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Abstract

Numerous works demonstrated that the dynamic O-GlcNAc glycosylation could protect against the proteasomal degradation by
modifying the target proteins and the proteasome itself. Considering that Hsp70 is a crucial component in the quality control of
protein conformation in the proteasomal pathway, we investigated the possibility that Hsp70 physically interacts with O-GIcNAc
proteins through a lectinic activity. First, we demonstrate that in HepG2 cells, Hsp70 can specifically bind to O-GlcNAc residues but
also is itself modified by O-GIcNAc. Second, when cells were deprived of glucose (nutrient stress), Hsp70 lectinic activity markedly
increased whereas its glycosylation dramatically decreased. On the other hand, a 42 °C thermic stress did not affect any of these
features. Lastly, the nature of O-GIcNAc modified proteins co-immunoprecipitating with Hsp70 was similar for cells submitted
to the thermic and to nutrient stress. These results strongly suggest that O-GIcNAc influences protein stability through specific

interaction with 70-kDa-heat shock protein members.
© 2004 Elsevier Inc. All rights reserved.
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Usually, the proteins targeted to the proteasome
present PEST sequences (sequences enriched in proline,
glutamic acid, serine, and threonine that direct proteins
for rapid degradation [1]) and are modified by poly-
ubiquitinylation (for review see reference [2]). Recent
reports showed that the dynamic O-GIcNAc glycosyla-
tion of proteins within the cytosolic and nuclear com-
partments of eukaryotes [3], such as Spl [4], estrogen
receptor-f [5], and more recently plakoglobin [6], was
less affected by proteasomal degradation. Consequently,
it has been proposed that O-GlcNAc could protect
proteins from the proteasomal degradation. Studies
performed on Spl have shown that in cells cultured in
the presence of 5mM glucosamine, Spl became hyper-
glycosylated whereas in glucose starvation, the glyco-
sylation decreased and Spl was rapidly degraded by the
proteasome [4]. Treatment of the cells with glucose or
glucosamine protects Spl from the degradation. This

* Corresponding author. Fax: +33-3-20-43-65-55.
E-mail address: tony.lefebvre@univ-lillel.fr (T. Lefebvre).

0006-291X/$ - see front matter © 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2004.04.144

process seems to be independent of ubiquitinylation
process. For the B-estrogen receptor, it has been pro-
posed that the O-GIcNAc glycosylation of the site found
within the PEST sequence could block protein degra-
dation and would thus played an opposite role to that
play by phosphorylation (which activates degradation at
PEST sequences) [5]. Recently, it was shown that pla-
koglobin, which connects cadherins to cytoskeleton,
could be modified with O-GIlcNAc in close proximity to
the destruction box [6]. Interestingly, many of the well-
characterized O-GlcNAc glycosylation sites show high
PEST scores, reinforcing the relationship between pro-
teasomal degradation and O-GIcNAc. Two recent
studies showed that the 26S proteasome is also modified
by O-GIcNACc both in the regulatory and in the catalytic
cores [7,8] and that, the O-GIcNAc moiety acts as an
inhibitor of the proteolysis function.

In a previous report, we described for the first time the
lectinic activity of the Hsc70 protein, a constitutive
member of the 70-kDa-heat shock protein family
(HSP70) [9]. Heat shock proteins (HSPs) are ubiquitously
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found in all organisms ranging from bacteria to most
complex metazoans. They share a conserved structure
that suggests a fundamental function in many cellular
processes and are distributed in mostly all organelles
(for review see [10]). HSP are composed of several
families with molecular masses spreading from 20 to
110kDa. The HSP70 family exhibits 70% base identity
among the entire HSP70 eukaryotic family and near
60% with Dnak, its homolog in Escherichia coli. HSP70
are mainly localized in the cytosol and the nucleus of
eukaryote cells. Their expression is induced by different
types of stress (e.g., temperature, irradiation, heavy
metals, infection, fever, and inflammation [11]). How-
ever, HSP70 are also present at a minimal amount in
normal conditions. HSP70 are structured in three main
domains [10]: the 44 kDa N-terminal domain involved in
ATP hydrolysis, the central domain of 18kDa that
binds hydrophobic peptide sequence, and a 10kDa
glycine—proline rich C-terminal domain with a con-
served EEVD tetrapeptide terminal sequence implicated
in the mRNA translation. The constitutive form of
HSP70, named Hsc70 (Heat shock cognate protein of
70kDa), is not inducible. Both forms bind and hydro-
lyse ATP [12]. In conjunction with co-chaperones, heat
shock proteins are involved in the protection and in the
re-folding of normal and damaged proteins. When the
re-folding process is unsuccessful, proteins are directed
to the ubiquitin—proteasome system (UPS) for destruc-
tion [13].

