Acta Physiologica Hungarica, Volume 83 (4), pp. 333-342 (1995)

Changes of the 78 kDa glucose-regulated protein
(grp78) in livers of diabetic rats”

Ildiké Szanté, P. Gergely, Z. Marcsek™, T. Bianyasz**, J. Somogyi,
P. Csermely

Institute of Medical Chemistry I, Semmelweis University of Medicine, Budapest; ~ Department of Cell
Biology, Joint Research Organization of the Hungarian Academy of Sciences, Budapest, and ™" Institute of
Physiology, University Medical School of Debrecen, Hungary

Received March 29, 1995
Accepted May 7, 1995

The 78 kDa glucose-regulated protein (grp78) is an abundant member of the 70 kDa
molecular chaperone family in the lumen of the endoplasmic reticulum participating in the
quality control of secretory proteins. In the present paper we have analysed the synthesis and
level of grp78 in livers of control, streptozotocin-diabetic, and the spontaneously diabetic Zucker
rats. The level of grp78 mRNA significantly decreased in streptozotocin-diabetic rats. The effect
was reversed by insulin treatment. In case of Zucker rats we did not detect any significant
change in grp78 mRNA, grp78 protein level showed opposite changes being essentially
unchanged in streptozotocin-diabetes and significantly reduced in Zucker rats. Autoradiograms
of Ca-dependent phosphorylation of postmitochondrial supernatants of control and
streptozotocin-diabetic livers indicated no significant changes in the 70 kDa region. Decrease in
the availability of grp78 may participate in the attenuation of hepatic protein secretion in
diabetes.
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The 78 kDa glucose-regulated protein (grp78, BiP)* is an abundant member of
the 70 kDa molecular chaperone family in the lumen of the endoplasmic reticulum.
grp78 synthesis is induced after either glucose starvation or treatment with calcium
ionophores. The protein was shown to bind the immunoglobulin heavy chain and its
possible involvement in the quality control of secretory proteins was also suggested
[13-16, 19, 25, 44].

Diminished extracellular glucose level induces the synthesis of numerous
glucose-regulated proteins such as grp78, grp94 and GLUT-1 [13, 19, 44, 45]. Parfett
et al. [27] reported a transient increase of grp78 mRNA in NOD mice. GLUT-1
mRNA as well as GLUT-1 protein levels were also reported to increase in diabetic
animal models [39, 40]. In spite of the intimate link between changes in extracellular
glucose level and the regulation of the synthesis of glucose regulated proteins, our
knowledge of their function in diabetes is rather limited. As an initial attempt to
characterize the effect of diabetes on molecular chaperones we analyzed the mRNA,
protein levels of grp78, as well as its autophosphorylation in the liver of control and
diabetic rats. Our results suggest that a decreased availability of grp78 may participate
in the impaired protein secretion of diabetic livers.

Materials and Methods

Chemicals

The chemicals used for polyacrylamide gel electrophoresis were from Bio-Rad (Richmond, CA).
Streptozotocin was purchased from Boehringer Mannheim (Germany). Anti-KSEKDEL and anti-
CTGEEDTSEKDEL [38] antibodies (recognizing the endoplasmic reticulum retention signal present in
grp78) were obtained from Stressgen (Victoria, B.C., Canada) and from Affinity BioReagents (Neshanic
Station, NI), respectively. The grp78 (clone p3C5) and B-actin (clone RBA-1) cDNA probes were generous
gifts of drs. Amy S. Lee [20] and Laurence H. Kedes (both from the Univ. of Southern California, Los
Angeles), respectively. Chicken blood DNA, Sall was a GIBCO BRL (Berlin, Germany) product. The
Multiprime random oligonucleotide priming system, ECL immunodetection kit, [alpha-*2P}-dCTP
(110 TBq/mmol) and [gamma-*’P)-ATP (185 TBq/mmol) ~were from Amersham Life Science
(Braunschweig, Germany). All the other chemicals used were from Sigma Chemicals Co. (St. Louis, MO).

