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The O-linked N-acetylglucosamine (O-GlcNAc) modification of proteins is dynamic and abundant in the
nucleus and cytosol. Several transcription factors, including Sp1, have been shown to contain this modification;
however, the functional role of O-GIcNAc in these proteins has not been determined. In this paper we describe
the use of the previously characterized glutamine-rich transactivation domain of Spl (B-c) as a model to
investigate the role of O-GIcNAc in Sp1’s transcriptionally relevant protein-to-protein interactions with the
TATA-binding-protein-associated factor (TAF110) and holo-Spl. When the model Spl peptide was overex-
pressed in primate cells, this 97-amino-acid domain of Sp1 was found to contain a dominant O-GlcNAc residue
at high stoichiometry, which allowed the mapping and mutagenesis of this glycosylation site. In vitro inter-
action studies between this segment of Sp1 and Drosophila TAF110 or holo-Spl indicate that the O-GlcNAc
modification functions to inhibit the largely hydrophobic interactions between these proteins. In HeLa cells,
the mutation at the mapped glycosylation site was permissive for transcriptional activation. We propose the
hypothesis that the removal of O-GIcNAc from an interaction domain can be a signal for protein association.
0-GlcNAc may thereby prevent untimely and ectopic interactions.

Many cytosolic and nuclear proteins (11, 13, 14, 16, 17) are
covalently modified by the addition of monomeric O-linked
N-acetylglucosamine (O-GIcNAc) groups. Furthermore, this
modification has been found to undergo dynamic changes,
often in a signal-dependent manner (21). Many proteins that
form multimeric complexes have been shown to be glycosy-
lated with O-GlcNAc (O-GlcNAcylated), and this modification
has been compared to phosphorylation (13) with respect to
controlling protein function. The aspects of proteins specu-
lated to be altered by modification with O-GlcNAc (O-GlcNAcy-
lation) include protein-protein interactions (13, 14, 17), pro-
tein stability (12, 29), and subcellular localization (29). The
observation that many transcription factors are O-GlcNAcy-
lated suggested that this modification may play a role in the
control of transcription (19). To date, there has not been any
direct evidence to implicate O-GlcNAcylation in any of these
roles.

We chose Spl as a model to better define the role of O-
GlcNAcylation. Spl is an ubiquitous transcription factor that
plays a particularly vital role in the regulation of transcription
from TATA-less promoters that commonly encode housekeep-
ing genes (25). It is a well-characterized protein composed of
778 amino acids. The amino-terminal portion of the molecule
contains two glutamine-rich domains, each of which is associ-
ated with serine-threonine-rich regions (20). These domains
are involved in transcriptional activation. The carboxy-terminal
region of the molecule contains the zinc-finger DNA-recogni-
tion domain. Sp1 is known to be phosphorylated upon binding
DNA (18), and each molecule of Sp1 is thought to bear at least
nine O-GIcNAc residues (19). More-detailed analysis of the
glutamine-rich activation domains indicates that they are in-
volved in both the homomultimerization of Sp1l (24) and the
interaction with TFIID (8, 15). By a yeast two-hybrid assay, a
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small region of Spl (amino acids 424 to 542, the B-c domain)
has been shown to interact with the TFIID protein TATA-
binding-protein-associated factor 110 (TAF110) (8), and by
using Drosophila cells, this same region of Sp1 has been shown
to be involved in self-association (24). Mutagenesis of the Sp1
B-c domain has indicated that the interaction between the B-c
domain and TAF110 involves the glutamine-rich hydrophobic
patch present in this domain (8) of Sp1 and conserved in other
transcription factor activation domains such as CREB (7) and
VP16 (acidic and hydrophobic) (5).

Like Sp1 (19), several transcription factors have been shown
to be O-GlcNAcylated. With the serum response factor (SRF)
(26) and c-Myc (1), where the sites of modification were de-
termined, modified residues were mapped to the transcrip-
tional activation domains of these proteins. These findings
raised the prospect that the O-GIcNAc modification alters the
ability of these factors to regulate transcription. Indeed,
indirect evidence from an in vitro transcription reaction
indicated that Spl-dependent transcription could be blocked
by the GIcNAc-binding lectin, wheat germ agglutinin (19). We
were further encouraged to pursue this hypothesis by the ob-
servation that the Spl B-c domain contains a sequence that is
homologous to the sequence surrounding the O-GlcNAcylation
site in the activation domain of SRF. The prior characteriza-
tion of the interaction of the Spl B-c domain with holo-Spl
and the coactivator, TAF110, provided the opportunity to ob-
tain more direct evidence as to whether these transcriptionally
relevant interactions involving the B-c domain could be altered
by the O-GlcNAc modification. To this end, we created a
model system based on the Sp1 B-c domain in which we could
determine if this domain is O-GlcNAcylated and in which we
could map and mutate the site(s) of glycosylation. By site-
directed mutagenesis or the use of different expression sys-
tems, we could alter the degree of glycosylation of this Spl
peptide and test the effect of this altered glycosylation on the
known protein-protein interactions in which Sp1 engages. Us-
ing this Sp1l model in an in vitro protein interaction assay, we
found that O-GlcNAcylation of a single serine residue, near
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the glutamine-rich hydrophobic patch contained in this Spl-
derived peptide, markedly diminished interactions with holo-
Spl and TAF110. This finding suggests that one function of
O-GIcNAcylation is to inhibit the otherwise strong hydropho-
bic interactions that occur between transcription factors. We
postulate that inhibition of these hydrophobic interactions
must occur to prevent untimely, ectopic, and nonspecific pro-
tein-protein interactions between transcription factors and
TAFs prior to their proper assembly on the cognate DNA
template.

