by treating with PMA
and a calcium ionophore (29) for various lengths of time up
to 6 hr. Cell viability (measured by trypan blue exclusion) was
>95% in all groups (unpublished data). Subsequently, both
cytosolic and nuclear-enriched fractions were assayed for
O-GlcNAc-bearing proteins by the GalTase method. Even
though the Coomassie blue-detectable proteins did not
change over the time course of the experiment, activation
induced a rapid decrease in the apparent level of O-GlcNAc
on most cytosolic proteins and concomitantly caused a rapid
increase in the apparent levels ofthe saccharide on a different
set of proteins in the nuclear-enriched fractions (Figs. 3 and
4). Most interestingly, these activation-induced changes were
transient, showing a "wave-like" pattern over time.
The changes in O-GlcNAc on individual proteins fell into

several categories. In activated hybridoma cytosolic frac-
tions, the O-GIcNAc levels associated with most proteins
(except for a decrease in a major band at 210 kDa) did not
change substantially until after about 2 hr (Figs. 3A and 4A).
Also, as was seen in mitogen-activated cells, the levels of
O-GIcNAc associated with a cytosolic protein of 80 kDa
appeared to increase at short times after activation. Overall,
the apparent levels of O-GlcNAc on the majority of the
activated hybridoma cytosolic proteins reached their lowest
levels in about 3 hr after activation and appeared to increase
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FIG. 3. Activation-induced changes of O-GlcNAc-modified pro-
teins ofT cells appear to be transient in nature. DO-11.10 hybridoma
T cells (5 x 106) were incubated with PMA (10 ng/ml) and ionomycin
(250 ng/ml) for various times as indicated in hours above the lanes.
All groups were incubated in parallel for a total of 6 hr. Viability was
measured by trypan blue uptake at 6 hr and found to be >95% in all
groups.'Digitonin-released cytosolic material (A) and digitonin pellet
material (B) were prepared and labeled with GalTase as described
followed by SDS/PAGE. Lanes: C, Coomassie stain; A, autofluo-
rograph; S, densitometry scan of autofluorograph.
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FIG. 4. Specific O-GlcNAc-modified proteins in cytosolic and
nuclear-enriched fractions change at different rates. (A) Peaks cor-
responding to specific proteins in the cytosolic fractions shown in
Fig. 3A were cut out, weighed, and integrated by using a digital
balance; proteins were of 210 kDa (0), 150 kDa (e), 80 kDa (o), and
60 kDa (v). Values were normalized, and control (no stimulus)
groups were assigned a value of 1.0. (B) Same as A but with nuclear
enriched fraction proteins shown in Fig. 3B of 115 kDa (o), 55 kDa
(e), 45 kDa (n), and 32 kDa (i).

gradually thereafter. The activation-induced changes in
O-GIcNAc of the nuclear-enriched fractions were more strik-
ing, and the transient ("wave-like") aspect of the phenom-
enon was also more evident (Figs. 3B and 4B). Similar results
were obtained with SK45.1 (28) (unpublished data). Unfor-
tunately, we were unable to carry out these activation
experiments for longer incubation times (8-10 hr) because of
a marked loss in viability (unpublished data). Ashwell et al.
(30) have shown that the decrease in viability of hybridoma
T cells after cellular activation is due to a block in the G1/S
boundary of the cell cycle.
Two-Dimensional Gel Analyses Show That the Activation-

Induced Changes in O-GlcNAc-Modified Proteins Are Com-
plex and Protein Specific. To better examine the protein-
specific changes in O-GlcNAc-modified proteins as a result of
cellular activation, DO-11.10 hybridoma cells were activated
with PMA and ionomycin for various lengths of time, and the
total cellular O-GlcNAc-bearing proteins were analyzed by
two-dimensional gel electrophoresis. As seen previously,
activation rapidly induced pronounced changes in
O-GlcNAc-modified proteins (Fig. 5). These glycoproteins
appeared to fall into two major groups. Most of the
O-GlcNAc-bearing proteins were large (>80 kDa) and had
basic isoelectric points, while another smaller cluster ap-
peared to be of moderate size with acidic isoelectric points.
The apparent levels ofO-GIcNAc on some proteins appeared
first to decrease and then to return to normal after activation;
others appeared to do the reverse. For example, O-GlcNAc
associated with protein "a" (see Fig. 5; molecular mass, 100
kDa; pl, 4.3) rapidly decreased to its lowest level 4 hr after
activation and was restored to slightly above control levels by
5 hr. Similar changes were seen for other proteins (e.g., "g"
and "h" in Fig. 5). For some proteins, (e.g., "b" in Fig. 5;
molecular mass, 80 kDa; pl, =4.7), the apparent O-GlcNAc
levels increased after 1 hr and rapidly decreased 2-4 hr after
activation. Other proteins appeared to show a curious cyclic
pattern in their apparent levels of O-GlcNAc over the time
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FIG. 5. Two-dimensional gel analysis of activation-induced
changes of O-GlcNAc-modifled DO-11.10 T-cell proteins. DO-11.10
T cells (5 x 106) were cultured for 5 hr in the presence of PMA (10
ng/ml) and ionomycin (250 ng/ml) for the time period indicated.
Viability was assayed by trypan blue uptake and found to be >95%
in all groups (unpublished data). Digiton-released cytosolic and pellet
fractions were prepared as described, labeled separately with
GalTase, mixed together, and electrofocused by nonequilibrium pH
gradient electrophoresis (NEPHGE) in the first dimension (horizon-
tal) followed by SDS/PAGE (vertical). Proteins that show marked
changes are designated with arrowheads: *, decrease relative to zero
hour (no stimulus) groups; D, increase relative to zero hour.

