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ABSTRACT: Eukaryotic initiation factor 2- (eIF2-) associated glycoprotein p67 blocks eIF2R phosphorylation
by kinases, and its N-terminal 1-97 amino acid segment can induce efficient translation. To investigate
whether glycosylation at the serine/threonine clusters at this region is important in protein synthesis, we
selected27TSST30 and60SGTS63 clusters for further analysis. By site-directed mutagenesis,27TSST30 and
60SGTS63 clusters were substituted with27AAGA30 and60AGAA63 amino acid residues in full-length p67,
and their EGFP fusions were constitutively expressed in rat tumor hepatoma cells (KRC-7). The60AGAA63

mutant blocked eIF2R phosphorylation less than either wild-type p67 or the27AAGA30 mutant. The
60AGAA63 mutant also showed a low level of protein synthesis rate, a lower level of glycosylation, increased
turnover rate, and weaker binding to eIF2R. These results suggest that glycosylation within the60SGTS63

sequence of p67 plays an important role in its stability and thus its regulation of protein synthesis by
modulating the phosphorylation of theR-subunit of eIF2.

The initiation of protein synthesis is the key step for the
regulation of translation and thus plays an important role in
the regulation of gene expression (1). Several protein factors
are involved in this process (1). The activities of these protein
factors are modulated by their posttranslational modifications
such as phosphorylation and glycosylation (2, 3). Phos-
phorylation of the proteins is the hallmark modification that
is involved in various cellular events and that regulates cell
growth and proliferation. Several kinases are involved in the
phosphorylation of proteins, and the activities of kinases are
negatively regulated by phosphatases (4-7). O-Linked
glycosylation, namely, the attachment of the simple mono-
saccharide O-GlcNAc,1 is found on many proteins involved
in DNA replication, transcription, cell signaling, and protein
translation (8-10). Although the consensus motif for the
O-GlcNAc site has not been identified, it is clear that the
hydroxyl group of the serine/threonine amino acid residues
is the site for this modification (11, 12). Several classes of
proteins including hormone receptors, kinases and signaling
molecules, cytoskeletal components, nuclear pore proteins,
oncogenes, transcription factors, tumor suppressors, viral
proteins, and protein synthesis initiation factors are modified
by O-GlcNAc (13). O-GlcNAc-modified proteins participate
in multiprotein complex formation as well as in protein
stability (13-16).

Protein synthesis initiation in mammals is regulated by
the phosphorylation of the smallestR-subunit of eukaryotic
initiation factor 2 (eIF2) (2). The phosphorylation of eIF2R
is controlled by the cellular glycoprotein p67, which is
associated with eIF2 (17-24). Purified p67 is modified by
O-linked glycosylation, and this glycosylation is required for
its ability to block eIF2R phosphorylation (17, 19, 20). On
the basis of our biochemical data, earlier we reported that
p67 has multiple O-glycosylation sites (17). Recently, we
reported that the N-terminal 1-97 amino acid segment of
p67 showed higher activity in blocking eIF2R phosphoryl-
ation when this segment was constitutively expressed in
mammalian cells. However, the glutathioneS-transferase
fusion of this segment of p67 did not show this activity in
in vitro phosphorylation assays (23). These results indicated
that posttranslational modification such as O-glycosylation
at this segment is possibly needed for its function. Three
serine/threonine clusters with sequences8SS9, 27TSST30, and
60SGTS63 are present at the N-terminal 1-97 amino acid
segment of p67 (23, 25). Among these clusters,29ST30 and
60S are conserved in mammals (3, 23). In this study, we
addressed the question of whether27TSST30 and 60SGTS63

sites are involved in O-glycosylation, and if glycosylated,
what the roles of the O-glycosylation in protein synthesis
are. We find that the60SGTS63 amino acid sequence is
involved in in vivo glycosylation and that this glycosylation
is required for the stability of p67.

MATERIALS AND METHODS

All chemicals used in this study were obtained from Sigma
Chemicals (St. Louis, MO), Merck (Darmstadt, Germany),
ICN Biomedicals, Inc. (Aurora, OH), Fisher Chemicals (Fair
Lawn, NJ), or GIBCO-BRL (Rockville, MD). All enzymes
used in this study were purchased from New England Biolabs
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(Beverly, MA). Different molecular mass markers were pur-
chased from Bio-Rad. [35S]Methionine, [3H]UDP-galactose,
and [3H]UDP-glucosamine were purchased from Amersham
Corp. Galactosyltransferase was purchased from Sigma
Chemicals.