MATERIALS AND METHODS

Materials. The following materials were obtained from the indicated suppli-
ers: a C,g high-performance liquid chromatography (HPLC) column (catalog no.
86-200-C5; Rainin, Milpitas, Calif.); glutathione-Sepharose (Pharmacia, Piscat-
away, N.J.); proline-specific endopeptidase (Seikagaku); acetonitrile (EM Sci-
ence, Gibbstown, N.J.); trifluoroacetic acid (TFA; Pierce, Rockford, IlL); a
manual Edman peptide sequencing kit (Millipore, Bedford, Mass.); UDP-[6-
*H]galactose (38 Ci/mmol; Amersham, Arlington Heights, Ill.); and thrombin,
GlIcNAc, and bovine milk galactosyltransferase (Sigma, St. Louis, Mo.). The
galactosyltransferase was pregalactosylated as described previously (33).

Cell culture. BSC40 cells were grown in Dulbecco modified Eagle medium
with 10% NCS (Gibco/BRL, Grand Island, N.Y.), 100 wg of penicillin/ml, and 50
wg of gentamicin/ml at 37°C in a humidified incubator with 7.5% CO,.

Expression of fusion proteins in vaccinia virus and Escherichia coli. The
cDNA for glutathione S-transferase (GST) was PCR amplified with Pharmacia’s
pGEX vector as a template such that it could be cloned into the pTM3 vector
(23) between the Ncol and EcoRI sites. The cDNA that encodes the 97 amino
acids (424 to 521) of Sp1 (SpE) was PCR amplified, sequenced, and cloned into
this GST-modified pTM3 vector. The serine residue in SpE corresponding to
serine 484 in Spl was converted to an alanine by site-directed mutagenesis to
generate the SpS peptide. Recombinant vaccinia viruses that allowed expression
of the GST-SpE and the GST-SpS fusion proteins were generated (23). The
GST-SpE fusion protein and GST were expressed in E. coli with the pGEX
vector and purified on glutathione-Sepharose according to Pharmacia’s pGEX
protocol.

Purification of SpE and SpS. After infection of BSC40 cells with recombinant
vaccinia virus for 36 h, an extract was prepared by freezing and thawing the cells
twice in extraction buffer containing 20 mM Tris (pH 7.5), 0.5 M NaCl, 0.5 M
GlcNAc, 0.5 mM EDTA, 0.5 mM MgCl,, 1 mM dithiothreitol, 0.2 mM phenyl-
methylsulfonyl fluoride, and 20% glycerol. The supernatant was collected after
centrifugation. Glutathione-Sepharose was added to the extract for 30 min. The
beads were collected and washed three times with the extraction buffer minus the
glycerol and GleNAc. GleNAc residues were labeled with [H]galactose as de-
scribed previously (33). The GST peptides were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie blue
staining. These peptides were at least 90% pure at this stage and were of the
predicted molecular weight. For HPLC purification of peptides, the affinity beads
were washed three times with a buffer containing 20 mM Tris (pH 7.5), 150 mM
NaCl, and 2.5 mM CaCl,. Then SpE or SpS was cleaved from GST with 4 U of
thrombin per mg of fusion protein.

RP-HPLC. Peptides were isolated by reverse-phase HPLC (RP-HPLC) on a
Beckman System Gold HPLC system equipped with a Rainin C;g column. Pep-
tides were bound to the column in aqueous 0.01% TFA and eluted with increas-
ing concentrations of acetonitrile as indicated in Fig. 3. Elution of peptides was
monitored by UV absorption at 214 nm, and the [*H]galactose-labeled glyco-
peptides were detected by liquid scintillation spectrometry of a small aliquot of
each fraction collected.

Chemical and enzymatic digestion of SpE. After thrombin digestion of the
fusion protein and HPLC purification of the SpE peptide, 100 pg of the peptide
was then cleaved with cyanogen bromide (CNBr) at 15 mg/ml in 0.01% TFA and
2 M guanidine HCI for 24 h at 25°C. After HPLC purification, 50 g of the
labeled CNBr-cleaved peptide was then digested with 0.2 U of a proline-specific
endopeptidase in a 50 mM Tris (pH 7.5) buffer for 2 h at 25°C.

Gas-phase sequencing and manual Edman degradation. The primary se-
quences of HPLC-purified peptides were determined by gas-phase automated
Edman degradation on a Beckman model PI 2090 peptide microsequencer
equipped with an on-line PTH amino acid analyzer. The site of glycosylation was
determined by manual Edman degradation with modifications as described by
Kelly et al. (22). In short, the peptide was immobilized on an aryl amine mem-
brane. Single amino acids were then removed by Edman degradation chemistry.
The released amino acid derivative from each cycle was then collected, dried,
neutralized, and assayed by scintillation spectrometry to determine the cycle at
which the [*H]galactose-labeled amino acid was released.