Here, we have demonstrated the ability of Hsp70 to
bind in a specific manner to O-GlcNAc residues. These
results support a new type of lectinic interaction between
O-GIcNAc modified proteins and Hsp70, related to
protein life and death.

Materials and methods

Cell culture and stress treatments. HepG2 cells were cultured on
dishes (diameter 100 mm) treated with 0.1% porcine gelatin (Sigma) in
Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 10%
(vlv) fetal calf serum, 2mM L-glutamine, 5IU/mL penicillin, and
50 pg/mL streptomycin at 37°C in a 5%-CO, enriched atmosphere.
For glucose depletion stress cells were rinsed with 10mL of glucose-
free medium before incubation in this culture medium for 24h.
Thermal stress was applied to cells by hyperthermic conditions cul-
turing at 42°C in a 5%-CO, enriched atmosphere.

GlcNAc-beads affinity enrichment, immunoprecipitations, and
co-immunoprecipitations. Before lysis, HepG2 cells were washed with
cold phosphate-buffered saline (Gibco).

For lectinic activity studies, cells were lysed in a hypotonic buffer
(10mM Tris/HCl, 10mM NacCl, 15mM 2-mercaptoethanol, 1 mM
CaCl,, lmM MgCl,, and protease inhibitor, pH 7.2) with a Dounce
homogenizer on ice [12]. Extracts were centrifuged at 20,000g for
30min at 4°C, and the supernatant was carefully recovered. Thirty
microlitres of GlcNAc-labelled beads (N-acetyl-D-glucosamine immo-
bilized on 6% beaded agarose with a spacer of five carbons, Sigma) was
added to the supernatant and incubated for 1h at 4°C. Beads were
then gently centrifuged and washed four times in the buffer containing

20mM Tris/HCl, 200mM KCl, 1 mM CaCl,, | mM MgCl,, and pro-
tease inhibitor, pH 7.4.

For immunoprecipitation, cells were lysed in a lysis buffer (Tris/
HCI 10mM, NaCl 150 mM, Triton X-100 1% (v/v), sodium deoxy-
cholate 0.5% (w/v), sodium dodecyl sulphate 0.1% (w/v), and protease
inhibitors, pH 7.4) and centrifugation was performed at 20,000g for
30min at 4°C. The RL2 anti-O-GlcNAc antibody (Affinity BioRe-
agent) was added to a 1:250 final dilution and the lysates were placed
at 4 °C overnight. The bound proteins were recovered after addition of
protein G—Sepharose (Amersham) for 1 h at 4°C. Beads were pelleted
and washed, respectively, in: lysis buffer; lysis buffer supplemented
with 500mM NaCl; lysis buffer/TNE (TrissHCl 10mM, NaCl
150mM, and EDTA 1mM) in equal volume, and finally with TNE
alone.

For co-immunoprecipitation with the anti-Hsp70 polyclonal anti-
body (Stressgen BioReagents) the procedure was the same as described
for immunoprecipitation except that HepG2 were lysed in Co-IP buffer
(Tris/HC1 50 mM, NaCl 150 mM, NP-40 0.5% (v/v), and protease in-
hibitors, pH 8.0) and anti-Hsp70 was used at a dilution of 1:200. The
bound proteins were recovered by incubation with protein A—Sepha-
rose (Amersham) for 1h. Four washes were performed in the Co-IP
buffer with gentle shaking (four times).

SDS-PAGE and Western blotting. Proteins were separated on 10%
SDS-PAGE and electroblotted onto nitrocellulose sheet. Membranes
were saturated for 45 min with 5% non-fatty acid milk in TBS-Tween
buffer (Tris/HCl 20 mM, NaCl 150 mM, and Tween 0.05% (v/v), pH
8.0). Anti-Hsp70 antibodies were incubated for 1h at a dilution of
1:150,000, and RL2 anti-O-GlcNAc monoclonal antibodies or anti-f3-
catenin polyclonal antibodies (Santa Cruz Biotechnologies) were in-
cubated overnight at 4°C at a dilution of 1:1000. Three washes of
10 min each were performed with TBS-Tween. Anti-rabbit and anti-
mouse horseradish peroxidase labelled secondary antibodies were used
at a dilution of 1:10,000 for 1 h at room temperature. Three washes of
10 min each were performed with TBS-Tween and the detection was
carried out using the Western lightning chemiluminescence reagents
plus kit (Perkin—Elmer).