Site-Directed Mutagenesis and Subcloning into Mam-
malian Expression Vector.An ∼1.4 kb cDNA insert contain-
ing the entire p67 coding region was obtained by PCR using
appropriate forward and reverse primers (5′ TCCCCCGGGT-
GATGGCGGGCGTGGAAGAG 3′ and 5′ TCCCCCGG-
GAAGTTTTAATAGTCATCTCCTC 3′, respectively) and
the pGEM-p67 as a template (25). The resulting DNA
fragment was gel purified, digested withSmaI, and ligated
in M13mp18 (Stratagene) at theSmaI site. A single-stranded
uracil template was made, and annealing reactions were
performed with mutant oligonucleotides, for example,
PGTSST-AAGA (5′ CTTTTCTTCTTGGCGGCTTCCTCG-
GCCGCGCCGGCGGCTCCCTCTTCCCTGTCGTCT-
GGATCCAG 3′) and PSGTS-AGAA (5′ CTTGAACTA-
TTTCTTCGCCCTCGGCGTCACCTGCTTCATCGTTTTG
3′) for substituting27TSST30 and60SGTS63 with 27AAGA30

and60AGAA63 sequences, respectively. Positions for targeted
mutations at the mutant oligonucleotides are underlined. To
detect mutations at27TSST30 and 60SGTS63 sites, sequence
primers PGTSSTSP (5′ CTTTATCAAGTTCTTGTTGCC
3′) and K2SP (5′ CCAGTGCTTGTCTCTCC 3′), respec-
tively, were used in DNA sequencing reactions. The oligo-
nucleotides used in this study were purchased from either
GIBCO/BRL or Sigma-Genesis. DNA sequencing was
performed by sequenase kit version 2.0 (US Biochemicals).
The cDNA inserts containing mutations at p67 were isolated
from the RF form of M13mp18 after digestion withXmaI
and ligated at theXmaI site of pEGFP-C3 vector (Clontech,
Palo Alto, CA). Plasmids with sense orientation were selected
for further analysis. The specific fusion junction between
mutant cDNA and enhanced green fluorescent protein
(EGFP) was confirmed by DNA sequencing. All procedures
for manipulation of recombinant DNA were either published
earlier (23) or followed fromMolecular Cloning, a Labora-
tory Manual (26), and Current Protocols in Molecular
Biology (27).

Cell Culture, Generation of Stable Cell Lines, Cell Lysate
Preparation, Western Blot Analysis, Immunoprecipitations,
Antibody Stripping, and Metabolically Labeling Cells with
[35S]Methionine and [3H]UDP-glucosamine.Several experi-
mental procedures used in this study were previously
described (23). In brief, KRC-7 cells were grown, transfected
with pEGFP-C3 vector for either the expression of EGFP
alone or its in-frame fusion proteins with either wild-type
p67 or its mutant forms27AAGA30 and60AGAA63, and stable
cell lines were generated following the procedures as
described (23, 26-28). After selection with G418, more than
200 colonies constitutively expressing fusion proteins were
pooled, and stable cell lines were maintained in G418. Cell
lysates were prepared, and Western blotting experiments
were carried out following the procedures as described (23).
The stripping of the antibody from the nitrocellulose filter
was performed following the procedures as described (23).
For labeling metabolically with [35S]methionine, cells from
different lines were seeded at a low density (50-60%), and
growth medium was replaced with methionine-deficient
medium containing dialyzed serum and grown for 30 min.

[35S]Methionine (300µCi/mL) was added to these cells and
allowed to grow at 37°C in a CO2 incubator for an additional
2.5 h. For labeling with [3H]UDP-glucosamine, similar
procedures were followed except 100µCi/mL [3H]UDP-
glucosamine was added to the medium and incubated at 37
°C in a CO2 incubator for 16 h. After labeling, cells were
harvested, and lysates were prepared. For immunoprecipi-
tation experiments, 5µg of polyclonal eIF2R antibody was
bound to protein A-agarose, free antibody was removed,
and radiolabeled cell lysates containing 500µg of proteins
were added to antibody-bound protein A-agarose beads and
mixed by gently shaking at 4°C for 12-16 h. The unbound
proteins were removed by brief centrifugation and exten-
sively washed with washing buffer, and beads were resus-
pended with 5× SDS-PAGE loading buffer. The mixture
was then boiled for 10 min and microcentrifuged briefly,
and the clear supernatant was loaded on 15% SDS-PAGE
followed by either fluorography or immunoblot analysis. The
procedures for fluorography were as previously described
(24). The immunoblotting experiment with monoclonal
antibody against O-linked GlcNAc was performed following
the procedures as described (29).