Mass spectroscopy of glycopeptides. The electrospray mass spectra of HPLC-
purified peptides were obtained on a Sciex (Concorde, Ontario, Canada) API-III
triple quadrapole mass spectrometer equipped with an atmospheric-pressure ion
source. The peptide sample was injected onto a capillary C,;3 RP-HPLC column
equilibrated in 0.1% formic acid and eluted into the mass spectrometer with
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acetonitrile at a flow rate of 4 wl/min. Positive-ion mass spectra were acquired at
an orifice potential of 70 V by scanning the first quadrapole (Q1) over a mass/
charge ratio (m/z) range of 160 to 2,000 at a rate of 6 s per scan. Data were
acquired and processed with Sciex API-MacSpec software, version 3.22.

Matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF)
mass spectroscopy of the Sp1 peptides was carried out on a Perspective Biosys-
tems (Framingham, Mass.) Voyager Elite MALDI-TOF mass spectometer. Sam-
ples were mixed with a saturated solution of a-cyano-4-hydroxy-cinnamic acid in
a water-acetonitrile (50:50) mixture acidified with 0.1% TFA. A 1-ul aliquot of
the sample was spotted onto the gold plate target. Tonization of the sample was
accomplished with a nitrogen laser operated at 337 nm. A delayed-extraction
method was used in the determination of molecular mass. Measurement of ion
flight times through the drift region of the mass spectrometer was carried out
with a Tektronix (Beaverton, Oreg.) model TDS784A oscilloscope. The instru-
ment was calibrated with external molecular weight standards.

In vitro protein interaction studies. Equal quantities of the GST fusion pro-
teins were immobilized on glutathione-Sepharose affinity beads and washed
extensively with the extraction buffer containing 0.05% Nonidet P-40 but no
glycerol or GlcNAc (binding buffer). The cDNA for Drosophila TAF110 was
kindly provided by R. Tjian (15). The cDNA for Sp1 was kindly provided by J.
Kadonaga. These cDNAs were placed in plasmids downstream of the T7 pro-
moter. The Promega TNT kit for wheat germ extract was used as directed by the
manufacturer to synthetically label Spl and TAF110 with [**S]methionine. The
35S-labeled Sp1 or TAF110 in 10 pl of the wheat germ lysate was added to 30 .l
of a 50% slurry of glutathione affinity beads to which equal amounts of GST or
GST fusion proteins (~1 pg) were bound. After a 2-h incubation at 4°C, the
beads were washed extensively with the binding buffer and then boiled in SDS-
PAGE sample buffer. The proteins bound to the beads were separated by
SDS-PAGE. The 3*S-labeled proteins that had bound to the beads were ob-
served by fluorography, while the unlabeled GST fusion proteins were observed
following Coomassie blue staining of the gel.

Transient transfection of HeLa cells. HeLa cells (7 X 10°) were used for each
transfection. Cells were trypsinized, washed two times with cold phosphate-
buffered saline, resuspended in 0.4 ml of Dulbecco modified Eagle medium plus
10% newborn calf serum. Twenty micrograms of a Gal4-dependent luciferase
reporter plasmid, 0.5 pg of an expression plasmid encoding the Gal4 fusion
proteins, and 20 pg of a cytomegalovirus B-galactosidase (30) plasmid were
added to the cells. The Gal4 expression plasmids contained the simian virus 40
promoter upstream of the cDNA encoding the first 94 amino acids of Gal4 fused
in frame to the cDNA encoding SpE or SpS. Cells were electroporated at 350 V
and 500 wF in a Gene Pulser (Bio-Rad, Richmond, Calif.) and plated at a density
of 10° cells per well onto six-well plates (Fisher Scientific, Atlanta, Ga.). Cells
were harvested and assayed for luciferase and B-galactosidase activities 24 h
posttransfection (30). The luciferase activity was normalized to the B-galactosi-
dase activity to control for variations in transfection efficiency. All transfections
were done in triplicate.

RESULTS

The Sp1 model peptide, SpE, is glycosylated. Previous char-
acterization of Sp1 (8, 24) indicated that the carboxy-terminal
region of the second transcriptional activation domain (Fig. 1),
the B-c domain, could confer protein-protein interactions with
both holo-Sp1 and TAF110. We also observed that this region
of Spl contains a sequence resembling the sequence in the
SRF transcriptional activation domain to which an O-GlcNAc
site was mapped (26). As shown in Fig. 1, 7 of 9 amino acids in
the SRF sequence match Spl. Therefore, a recombinant vac-
cinia virus that would direct the expression in primate cells of
a GST-SpE fusion protein (amino acids 424 to 521 of Spl)
containing most of the B-c domain was generated. The recom-
binant baculovirus system that expresses proteins in an insect
cell line has been used to identify O-GIcNAc sites in other
proteins (1, 26). The GST-SpE fusion protein was extracted
from a whole-cell lysate of recombinant vaccinia virus-infected
BSC40 (monkey kidney) cells under conditions that minimized
hexosaminidase activity (1) and partially purified by affinity
chromatography on glutathione-Sepharose beads. As shown in
Fig. 2, a thrombin cleavage site was engineered between GST
and SpE to allow the separation of the Sp1 peptide from GST.
GST-SpE, immobilized on glutathione-Sepharose beads, was
labeled at O-GlcNAc residues with tritiated galactose by using
galactosyltransferase (33). The labeled fusion protein (Fig. 2,
lane 1) was digested from GST with thrombin (lane 2) and
released into the supernatant (lane 3). These proteins were
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FIG. 1. Schematic diagram of Sp1 indicating the previously defined domains. The position of the SpE peptide is shown relative to that of Sp1. The amino acid
sequence surrounding the glycosylation site (*) of GST-SpE is shown. Also, the homologous sequence of SRF is shown with its site of glycosylation (*).

analyzed by SDS-PAGE and fluorography. The label was in-
corporated into the GST-SpE fusion protein and the 12-kDa
SpE released by thrombin, but the label was not incorporated
into the 26-kDa GST. GST expressed by itself was not labeled
with [*H]galactose (data not shown), indicating that it is not a
substrate for O-GIcNAc transferase in this system. Further-
more, no O-GlcNAc could be detected in the Spl peptide
corresponding to amino acids 1 to 81 when it was expressed as
a GST-fusion protein in the vaccinia virus system (data not
shown). Thus, the O-GlcNAc transferase in vaccinia virus-
infected primate cells appears to recognize the SpE moiety in
the fusion protein with specificity.

