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Abstract

O-linked N-acetylglucosamine (O-GlcNAc) is a highly dynamic and abundant modification found on nuclear and cytoplasmic
proteins of nearly all eukaryotes. O-GlcNAc addition is required for life at the single cell level and is analogous to protein
phosphorylation in most respects. In a previous study (M.S. Jiang, G.W. Hart, A subpopulation of estrogen receptors are
modified by O-linked N-acetylglucosamine. J. Biol. Chem. 270 (1997) 2421–2428), we demonstrated that a subpopulation of the
murine estrogen receptor-a (mER-a) is modified by O-GlcNAc at Thr575. Here we mutated mER-a to convert Thr575 and Ser576

to Val and Ala, respectively. Surprisingly, this glycosylation-site mutant is still extensively modified by O-GlcNAc. Analyses of
glycopeptides identified two additional sites of modification on mER-a, at Ser10 and Thr50 near the N-terminus. The major
glycosylation sites are within or near PEST regions, suggesting that O-GlcNAc may regulate mER-a turnover. © 2001 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Estrogen receptor (ER) is a member of the ligand
inducible transcription factor family [2]. Like other
steroid receptors, ER consists of several distinctive
functional domains [3]. Upon binding a cognate ligand,
e.g. estrogen, ER undergoes conformational changes
and subsequently binds its response element sequence
upstream or downstream of target gene [4]. During its
activation, ER also undergoes hyperphosphorylation

mediated by several kinases such as Casein kinase II [5],
MAP kinase [6] and pSrc60 [7]. Ligand induced activa-
tion triggers the rapid proteasome dependent degrada-
tion of ER [8]. Recently, a homologue of the ER-a,
named ER-b [9,10] and some coactivators [11–13] re-
sponsible for assembly of an ER-associated transcrip-
tion complex were discovered.

Post-translational modifications, such as phosphory-
lation, are likely to be involved in ER regulation. A
unique post-translational modification on serine or
threonine hydroxyl side chains by N-acetylglucosamine,
O-GlcNAc, has been described [14]. Unlike conven-
tional types of protein glycosylation, which occurs
mostly in lumenal compartments along the secretory
pathway and on the cell surface, O-GlcNAc is abun-
dant on cytosolic and nuclear proteins. To date, a large
number of proteins ranging from cytoskeletal proteins
[15] to transcription factors [16] have been shown to be
O-GlcNAcylated. An O-GlcNAc transferase was re-
cently cloned from rat [17] and human [18]. Knock-out
studies in mice show that the addition of O-GlcNAc is
required for embryonic stem cell viability [19], and in
vivo capping studies suggest that O-GlcNAc turnover is
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also essential [20]. Analogous to phosphorylation, O-
GlcNAc is highly dynamic in a variety of cell responses
[21,22], suggesting that it may play regulatory roles.
Although the direct biological functions of O-GlcNAc
remain to be determined, the experimental evidence
supporting its importance is rapidly mounting. Many in
vivo O-GlcNAc attachment sites have been mapped.
Reciprocal occupancy of the same hydroxyl moiety by
O-GlcNAc and by O-phosphate on some proteins sug-
gests a ‘yin-yang’ relationship between these two post-
translational modifications [23,24].

Since the ER signal transdunction pathway is in-
volved in many aspects of cell regulation, we chose ER
as a model to study the role of the O-GlcNAcylation.
Our previous studies [1] have shown that ER-a proteins
isolated from various sources are O-GlcNAcylated and
that one major in vivo site on mER-a is at Thr575 near
the carboxyl terminus. In this study, we report that two
additional in vivo O-GlcNAcylation sites on mER-a
expressed in Sf9 insect cells. These sites are located in
PEST domains [25], known to be involved in rapid
protein turnover, suggesting a possible role for O-Glc-
NAc in mER-a degradation.