Results and discussion

Hsp70 exhibits a lectinic activity towards the O-GlcNAc
motif and is itself O-GlcNAc modified

In order to test our hypothesis of a putative lectinic
property of the 70-kDa-heat shock protein towards the
O-GlcNAc motif, GlcNAc-labelled agarose beads were
incubated with a protein extract obtained from the
HepG2 human hepatocarcinoma cell line cultured at 37
or at 42 °C. A lectinic activity of Hsp70 toward GlcNAc
is evident in HepG2 both at 37 and at 42°C (Fig. 1A,
lanes 3 and 4). The quantitative differences of Hsp70
expression at 37 and at 42 °C, both in the control lanes
and in the GIlcNAc-beads enriched ones, are related to
its induction after thermic stress. The specificity of the
lectinic property of Hsp70 is illustrated by the less in-
tense binding of Hsp70 to chitobiose (GlcNAc B-1,4-
GIcNAc) and the lack of interaction with the mannose
residue at 37 °C (Fig. 1B).

We have also examined whether Hsp70 itself might be
a substrate for the O-GIcNAc transferase (OGT). For
this purpose, using the extract from HepG2 grown
at 37°C and 42°C, O-GIcNAc modified proteins were
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Fig. 1. Hsp70 lectinic activity against N-acetylglucosamine residues
and O-GlcNAc modification of Hsp70. HepG2 cells were cultured
either at a temperature of 37°C or at a temperature of 42°C as to
induce a thermic stress. After lysis of the cells, cellular extracts were
incubated either with GlcNAc-agarose beads (A) or with anti-O-Glc-
NAc monoclonal antibodies (C). The bound proteins were submitted
to a 10% SDS-PAGE, electroblotted onto nitrocellulose sheet, and
stained with an anti-Hsp70 antibody. The lectinic activity of Hsp70
was also tested on chitobiose beads and on mannose beads (B). The
glycosylation of Hsp70 by O-GIcNAc was checked using the anti-O-
GIcNAc antibody RL2 in immunoprecipitation experiments and an
anti-Hsp70 antibody in Western blot (C). Ctrl, control; WB, Western
blot.

enriched by immunoprecipitation with an anti-O-GlcNAc
antibody (RL2). The bound proteins were separated on
a 10% SDS-PAGE and stained with anti-Hsp70 anti-
bodies (Fig. 1C). Indeed, Hsp70 was itself modified with
O-GIcNAc. Only a very faint band of the glycosylated
form of Hsp70 at 37 °C (Fig. 1C, lane 3) was related to
the weak expression of Hsp70 at this temperature
(Fig. 1C, lane 1). The increase in the GIcNAc binding
and in the O-GlcNAc glycosylation on Hsp70 at 42°C is
attributed to its induction by the thermic stress; since in
both cases the lectinic activity and glycosylation in-
creased following the induction of Hsp70. In conclusion,
this set of experiments clearly shows that Hsp70 exerts
a lectinic activity towards the N-acetylglucosamine
residues and that this protein is O-GlcNAc¢ modified.

O-GlcNAc level of Hsp70 is sensitive to glucose starvation
and influences its binding activity toward N-acetylglucos-
amine residues

UDP-GIcNAc is the sugar donor used by OGT to
transfer GlcNAc residues to protein substrates. GIcNAc
originates from the conversion of about 3-5% of the
glucose entering the cell following the hexosamine bio-
synthetic pathway (Fig. 2A) [14]. As expected, the level
of O-GIcNAc modifying proteins in cells cultured in

glucose-depleted medium strongly decreased compared
to cells growing in normal-culture medium (4.5g glu-
cose/L, Fig. 2B). Moreover, the modification of the
pattern of glycosylation caused by the glucose starvation
appears overall not affected by the thermic stress
(Fig. 2B, compare lanes 1-3 and 2-4) except for proteins
migrating between 50 and 70kDa (arrowheads). The
O-GIcNAc glycosylation of Hsp70 exhibits the same
pattern with a similar high decrease of anti-O-GIlcNAc
staining both at 37 and at 42 °C (Fig. 2C, lanes 5-8).