Animals

Eighteen weeks old (200-220 g) male Sprague-Dawley rats (LATI, G6dolls, Hungary) were treated
with 50 mg/kg i.p. streptozotocin under ether anaesthesia. A group of six diabetic rats was sacrificed 2
weeks, another 4 weeks after streptozotocin treatment, respectively. Six animals received daily insulin
injections of an individual dose to normalize their blood glucose level for two weeks prior sacrification. The
weight and blood glucose levels of the animals were monitored and showed characteristic changes of

* The abbreviations used are: dnaK, Escherichia Coli 70 kDa heat shock protein homologue; GLUT-1,
glucose transporter; grp78, 78 kDa glucose-regulated protein (BiP); Hepes, 4-(2-hydroxyethyl)-1-
piperazine-ethanesulphonic  acid; PAGE, polyacrylamide gel electrophoresis; SDS, sodium dodecyl
sulphate.
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diabetic and "reversed” state, respectively [43). Twelve weeks old spontaneously diabetic male Zucker
(fa/fa) and lean (fa/0) rats (IFFA-CREDO, I'Albresle, France) were also examined.

Measurement of grp78 mRNA levels

The recombinant pBR322 plasmid (clone p3C5) containing the grp78 specific 2.5 kbase long insert
[20] was opened by Sall digestion for 60 minutes at 37 °C. The opened plasmid was labelled with [alpha-
32p}-dCTP by the random oligonucleotide priming system (Multiprime) of Amersham overnight at room
temperature. The radiolabelled probe was separated on a Sephadex G-50 column. Total cellular RNA was
isolated from rat livers by the method of Chirgwin et al. [7]. RNA was quantitated by measuring its
absorbance at 260 nm. 20 ug of RNA was subjected to electrophoresis on a 1.2% agarose-formaldehyde
gel and the gel was blotted onto Amersham Hybond-N nylon filters by capillary transfer. RNA blots were
stabilized by heating in vacuum at 80 °C for 2 hours and by UV light transillumination for 15 min. The
blots were prehybridized at 42 °C for 60 min in a mixture containing 5 X SSC (0.75 M NaCl, 75 mM
sodium-citrate, pH 7.0), 5 X Denhardt solution (1 mg/ml each of bovine serum albumin, Ficoll 400 and
poly-vinyl-pirrolidone), 50% deionized formamide and 1% SDS. After the addition of approximately
108 cpm of alpha-*?P-dCTP labelled grp78 specific cDNA probe and 200 ul/m! chicken blood DNA,
hybridization was performed at 42 °C for 16 h. The filters were washed for 2 X 10 min at room
temperature with 2 X SSC and 0.1% SDS, and for 2 X 5 min at 65 °C with 0.2 X SSC and 0.1% SDS.
mRNA levels were quantitated by autoradiography and densitometry on an LKB-laserdensitometer. Results
were normalized to the amount of 8-actin mRNA. Full length rat 8-actin cDNA probe was excised by Bgll
digestion from clone pRBA-1 and was used for hybridization utilizing a procedure identical to that of grp78.

Quanritation of grp78 and Ca-dependent phosphorylation

Livers of control and diabetic rats were homogenized in two volumes of a buffer containing 20 mM
Hepes, pH 7.4, 30 mM KCl, 2 mM PMSF, 100 pg/mi aprotinin, 2 mM dithio-threitol and 1 mM EDTA.
Postmitochondrial supernatants were obtained by sequential centrifugation of the samples at 2,000 x g, 10
min, 4 °C and 15,000 X g, 20 min, 4 °C, respectively. Protein concentration was determined by the
Bradford method [3] using bovine gamma-globuline as a standard. 200 ug of proteins were subjected to
SDS-PAGE (18] and transferred to nitrocellulose filters [42). grp78 levels were analysed by probing the
Western-blots with anti-grp 78 antibodies [38] recognizing the endoplasmic reticulum retention signal of
grp78. Immunocomplexes with peroxidase-conjugated anti-rabbit antibodies were quantitated using the ECL
immunodetection kit and by densitometry with an LKB laser-densitometer.

In phosphorylation assays 200 ug protein of hepatic postmitochondrial supernatant was incubated in
50 mM Hepes buffer, pH 7.4, at 37 °C for 20 minutes in the presence of 5 mM CaCl; and 400 kBq of
0.1 mM [gamma-*’P]-ATP. Reaction was stopped with boiling for 5 minutes in Laemmli sample buffer and
samples were subjected to SDS-PAGE [18] and autoradiography.