WGA Binding Assay.Similar immunoprecipitation experi-
ments with monoclonal EGFP antibody were performed as
described above, and WGA binding assays with or without
GlcNAc were carried out following the procedures as
described (17, 22).

Pulse-Chase Experiment.Cells from different lines were
labeled metabolically with [35S]methionine for 2.5 h follow-
ing the procedures as described above. The radiolabeled
methionine was removed from the cells by repeated washing
with growth medium, and then the cell was allowed to grow
with normal growth medium. Cells were harvested during
different times of chase, and lysates were prepared. For
immunoprecipitation experiments with either polyclonal
antibodies against p67 or eIF2R, 500 µg of total protein
samples was taken, and similar procedures were followed
as described above.

Antibodies.Preparation and characterization of polyclonal
antibodies against p67, p67 deglycosylase, and eIF2R have
been described (18, 21). Goat polyclonal antibody against
eIF2R(C-20) and monoclonal antibody against EGFP were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA),
and monospecific polyclonal anti-eIF2R(P) antibody was
purchased from Research Genetics (Huntsville, AL). Anti-
mouse, -rabbit, or -goat secondary antibodies against whole
immunoglobulins conjugated with horseradish peroxidase
were purchased from Amersham Corp. or Sigma Chemicals.
For immunoprecipitation experiments, monoclonal anti-
body against EGFP was purchased from Clontech (Palo Alto,
CA). The O-linked GlcNAc-specific monoclonal antibody
(CTD110.6) was a gift of Dr. Gerald W. Hart (Johns Hopkins
University School of Medicine, Baltimore, MD) (29).

RESULTS

To test whether27TSST30 and 60SGTS63 serine/threonine
clusters are involved in O-GlcNAc modification, we substi-
tuted these with27AAGA30 and60AGAA63 residues, respec-
tively, in full-length rat recombinant p67 (Figure 1A) by site-
directed mutagenesis. The mutants were then subcloned into
pEGFP-C3 vector to obtain in-frame fusion with enhanced
green flouroscence protein (EGFP). These EGFP fusion
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proteins along with controls, such as EGFP alone or its in-
frame fusion of wild-type rat recombinant p67, were
constitutively expressed in KRC-7 cells, and their levels of
expression were examined on a Western blot (Figure 1B).
Both mutants and the wild-type p67 express equally well.

Next, we determined the levels of the phosphorylated form
of eIF2R in extracts from these cells (Figure 2). We found
that constitutive expression of the60AGAA63 mutant in
KRC-7 cells resulted in a loss of p67’s ability to block eIF2R
phosphorylation as compared to its wild-type protein, and
under similar conditions the27AAGA30 mutant did not show
any significant effect (Figure 2A, compare lanes 2-4 with
lane 1). Consistent with our previous findings, the wild-type
p67 showed∼5-fold increased levels of phosphorylation
inhibitory activity as compared to the vector, and this activity
was lost by almost 75% when the60SGTS63 sequence was
substituted with60AGAA63 in full-length p67 (Figure 2A,C).
The levels of eIF2R in these cell lines remained unchanged
(Figure 2B,D). These results indicate that AGAA substitution
at the60SGTS63 sequence of p67 results in a significant loss
of p67’s ability to prevent eIF2R phosphorylation.

Since the rate of protein synthesis in mammalian cells
depends on the status of eIF2R phosphorylation, and that in
turn depends on the activity of p67 (2, 20-24), we then

examined the protein synthesis rate in cells expressing p67
mutants and compared that with the rate of controls (Figure
3). We found that the rate of protein synthesis in cells
constitutively expressing the60AGAA63 mutant was>40%
lower than that of the basal level (Figure 3, compare panel
vector with that in60AGAA63) and>6-fold lower than that
of wild-type p67 (compare panel60AGAA63 with that in p67).
A similar mutation at the27TSST30 site did not show any
change in overall rate of protein synthesis compared to wild-
type protein (compare panel27AAGA30 with p67). The
fluorographic results as shown in Figure 3B were consistent
with the overall rate of protein synthesis in these cell lines
(Figure 3A).