2. Materials and methods

2.1. mER-a O-GlcNAcylation site mutant

To mutate the O-GlcNAc site at Thr575, the mutage-
nesis system Altered Sites I (Promega, Madison, WI)

was used. Briefly, wt–mER-a cDNA graciously pro-
vided by Dr M.G. Parker was excised from SP65 vector
and subcloned into pAlter I vector via EcoRI site with
proper orientation. The mutagenesis primer (CAG
CTG GCC ACC GTG GCG TCC ACT TCA GCA C)
changing Thr575 to Val along with Ser576 to Ala was
synthesized and used in the mutagenesis process. The
mutant was designated 575-mER-a (Fig. 1).

To facilitate protein purification, His6 tag was fused
to the carboxyl terminus of either wt–mER-a or 575-
mER-a using an established polymerase chain reaction
(PCR) method [26]. A 3% mER-a specific primer an-
nealed to the carboxyl terminus of mER-a encoding
His6 tag and HindIII site was synthesized and used, in
conjunction with a 5% mER-a primer covering the first
amino acid and encoding BamHI site, to amplify mER-
a cDNAs. The PCR amplified products were purified,
digested with BamHI and HindIII, and subcloned into
the baculovirus transfer vector pBlueBac3 (Invitrogen,
San Diego, CA). The final engineered mER-a cDNAs
in pBlueBac3 were verified by automated sequencing
with serial internal primers covering the entire coding
region.

2.2. WGA affinity chromatography on in 6itro
translated mERs

These analyses were performed as described previ-
ously [27]. 575-mER-a cDNA was subcloned into SP65
via an EcoRI site, and then in vitro transcribed/trans-
lated with coupled rabbit reticulocyte lysate transcrip-
tion/translation system (Promega, Madison, WI) using
SP6 RNA polymerase in the presence of 35S-Met
(translation grade, Amersham, Piscataway, NJ). Equal
aliquots of translated mixtures were applied to 0.2 ml
WGA columns, washed, eluted with 1 M Gal and 1 M
GlcNAc. Every fraction (5%) was counted by liquid
scintillation counting. For sodium dodecyl sulfate-poly-
acrylamidegel electrophoresis (SDS-PAGE), proteins
were precipitated with 10% (w/v) trichloroacetic acid
(TCA), extracted three times with ethanol to remove
TCA and solubilized in SDS loading buffer, and exam-
ined on 8% SDS-PAGE by autoradiography.

2.3. Expression and purification of mERs from Sf 9
cells

The recombinant baculovirus was generated with the
transfection module (Invitrogen, San Diego, CA). The
mER-a cDNAs in baculovirus transfer vector were
cotransfected into Sf9 cells with wild type AcNPV
DNA according to manufacturer’s instructions. The
recombinant virus was purified by a standard plaque
assay. The working stock virus was amplified and ti-
trated to infect approximately 2×106 ml−1 log phase
insect Sf9 cells at 5–10 pfu ml−1 in cell suspension.

Fig. 1. Schematic of mER-a constructs used in this study. The
wt–mER-a cDNA was mutated at 575 (Thr�Val) and 576 (Ser�
Ala). The mutated mER-a was designated 575-mER-a. Both cDNAs
were engineered with a PCR mediated method to incorporate His6

tag at the carboxyl terminal end.
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The infected Sf9 cells were harvested 2 day’s post-
transfection and washed twice with phosphate-
buffered saline (pH 7.4) buffer. The cell pellet was
lysed in 6 M guanidine–HCl/20 mM Tris–HCl (pH
7.9)/0.1 M NaCl and sonicated. The mER-a proteins
were purified from 20 000×g clear lysate with metal
affinity resin (Clontech, Palo Alto, CA) in a batchwise
fashion. The eluates from the metal affinity resin were
purified with preparative SDS-PAGE (Prep-cell, Bio-
Rad, Hercules, CA) according to manufacturer’s in-
structions. The proteins were verified by Western blot,
pooled, dialyzed, and lyophilized prior to probing for
terminal GlcNAc residues by galactosyltransferase la-
beling.

