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Both the rate of overall translation and the specific acceler-
ation of proinsulin synthesis are known to be glucose-regu-
lated processes in the �-cell. In this study, we propose that
glucose-induced stimulation of overall translation in �-cells
depends on a protein phosphatase-1-mediated decrease in
serine-51 phosphorylation of eukaryotic translation initiation
factor 2� (eIF2�), a pivotal translation initiation factor. The
decrease was rapid and detectable within 15 min and propor-
tional to the range of glucose concentrations that also stim-
ulate translation. Lowered net eIF2� phosphorylation was not
associated with a detectable decrease in activity of any eIF2�
kinase. Moreover, okadaic acid blocked glucose-induced
eIF2� dephosphorylation, suggesting that the net effect was
mediated by a protein phosphatase. Experiments with salu-

brinal on intact cells and nuclear inhibitor of protein phos-
phatase-1 (PP1) on cell extracts suggested that this phospha-
tase was PP1. The net effect contained, however, a component
of glucose-induced folding load in the endoplasmic reticulum
because coincubation with cycloheximide further amplified
the effect of glucose on eIF2� dephosphorylation. Thus, the
steady-state level of eIF2� phosphorylation in �-cells is the
result of a balance between folding-load-induced phosphory-
lation and PP1-dependent dephosphorylation. Because de-
fects in the pancreatic endoplasmic reticulum kinase-eIF2�
signaling system lead to �-cell failure and diabetes, deregu-
lation of the PP1 system could likewise lead to cellular dys-
function and disease. (Endocrinology 148: 609–617, 2007)

METABOLIC INSULIN DEMANDS must be supported
by insulin synthesis and secretion every moment of

life. A major signal that coordinates this balance is the blood
glucose concentration, a determinant of gene expression in
the pancreatic �-cell at many levels (1) and also a key reg-
ulator of the functional �-cell mass in vivo. One site of this
control mechanism is at the level of protein synthesis, which
is rapidly and markedly accelerated in �-cells when extra-
cellular glucose concentrations rise (2). Specific regulatory
elements in the untranslated regions of preproinsulin-
mRNA have been identified that stabilize the transcript (3)
and favor its translation over that of other transcripts (4)
when extracellular glucose rises above basal. Glucose also
regulates general translation initiation through eukaryotic
translation initiation factor 2� (eIF2�) phosphorylation, but
the mechanism remains unclear (5). The present study fo-
cuses on a novel glucose-induced signaling pathway of gen-
eral translation in which glucose activates an eIF2� phos-
phatase rather than deactivating an eIF2� kinase. Moreover,

using in vitro data, we propose that this activation is Ca2�

dependent and mediated by protein phosphatase-1 (PP1).
In all eukaryotic cells, eIF2 forms a ternary complex with

the translation initiator met-tRNA and GTP to allow the
selection of the initiation codon (6). Phosphorylation of eIF2�
at serine-51 inhibits this complex formation and thus atten-
uates general translation (7, 8). Four different protein kinases
are currently known to phosphorylate eIF2� at Ser51 (re-
viewed in Refs. 9 and 10). One of these is the pancreatic
endoplasmic reticulum kinase (PERK) that couples protein
translation rate with the capacity for protein folding in the
endoplasmic reticulum (ER) (11). Interestingly, the PERK-
signaling pathway has been observed to be crucial to avoid
ER stress in the �-cell. Expression of PERK is high in the
pancreas, and inactivating mutations in the PERK gene
causes progressive �-cell loss and diabetes in mice and hu-
mans (12). In a physiological setting, accumulation of un-
folded protein in the ER activates PERK as one of the essential
elements of the physiological unfolded protein response
pathway (13–17). Consistent with the crucial role of this
pathway for the �-cell are recently developed mouse models
in which the codon encoding eIF2�-Ser51 is mutated to en-
code an alanine. The homozygous eIF2�A/A mice die within
24 h after birth with severe �-cell hypoplasia (18), whereas
heterozygous eIF2�S/A animals are phenotypically normal
but susceptible to development of diabetes upon environ-
mental stress of a moderately high-fat diet. Diabetes devel-
ops in this model as �-cells develop distended ER and lose
their capacity for glucose-stimulated insulin secretion (19).
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Because we observed that a 50% reduced capacity of eIF2�-
Ser51 phosphorylation increases the maximal rate of glucose-
stimulated translation in islets (18) and because it is well
known that eIF2� phosphorylation is essential for �-cell
function and survival (18, 19), we questioned how the de-
phosphorylation of this residue is regulated acutely by glu-
cose. In the literature, a chronic signaling cascade has been
proposed involving PP1 (20, 21) and growth arrest and DNA
damage inducible protein 34 (GADD34), one of its regulators,
which is responsible for the derepression of translation once
the unfolded protein state is resolved (22, 23). In the present
study, we report that glucose acutely activates a phosphatase
resulting in an acute dephosphorylation of eIF2�. Moreover,
immunoprecipitation data using Ppp1r1a [inhibitor-1 (I-1)]
suggests the existence of a trimeric complex between eIF2�,
PP1, and I-1 in MIN6 cells (murine pancreatic �-cell line).
Thus, a new model of translational control in the �-cell rep-
resents a balance between unfolded insulin-induced PERK-
mediated eIF2� phosphorylation and glucose-dependent
PP1-mediated eIF2� dephosphorylation. In the normal
�-cell, the latter component prevails when glucose levels rise
within the physiological limits.