Previously, we reported that the ability of p67 to block
eIF2R phosphorylation depended upon the level of its
glycosylation (17, 19, 20). We therefore examined the level
of glycosylation of the27AAGA30 and 60AGAA63 mutants
in KRC-7 cells by metabolically labeling with [3H]glucos-
amine and compared it with controls such as EGFP alone or
EGFP fusion of wild-type p67 (Figure 4). Our data revealed
that the level of glycosylation of the60AGAA63 mutant was
at least 3.6-fold lower than that of wild-type p67 (compare
panels60AGAA63 and p67 in Figure 4 A,C) and slightly
higher than the background level (compare lane 4 with lane
1 in Figure 4A and panel60AGAA63 with vector in Figure
4C). The level of glycosylation of the27AAGA30 mutant,
however, remained unaffected as compared to the wild-type
protein (compare lane 2 with lane 3 in Figure 4A and panel
27AAGA30 with p67 in Figure 4C). These results suggest that

FIGURE 1: Expressions of wild-type rat recombinant p67 and its
mutants27AAGA30 and60AGAA63 in KRC-7 cells. (A) Schematic
diagram of the wild-type sequence with AAGA substitution at
27TSST30 and AGAA substitution at60SGTS63 of rat recombinant
p67. (B) Immunoblotting analyses for the levels of EGFP and its
fusion proteins wild-type p67 and its mutants27AAGA30 and
60AGAA63 in KRC-7 cells. KRC-7 cells constitutively expressing
EGFP vector alone (vector, lane 1), EGFP fusions of rat recom-
binant p67 (p67, lane 2), or its mutant forms27AAGA30 (lane 3)
and60AGAA63 (lane 4) were grown in normal growth conditions.
Cell lysates were prepared, and 100µg of total protein samples
were analyzed with 15% SDS-PAGE followed by immunoblotting
with monoclonal antibody against EGFP. The positions correspond-
ing to the EGFP and EGFP fusions of p67 and its mutant forms
are indicated. Molecular mass markers are shown at the left. Some
of the faster migrating bands that were detected by this antibody
might represent the degradation products of the EGFP fusion
proteins or nonspecific interactions of EGFP antibody with cellular
proteins. This experiment was performed three times with similar
results.

FIGURE 2: Phosphorylation of eIF2R in KRC-7 cells constitutively
expressing27AAGA30 and 60AGAA63 mutants. KRC-7 cells con-
stitutively expressing EGFP (vector), EGFP fusions of rat recom-
binant p67 (p67), and its mutants27AAGA30 and60AGAA63 were
grown. Cell lysates were prepared; 100µg of total protein samples
was analyzed with 15% SDS-PAGE and immunoblotted with
polyclonal antibodies against the phosphorylated form of eIF2R
(A) and with polyclonal antibodies against the unphosphorylated
form of eIF2R (B). Positions corresponding to phosphorylated eIF2R
and total eIF2R protein are indicated as eIF2R(P) and eIF2R,
respectively. The intensities of protein bands corresponding to the
phosphorylated and total eIF2R protein were measured and
expressed in terms of percent, taking the vector as 100% (panels C
and D, respectively). These experiments were repeated in three
different preparations of cell lysates, and one representative
experiment is displayed. The standard errors are indicated next to
the percent of eIF2R phosphorylation or total eIF2R.
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the 60AGAA63 mutant is efficiently O-GlcNAc-modified in
mammalian cells.

To further verify that the60AGAA63 mutant is not
efficiently glycosylated by O-GlcNAc moieties, we immuno-
precipitated its EGFP fusion and that of wild-type p67 with
EGFP monoclonal antibody and allowed them to bind to
wheat germ agglutinin (WGA). The WGA binding was
competed with excess GlcNAc. WGA binds to O-GlcNAc
moieties, which are present in proteins (17, 19, 22), and free
GlcNAc is a competitive inhibitor of this lectin. In these
experiments, we find that wild-type p67 binds to WGA, and
this binding is significantly inhibited in the60AGAA63

mutant. In addition, the binding of WGA to EGFP fusions
of p67 or the60AGAA63 mutant is fully competed with the
competitive inhibitor GlcNAc, indicating the specific binding
of WGA (data not shown). A similar immunoprecipitation
experiment was performed with EGFP monoclonal antibody,
and the EGFP fusion proteins of wild-type p67 and its mutant
60AGAA63 were identified with the O-linked GlcNAc-specific
antibody (Figure 5). Our results suggest that the wild-type
p67 is glycosylated by O-linked GlcNAc moieties, and the
detection of this glycosylation is significantly decreased in
its 60AGAA63 mutant (compare lane 2 with lane 3). To verify