2.4. Western blot and autoradiography

Western blotting was conducted by the following
standard procedures. Proteins were resolved on 8%
SDS-PAGE and transferred to PVDF membranes
(Bio-Rad). Membranes were probed with a mono-
clonal antibody H222 directed against human ER
(Abbott Laboratories, Abbott Park, IL) at a 1:2000
dilution in 10 mg ml−1 bovine serum albumin. The
immunoreactive protein was detected with a
horseradish peroxidase conjugated secondary antibody
followed by ECL (Amersham). For tritiated samples,
the gels was stained with Coomassie Blue R250, im-
pregnated with 1 M salicylic acid for 30 min, dried
under vacuum, and exposed to X-ray film at −70°C
overnight.

2.5. Galactosyltransferase labeling of purified mERs

O-GlcNAc moieties on purified mER proteins were
labeled with UDP-[3H]Gal in a reaction catalyzed by
galactosyltransferase, as described in the reference
[27]. The labeled protein was desalted over a 1.5×30
cm Sephadex G50 column equilibrated with 50 mM
ammonium formate and 0.1% SDS to remove unin-
corporated UDP-[3H]Gal, freeze dried, resuspended in
a small volume of water, and precipitated with cold
acetone at a ratio of 8/1 (v/v). The tryptic peptides
were generated by digestion of labeled proteins with
2% (w/w) trypsin (sequencing grade, Boehringer
Mannheim, Indianapolis, IN) in 0.1 M bicarbonate
(pH 7.4) at 37°C overnight.

2.6. Re6erse phase HPLC of tryptic peptides

The first dimension was developed on a C18 column
(4.6×250 mm, Microsorb, Rainin, Woburn, MA) us-
ing a linear gradient of acetonitrile (0–60%, v/v) in
0.05% TFA over 90 min at a flow rate 1 ml min−1

on a Rainin high performance liquid chromatography
(HPLC) system. The eluates were collected (1 ml per

fraction) and counted (1%). Peptides were detected at
214 nm. The tritium peaks were pooled, desalted with
Sep-Pak C18 cartridges (Millipore, Bedford, MA), and
lyophilized. Second and third dimension RP–HPLC
were conducted using a 0–40% gradient of acetonitrile
or other shallow gradients in 0.05% TFA on a C2/C18

column (3.2×100 mm) employing a SMART HPLC
system (Pharmacia).

For glycosylation site-mapping, smaller peptides
were generated using proline specific endopeptidase
(0.2 U, Seikagaku Corp., Tokyo, Japan) in the pres-
ence of 0.1 M sodium phosphate buffer (pH 7.0) at
37°C for 2 h. Digestions with glutamic acid specific
endopeptidase (Glu-C, 0.1 U, Boehringer Mannheim)
were carried out in the presence of 2 M urea with 50
mM Tris (pH 7.0) at 37°C overnight.

2.7. Determination of O-GlcNAc sites

The identity of labeled glycopeptides was deter-
mined by matrix assisted laser desorption ionization
(MALDI) time of flight (TOF) mass spectrometry
(Voyager, PerSeptive Biosystems, Framingham, MA).
In addition, a liquid chromatography coupled electro-
spray ionization (LC/ESI–MS) using a capillary C18

column linked to an ion-trap mass spectrometer
(LCQ, ThermoQuest, Needham Heights, MA) or gas
phase Edman sequencing was used to determine the
amino acid sequence of the peptides. A standard man-
ual Edman degradation reaction was carried out, as
described previously [27], to identify the exact amino
acid residue linked to O-GlcNAc.

3. Results

3.1. Glycosylation of the mER-a O-GlcNAcylation site
mutant

Our previous studies have demonstrated that a sub-
population of ER-a is O-GlcNAcylated and that a
major site of O-GlcNAcylation on mER-a is Thr575