Statistics

Data represent means + SDs. Levels of significance were determined using the Student's r-test.
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Results

Changes of grp78 mRNA in diabetic rats

Rat hepatic grp78 mRNA levels were significantly decreased both 2 weeks and 4
weeks after streptozotocin injection (to 47 and 38% of control level, respectively).
Normalization of blood glucose level by 2 weeks insulin treatment completely reversed
the effects observed. In contrast to the results in streptozotocin-diabetes, the
spontaneously diabetic Zucker (fa/fa) rats did not show any significant decrease of
hepatic grp78 mRNA (Fig. 1).
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Fig. 1. Changes of grp78 mRNA in diabetic rats Hepatic grp78 mRNA levels were determined as described
in Materials and Methods. Experimental groups: C, control; ‘D2, two weeks of streptozotocin-diabetes; D4,
four weeks of streptozotocin-diabetes; D2+Ins, two weeks of streptozotocin-diabetes + 2 weeks of insulin
treatment; D4+Ins, four weeks of streptozotocin-diabetes + 2 weeks of insulin treatment; Zu,
spontaneously diabetic Zucker (fa/fa) rats. Data are means + SDs of the densitometric analysis of three
autoradiograms of mRNA-s from two animals per each group compared to their respective controls

Changes of grp78 level in diabetic rats

Levels of hepatic immunodetectable grp78 were essentially unchanged in
streptozotocin-diabetic rats and significantly (p < 0.025) diminished in spontaneously
diabetic Zucker (fa/fa) rats (Fig. 2). In some samples from livers of Zucker rats more
‘than one anti-KSEKDEL immunopositive lanes could be detected in the 70-80 kDa
region, which may reflect an increased posttranslational modification (limited
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Fig. 2. Changes of grp78 level in diabetic rats grp78 levels were determined by subjecting 200 ug protein

or rat liver postmitochondrial supernatant from control and diabetic animals to SDS-PAGE and Western-

‘blot analysis as described in Materials and Methods. Western blots were probed with an anti-KSEKDEL

antibody recognizing grp78. Experimental groups: C, control; D2, two weeks of streptozotocin-diabetes;

D2 +1Ins, two weeks of streptozotocin-diabetes + 2 weeks of insulin treatment; Zu, spontaneously diabetic

Zucker (fa/fa) rats. Data are means + SDs of the densitometric analysis of three Western blots from five
animals per each group

proteolysis?) of grp78 in diabetes. Similar grp78 levels could be detected using two
antipeptide antibodies (anti-KSEKDEL and anti-CTGEEDTSEKDEL) against the C-
terminus of grp78 (data not shown). In Zucker diabetic rats a 57 kDa anti-KSEKDEL
immunopositive lane (detecting possibly protein-disulphide isomerase) was also
diminished compared to the respective controls (to 31 + 18% p < 0.005). The
observed decrease noes not reflect an overall attenuation of protein levels of all
molecular chaperones, since the levels of immunodetectable 27, 70 and 90 kDa heat
shock proteins (hsp27, hsc70 and hsp90) did not change significantly in diabetic liver
(data not shown).

Ca-dependent phosphorylation of postmitochondrial supernatant in control
and diabetic rats

_ Ca-ATP-dependent phosphorylation is a sensitive tool to discriminate between
the general (Mg-ATP-dependent) phosphorylation of proteins and the Ca-ATP-
dependent (auto)phosphorylation of various molecular chaperones including hsp90
[10], grp94 [11] and grp78 [22]. Phosphorylation of postmitochondrial supernatants
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from livers of control, streptozotocin-diabetic and insulin-treated diabetic rats in the
presence of Ca-ATP did not reveal any major differences in the 70-80 kDa region
(data not shown) which indicates no major changes in the autophosphorylation rate of
hepatic grp78 in streptozotocin-diabetes.

Discussion

Exposure of cells to glucose starvation and calcium ionophores stimulates the
synthesis of a specific set of proteins including grp78 [19]. However, the situation
seems to be more complex, since dietary glucose restriction leads to a decrease in the
mRNA of hepatic grp78 [36] and Parfett et al. [27] reported a transient increase of
grp78 mRNA in spontaneously diabetic NOD mice. Our results show a significant
decrease in grp78 mRNA in rat livers after streptozotocin treatment which was
reversible after insulin treatment. Two and four week streptozotocin-diabetic rats may
better correspond to the overt diabetic NOD mice, where the increase in hepatic grp78
mRNA has been already levelled off [27]. As a further example for the complex
regulation of grp-genes in various models of diabetes, in case of Zucker (fa/fa) rats we
found no significant change in grp78 mRNA compared to control rats. Heat shock is
known to increase the stability of grp78 mRNA [32]. Different changes of grp78
mRNA stability may also contribute to the differences of grp78 mRNA levels in
various models of diabetes. .