course of these experiments (e.g., protein "c" in Fig. 5;
molecular mass, -68 kDa; pl, =4.2), whereas for a number
of different proteins, the apparent levels increased rapidly
after activation (e.g., "d," "e," "f," and "i" in Fig. 5).

Protein Synthesis Requirements of the Activation-Induced
Changes in O-GkcNAc-Modified Proteins Are Protein Specific.
To determine the involvement ofde novo protein synthesis in
the above changes, identical analyses as described in Fig. 5
were carried out, but cells were pretreated with cyclohexi-
mide (CHX) prior to activation. Controls labeled with
[35S]methionine showed that protein synthesis was blocked
>99%o (unpublished data). CHX did not effect the activation-
induced changes seen for some proteins (e.g., "c,""4g," and
"h" in Fig. 6), while it appeared to abrogate the changes in
others (e.g., "a," "d," "f," and "i"; compare Figs. 5 and 6).
As seen previously, a protein migrating at 75-80 kDa in-
creased slightly after activation and then decreased 2-4 hr
after stimulation (protein "b"; pl, =4.4). In CHX-treated
cells, this protein decreased dramatically at 1 hr and then
"reappeared" 2-5 hr after stimulation, presumably because
of (re)addition of O-GlcNAc (see Discussion). Similar results
were observed in CHX-treated splenic T cells (unpublished
data). Thus, inhibition of de novo protein synthesis affects
activation-induced changes in O-GlcNAc-bearing proteins;
however, the extent of this effect is highly protein specific,
suggesting that several cellular mechanisms are involved in
the regulation ofO-GlcNAc after cell stimulation (see below).

DISCUSSION
The data presented in this study show that the apparent levels
of O-GlcNAc on specific nuclear or cytoplasmic proteins
change both rapidly and transiently as the result of the
activation of lymphocytes by various stimuli. The apparent
levels of O-GlcNAc on many cytosolic proteins rapidly and
transiently decline as a result of lymphocyte activation by
mitogens and by phorbol esters. Possible explanations for
these findings are (i) O-GlcNAc is specifically removed by

FIG. 6. Effect of CHX on activation-induced changes of
O-GlcNAc-modified DO-11.10 T-cell proteins. DO-11.1O T cells (5 X
106) were incubated with CHX (50 ,uM) or medium (control groups)
for 45 min at 370C. At the end of this incubation period, cells were
cultured for an additional 5 hr in the presence ofPMA (10 ng/ml) and
ionomycin (250 ng/ml) for the time period indicated. CHX was
present throughout the experiment. Viability was assayed by trypan
blue uptake and found to be >95% in all groups (unpublished data).
Digitonin-released cytosolic and pellet fractions were analyzed as
described in Fig. 5. Changes in individual proteins are designated by
arrowheads: *, decrease relative to zero hour (no stimulus) groups;
>, increase relative to zero hour.

3-N-acetylglucosaminidase(s) stimulated by activation; (ii)
O-GlcNAc-bearing proteins are specifically proteolyzed, pos-
sibly by Pro-Glu-(Ser or Thr)-mediated proteolytic enzymes
(see below); (iii) O-GlcNAc is masked, perhaps by the addition
of another sugar by a regulated O-GlcNAc-specific glycosyl-
transferase; or (iv) O-GlcNAc proteins are rapidly translo-
cated from the cytoplasm to the nucleus upon activation.
The first hypothesis is exciting because it suggests a

possible relationship between removal of O-GlcNAc and
addition of phosphate. Several studies in different systems
have identified cytosolic f3-N-acetylglucosaminidase(s) that
are quite distinct from their lysosomal counterparts (31, 32);
however, these enzymes have not been well characterized
and their biological functions and methods of regulation are
not known.
The limited number of identified sites of O-GlcNAc addi-

tion are similar in sequence to sites recognized by several
Ser/Thr protein kinases (13, 16), suggesting a possible re-
ciprocal relationship between phosphorylation and
O-GlcNAc addition (3). Preliminary evidence indicates that
activation ofT cells results in the phosphorylation of several
proteins with identical electrophoretic behavior as
O-GlcNAc-modified proteins (unpublished data). However,
evaluation ofthis putative relationship must await analyses of
several pure proteins at individual glycosylation/phosphor-
ylation sites.