Materials and Methods
Tissue collection and cells

Mouse islets were isolated from male C57Bl/6 mice by injection of
collagenase (Roche, Mannheim, Germany) into the pancreatic duct fol-
lowed by 3-min digestion at 37 C and gentle pipetting. Islets were
washed and hand-picked in HEPES Krebs buffer (119 mm NaCl, 4.75 mm
KCl, 2.54 mm CaCl�2H2O, 1.2 mm MgSO4�7H2O, 1.18 mm KH2PO4, 5.0
mm NaHCO3, 20.03 mm HEPES, pH 7.4) containing 5 mm glucose.
Mouse islets were used directly after isolation for measurements of
protein synthesis and eIF2� phosphorylation. MIN6 cells were kindly
provided by Dr. E. Yamato (Osaka University, Osaka, Japan) and cul-
tured in DMEM (25 mm glucose) equilibrated with 5% CO2 and 95% air
at 37 C. The medium was supplemented with 15% fetal calf serum, 50
mg/liter streptomycin, and 75 mg/liter penicillin sulfate. MIN6 cells
(10 � 106) were suspended in DMEM containing 25 mm glucose for 16 h
before use. MEF cells were used as described earlier (18). All procedures
involving mouse islets were conducted according to protocols and
guidelines approved by the Katholieke Universiteit Leuven animal wel-
fare committee.

Measurement of glucose-induced translation and
insulin release

MIN6 cells or freshly isolated islets were treated in the indicated
glucose concentrations with or without thapsigargin (Tg; 1 �m), cyclo-
heximide (Chx; 10 �g/ml), salubrinal (Sal; 50 �m), and okadaic acid (OA;
0.01 or 1 �m). OA was added during the preincubation period of 1 h, Sal
was added during a suspension period of 16 h, before the preincubation.
Samples of 25 � 104 MIN6 cells or 25 islets were preincubated in 1 mm
glucose containing Earle’s HEPES buffer for 60 min at 37 C. The samples
were pulsed with 50 �Ci of l-[3,5-3H]tyrosine (Amersham Biosciences,
Freiburg, Germany) for 60 min and washed four times with 4 ml Earle’s
HEPES buffer containing 2 mm unlabeled tyrosine. The washed cell
pellet was extracted in lysis buffer [1% Nonidet P-40, 50 mm Tris (pH
8.0), 150 mm NaCl, 0.1 mg/ml phenylmethylsulfonylfluoride,150 mm
NaF, 0.5 mm sodium orthovanadate, 50 mm B-glycerol phosphate, pro-
tease (Roche), and phosphatase inhibitors (Sigma, Steinheim, Ger-
many)]. Total protein from the extract was precipitated in ice-cold 10%
(v/v) trichloroacetic acid (TCA), adding 2 mg carrier albumin per sam-
ple. The TCA pellets were solubilized in 1 m NaOH, neutralized with 1
m HCl, mixed with 5 ml of Lumasafe Plus (Lumac, Groningen, The
Netherlands), and counted in a � counter (Wallac 1409, Turku, Finland).
Insulin release was measured as earlier described (24). To assess the time

course and concentration dependency of glucose on protein synthesis
and insulin release from MIN6 cells, the cells were preincubated in
Earle’s HEPES buffer containing 1 mm glucose at 37 C and incubated at
the indicated glucose levels.