HPLC purification and characterization of SpE. In order to
use the O-GlcNAcylated SpE peptide as a model, the degree of
glycosylation and the site of glycosylation were determined.
The [’H]galactose-labeled SpE that had been digested from
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FIG. 2. The Spl peptide, SpE, contains GlcNAc. Vaccinia virus-expressed
GST-SpE, immobilized on glutathione-Sepharose beads, was labeled with
[*H]galactose by using galactosyltransferase (lane 1) and then treated with
thrombin (lanes 2 and 3). The proteins bound to the beads before (lane 1) and
after (lane 2) thrombin digestion, and the proteins released from the beads (lane
3) were separated by SDS-PAGE. The [*H]galactose ([*H]Gal)-labeled proteins
were observed by fluorography. Fluorography indicated that the galactose label
was attached to the SpE peptide (12 kDa) and not GST (26 kDa).

GST was purified by HPLC. The identity of the SpE peptide
was confirmed by MALDI-TOF mass spectroscopy (see below)
and electrospray mass spectrometry (ESMS). Two molecular
mass species were identified, one having a molecular mass
corresponding to the peptide backbone alone and the other
corresponding to the peptide plus 203 mass units. This extra
203 mass units is attributable to a single O-GIcNAc group
attached to the peptide. This observation implies that either
SpE has a single glycosylation site or it has two or more sites
that are modified in a mutually exclusive manner. No peptide
signal was detected with a mass corresponding to that of the
O-GIcNAc peptide plus a galactose, suggesting that the condi-
tions for galactose labeling resulted in markedly substoichio-
metric labeling. These data, and the low stoichiometry of
[*H]galactose labeling (data not shown), suggested that the
glycosylated SpE peptide is a poor substrate for galactosyl-
transferase.

To determine the amino acid(s) in SpE that is modified by
O-GIcNAc, 100 wg of the peptide was fragmented. Because the
purified SpE peptide was resistant to proteolysis and contained
two methionine residues, the peptide was cleaved with CNBr
in 0.01% TFA and 2 M guanidine HCI. The resulting peptides
were separated by HPLC and identified by ESMS. As shown in
Fig. 3, we generated predominantly four peptides whose mo-
lecular masses corresponded to those of the peptide sequences
labeled A, B, D, and E in the figure. The [*H]galactose-labeled
glycopeptide eluted in fractions 18 through 20 and had a mass
corresponding to that of peptide B (Fig. 3). No *H label was
associated with fractions that did not contain peptide B, and
ESMS failed to detect an O-GIcNAc mass associated with
peptides A and D. The identity of the labeled glycopeptide was
further confirmed by automated amino acid sequencing.

Because peptides generated by CNBr cleavage cannot be
covalently attached to the membrane used in manual Edman
degradation, approximately 50 pg of glycopeptide B was fur-
ther fragmented with 0.2 U of a proline-specific endopeptidase
to liberate free carboxy termini. After HPLC purification of
the *H-labeled glycopeptide, it was covalently linked to a mem-
brane and a single amino acid was released from the N termi-
nus of the peptide at each cycle of a manual Edman degrada-
tion reaction. The labeled peptide was also sequenced with an
automated sequencer. Figure 4 shows the amino acid sequence
of the peptide as determined by gas-phase sequencing as well
as the counts per minute released at each cycle of the manual
Edman degradation reaction. Greater than 90% of the *H
label on the peptide was released from the membrane on the
fourth cycle, indicating that the predominant galactose-labeled
O-GlcNAcylation site in SpE corresponds to serine 484 in
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FIG. 3. HPLC purification of the glycopeptides derived from SpE. The SpE peptide was labeled with [*H]galactose and purified by HPLC. The purified peptide
was solubilized in guanidine hydrochloride and fragmented with CNBr. The CNBr fragments were applied to a C,3 RP-HPLC column and eluted with increasing
concentrations of acetonitrile (the elution gradient is shown as a dotted line). Shown above the UV-absorbance profile are the predicted CNBr fragments of SpE,
labeled A through E. The eluted peptides were identified by ESMS and are indicated on the UV profile at the positions of the corresponding absorbance peaks.
One-milliliter fractions were collected, and the levels of radioactivity in these fractions were determined and are shown in the lower graph. Only fractions containing
peptide B contained *H, indicating that peptide B harbors the O-GlcNAc-modified residue. The arrow indicates the O-glycosylation site.

native Spl. Of note, the homologous serine in SRF that bears
the O-GIcNAc modification corresponds to serine 489 in Spl
(Fig. 1). Thus, it appears that Sp1 and SRF differ in the precise
serines recognized by the O-GlcNAc transferase. Nevertheless,
these modified sites are close to each other and both occur in
the transcriptional activation domain.