[1]. To investigate the roles of O-GlcNAcylation on
mER-a, we mutated the O-GlcNAc site Thr575 to Val
and the possible O-GlcNAc site Ser576 to Ala to gen-
erate an O-GlcNAc site mutant, designated 575-mER-
a (Fig. 1). In vitro translated, 35S-methionine-labeled
575-mER-a and wt–mER-a were subjected to WGA
affinity chromatography, which specifically recognizes
terminal GlcNAc moieties on proteins [27]. 575-mER-
a was retained and eluted with 1 M GlcNAc by
WGA, and the extent of binding was similar to wt–
mER-a, suggesting that 575-mER-a is still extensively
glycosylated (Fig. 2).
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Fig. 2. Characterization of 575-mER-a by WGA chromatography.
The mER-a cDNAs were in vitro translated with rabbit reticulocyte
lysate in presence of 35S-Met. The translated proteins were individu-
ally loaded onto WGA columns and challenged with 1 M Gal.
Glycosylated pools of ERs were eluted with 1 M GlcNAc. Fractions
(0.5 ml) were collected and monitored by liquid scintillation counting.
(A) 35S-WGA chromatography profiles. Upper panel, 575-mER-a;
lower panel, wt–mER-a. (B) Proteins in each major fraction were
precipitated and resolved by 8% SDS-PAGE gel. The gels were dried
and exposed to X-ray film. Lane L, load; lane FT, flow through; lane
W, 1 M Gal challenge; lane E, 1 M GlcNAc elute.

binant proteins in insect Sf9 cells as an efficient way to
generate large quantities of protein for the study of
O-GlcNAcylation of low abundance proteins, such as
transcription factors [28,29]. While stoichiometry ap-
pears variable, O-GlcNAc site occupancy in insect cells
is the same as that seen in mammalian cells. To simplify
protein purification, we made recombinant virus to
express His6-tagged 575-mER-a as well as His6-tagged
wt–mER-a in insect Sf9 cells. After one step purifica-
tion with metal chelate affinity chromatography under
denaturing conditions, the protein from Sf9 cell crude
lysate was purified to over 90% homogeneity (Fig. 3,
lane E). The eluted protein from metal affinity resin
was further purified by preparative SDS-PAGE. Frac-
tions containing mER-a protein from the SDS-PAGE
were confirmed by Western blot (Fig. 3, lane E–P).
After the second purification step, mER-a migrated as
a single band with the correct molecular weight (66
kDa) by analytical SDS-PAGE (Fig. 3).

3.3. Detection of O-GlcNAc on tryptic peptides

We utilized a well-established method, galactosyl-
transferase labeling using UDP-[3H]Gal as the donor
substrate, to detect O-GlcNAc moieties on O-GlcNAc
site mutant 575-mER-a. The purified 575-mER-a
protein was well-labeled (Fig. 4A). Combined with the
results from WGA lectin chromatography, we con-
cluded that the mutant 575-mER-a is still extensively
O-GlcNAcylated. Therefore, we proceeded to map the
additional O-GlcNAcylation sites on mER-a.

3.4. Comparison of glycopeptide tryptic maps between
wt–mER-a and 575-mER-a

The [3H]Gal-labeled mER-a proteins were digested
with trypsin to generate tryptic fragments. We estab-
lished C18 RP–HPLC tryptic maps for both 575-mER-
a and wt–mER-a (Fig. 4B and C). The tryptic map of
the mutant 575-mER-a (Fig. 4B) reveals that there are
two major tritium peaks designated as glycopeptides A
and B, even though the primary site Thr575 was deleted.
The tryptic map of wt–mER-a also shows at least two
major tryptic glycopeptides (Fig. 4C). The similar elu-
tion positions of major glycopeptides from wt–mER-a
and 575-mER-a mutant suggested that the same pep-
tides are O-GlcNAcylated. We proceeded to verify
Thr575 as one of O-GlcNAcylation sites on wt–mER-a.

The major tritium fraction of wt–mER-a (Fig. 4C)
was further purified using RP–HPLC (Fig. 5A). The
purified tritium fraction was subjected to MALDI-TOF
mass spectrometry. Two masses were observed (Fig.
5B). The values 5124.6 and 5490.4 m/z correspond to
unmodified peptide (calculated 5101.6 m/z plus one
sodium addition) from the carboxyl terminus of wt–
mER-a and one Gal-labeled O-GlcNAcylated peptide

3.2. Purification of estrogen receptors expressed in Sf 9
cells

Prior studies have validated the expression of recom-
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(calculated 5124.6+366 m/z), with a difference of
365.8 representing Gal-GlcNAc (calculated 365.3 m/z).
The identity of this peptide was further confirmed by
gas phase sequencing. To facilitate manual Edman
degradation, this peptide was further digested with
proline specific endopeptidase, and resulting smaller
peptides were purified with a shallow gradient of aceto-
nitrile on a C18 RP column (Fig. 5C). The tritium
counts from Gal-labeled glycopeptide were released at
the eighth cycle of manual Edman degradation (Fig.
5D), which corresponds to Thr575 of wt–mER-a.