It is possible that cytosolic proteins containing O-GlcNAc
are specifically targeted for rapid degradation upon lympho-
cyte activation and subsequently are replenished by glyco-
sylation of preexisting unglycosylated molecules or replaced
by de novo synthesis. Rogers et al. (19) examined the
sequences of several proteins with intracellular half-lives of
less than 2 hr and noted that each contained one or more
regions rich in proline (P), glutamic acid (E) (and to a lesser
extent apartic acid), and serine (S) or Thr (T), referred to as
"PEST" domains in single-letter code. This motif is not only
similar to known sites of O-GlcNAc attachment, but syn-
thetic PEST peptides are good in vitro substrates for an
O-GlcNAc:protein-glycosyltransferase (33). Two of the mol-
ecules originally identified as rapidly degraded PEST pro-
teins have been shown subsequently to contain also

Proc. Natl. Acad. Sci. USA 88 (1991)
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O-GlcNAc in vivo-i.e., c-fos and c-jun (5). Attachment of
O-GlcNAc to PEST domains has the potential to either block
or target specific protease recognition. However, the obser-
vation that the O-GlcNAc on cytosolic proteins appears to
rapidly decrease and is restored to approximately control
levels over a few hours suggests that the majority of cytosolic
O-GlcNAc proteins are not simply being destroyed as a result
of activation but rather may be undergoing a cycle of
O-GlcNAc removal and addition. Interestingly, CHX has no
effect on this apparent "cycle" for several proteins, while
affecting both disappearance and reappearance for others.

Several lines of evidence indicate that cytosolic O-GlcNAc
residues are not masked by the covalent attachment of other
moieties during lymphocyte activation. First, when the ac-
tivation studies are carried out using metabolically incorpo-
rated [3H]glucosamine, the apparent disappearance and re-
appearance of O-GlcNAc was found to be similar to that
described with the galactosyltransferase probe (unpublished
data). Furthermore, analyses of the metabolically labeled
O-GlcNAc by alkali-induced (3-elimination followed by high-
resolution sizing of the released saccharides have repeatedly
shown that the O-GlcNAc in lymphocytes (unpublished data)
and other cell-types (R. S. Haltiwanger, G. D. Holt, and
G.W.H., unpublished data) exists almost entirely in the form
of monosaccharide residues. Recent careful analyses of the
topological localization of an endogenous galactosyltrans-
ferase that acts on O-GlcNAc in vitro have shown that all of
this enzyme is either lumenal or on the cell surface (34), and
thus it likely does not act on nucleoplasmic or cytosolic
O-GlcNAc in vivo.

It is also unlikely that the disappearance of cytosolic
O-GlcNAc could be explained by transport into the nuclear
compartment. A comparison of the O-GlcNAc-modified pro-
teins disappearing in the cytosol to those concomitantly in-
creasing in the nuclear fractions (Figs. 3 and 4) clearly shows
that the populations of O-GlcNAc-modified proteins are
largely distinct in each fraction. Also, two-dimensional gel
analyses of total cellular O-GlcNAc (Figs. 5 and 6) showed
increases and decreases in many O-GlcNAc-containing pro-
teins; if translocation from one intracellular compartment to
another were occurring, these changes would not have been
observed. An alternative explanation for these findings is that
O-GIcNAc-modified proteins are present in precursor forms in
the cytosol and attain their final molecular mass in the nucleus
after transport, thus accounting for the changes seen electro-
phoretically. The identification and characterization of indi-
vidual O-GlcNAc-containing proteins will allow us to address
these questions more specifically.

Unlike what is observed in the cytosol, lymphocyte activa-
tion induces a rapid and transient increase in the apparent
levels of O-GlcNAc on proteins in the nuclear-enriched frac-
tion. This suggests that either the total glycoproteins are
rapidly increasing in response to activation or that activation
stimulates transport of O-GIcNAc:protein glycosyltransferase
(33) to the nucleus. Alternatively, nucleoplasmic forms of this
enzyme may be activated following stimulation. As previously
observed for cytosolic O-GlcNAc proteins, CHX pretreat-
ment does not block the observed changes in several proteins
but does abrogate the transient increases seen in others.
Most O-GlcNAc-bearing proteins appear to be present in

small amounts, and those that have been identified appear to
be transcriptional regulatory factors, components of trans-
port systems, or mediators of cytoskeletal interactions. It
appears likely that if our hypothesis with respect to
O-GlcNAc's biological function is correct, then changes
similar to that described here must also occur in other
biological systems undergoing phenotypic changes. Prelimi-
nary studies suggest that variations in apparent levels of
O-GlcNAc on nuclear and cytoplasmic proteins occur during
progression of several different cell types through the cell

cycle (W. G. Kelly, K.P.K., and G.W.H., unpublished data).
Ultimately, careful analyses of individual proteins, measur-
ing site-specific stoichiometry in conjunction with quantita-
tive bioassays, will be required to evaluate critically the
functional significance of O-GlcNAc addition/removal on
particular proteins. The known importance of many identi-
fied O-GIcNAc-bearing proteins in cellular activation and the
data described in this report encourage further investigation
into the role(s) of this form of intracellular glycosylation in
fundamental cellular processes.
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