Production of polyclonal antiphospho-eIF2� and
anti-I-1 antisera

Antibodies were raised against QIRRRRPTPATLVLTSDQ for I-1 and
MILLSELSRRRIRSI with a phosphorylated serine 51 (bold “S”) for eIF2�.
Each peptide was coupled to Imject malamide-activated ovalbumin and
keyhole limpet hemocyanin protein (Pierce, Rockford, IL), and 100 �g
was used to immunize New Zealand white rabbits. The animals were
injected sc with antigen in Freund’s complete adjuvant and boosted after
14 d using Freund’s incomplete adjuvant. Serum was affinity-purified
over CNBr-activated Sepharose 4 fast flow beads (Amersham, Uppsala,
Sweden) linked to the peptide-ovalbumin complex. After concentration
of the purified serum using a Vivaspin column (Vivascience AG, Han-
nover, Germany), aliquots of 25 �l were stored in �20 C.

Immunoblotting

Different tissues (liver, lung, kidney, brain, pituitary, adipose tissue,
and skeletal muscle) were isolated from male C57Bl/6 mice and homo-
genated using Ultra Turrax mixer (Ika, Wilmington, NC) in lysis buffer
(see above). Lysates were clarified by centrifugation at 8000 rpm for 5
min in a microcentrifuge at 4 C. Total lysate was obtained after centrif-
ugation at 8000 rpm for 10 min at 4 C. To detect the phosphorylated and
the total form of eIF2� in MIN6 cells, the samples were electrophoreti-
cally separated on a 4–12% NuPage gel (Invitrogen, Carlsbad, CA).
Samples were transferred to nitrocellulose membranes (Amersham Bio-
sciences) and blocked in blocking buffer (LI-COR Biotechnology, Lin-
coln, NE). For MIN6 cell samples, the blots were incubated simulta-
neously with mouse-anti-eIF2� total (1/2,000) (18) and rabbit-
antiphospho-eIF2� (1/2,000) (affinity purified as described above) for
1 h, followed by washing and incubation with a mixture of donkey
antimouse IRdye 800 (1/10,000) (Rockland Immunochemicals, Gilberts-
ville, PA) and goat antirabbit Alexa 680 (1/10,000) (Molecular Probes,
Eugene, OR). The relative abundance of phosphorylated over total eIF2�
was quantified using the Odyssey Infrared Imaging System. To quantify
the protein expression level of I-1 and PP1, mouse tissue samples were
transferred to a Hybond-P (Amersham Biosciences) membrane that was
blocked in Tris-buffered saline � 5% nonfat milk. The primary antisera
were diluted as follows: anti-I-1 (1/2,000) (affinity purified from our
own antiserum as described above), anti-PP1 (1/5,000) (25), and anti-
�-actin (1/20,000, Santa Cruz Biotechnology, Inc., Santa Cruz, CA). The
secondary antibody was horseradish peroxidase-conjugated goat anti-
rabbit serum (1/2,500) (BD Biosciences, Rockville, MD). Chemilumi-
nescence was detected using the ECL reagents (Amersham Biosciences).

Assays for measuring the eIF2� phosphorylation state in
MIN6 cells

An in situ kinase assay consisted in preincubation of batches of MIN6
cells at 20 mm glucose containing Earle’s HEPES. At time point zero, the
cells were replaced in medium containing either 1 or 20 mm glucose
supplemented with 1 �m OA. The cells were harvested at the indicated
times, and lysates were prepared as described above. An in vitro phos-
phorylation assay was started by making cell lysate in lysis buffer
without phosphatase inhibitors and this lysate, followed by incubation
with 1 mm ATP and 5 mm Mg2� with the indicated substrates. The eIF2�
phosphorylation effect of the different substrates was monitored by
immunoblotting of samples taken at the indicated time points. An in vitro
dephosphorylation assay was performed by making similar lysates that
were preincubated with 1 mm ATP and 5 mm Mg2� for 45 min, after
which 1 mm EDTA was added. Next, the samples were incubated with
the indicated substrates. The eIF2� dephosphorylation effect of the dif-
ferent substrates was monitored by taking samples at the indicated time
points. Samples were loaded on a 4–12% NuPage gel (Invitrogen), and
the detection was done as described above. In each lane, 20 �g protein
was loaded. During a GST-eIF2�-32P dephosphorylation assay, recom-
binant glutatione-S-transferase (GST)-eIF2� was phosphorylated using
2 �l [32P]ATP (Amersham Biosciences) with maternal embryonic leucine
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zipper kinase in a phosphorylation buffer (100 �m cold ATP, 2 mm Mg2�

acetate, 5 mm glycilglycine, 1 mm dithiothreitol,0.5 mm 2-mercapto-
ethanol, 8 mm Tris, and 16 mm KCl, pH 7.4) for 30 min at 30 C. MIN6
cells were preincubated in 1 mm glucose containing Earle’s HEPES
medium (G1) for 1 h at 37 C and incubated at 1 mm glucose or 20 mm
glucose (G20) for 1 h at 37 C. Lysates were made from these cells using
lysis buffer (50 mm Tris, 150 mm KCl, 1% Nonidet P-40, 1 mm dithio-
threitol, 0.1 mg/ml phenylmethylsulfonylfluoride) and incubated for
the indicated times with the phosphorylated GST-eIF2�-32P. After the
incubation, the samples were electrophoretically separated on a 4–12%
NuPage gel, and the gel was stained with Coomassie reagent. After
destaining and drying, an autoradiograph of the gel was made.

Immunoprecipitation

MIN6 cells were resuspended in DMEM containing 25 mm glucose
for 16 h and treated with lysis buffer (see above) for 10 min at 4 C. Cell
debris was discarded after centrifugation for 10 min at 8000 rpm and 4
C. Supernatants were immunoprecipitated by incubation at 4 C with the
I-1 antibody coupled to Protein A Sepharose (Affiland, Liege, Belgium).
Beads were washed, boiled in reducing sample preparation buffer, and
subjected to SDS–PAGE.

mRNA analysis of I-1

mRNA analysis was performed as previously described (26). Control
tissues and pancreatic islets were isolated from male C57BL/6 mice at
12 wk of age and snap frozen in liquid nitrogen. Total RNA of control
tissues was extracted using the TRIzol Reagent (Invitrogen), followed by
RNA clean-up using the RNeasy mini kit (QIAGEN, Cologne, Germany)
according to the manufacturer’s protocols. Oligonucleotide sequences
used for quantitative RT-PCR were as follows: forward I-1, 5�-GGAGC-
CACTGAGAGCACA-3�; reverse I-1, 5�-ACACTGCTCCTGAGTCT-
TGG-3�; probe I-1, 5�-(6-FAM)CCAGACACAGGCTCGGCGTCAAGG-
(TAMRA)-3�; forward beta-actin, 5�-AGCCATGTACGTAGCCATCCA-
3�; reverse beta-actin, 5�-TCTCCGGAGTCCATCACAATG-3�; probe
beta-actin, 5�-(6-FAM)TGTCCCTGTATGCCTCTGGTCGTAC(BHQ1)-3�.

Results
Glucose-induced translation and eIF2� dephosphorylation
in primary and clonal �-cells

Glucose regulation of protein synthesis in �-cells is known
to be of rapid onset, accelerating the overall rate of translation
as well as preferential stimulation of insulin biosynthesis (3,
4). Because eIF2� phosphorylation is known to attenuate
translation, we first tested the hypothesis that the accelera-
tion of protein synthesis in pancreatic mouse islets by glucose
is linked to a state of eIF2� dephosphorylation. As estimated
from rates of [3H]tyrosine incorporation into TCA-insoluble
cell extract, elevation from 1 to 10 mm glucose resulted in a
4-fold acceleration of total protein synthesis in mouse islets
(Fig. 1, upper panel). Coincident with this increase, the eIF2�
phosphorylation of the total cellular extract was reduced by
almost 50% (Fig. 1, lower panel). Incubation with Tg, a sarco/
endoplasmic reticulum Ca2� ATPase pump inhibitor and
pharmacological inducer of ER stress (27), overruled the
effect of high glucose, enhancing eIF2� phosphorylation and
reducing overall translation to rates intermediate between
those at low and high glucose. The effect of glucose upon
eIF2� phosphorylation and overall translation was not ob-
served in pancreatic acinar cells and mouse embryonic fi-
broblasts (data not shown). Thus, the data indicate that cell-
specific glucose stimulation of general translation in the
�-cell is linked to a rapid action at the level of eIF2�
dephosphorylation.