3.5. Mapping O-GlcNAc sites on 575-mER-a

To map O-GlcNAcylation sites on 575-mER-a, gly-
copeptide peak A (Fig. 4B) was further purified with a
shallow gradient of acetonitrile as the second dimension
(Fig. 6A). Although the UV profile shows the addi-
tional separation of the peptides, only one major tri-
tium peak was observed, indicating that tritium peak A
consists of only one glycopeptide. To determine the
identity of glycopeptide A, the tritium rich fraction was
analyzed using MALDI-TOF mass spectrometry. As
shown in Fig. 6B, three related mass species marked as
2660.5, 2675.9, and 3040.3 m/z, corresponding to un-
modified, oxidized, and glycosylated and oxidized pep-
tides, were observed. The observed value of 2660.5 m/z
corresponds to the unmodified peptide representing
amino acids 9–32 (calculated of 2658.1 m/z) of 575-
mER-a. The identity of the oxidized peptide was fur-
ther confirmed by collision induced dissociation tandem
mass spectrometry (CID-MS/MS, Fig. 6C). Although
peptide A consists of 24 residues, the serine residue at
the second position is the only potential O-GlcNAc
site. To verify this, manual Edman degradation was
employed (Fig. 6D). As expected, most of the tritium

counts were released in the second cycle, indicating that
glycopeptide A is modified by O-GlcNAc at Ser10.

For glycopeptide B in 575-mER-a, a similar ap-
proach using MALDI-TOF was attempted. The
MALDI-TOF spectrum of glycopeptide B gave only a
weak signal and poor quality data (data not shown).
The second dimension separation of glycopeptide B,
using a shallow gradient of acetonitrile, also gave little
separation (data not shown). The high acetonitrile con-
centration required for the elution implied that gly-
copeptide B was relatively large. Therefore, the amino
terminus of glycopeptide B was directly determined
using gas phase sequencing. The result revealed that
glycopeptide B is the largest tryptic fragment (11 kDa)
from amino acids 38 to 146 of 575-mER-a. Based on
the sequence of the fragment, glycopeptide B was di-
gested with endoproteinase Glu-C and the digestion
mixture was separated using C18 RP–HPLC. After
digestion, the elution time of glycopeptide Bon RP–
HPLC was shifted from its original 75–46 min. The
resulting tritium rich fraction designated as Glu-C B
was directly examined using ESI/CID-MS/MS. Three
peptides corresponding to the Glu-C digested 11 kDa
575-mER-a tryptic fragments were found in the frac-
tion. They were peptide representing amino acids 42–56
(Fig. 7B), peptide containing amino acids 47–61(data
not shown), and the peptide containing amino acid
138–155 (data not shown). Due to the selective loss of
the acid labile carbohydrate modification after the
repetitive reverse phase purification processes, we were
not able to detect the related glycopeptides by mass
spectrometry. However, manual Edman degradation
indicates that most of the tritium label was released at
the ninth cycle of the reaction (Fig. 7C). Since only the
peptide amino acid 42–56 has Thr at the ninth posi-
tion, we conclude that the second O-GlcNAc site is at
Thr50.