further whether the60AGAA63 mutant had reduced a level
of O-GlcNAc modification, the immunoprecipitates of p67
and this mutant were subjected to galactosylation with
galactosyltransferase and [3H]UDP-galactose as a substrate,
following the procedures as described previously (11). The
radiolabeled proteins were analyzed with SDS-PAGE and
fluorographed. After exposing the film for 7 days, we
detected very faint signals. Nonetheless, we found that the
wild-type p67 was labeled with [3H]galactose whereas its
60AGAA63 mutant had significantly less labeling with the
substrate (data not shown). These results further support our
findings, as mentioned earlier, that indeed the60SGTS63 is a
major site for attachment of O-GlcNAc modification in p67.
In summary, the data presented in Figures 2-5 indicate that
substitution of the60SGTS63 sequence with60AGAA63

residues in p67 led to a lower level of glycosylation and
possibly cause higher levels of eIF2R phosphorylation and
thus a lower rate of overall protein synthesis.

FIGURE 3: Rate of protein synthesis in KRC-7 cells constitutively
expressing EGFP alone and EGFP fusion proteins of wild-type p67
and its mutants27AAGA30 and 60AGAA63. (A) KRC-7 cells
constitutively expressing EGFP and EGFP fusions of p67 and
mutants 27AAGA30 and 60AGAA63 were grown for 72 h after
culturing. Cells were metabolically labeled with [35S]methionine,
cell lysates were made, and protein concentrations were measured
by the Bio-Rad assay kit with bovine serum albumin as a standard.
Total labeled protein samples (10µg) were spotted on a Whatmann
filter, dried, and counted in a scintillation counter. The rate of
protein synthesis was expressed by the incorporation of the
[35S]methionine as compared to cells expressing vector alone (taken
as 1). The open bar represents the rate of protein synthesis in cells
expressing EGFP (vector). The black-striped bar, gray bar, and
black-dotted bar represent that of cells expressing EGFP fusions
of wild-type p67 and27AAGA30 and 60AGAA63 mutants, respec-
tively. The results are from three different experiments measured
in triplicate, with error bars representing standard deviations from
the means. (B) While cells from the above lines were growing (for
72 h after culturing), they were metabolically labeled with [35S]me-
thionine, and 25µg of radiolabeled protein samples was analyzed
with 15% SDS-PAGE followed by fluorography. Lanes: 1, vector;
2, p67; 3,27AAGA30; and 4,60AGAA63. Molecular mass markers
are shown at the left.

FIGURE 4: Determination of the glycosylation of EGFP fusion
proteins of p67 and its mutants27AAGA30 and60AGAA63. KRC-7
cell lines constitutively expressing EGFP alone (vector), EGFP
fusion proteins of p67 (p67), and its mutant derivatives27AAGA30
and60AGAA63 were metabolically labeled with [3H]UDP-glucos-
amine. EGFP or EGFP fusion proteins from 500µg of total proteins
were immunoprecipitated with monoclonal antibody against EGFP
and subjected to fluorography (A). Panel B shows the corresponding
Western blot with EGFP monoclonal antibody from the similar
experiment shown in panel A. The3H-labeled EGFP fusion protein
bands shown in panel A were cut out and counted by a scintillation
counter. The counts were expressed in cpm and plotted on the graph
(C). The results are from three different experiments measured in
triplicate, with error bars representing standard deviations from the
means. As a control, EGFP protein bound in protein A-agarose
beads (vector) was used to detect nonspecific binding of radio-
labeled proteins.
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p67 copurifies with eIF2 and regulates its phosphorylation
(3, 18). Substitution of the amino acid sequence at the lysine-
rich domain I of p67 with specific amino acid residues
inhibits its activity (23). We therefore wanted to test the
hypothesis that p67 might bind to eIF2R and the O-GlcNAc
moieties of p67 are required for p67-eIF2R interaction. To
test this hypothesis, eIF2R was immunoprecipitated from cell
extracts. The immunoprecipitates were then analyzed with
SDS-PAGE followed by Western blot with monoclonal
antibody against EGFP (Figure 6A). The EGFP fusions were
detected in cell extracts from KRC-7 cells constitutively
expressing its fusion with wild-type p67 (lane 2) or its
mutants60AGAA63 (lane 3) and27AAGA30 (lane 4). The
EGFP fusion of the60AGAA63 mutant coprecipitated less
efficiently than that of wild-type p67 and the27AAGA30