Next, to confirm earlier results (5), the time and concen-
tration dependency of glucose-stimulated translation, insu-
lin secretion, and eIF2� phosphorylation were analyzed. Be-
cause large numbers of cells were required for these studies,
we performed experiments on the murine pancreatic �-cell
line MIN6, a surrogate model for the primary �-cell that is
known to be glucose-responsive (28, 29). Moreover, we per-
formed some modifications in the phospho-specific eIF2�
immunoblotting protocol allowing a one-step dual detection
of total- and Ser51phospho-eIF2�. As was observed before in
primary �-cells and MIN6 cells (24), overall translation in
MIN6 cells was acutely stimulated by glucose (Fig. 2A) in the
range of 1–10 mm, with maximal sensitivity between 2 and
5 mm, whereas higher glucose concentrations were required
to activate insulin release. To assess the time dependency of
translational activation, we preincubated the cells with 1 mm
glucose and radioactive tracer and subsequently incubated in
either 1 or 10 mm glucose at time � 0. As illustrated in Fig.
2B, the acceleration of translation by glucose is rapid, with an
estimated lag time of less than 10 min, i.e. even more rapidly
than proposed in previous estimations (29). Therefore, in the
MIN6 cell, a very rapid and powerful overall control of
translation exists, which allows for acceleration of protein

FIG. 1. Effect of low (1 mM) vs. high (10 mM) glucose on protein
synthesis and eIF2� phosphorylation in mouse pancreatic islets. Up-
per panel, Protein biosynthesis was measured as 1-h incorporation of
[3H]tyrosine into TCA-precipitable material from cell extracts at 1 mM
or 10 mM glucose or 10 mM glucose � 1 �M Tg. Data represent means �
SEM of three experiments. Significance of differences with incubation
in 10 mM glucose was calculated with the unpaired Student’s t test.
*, P � 0.001; **, P � 0.01. Lower panel, Representative immunoblot
of phosphorylated eIF2� (eIF2�P) and total eIF2� (eIF2�T) in iso-
lated mouse islets.
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synthesis when the concentration of extracellular glucose
rises. The concentration dependency of glucose-induced
eIF2� dephosphorylation (Fig. 2C, upper panel) was very sim-
ilar to that of stimulation of translation, further supporting
the hypothesis that stimulation of translation occurs in these
cells through a reduction of eIF2� phosphorylation levels,
confirming earlier results (5).

We next evaluated whether accumulation of unfolded pro-
tein in the ER lumen could act in opposition to induce an
increase in eIF2� phosphorylation in the presence of the high
glucose conditions that promoted reduction of eIF2� phos-
phorylation. First, as was observed in islets, Tg completely
reversed the effects of high glucose. Second, Chx, a potent
inhibitor of translation elongation, was applied to reduce the
folding load upon the ER. Thus, in the absence of ongoing
stimulation of PERK and eIF2� phosphorylation, increasing
glucose concentration more strongly promoted eIF2� de-
phosphorylation (Fig. 2C, lower panel).

Glucose activation of translation depends on stimulation of
an eIF2� phosphatase, rather than on the deactivation of
an eIF2� kinase

The overall effect of glucose upon eIF2� dephosphoryla-
tion could be the result of the stimulation of a phosphatase
or the reduced activity of an eIF2� kinase. Because PERK is