Fig. 3. Purification of His6 tagged mER-a from Sf9 cells. mER-a expressed in Sf9 cells was purified with metal affinity resin (lane L, FT, and E
are load, flow through and elute) and subsequently purified with preparative SDS-PAGE (lane E–P is the prep-cell elute). Aliquots of each
fraction were resolved on an analytical 8% SDS-PAGE gel. The gel was either stained with Coomassie Blue or immunoblotted with monoclonal
antibody H222 against ER.
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4. Discussion

By mutating the major O-GlcNAcylation site of
mER-a at Thr575, we were able to identify two addi-
tional O-GlcNAcylation sites on mER-a at Ser10 and

Thr50. These O-GlcNAcylation sites on mER-a are
summarized in Fig. 8. Interestingly, all these O-GlcNA-
cylation sites on mER-a are located in either N- or
C-terminal regions of the protein. This pattern is often
seen on other O-GlcNAcylated proteins such as neu-
rofilaments [15], synapsin [30], and cytoskeleton
proteins [31]. According to the proposed structure of
the ER [32], it appears that these sites exist on the
surface of the protein and are clustered in three-dimen-
sions allowing for efficient binding to WGA.

The Thr575 site on mER-a is located on the C-termi-
nal tryptic fragment, which covers most of the F do-
main of mER-a. Thr575 is also contained within a long
stretch of Ser and Thr residues; only two of which were
mutated in the mutant 575-mER-a. Our initial thought,
based on the tryptic map comparison shown in Fig. 4,
was that this localized region might still be O-GlcNA-
cylated in the mutant and that the modification sites
could be on other adjacent Ser or Thr residues not
mutated. However, when we made and analyzed a
truncated mutant, in which the entire C-terminal tryptic
fragment was deleted (designated as the F domain
deletion mutant), we found that this deletion mutant is
still extensively O-GlcNAcylated (data not shown). The
tryptic map of [3H] Gal-labeled peptides from the F
domain deletion mutant is also similar to one of the
mutant 575-mER-a (data not shown). From our site
mapping data, it is now evident that the glycopeptide A
co-migrates on RP–HPLC with the glycopeptide bear-
ing the Thr575 site.

An overview of in vivo O-GlcNAc sites is reviewed in
Table 1. There is, as yet, no obvious primary consensus
motif for O-GlcNAcylation. It appears that the O-Glc-
NAc transferase preferentially targets some regions
with the identity of PEST sequences. PEST sequences
enriched with Pro, Glu, Ser, and Thr residues are found
in many proteins with short half-lives such as Fos [33]

Fig. 4.

Fig. 4. Galactosyltransferase labeling and tryptic maps of wt–mER-a
and 575-mER-a. (A) Purified 575-mER-a was labeled with UDP-
[3H]Gal using galactosyltransferase and subsequently desalted over a
Sephadex G50 column. The protein was precipitated by cold acetone,
resuspended in 0.1 M sodium bicarbonate (pH 7.0), and digested with
trypsin at a ratio of 1:50 (w/w). Aliquots of each sample were
examined by 8% SDS-PAGE gel. The gel was stained with Coomassie
Blue R250, impregnated with 1 M salicylic acid, dried down, and
exposed to X-ray film at −70°C overnight. (B) [3H]Gal-labeled
575-mER-a tryptic peptides were applied to a C18 RP column.
Peptides were eluted with a 90-min linear gradient of 0–60% acetoni-
trile (v/v) in 0.1% TFA from 6 to 96 min at a flow rate of 0.1 ml
min−1. Fractions (0.2 ml) were collected and 1% of each was
counted. Two major tritium peaks were designated as A and B,
respectively. (C) Wild type mER-a was purified and labeled under the
same condition as the mutant 575-mER-a. [3H]Gal-labeled wt–mER-
a tryptic glycopeptides were applied to a C18 RP column. The column
was developed under the same condition as panel B.
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Fig. 5. Thr575 is the major O-GlcNAcylation site on wt–mER-a. (A) The major [3H] Gal-labeled wt–mER-a tryptic fragment eluting from a C18

RP column at 55 min (Fig. 4C). This was further purified by a shallow gradient of 15–45% acetonitrile in 0.1% TFA over 90 min at a flow rate
of 0.1 ml min−1 on a C18 RP column. The fraction carrying the most tritium counts was subjected to gas phase sequencing. The identity of the
glycopeptide is indicated. (B) An aliquot of the tritium peak fraction from panel A was mixed with the matrix CHCA (5 mg ml−1 in 0.3%
TFA/50% acetonitrile) and detected by MALDI TOF. Two mass species were detected and analyzed. (C) The major [3H]Gal-labeled mER-a
tryptic C-terminal fragment was digested with proline specific endopeptidase at 37°C overnight and purified by a shallow gradient of 0–30% (v/v)
acetonitrile in 0.1% TFA over 90 min at a flow rate of 0.1 ml min−1 on a C18 RP column. (D) The fraction of [3H]Gal-labeled glycopeptide from
panel C was coupled to Sequelon-AA disk (Millipore) and subjected to manual Edman degradation. The tritium counts released from each cycle
were monitored using liquid scintillation counting. The major O-GlcNAcylation site on wt–mER-a was identified at Thr575.