Synthesis of grp78 mRNA is known to be mediated by an ER-resident protein
kinase [9, 26]. The fact that protein kinase inhibitors were reported to prevent, and the
phosphorprotein phosphatase inhibitor ocadaic acid promoted the induction of glucose
regulated proteins [29, 30] also indicates the involvement of protein phosphorylation in
the process. Protein kinases, and phosphatases such as the insulin receptor tyrosine
kinase itself, are differently affected in various models of diabetes [17] which may
indicate the involvement of a phosphorylation-dependent signalling step in changes of
grp78 induction in diabetes.

grp94 mRNA was also decreased in livers of streptozotocin-diabetic rats.* The
similar regulation of grp78 and grp94 mRNA in diabetes may reflect the high
similarity in their promoter region [19, 23, 37].

grp78 protein levels showed opposite changes in spontaneously diabetic Zucker
(fa/fa) and streptozotocin-diabetic rats than the corresponding mRNA levels. Decrease
of grp78 in spontaneously diabetic Zucker (fa/fa) rats cannot be explained by a
transcriptional defect, since the corresponding mRNA level was unchanged. Both
increase [4] and decrease [35] of hepatic translation rates of various proteins have been
reported in diabetes. Thus the observed changes may result from the impaired
{translation of the protein but may also reflect a shortening of the extraordinarily long

*P. Csermely, P. Gergely, I. Szinté, Z. Marcsek, T. Bényisz and J. Somogyi, manuscript in
preparation.
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half-life (> 48 hours [14]) of grp78 in diabetes. Similar findings were reported in the
case of hepatic 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase where the
diabetic enzyme level has been decreased parallel with an unchanged mRNA level [8].
An increased susceptibility for proteolytic degradation may reflect a defect in the
structure of the protein and may account for the decrease of grp78 protein levels in
spontaneously diabetic Zucker (fa/fa) rats all the more, since grp78 mRNA uses both
cap-dependent scanning and internal ribosome binding mechanisms for translation [24,
31] which makes a translational defect in this case less likely. On the contrary, the
extraordinarily stable translational mechanism of grp78 (together with the possible lack
of accelerated proteolysis) may account for the preservation of grp78 protein levels in
spite of reduced mRNA in streptozotocin-induced diabetes.

An increase of malfolded proteins in the lumen of endoplasmic reticulum (which
is supposed to occur in diabetes) should provoke an increase in the synthesis and level
of glucose regulated proteins. However, grp synthesis - and glycosylation ~ may itself
be influenced by diabetes, worsening the adaptation of hepatocytes to the presumably
increased demand of the "quality control” of secretory proteins.

grp78 is known to phosphorylate itself {22]. The autophosphorylation of grp78
plays a role in the dissociation of grp78 from other proteins [5, 12, 41] in the analogy
of similar effects on hsp60 [33] and hsp90 [21].* On the other hand, heat-induced
phosphorylation of the hsp70 homologue, dnaK is reported to increase its binding to
polypeptides [34]. Phosphorylation may impair the activity of grp78 [37]. In spite of
these intimate links between the phosphorylation and activity of grp78, we did not
observe any change in Ca-dependent (auto)phosphorylation in the 70 kDa region. This
might reflect a true lack of detectable grp78 phosphorylation but fluctuations in overall
grp78 levels may also obscure some minor changes in the phosphorylation of the
protein in diabetes.

We have no direct information on the possible alterations of hepatic protein
secretion in diabetes. Though the secretion of numerous proteins, such as albumin [28]
and the VLDL constituent apolipoproteins B and E [35] are markedly decreased, these
effects are largely attributed to defects of mRNA synthesis and translation, respec-
tively. Glycoproteins seem to be less sensitive to diabetes-induced attenuation of pro-
tein secretion [2]. Studies on pancreatic protein secretion of streptozotocin-induced dia-
betic rats indicate an inhibition of amylase secretion and a higher amount of immuno-
detectable pancreatic lipase along the secretory pathway [1, 6].

These findings may indicate an increased retention of abnormal proteins by the
endoplasmic reticulum. Reduced availability of grp78 may contribute to impaired
functioning of the "quality control” mechanisms of the endoplasmic reticulum resulting
in the accumulation of abnormal proteins in the luminal compartimentum.

* M.S.Z. Kellermayer and P. Csermely, BBRC, 211, 166-174 (1995).
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