mutant (compare lanes 2 and 3 with lane 4). This is not due
to the lower amount of antibody used for the experiments
because the levels of heavy chain and light chain of IgG
remained unchanged in these experiments (Figure 6A). To
check whether these immunoprecipitation assays pulled down
equal amounts of eIF2R, the EGFP antibody from the blot
was stripped out and reprobed with polyclonal eIF2R
antibody (Figure 6B). Although a>3-fold excess of eIF2R
was precipitated by its antibody from cell extract obtained
from cells constitutively expressing vector alone (lane 1) as
compared to that of EGFP fusions with wild-type p67 (lane
2), the27AAGA30 mutant (lane 3), and the60AGAA63 mutant
(lane 4), its level remained basically unchanged in the later
three cell lines (compare lane 1 with lanes 2-4 in Figure
6B). These results suggest that the lesser amount of EGFP
fusion of the60AGAA63 mutant coprecipitated with eIF2R
was not due to the lesser amount of eIF2R. This, however,
could be either because of weaker interaction of this p67

mutant with eIF2R or because this mutant has a higher
turnover rate as compared to wild-type p67.

To test the turnover rate, KRC-7 cells constitutively
expressing either wild-type p67 or the60AGAA63 mutant
were labeled metabolically with [35S]methionine and chased
with cold methionine for several hours. pP67 was immuno-
precipitated from the respective cell lysates, and both
endogenous p67 and its EGFP fusion were detected by
fluorography (Figure 7A). Although, the levels of endog-
enous p67, which is present in>20-fold excess as compared
to its EGFP fusions, and EGFP fusion of wild-type p67
remained unchanged, the EGFP fusion of the60AGAA63

mutant had a higher rate of turnover than its wild-type protein
(compare lanes 1-3 with lanes 4-6). The wild-type p67
was detected even after 16 h of chase (data not shown),
whereas that of the60AGAA63 mutant could not be detected
even after 2 h of chase (Figure 7A). In addition, the level of
this mutant at 0 h of chase was slightly low compared to
that of wild-type p67 [compare lanes 1 in both panels p67
and p67 (mut), Figure 7A]. This lower level of the60AGAA63

mutant was not due to the total protein immunoprecipitated,
because the EGFP fusions of wild-type p67 and its60AGAA63

mutant remained basically unchanged (Figure 7B, compare
lanes 1-3 with lanes 4-6). These results therefore suggest
that the wild-type p67 is very stable compared to its
60AGAA63 mutant, which has a higher turnover rate. We have

FIGURE 5: Western blot analysis with O-linked GlcNAc-specific
antibody. Similar immunoprecipitation reactions to those described
in the legend to Figure 5 were performed with EGFP monoclonal
antibody and analyzed with 15% SDS-PAGE, followed by binding
with O-linked GlcNAc-specific monoclonal antibody, and color was
developed with ECL. Lanes: 1, vector; 2, EGFP fusion of wild-
type p67; 3, EGFP fusion of60AGAA63 mutant. Molecular mass
markers are shown at the left. The experiment was repeated two
times with similar results. Immunoglobulin heavy chain and light
chain are indicated as IgG(H) and IgG(L), respectively, and shown
by arrows.

FIGURE 6: Analysis of the protein-protein interactions with p67
and its mutant forms27AAGA30 and 60AGAA63 with eIF2R. (A)
KRC-7 cells constitutively expressing EGFP alone (vector, lane
1), EGFP fusion proteins of wild-type p67 (p67, lane 2), and its
mutant forms27AAGA30 (lane 3) and60AGAA63 (lane 4) were
grown, and cell lysates were prepared. Total protein samples (500
µg) were used for immunoprecipitations with anti-eIF2R (5 µg)
followed by immunoblotting with monoclonal antibody against
EGFP (1:1000 dilution). As a control, protein A-agarose beads
bound to EGFP were used to detect any nonspecific binding of
cellular proteins. The antibodies from the blot were stripped out
and immunoblotted with polyclonal antibody against eIF2R (B).
Arrows indicate EGFP fusion proteins and eIF2R. Molecular mass
markers are shown at the left. Immunoglobulin heavy chain and
light chain are indicated as IgG(H) and IgG(L), respectively, and
shown by arrows.
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also performed similar experiments with the27AAGA30

mutant and found no difference in stability between wild-
type p67 and this mutant (data not shown).