Characterization of the peptide mutated at the O-GlcNAc
site (SpS). The serine residue that was determined to be the
dominant site of O-GlcNAcylation in SpE was mutated to an
alanine residue by site-directed mutagenesis to generate a pep-
tide termed SpS. The GST-SpS fusion protein was generated in
parallel with GST-SpE with the vaccinia virus expression sys-
tem. Both the SpE and SpS peptides were purified by HPLC
and both were subjected to an amino acid analysis to deter-
mine the degrees of glycosylation of these peptides. No glu-

cosamine was detected in the SpS peptide. By contrast, SpE
contained 0.7 mol of glucosamine per mol of peptide.

These results were confirmed qualitatively by MALDI-TOF
mass spectroscopy and ESMS (Fig. 5). The MALDI analysis
(Fig. 5A) of SpE expressed in vaccinia virus revealed the pres-
ence of two major species having molecular masses of 11,916.3
and 12,118.4 atomic mass units, which differ by 202.1 atomic
mass units. This difference in mass is consistent with the pres-
ence of a single O-GIcNAc residue (203 mass units) on the
larger peptide. The same peptide expressed in E. coli had a
mass determined to be 11,915.5 atomic mass units. Based on
the known amino acid sequence of SpE, the predicted molec-
ular mass is 11,919.4 atomic mass units, in close agreement
with these determinations. This result indicates that the only
difference between the vaccinia virus- and bacterium-expressed
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FIG. 4. Manual Edman degradation was performed on the fragment of SpE
containing the [*H]galactose-labeled O-GlcNAc. The HPLC-purified peptide
was identified by automated N-terminal sequencing and ESMS. The [*H]galac-
tose-labeled SpE fragment was immobilized on a membrane disc, and the radio-
activity eluted from the membrane-bound peptide was determined for each
Edman cycle. The graph shows the radioactivity eluted at each cycle and the
corresponding amino acids, as determined by automated peptide sequencing of
the same peptide. The majority of the *H was recovered in cycle 4, corresponding
to serine 484 of Spl.

SpE peptides is the presence, in the vaccinia virus material, of
a peptide about 203 mass units larger than that in the bacterial
product. This result implies that the vaccinia virus SpE does
not contain any covalent modification, other than the addition
of O-GIcNAc, that would result in a molecular mass shift.
MALDI analysis of SpS expressed in vaccinia virus yielded a
molecular mass of 11,899.2 atomic mass units, which is appro-
priately 16 atomic mass units smaller than the mass of bacte-
rially expressed SpE, predicted to result from the serine-to-
alanine mutation. In all of the samples, a small peak
corresponding to an additional molecular mass of about 210
atomic mass units is evident. This species likely represents a
chemical adduct resulting from the interaction of the peptide
with the matrix used for MALDI analysis but may also repre-
sent the presence of a second, minor O-GlcNAc site.

To obtain further indication that the additional molecular
mass of SpE expressed in vaccinia virus results from the addi-
tion of O-GlcNAc, we made use of ESMS. During ESMS
analysis, ionization resulted in the release of a considerable
fraction of the O-GIcNAc from the glycosylated peptides.
Shown in Fig. 5B are the ESMS scans from 190 to 400 m/z of
these peptides. While a signal corresponding to the released
GlcNAc (204 mass units) was detected with SpE, no GIcNAc
signal was detected with the SpS. Thus, the 203-mass-unit
increase in the vaccinia virus SpE can be accounted for by a
single GIcNAc. Moreover, these results further support the
identity of the serine corresponding to Sp1 residue 484 as the
dominant site of O-GlcNAcylation of the SpE peptide, because
mutation of this site almost abolished glycosylation of the pep-
tide.

In vitro TAF110 and Spl protein association assays. The
Spl B-c domain has been shown to be involved in the homo-
multimerization of Sp1 (24) and in the interaction of Sp1 with
TAF110 (8). By varying the state of SpE O-GIcNAcylation, we
could study the effect of this modification on the ability of the
SpE peptide to associate with either holo-Spl or TAF110.
GST-SpE expressed in E. coli is not glycosylated nor is GST-
SpS when it is expressed in vaccinia virus, whereas at least 70%
of the GST-SpE molecules expressed in vaccinia virus are
O-GIcNAcylated. Equal quantities of these fusion proteins
were immobilized on glutathione-Sepharose beads and incu-
bated with Drosophila TAF110 or human Spl that had been
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expressed as **S-labeled proteins with a Promega TNT wheat
germ extract kit. Wheat germ lysate does not O-GlcNAcylate
proteins (31) and did not glycosylate the SpE expressed in E.
coli. On the other hand, rabbit reticulocyte lysate has been
shown to contain an O-GIcNAc transferase (31) and did gly-
cosylate SpE to an undetermined extent. This difference in
synthetic extracts was considered, because the interaction assay
required that GST-SpE be exposed to these extracts during the
binding studies, which possibly resulted in the glycosylation of
the GST-peptide to an indeterminate extent. The use of the
wheat germ system obviated this concern. The *S-labeled
holo-Sp1 or TAF110 contained in the TNT reaction was
incubated with the immobilized GST-peptides, allowing us
to directly compare the interactions with the variously O-Glc
NAcylated forms of SpE. As shown in Fig. 6A, essentially
equal quantities of the GST-fusion proteins were loaded onto
the glutathione beads. GST alone and the glycosylated form of
GST-SpE that had been expressed with vaccinia virus failed to
bind either holo-Sp1 (Fig. 6B) or TAF110 (Fig. 6C) signifi-
cantly. In contrast, the bacterially expressed unglycosylated
GST-SpE, whose amino acid sequence was identical to that of
the virally expressed GST-SpE, bound both Sp1 (Fig. 6B) and
TAF110 (Fig. 6C). Similarly, the unglycosylated mutant GST-
SpS, even though it was expressed in the vaccinia virus system,
bound Sp1 (Fig. 6B) to approximately the same extent as the
wild-type bacterially expressed peptide. Virally expressed
GST-SpS also bound TAF110 (Fig. 6C) to a significantly
greater extent than did virally expressed GST-SpE; however,
SpS was less effective at binding TAF110 than unglycosylated
SpE was. These results indicate that the mutation at the gly-
cosylation site, while blocking glycosylation, was largely per-
missive for protein interactions with both holo-Spl and
TAF110. That the unglycosylated wild-type and mutant model
peptides still interacted with Sp1 and TAF110 suggests that the
mutation at the glycosylation site did not significantly alter the
conformation of the protein compared to that of the wild-type,
unglycosylated form of SpE. These results indicate that O
glycosylation of the Spl model peptide corresponding to the
B-c activation domain prevents this glutamine-rich domain
from hydrophobic interaction with the glutamine-rich interac-
tion domains in TAF110 and Spl.