Interestingly, the lectinic activity of Hsp70 in glucose-
depleted conditions highly increased when cells were
cultured in absence of glucose (Fig. 2D, compare lanes 5
and 6 to lanes 1 and 2). As previously shown in Fig. 1,
we also observed an increase in the lectinic activity of
Hsp70 after thermic stress (42 °C) that is in part related
to an induction of Hsp70 (Fig. 2, lanes 1, 3, 5, and 7).
This is in contrast to glucose-depleted conditions
where the dramatic increase in this lectinic activity of
Hsp70 is not due to a protein synthesis (Fig. 2, lanes 1,
2, 5, and 6).

These experiments demonstrate that when HepG2
cells are submitted to glucose starvation, the O-GIcNAc
glycosylation level of Hsp70 decreases similarly to other
extracted proteins but, unexpectedly, this decrease is
associated with a noticeable higher lectinic affinity.

The results exposed above led us to evaluate the in-
fluence of the thermic stress (37 or 42°C), combined
with glucose starvation on the propensity of Hsp70 to
associate with protein partners through interactions
with the O-GIcNAc motif. For this experiment, anti-
Hsp70 antibodies were used to co-immunoprecipitate
proteins from a HepG?2 cellular lysate. The co-immu-
noprecipitated proteins were analysed by Western blot
using either the anti-O-GlcNAc RL2 monoclonal anti-
bodies (Fig. 3A, top panel) or with an anti-B-catenin
polyclonal antibody (Fig. 3A, bottom panel). Mainly,
we can see that in the different conditions of culture
(Fig. 3A, lanes 5-8), the Hsp70 co-immunoprecipitated
O-GIcNAc protein patterns are rather similar in terms of
representation except for a low molecular mass protein
of 30kDa whose co-immunoprecipitation increased in
glucose-depleted conditions (Fig. 3, lanes 6 and 8). It
may somewhat be intriguous to note that despite the
dramatic drop in the O-GIcNAc rate affecting the
proteins (Fig. 3A, lanes 1-4), many bands correspond-
ing to co-immunoprecipitated O-GIcNAc modified
proteins with Hsp70 are still detected (Fig. 3A, lanes 5—
8). This phenomenon might be related to the increased
affinity of the Hsp70 chaperone towards the O-GIcNAc,
leading to a compensating behaviour with the decrease
in glycosylation (Fig. 3B). When free GlcNAc was ad-
ded, both to the lysate and to the washing buffer, the
relative intensity of the bands of the co-immunoprecip-
itated proteins was lowered suggesting an obvious O-
GIcNAc interaction between Hsp70 and these proteins
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Fig. 2. Hsp70 lectinic activity towards GlcNAc and O-GlcNAc level in Hsp70 in HepG2 cells cultured in absence of glucose. (A) The relationship
between the O-GlcNAc glycosylation and the extracellular glucose is drawn. Glucose enters the cell by a specific transporter, is phosphorylated to
glucose 6-phosphate, and is isomerized in fructose 6-phosphate by the phosphoglucose isomerase. At this stage a key-enzyme intervenes: the glu-
tamine-fructose amidotransferase (GFAT). It converts the fructose 6-phosphate to glucosamine 6-phosphate that is in definitive activates as a
nucleotide-sugar: the UDP-GIcNACc that is the substrate of the O-GlcNAc transferase (OGT). The GFAT could be by-passed by treating cells with

glucosamine. (B-D) Two types of stresses were applied to HepG2 cells:

a thermic stress and a nutrient stress (glucose deprivation). In both cases, the

lectinic activity of Hsp70 (D) and its O-GlcNAc glycosylation were studied (C). In the same experiment, the O-GlcNAc level of total cellular proteins

was looked at (B) as described for Fig. 1. Blots were performed using

the anti-Hsp70 antibody after running of the GlcNAc-bound proteins or the

O-GlcNAc-enriched proteins by a 10% SDS-PAGE. Ctrl, control; T, temperature in degree celsius; IP, immunoprecipitation; and WB, Western blot.