and ornithine decarboxylase [34]. An algorithm was
developed to determine whether a protein contains a
PEST region [24]. In the case of the mER-a, the region
carrying the Thr575 site is a strong PEST candidate with
high PEST score (9.62). The other two sites reported in
this study are also within the boundaries of weaker
PEST regions. ER-a is degraded in a hormone-depen-
dent manner through the ubiqutin–proteasome path-
way [8]. A recent study shows that the 26S proteasome
is required for ER-a and coactivator turnover and for
efficient ER-a transactivation [35]. Since the PEST mo-
tif has been implicated in mediating rapid protein
degradation through the same pathway, O-GlcNAcyla-
tion of PEST regions in mER-a may be involved in
regulating degradation by preventing rapid protein
turnover.

Our preliminary characterization of the mutant 575-
mER-a indicated that there is no significant difference
between wt–mER-a and 575-mER-a in terms of DNA
binding (data not shown), consistent with previous
studies on the F domain deletion mutant of ER-a [36].
Interestingly, some PEST domains are conditional sig-
nals requiring phosphorylation to fulfill their function
[37,38]. Given increasing evidence for a reciprocal rela-
tionship between phosphorylation and O-GlcNAcyla-
tion [23,24], a simple deletion mutant may not reveal
the effects mediated by the interplay of phosphorylation
and O-GlcNAcylation on the same hydroxyl moiety of
Ser or Thr residues. One better approach to examine a
potential role for phosphorylation is to generate a site
specific aspartic acid or glutamic acid mutant that
mimics constitutive phosphorylation [39,40].
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Fig. 6. Ser10 is the O-GlcNAcylation site on glycopeptide A. (A) [3H] Gal-labeled 575-mER-a tryptic glycopeptide A, eluting from a C18 RP
column at 52 min (Fig. 4B), was further purified by a shallow gradient of 15–45% (v/v) acetonitrile in 0.1% TFA over 90 min at a flow rate of
0.1 ml min−1 on a C18 RP column. (B) An aliquot of the tritium peak fraction from panel A was mixed with CHCA as reported in Fig. 5 and
detected by MALDI-TOF. Three mass species were detected and their deduced identity is indicated. (C) An aliquot of the fraction A from the
second dimension (A) was subjected to LC/ESI-MS/MS analysis. For clarification, predicted b-and y-ions of the oxidized peptide are listed below
the spectrum. The methionine at the position four was oxidized resulting in a mass addition of 16 Da. The matched ions are indicated in the
spectrum. Some unmatched ions are probably due to either internal cleavage or loss of H2O during the fragmentation process. (D) The fraction
of [3H]Gal-labeled glycopeptide A from panel A was coupled to Sequelon-AA disk (Millipore) and subjected to manual Edman degradation. The
tritium counts released in each cycle were monitored using liquid scintillation counting. The O-GlcNAc site on glycopeptide A was identified at
Ser10.
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In addition to regulating protein turn over and acting
as an antagonist of phosphorylation, O-GlcNAc has
been proposed to modulate protein–protein interac-

tions. In p53, the glycosylated protein appears to in-
crease its DNA binding through an O-GlcNAc
mediated intramolecular interaction [41]. Recent studies