In vivo studies of the effect of the O-GIcNAc site mutation.
To determine if the mutation in SpS had an effect on tran-
scription in an intact cell, both SpE and SpS were fused to the
DNA-binding domain of Gal4 (amino acids 1 to 94). The
fusion proteins were transiently expressed in HeLa cells under
the control of the simian virus 40 promoter. The plasmids
carrying genes encoding these fusion proteins were cotrans-
fected into the cells with a luciferase reporter gene containing
five copies of the Gal4 binding site placed upstream of a min-
imal promoter (Fig. 7). Unfused Gal4 activated this reporter
minimally, while as reported before (8), Gal4-SpE was sixfold
more potent. Gal4-SpS activated reporter function in a manner
that was indistinguishable from that of SpE (Fig. 7). Gal4-SpE
(8) and Gal4-SpS also activated the Gal4-dependent reporter
similarly in Drosophila Schneider cells (data not shown), a cell
line that does not express endogenous Spl. Gal4-SpE, ex-
pressed with the vaccinia virus system, is glycosylated, as was
determined by the galactosyltransferase method (data not
shown), so we presume that the Gal4-SpE transiently ex-
pressed in HeLa cells is also O-GIcNAcylated.

DISCUSSION

The domain structure of the transcription factor Spl has
been well-defined (3, 4, 20, 24). Two transcriptional activation
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FIG. 5. Mass spectroscopic analysis of the SpE and SpS peptides. (A)
MALDI-TOF analysis of the SpE and SpS peptides. The peptides were ex-
pressed as GST fusion proteins either in the vaccinia virus system (V) or in E. coli
(B). The GST fusion proteins were affinity purified on glutathione-Sepharose
and then cleaved from GST with thrombin. The released peptides were analyzed
on a MALDI-TOF mass spectrometer. Indicated on the mass spectra are the
molecular masses of these proteins as determined against external molecular
weight standards. The predicted average molecular mass of unmodified SpE is
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domains have been mapped to the N-terminal region of the
molecule. These domains, termed the A and B domains, are
glutamine rich and flanked C terminally by serine-threonine-
rich regions. The B domain has been shown to confer two
properties on Spl. First, the B domain is involved in the ho-
momultimerization of Sp1, thereby allowing superactivation of
Spl-dependent transcription (24). Second, the B domain in-
teracts with TFIID through a protein whose homolog in Dro-
sophila melanogaster is TAF110 (8, 15). These interactions
appear to require hydrophobic residues in the glutamine-rich
region of the B domain (8). These well-defined structure-func-
tion relationships in Sp1 prompted us to create a model system
to test the role of O glycosylation in these transcriptionally
relevant protein-protein interactions. The need for this model
was dictated by this rather complex structure of Spl. Spl is
estimated to contain at least nine O-GIcNAc modification sites
(19) and is also phosphorylated. These modifications may sub-
serve different functions of Spl. We therefore confined our
studies to a well-circumscribed segment of Sp1, the B activa-
tion domain. When the B domain of Sp1 (SpE) was expressed
in primate cells with recombinant vaccinia virus, we found that
it was predominantly modified by a single O-GlcNAc residue at
a serine corresponding to serine 484 in holo-Spl. This site was
established both directly by sequencing the [*H]galactose-la-
beled peptide fragment that had been identified by mass spec-
troscopy and indirectly by mutating the modified serine residue
and showing that the SpE peptide could no longer be glycosy-
lated efficiently. This site of Sp1 O-GlcNAcylation was close to
a homologous site of glycosylation that had been mapped in
the activation domain of the SRF (26), compatible with a
similar role for O-GlcNAcylation in Spl and SRF transcrip-
tional activation. While O-GlcNAc sites have been mapped in
other proteins that had been expressed in similar systems (1,
26), we cannot definitively state that the site we mapped in this
peptide corresponds exactly to the site in the native protein.
Nevertheless, the site in SpE appears to have been glycosylated
with considerable specificity in that neither GST alone nor a
similar-size segment of Spl was glycosylated, SpS was ineffi-
ciently glycosylated, and SpE was glycosylated in this system
when it was expressed as a fusion partner with the DNA-
binding domain of Gal4. In any event, this mapping allowed us
to characterize and mutate the SpE peptide so that we could
use it as a model to determine the effect of O-GIcNAc on SpE’s
known protein interactions.