(data not shown). However, this interaction seems to
involve also the peptide moiety since free GIcNAc sugar
alone is not sufficient to fully abolish this interaction.
B-Catenin, that is involved in cell adhesion via interac-
tion with E-cadherin and that plays an essential role in
the Wingless/Wnt signalling pathway, has been charac-
terized to be modified by O-GIcNAc [15]. Moreover, it
has been demonstrated that the turnover of B-catenin is
regulated by the ubiquitin—proteasome system [16]. Ac-
cording to the lectinic activity of Hsp70 against O-Glc-
NAc, these observations led us to strongly suppose that
this key-protein could interact with Hsp70 via the
O-GIcNAc moiety. Actually, B-catenin co-immunopre-
cipitated with Hsp70 (Fig. 3A, bottom panel) and this
immunoprecipitation was higher when HepG2 cells were
cultured in absence of glucose, i.e., when the lectinic
activity of Hsp70 was maximal. In the control samples
B-catenin appeared unchanged whatever the stress we
applied (thermic or nutrient) and migrated as two
bands, but in the co-immunoprecipitated samples, only
the upper band was detected suggesting only a protec-

tion of this high molecular form (arrowhead). Other
proteins that interact with Hsp70 in an O-GlcNAc
dependent way are in process of identification in the
laboratory.

The question we asked at this stage is the relevance of
such an activity for Hsp70. The hypothesis of a pro-
tection played by O-GIcNAc against the proteasomal
degradation seems to be well accepted today. First,
numerous proteins were described to be protected by the
single O-GIcNAc glycosylation, i.e., Spl [4], B-estrogen
receptor [5] or plakoglobin [6]; second, numerous
O-GlIcNAc sites are localized within PEST sequences
usually activated by phosphorylation and we can
presume that O-GlcNAc could protect proteins against
destruction by occupying phosphorylated sites
(yin—yang relationship); and third, the proteasome ap-
pears to be itself modified and regulated by O-GIcNAc
[7,8]. Nevertheless, the role of chaperone protein in this
protection process was never investigated and could
appear as the “missing link.” We attempt to bring a first
response by searching a possible lectinic activity in
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Fig. 3. Different O-GIcNAc proteins are associated to Hsp70, but the
effect of the thermic and of the nutrient stresses did not profoundly
affect their binding. HepG?2 cells were cultured in the different condi-
tions of stress (37 or 42 °C with or without glucose). Cells were lysed in
a smooth lysate buffer (A, lanes 5-8) and the anti-Hsp70 antibody was
added to the extract. After recovering the bound proteins with
Sepharose beads-coupled protein A, proteins were run on a 10% SDS—
PAGE and stained either with the anti-O-GIcNAc RL2 antibody as to
detect the O-GIcNAc proteins bound to Hsp70 or with anti-B-catenin
antibody. (B) The lectinic activity status of Hsp70 (as shown in Fig. 2)
during the co-immunoprecipitation experiment. Ctrl, control; T, tem-
perature in degree celsius; Co-IP, co-immunoprecipitation; and WB,
Western blot.
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Fig. 4. Proposed mechanism of the protection of O-GlcNAc proteins
by Hsp70 Using previous data and with the present work we have
drawn this hypothesis about the protection of proteins by O-GlcNAc.
In normal conditions (with glucose) proteins have a certain level of O-
GIcNAc, and some of these residues are localized within PEST se-
quences that could be bound by HSP70 via their lectinic domain.
When cells are depleted of glucose mainly the O-GlcNAc glycosylation
decreases and only remnant O-GIcNAc residues are preserved,
and thus permit the protein to avoid the proteasomal degradation.
O-GlcNAc residues are represented as a white ball.

Hsp70 and to look at the modulation of this activity
during stress. If O-GIcNAc is actually a protective signal
against proteasomal degradation, chaperone proteins
could play their protective role by masking PEST se-
quences via the glycosylation and thus permit the
modified substrate to escape to the proteasomal degra-
dation (Fig. 4).

Concluding remarks

The present work demonstrates the GlcNAc-binding
activity of Hsp70 and its O-GIcNAc modification.
Modulations of these two features in an opposite way
were shown when HepG2 cells were cultured in glucose-
depleted medium: the lectinic activity toward O-GIcNAc
greatly increased in a glucose-deprived stress whereas
the O-GIcNAc glycosylation dramatically decreased. We
propose that O-GlcNAc proteins could be protected
from proteasomal degradation by counteracting the
pro-degradative effect of phosphorylation at PEST se-
quences by interacting with HSP70, thus reinforcing a
role of O-GIcNAc in protein stability. This paper pre-
sents an emerging new concept in protein protection, by
describing the lectinic activity of HSP70, and the new
visualization of chaperone lectins by corroborating the
hypothesis that O-GIcNAc is a glycosylation that may
permit proteins to stay in life.
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