DISCUSSION

Many nuclear and cytoplasmic proteins are modified by
O-GlcNAc moieties at the serine/threonine residues (8, 13,
30). These or adjacent sites are often modified with
phosphate group by kinases (13, 15, 30-32). Mapping the
sites of O-GlcNAc modification is a difficult task, and
proteins, which show reciprocity between O-GlcNAc and
O-phosphate, make it even harder to pinpoint the sites of
modification. This is because a preparation of such a protein
contains a mixed population of both modifications along with
its unmodified form. Recently, Wells et al. used a mass
spectrometry-based method to identify sites modified by
O-GlcNAc that relies on mildâ-elimination followed by
Michael addition with dithiothreitol. This method success-
fully identified the O-GlcNAc sites in synapsin I, lamin B
receptor, and nucleoporin Nup155 (33). Nonetheless, site
mapping allows a test for the function of such modification
by site-directed mutagenesis. We wanted to identify the
potential glycosylation site(s) on p67 that could be involved
in its ability to block eIF2R phophorylation. Since there is
no consensus sequence for such modification, we have taken
a molecular biology approach and combined with it the in
vivo functional assay for p67 activity. Using these methods,
we identified an N-terminal 1-97 amino acid segment that
increases p67’s activity to block eIF2R phosphorylation only
when it is constitutively expressed in mammalian cells, where
it is glycosylated (23). This then prompted us to test for
potential glycosylation at the serine/threonine clusters present
within this amino acid segment. We have changed the amino
acid residues at the conserved sequences27TSST30 and

60SGTS63 to 27AAGA30 and60AGAA63, respectively, in full-
length p67 (Figure 1). These mutants were constitutively
expressed in rat tumor hepatoma cells. The p67’s activity to
block eIF2R phosphorylation, rate of protein synthesis,
glycosylation, binding with eIF2R, and the turnover rates of
wild-type p67 and its mutants were measured in these cell
lines. Our data showed that the60SGTS63 site is modified
with an O-GlcNAc moiety, and this glycosylation plays an
important role in its stability and, thus, in regulation of eIF2R
phsophorylation.

Several studies indicate that the O-GlcNAc modification
on proteins plays an important role in the regulation of
various cellular events such as DNA replication, transcription,
cell signaling, and translation (8-10). For example, RNA
polymerase II has a CTD domain at its C-terminus modified
with an O-GlcNAc moiety. This modification possibly leads
to the assembly of several transcription factors into the TATA
box. Once the preinitiation complex is formed, these glycosyl
residues are removed by deglycosylase activity, and the CTD
kinases possibly phosphorylate the same sites or adjacent
sites. At this stage, the transcription machinery changes to
elongation mode and continues RNA synthesis (31). The
CTD domain of RNA pol II has clusters of serine/threonine
residues. The N-terminal 1-97 amino acid segment of p67
has three serine/threonine clusters (3, 23), and this study
showed that one such cluster with sequence60SGTS63 is one
of the glycosylation sites. To test for the requirement of
glycosylation at this site, we examined whether p67 binds
to eIF2R (18) to explain whether this binding is essential
for protection of eIF2R phosphorylation activity. Our yeast
two-hybrid assays for identifying the interaction between
these two proteins revealed that this interaction is weak
whereas that with eIF2γ was strong (manuscript in prep-
aration), indicating that the interaction between p67 and
eIF2R may be through posttranslation modification such as
O-GlcNAcation, which might be absent in yeast. In addi-
tion, substitution of the lysine-rich domain I with the
NMKSGNKTQ sequence in p67 abolished its activity
significantly in KRC-7 cells (23), indicating the possibility
of binding the lysine-rich domain I of p67 and eIF2R.
However, we could not detect such interaction in our yeast
two-hybrid assay (data not shown). We therefore performed
co-immunoprecipitation assays and detected the efficient
binding between eIF2R and p67 in KRC-7 cells. This binding
was reduced in cells constitutively expressing the60AGAA63

mutant (Figure 6). Although the reduced level of O-GlcNAc
modification at the60SGTS63 site correlated with the reduced
binding with eIF2R, the endogenous p67 level in this mutant
cell line did not change (Figure 7). This is indeed due to the
higher turnover rate of the60AGAA63 mutant as compared
to wild-type p67 (Figure 7). These results suggest that
O-GlcNAc modification at the60SGTS63 site is involved in
the turnover of p67. Although the levels of expression of
EGFP fusions of wild-type p67 and its27AAGA30 and
60AGAA63 mutants were<20-fold as compared to endog-
enous p67 (Figure 7A), the60AGAA63 mutant had a lower
level of O-GlcNAc modification (Figure 4), and subsequently
KRC-7 cells constitutively expressing this mutant had higher
levels of eIF2R phosphorylation (Figure 2). In contrast, a
similar mutation at27TSST30 did not show any effect on
eIF2R phosphorylation, and it was efficiently glycosylated
(Figures 2 and 4). These results point out the importance of