The observation that the B domain of Spl is O-GlcNAcy-
lated when it is expressed with vaccinia virus provided us the
opportunity to directly assess the effect of this O-GIcNAcyla-
tion in Spl-protein interactions. The interactions of SpE with
either holo-Sp1 or TAF110 were assessed by an in vitro protein
interaction assay. Similar assay systems have been used to
assess transcriptionally relevant interactions between other
proteins (10, 27), and results have been confirmed by in vivo
studies (28). The in vitro interaction conditions were optimized
to prevent nonspecific interactions between TAF110 or Spl
and the glutathione-Sepharose beads or unfused GST protein.

11,919.4 Da, that of unmodified SpS is 11,903.4 Da, and that of SpE modified
with a single O-GIcNAc is 12,122.4 Da. (B) ESMS analysis of SpE and SpS.
Wild-type SpE and the peptide containing a serine 484-to-alanine mutation
(SpS) were expressed as GST fusion proteins in the vaccinia virus system. The
peptides were cleaved from the GST and HPLC purified prior to ESMS. The
upper graph shows the mass spectrum through the 190- to 400-m/z range of SpE
and indicates the presence of the 204-m/z GlcNAc signal derived from SpE. The
lower graph is a scan of the SpS peptide at the same range and indicates the
absence of the 204-Da GIlcNAc signal.
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FIG. 6. Invitro protein interaction study between Sp1 or Drosophila TAF110
and the SpE peptides. SpE was expressed as a GST fusion protein with either
vaccinia virus (V) or E. coli (B). The vaccinia virus-expressed GST-SpE was O
glycosylated to a stoichiometry of at least 70% at serine 484, while the bacterially
expressed peptide contained no O-GlcNAc. GST-SpS (serine 484 to alanine) was
expressed in vaccinia virus and was not detectably glycosylated. The indicated
GST peptides were bound in equal quantities to glutathione-Sepharose beads
(A) and incubated with either ¥S-Sp1 (B) or 3*S-TAF110 (C) that had been
expressed in a wheat germ extract system. The signals from 25% of the labeled
input proteins are indicated in the last lanes of panels B and C. After extensive
washing of the beads, the bound proteins were separated by SDS-PAGE. The
GST peptides were observed following Coomassie blue staining of the gel, while
the 3°S-labeled proteins were observed by fluorography.

Under these conditions, the interaction studies indicated a
distinct difference between the behavior of O-GlcNAcylated
SpE and that of its unmodified form. Whether the protein was
unmodified as a result of its expression in E. coli or as a result
of a point mutation at the glycosylation site, the unmodified
state was permissive for the interactions of the B domain with
holo-Spl and TAF110. In sharp contrast, when the model
peptide was O-GIcNAcylated, binding of both holo-Spl and
TAF110 was virtually completely abolished. This protein inter-
action model based on the B domain of Sp1 strongly suggests
that one role for Spl O-GIcNAcylation is in the control of
protein-protein interactions.

The in vitro interaction studies indicate that a mutation of
the predominant O-GlcNAc site in SpE is permissive for in-
teraction with holo-Spl and TAF110. In HeLa cells, the mu-
tation at this site in SpE did not have a significant impact on
the activation of transcription, as was shown by the ability of
the SpS peptide, when fused to Gal4, to activate a Gal4-de-
pendent reporter. However, the in vitro results predict that
O-GIcNAcylated SpE should not activate transcription be-
cause the peptide, in this form, does not interact efficiently with
Spl or TAF110. Yet, we and others (8) have shown that this
modifiable segment of Spl does activate transcription both in
HeLa and in Drosophila cells. Broadly, there are two explana-
tions for the indistinguishable behaviors of SpE and SpS in
these cells. First, the glycosylation states of SpE and SpS in
vivo may be the same, because either SpE is never glycosylated,
SpE is deglycosylated, or SpS is glycosylated at some other site.
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Second, the in vivo glycosylation states of SpE and SpS may
indeed differ, but the interactions required for transcriptional
activation are not sensitive to the glycosylation state. For the in
vivo system, we cannot distinguish these possibilities. However,
we have shown that Sp1 does become hypoglycosylated when it
is exposed to nuclear extract (12), and an O-GlcNAc-specific
glucosaminidase in the nucleus has been described (6). Thus,
the O-GIcNAc modification of Gal4-SpE may be transient in
vivo (see below), thereby permitting transcriptional activation
by the wild-type peptide.