highly expressed in the �-cell and is essential for �-cell sur-
vival (30), we studied the acute effect of glucose upon PERK
activation/phosphorylation in MIN6 cells (Fig. 3A), confirm-
ing earlier results (5). There was no significant level of PERK
activation at 1 mm glucose, the condition with the highest
level of eIF2� phosphorylation and the lowest rate of trans-
lation, nor did the level of phosphorylation detectably
change upon incubation with 10 mm glucose. However, in
the presence of the ER stressor Tg, 10 mm elicited a robust
phosphorylation of PERK, indicating that the kinase was not
blocked from activation. Cellular extracts were prepared
from PERK null MEFs and were used as a negative control
for antibody specificity (Fig. 3A, right). These results suggest
that a shift in the activation status of the eIF2� kinase PERK
is not primarily responsible for the glucose-induced eIF2�
dephosphorylation and activated translation. To explore fur-
ther whether high glucose deactivates PERK or other eIF2�
kinases, we performed an in situ kinase assay (Fig. 3, B and
C) in which the cells were incubated for different time pe-
riods at low and high glucose in the presence of OA and
inhibitor of phosphatases. Similar rates of phosphorylation
were measured at low and high glucose, suggesting that the
main effect of glucose is not mediated by deactivation of an
eIF2� kinase. Next, we performed experiments where we
incubated recombinant GST-eIF2�, which was phosphory-

FIG. 2. Glucose acutely regulates eIF2� phosphorylation in MIN6 cells. A, Effect of glucose on protein synthesis and insulin release from MIN6
cells. Protein biosynthesis (E) and insulin release (F) were measured during a 1-h incubation at different glucose concentrations as indicated,
after a preincubation of 1 h in 1 mM glucose. Data represent means � SEM of seven experiments; significance of differences with incubation at
1 mM glucose was calculated with the unpaired Student’s t test. �, P � 0.001; *, P � 0.05. B, Glucose acutely regulates total protein synthesis.
Protein synthesis was measured by preincubating MIN6 cells for 1 h in 1 mM glucose followed by incubation at different time points in 1 (E)
or 10 (F) mM glucose in the presence of 50 �Ci of 3H-labeled tyrosine (data represent means � SEM; n � 3; for 1 mM vs. 10 mM glucose, significance
of differences with incubation at 1 mM glucose was calculated with the unpaired Student’s t test. *, P � 0.05. C, Representative immunoblots
of the means � SEM; n � 4 (Chx vs. no Chx treated MIN6 cells; *, P � 0.05) of the ratio of phosphorylated (eIF2�P) and total eIF2� (eIF2�T)
from MIN6 cells incubated for 1 h at the indicated glucose concentrations without (top) or with (bottom) 10 �g/ml Chx. In each experiment, the
eIF2�P/eIF2�T ratios of all conditions were normalized for the measured ratio at 10 mM glucose in the presence of 1 �M Tg.
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lated in vitro with radioactive 32P, with lysates of MIN6 cells,
which had been at low (1 mm) or high (20 mm) glucose (Fig.
3D). The lysates from cells that were incubated at high glu-
cose showed increased eIF2� dephosphorylation activity,
suggesting that glucose activates an eIF2� dephosphoryla-
tion pathway in the �-cell.

To elucidate further whether glucose-induced eIF2� de-
phosphorylation is the result of increased phosphatase ac-
tivity, we treated both freshly isolated islets of Langerhans
and MIN6 cells with the phosphatase inhibitor OA before
exposing them to 1 mm glucose � OA and 10 mm glucose �
OA to stimulate translation. Concentrations of OA in the low
nanomolar range (31), which inhibit PP2A but have no effect
on PP1, had no impact on glucose-stimulated translation. In
contrast, concentrations of OA in the high nanomolar/mi-
cromolar range, which are inhibitory to PP1 (32), were re-
quired to inhibit glucose-stimulated translation, both in
MIN6 cells and islets (Fig. 4, A and B). Treatment of islets
with OA completely reversed high glucose-induced eIF2�
dephosphorylation (Fig. 4C). Hence, we treated MIN6 cells
with 50 �m Sal, a specific inhibitor of PP1 complexes, but not
of PP2A (33). As is shown in Fig. 4D, the stimulatory effect
of glucose on translation in MIN6 cells was counteracted by
preincubation in the presence of Sal. This inhibitory effect
appears to be competitive with glucose activation, because
the greatest difference was noted when the cells were stim-
ulated by 1 mm glucose, whereas inhibition was no longer
seen at 20 mm glucose.