FIGURE 7: The60AGAA63 mutant has a higher turnover rate than
wild-type p67. Cells from wild-type p67 and60AGAA63 mutant
lines were metabolically labeled with [35S]methionine for 2.5 h and
chased for 0 (lanes 1 and 4, panel A), 1 (lanes 2 and 5), and 2 h
(lanes 3 and 6) with unlabeled methionine. Cells were lysed, and
500µg of total protein samples was immunoprecipitated with p67
polyclonal antibody and subjected to fluorography (A). Panel B
shows the corresponding Western blot from the experiment similar
to that shown in (A), probed with monoclonal EGFP antibody. The
positions of endogenous p67 and EGFP fusion of wild-type p67 or
the60AGAA63 mutant are indicated by arrows. A slower migrating
protein appearing as a doublet with EGFP fusions was also detected
by both p67 and EGFP antibodies from the protein samples
analyzed, and it is present in minor quantity.
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the O-GlcNAc modification at the60SGTS63 site. In addition,
the 60AGAA63 mutant had a higher rate of turnover as
compared to wild-type p67 (Figure 7). This may explain its
inefficient binding with eIF2R (Figure 6). It is intriguing,
however, that a small population of the60AGAA63 mutant
can compete with the large excess of wild-type p67 and
possesses a dominating effect on eIF2R phosphorylation in
mammalian cells. This could be achieved possibly by
targeting a key cellular factor that is involved in eIF2R
phosphorylation or by inducing the dissociation of eIF2-
bound p67 more efficiently and interfering with binding to
eIF2γ. Another possibility could be that the60AGAA63

mutant converted the wild-type p67 into an inactive form
via an unknown mechanism. Our present study on protein-
protein interaction will possibly provide clues to these
important unanswered questions. Among several func-
tions of O-GlcNAc modification in proteins, one is to
modulate the turnover and protein-protein interactions (13-
16). For example, estrogen receptors have O-GlcNAc
modification sites close to the PEST sequence. The latter
sequence motif has been proposed as the signal responsible
for rapid degradation (34), and O-GlcNAc modification at
these sites might increase the turnover rate of the molecule
(15, 35). Although we do not find any PEST sequence nearer
to the 60SGTS63 site of p67, the lysine-rich domain I
(36KKKRRKKKK 44) is very close to this site and is required
for its activity (23). The two arginine residues within this
domain could be the sites for ubiquitin-mediated degradation
in the proteosome.

Posttranslation modifications such as phosphorylation and
glycosylation require the same or adjacent serine/threonine
sites (13). The activities of the kinases and phosphatases
regulate the status of the phosphorylation at these sites in
proteins (8, 13, 30). In contrast, the activities ofO-glycosyl-
transferases (OGTs) and deglycosylases (O-GlcNAcase)
regulate the level of O-GlcNAc modification in proteins (8,
36-39). We have detected higher levels of the p67-specifc
OGT activity in mouse brain as compared to liver and higher
levels of deglycosylase activity in liver as compared to mouse
brain (data not shown). Although we have not purified such
OGT, we have succeeded in purifying p67-DG from rabbit
reticulocytes to homogeneity (22). Since there are reciprocal
relationships between glycosylation by OGT and phos-
phorylation by kinases, it is not clear from our present study
whether this relationship exists in p67. The60SGTS63 site of
p67 is modified by O-GlcNAc, and the same amino acid
residues might be involved in phosphorylation by kinase(s).
If it does, the specific kinase that phosphorylates p67 will
reveal the detailed mechanism of the regulation of eIF2R
phosphorylation in protein synthesis initiation.

Our earlier study indicated that the glycosylation of the
N-terminal 1-97 amino acid segment of p67 was necessary
for its ability to block eIF2R phosphorylation (23). This study
identified such a site for glycosylation and determined its
importance in its activity. On the basis of our biochemical
studies, we reported that p67 might have at least 10 putative
O-GlcNAc modification sites (17). Recently, we also found
that constitutive expression of the N-terminal 1-35 amino
acid segment in KRC-7 cells did not show any effect on
eIF2R phosphorylation (data not shown), indicating that
O-GlcNAcation, if present at the8SS9 cluster, did not have
any role in p67’s activity. Taken together, these findings

indicate that the rest of the serine/threonine sites are possibly
present at the 98-480 amino acid segment of p67, and
O-GlcNAc modifications at these sites might also be involved
in the regulation of the eIF2R phosphorylation as well.
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