Fig. 7. Thr50 is the O-GlcNAcylation site on glycopeptide B. (A) [3H]Gal-labeled 575-mER-a glycopeptide B eluted at 74 min (Fig. 4B) was further
digested with endopeptidase Glu-C in presence of 2 M urea and applied to a C18 RP column. The column was developed with a 90-min linear
gradient of 0–60% (v/v) acetonitrile in 0.1% TFA at a flow rate of 0.1 ml min−1. The major tritium peak was designated as Glu-C B. (B) An
aliquot of the fraction containing Glu-C B was subjected to LC/ESI-MS/MS analysis. The ESI-MS/MS spectrum of the peptide modified by
O-GlcNAc is shown. For clarification, predicted b- and y-ions of the peptide are listed below the spectrum. (C) The Glu-C B fraction was coupled
to Sequelon-AA disk (Millipore) and subjected to manual Edman degradation. The tritium counts released in each cycle were monitored using
liquid scintillation counting. The O-GlcNAc site on glycopeptide B was identified at Thr50.
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Fig. 8. Summary of O-GlcNAcylation sites on mER-a. mER-a’s domain structure is indicated. N% and C% indicate amino terminal and carboxyl
terminal ends. In this study, two O-GlcNAc sites on mER-a were identified near amino terminus at Ser10 and Thr50. The PEST scores regarding
the regions underlined near O-GlcNAc sites are also indicated.

Table 1
Summary of O-GlcNAcylated proteins and in vivo attachment sitesa

Attachment sites ReferencesO-GleNAcylated
proteins

Nuclear pore p62 [42]MAGGPADTS6 DP
[43]DS6 PVSQPSLErythrocyte p65

Erythrocyte band TTTS6 ETPSS [44]
4.1

aA-crystallin [45]AIPVS6 REEK
aB-crystallin EEKPAVT6 AAPK [22]
Talin LVDPAXT6 Q; ANOLT6 NDY [31]

TTS6 TIQTAP; YLAPVS6 AS6 V; PSAVS6 SAD; TQTSSSGTVELPATIMSerum response [46]
factor

S/T P S/T SP; TPT6 TPN; SPT6 SPT6 [24]RNA polymerase
II

CMV Tegument PSVPVS6 GS; PPSS6 TAK [29]
BPP

[15]YVET6 PRVHISSV; SGYS6 TAR; SAPVSSSLSVNeurofilament-L
Neurofilament-M GSPST6 VSSSYK; QPSVT6 ISSK; VPT6 ETR; VAGSPSS6 GFR

TSVS6 SVSASNeurofilament-H
PVSSAASVY; ISVS6 RSTSKeratin-18 [47]

[23]FELLPT6 PPLSPSRc-Myc
QGVS6 LGQTSSSp-1 [41]
VS6 GASPGGQQR; QAGPPQAT6 R; QT6 TAAAAATF; ASTAAPVASP; [39]Synapsin I
AAPQQS6 ASQATPMT6 QGQGR; LPSPTAAPQQS6 ASQATPMT6 QGQGR
SQTQLATT6 SSTSAHSLQTYYIP; AS6 GMALLHQIQGNELEPLNRPQLK; VYVDNSKPT6 VFNYPEEstrogen [1], This study

receptor-a
Estrogen MNYSVPSS6 TGNLEGGPVR [48]

receptor-b

a O-GlcNAc sites are marked with underlines.

suggest that the presence of O-GlcNAc inhibits both
Sp1 dimerization and interaction of the Sp1 transacti-
vation domain with TATA binding protein associated
factor TAF110 in vitro [42]. Consistent with these

findings, our data shows more effective labeling on
Thr50 site in the mutant 575-mER-a (comparison be-
tween Fig. 4B and C). This observation likely results
from the change of protein conformation due to the
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lack of O-GlcNAc moieties on Thr575 in 575-mER-a,
which makes the mutant protein more accessible to
glycosyltransferase probing.

O-GlcNAc is also postulated to play a regulatory
role at the transcription level [14]. RNA polymerase II
and all of its transcription factors examined to date
have been characterized to contain O-GlcNAc [16,24].
Not surprisingly, the two O-GlcNAc sites mapped here
are located at the transactivation domain of the mER-
a, raising the possibility that O-GlcNAc may also be
involved in regulating estrogen responsive gene expres-
sion during the transcriptional activation process. Lo-
calization of these sites allows functional studies by
site-directed mutagenesis.
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