The protein-protein interactions that are required for the
creation of a transcriptionally competent complex at the ap-
propriate position on the DNA can result in a very stable
complex. With the TFIID complex, which includes the TATA-
binding protein and associated TAFs, these protein interac-
tions are sufficiently stable in an aqueous environment to pre-
vent their dissociation except by the use of chaotropic agents
(32). The intrinsic stability of these protein complexes raises an
interesting problem with regard to those nuclear proteins like
Sp1 that homomultimerize. These proteins are synthesized on
polysomes in the cytoplasm and thereby attain significant local
concentrations during and immediately after synthesis. The
problem is, then, how these proteins are prevented from as-
sembling into homomultimeric complexes as they are pre-
sumed to do in the nucleus upon binding DNA. In this paper,
we demonstrate that O-GlcNAcylation of the Spl B domain
model peptide prevents the interaction of this peptide with its
parent protein, Spl. Removal of the sugar either by mutagen-
esis or by the expression of the peptide in a system that does
not O-GIcNAcylate is permissive for protein interaction. As-
suming that the behavior of the Spl model peptide may be
representative of that of the holoprotein, then O-GlcNAcyla-
tion may be a means of preventing inappropriate homomul-
timerization during or after translation in the cytoplasm. Since
O-GlcNAcylation has been shown to occur cotranslationally, at
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FIG. 7. Effect on transcription in HeLa cells of an O-GlcNAc site mutation
in the SpE peptide. HeLa cells were transiently transfected with a Gal4-depen-
dent reporter plasmid along with expression plasmids carrying genes encoding
the Gal4 DNA-binding domain fused or not fused to the cDNA encoding the
indicated SpE peptide. The cells were also cotransfected with a cytomegalovirus
B-galactosidase reporter plasmid to control for transfection efficiency. Luciferase
activities were determined in cell extracts 24 h following the transfection. All
transfections were performed in triplicate. The diagram below the bar graph
indicates a schematic representation of the reporter system used in this experi-
ment.
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least for the nucleoporin p62 (31), then the problem of Spl
multimerization may be averted by the O-GlcNAcylation of
this protein during its synthesis on the polysome. The preven-
tion of cytoplasmic complex formation through O-GlcNAcyla-
tion may be necessary for proteins destined for the nucleus,
since the nuclear pore does restrict access to the nucleus.

Within the nucleus, problems may also arise as a result of
untimely or spatially inappropriate protein complex formation.
Following entry of Spl into the nucleus, Sp1l may interact in
the nucleosol with the same proteins with which it normally
interacts on the DNA template. There is indeed some indirect
evidence that such inappropriate interactions can occur under
experimental conditions. The phenomenon of squelching, in
which general transcription, even from genes lacking Gal4-
binding sites, is impaired by the overexpression of Gal4, was
described some years ago (9). This squelching phenomenon
was believed to result from the interaction of the Gal4 activa-
tion domain with soluble general transcription factors, thereby
titrating these factors away from the genes with which they
normally interact to activate transcription. Extrapolating from
our Spl peptide model, we propose that O-GlcNAcylation of
Sp1 and perhaps other transcription factors might prevent such
ectopic protein-protein interactions. The corollary of this pro-
posal requires that the O-GIcNAc modification must be re-
moved to allow the essential interactions between transcription
factors to occur on the DNA template. We speculate that the
removal of O-GIcNAc from the interaction domain may occur
in a DNA-dependent manner upon the binding of Spl to the
GC box. Since Spl is already known to undergo phosphoryla-
tion upon its binding to DNA (18), other DNA-dependent
modifications of the protein may occur in conjunction with
phosphorylation. Indeed, there is indirect evidence supporting
the concept that O-GlcNAcylation may flip-flop with phos-
phorylation. Examples are the O-GIcNAc site in c-Myc that
corresponds to a known site of phosphorylation (1) and the
carboxy-terminal domain of RNA polymerase II that appears
to alternate between phosphorylation and O-GlcNAcylation
(22). Our model would predict the existence of a hexosamini-
dase whose activity towards Sp1 is controlled in a manner that
senses the binding of Spl to the GC box on the DNA. The
removal of the sugar would then permit DNA-dependent tran-
scriptionally relevant protein complex formation.

This model for the role of O-GIcNAc may also contribute to
the specificities of protein interactions. If it were necessary for
Spl to bind to DNA before it was deglycosylated, then the
O-GIcNAc on the Spl not bound to DNA would prevent Spl
from entering into nonspecific hydrophobic interactions with
other transcription factors that do not bind to the same pro-
moter but contain glutamine-rich activation domains. While
other structural determinants in Spl may also contribute to
this specificity, the occlusion of the interaction domain by
O-GIcNAc until Spl bound DNA would increase this specific-
1ty.

We have recently proposed another role for Spl O-Glc-
NAcylation. We created, through glucose deprivation and
cAMP activation, a condition in cells that resulted in the hy-
poglycosylation of Sp1 and other nuclear proteins. Under these
conditions of hypoglycosylation, we observed the rapid prote-
olysis of Sp1 by a proteasome-like mechanism (12). We inter-
preted this degradation of Spl as a means of shutting down
general transcription of housekeeping genes under stress con-
ditions to conserve nutrients. Whether the control of this pro-
teolytic process is related to the role of O-GIcNAc in prevent-
ing protein complex formation is not clear. However, it
remains possible, based on the Spl model described in this
paper, that hypoglycosylated Sp1 enters into protein complexes
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that are recognized by the proteasome as inappropriate (2).
Taken together, glycosylation may allow Sp1 to remain stable
and free of complex formation. This soluble form of Spl may
serve as a latent reservoir of the transcription factor. Such a
reservoir might be required at points in the cell cycle at which
transcription is quiescent, such as during the S phase and
mitosis. The cell cycle-dependent (13) and signal-dependent
(21) changes that have been observed in protein O-GlcNAcy-
lation might reflect this postulated role for this protein modi-
fication. Although our studies provide direct evidence for a
role of O-GlcNAcylation in prevention of protein interaction,
there are other possible roles for O-GlcNAcylation that have
been hypothesized (13). Indeed, because Spl is multiply gly-
cosylated, there may be other roles for this modification even
within this one molecule.
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