More details on the possible mechanism of eIF2� dephos-
phorylation were found using assays on cell extracts. Both
high glucose and the glycolytic metabolite glucose-6-phos-
phate were found to slow down the rate of overall eIF2�
phosphorylation of MIN6 cell lysates (Fig. 4E), suggesting
that glucose activates a dephosphorylation pathway. Second,
the in vitro dephosphorylation assay (Fig. 4F), using EDTA
as a Ca2� chelator, suggests that Ca2� is needed for glucose
mediated eIF2� dephosphorylation. Third, using 1 mm
EGTA, which is a better chelator of Ca2�, instead of EDTA,
the dephosphorylation of eIF2� was completely blocked
(data not shown). Finally, addition of nuclear inhibitor of PP1
(34) to the dephosphorylation mix (Fig. 4F, lower panel) also
inhibits the eIF2� dephosphorylation (Fig. 4F, upper panel).
Together, these data thus indicate that glucose-induced
change of eIF2� phosphorylation primarily depends on the
regulation of PP1 activity in the �-cell, using a signaling
cascade that requires the presence of Ca2�.

Inhibitor-1 forms a trimeric complex with PP1 and eIF2� in
MIN6 cells

The multifunctionality of PP1 depends on its association
with various proteins (20). We screened for possible inter-
actors of PP1 using microarrays and observed that Ppp1r1a
(I-1) had a significantly higher mRNA expression in islets
and MIN6 cells compared with other tissues (data not
shown). Using a quantitative RT-PCR, we confirmed that I-1
mRNA was more abundant in mouse islets than in a panel
of other mouse tissues, including brain, skeletal muscle, and
pituitary (Fig. 5A). Moreover, very high I-1 mRNA expres-
sion levels were observed in MIN6 cells. To assess whether
this is also the case at the protein level, we generated a
polyclonal antirabbit I-1 antiserum and measured I-1 protein
abundance in the same tissue panel (Fig. 5B). Very high
abundance of the full-length protein was indeed observed

FIG. 3. Participation of a phosphatase in glucose-induced eIF2� de-
phosphorylation. A, Immunoblot showing phosphorylated PERK
(PERK-P) and nonphosphorylated PERK in the indicated cell types.
The blots are representative for three experiments. B and C, In situ
kinase assay. Representative immunoblots (B) and graphs (C) of the
ratio of phosphorylated (eIF2�P) and total eIF2� (eIF2�T) from MIN6
cells that were preincubated in 20 mM glucose for 1 h and incubated
in the indicated media for the indicated times. Data represent
means � SEM of three experiments. Glucose 1 mM vs. glucose 20 mM,
not statistically significant at all time points. D, Representative au-
toradiograph of the dephosphorylation of GST-eIF2� labeled with
radioactive 32P (� input) incubated without (left panel) or with lysates
of MIN6 cells incubated at 1 mM (middle panel) or 20 mM glucose (right
panel) for the indicated times.
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both in primary islets and in MIN6 cells, suggesting that the
inhibitor plays a particular and yet unrecognized role in the
regulation of phosphatase activity in the �-cell.

Evidence for direct interaction between I-1, PP1, and eIF2�
was found by immunoprecipitation of MIN6 cell lysates with
the I-1 antiserum because immunoreactive PP1 and eIF2�
could be detected in the precipitates (Fig. 5C), suggesting that
a protein complex exists in MIN6 cells that includes I-1, PP1,
and eIF2� in MIN6 cells (Fig. 5C). Preincubation for 1 h in
either 1 or 20 mm glucose, however, did not have an effect
on the presence and amount of PP1 or eIF2� in the complex
(data not shown).

Discussion

Previous studies have suggested that the phosphoryla-
tion state of eIF2� in the pancreatic �-cell is an important
control site of energy homeostasis in vivo that can, when
deregulated, give rise to several disease states such as
insulin deficiency and progressive �-cell loss (12) or glu-
cose unresponsiveness of �-cells and failure to fold pro-
insulin correctly (19). This work has underlined the im-
portance of a surveillance system based upon the ER
chaperone BiP (35) and the ER membrane-resident eIF2�
kinase PERK that prevents the accumulation of unfolded
protein in the ER (36). Moreover, it was also shown pre-

FIG. 4. Effect of PP1 inhibitors on translation and eIF2� phosphorylation. The effect of OA was tested on translation in MIN6 cells (A)
and mouse islets (B). Data represent means � SEM; n � 3. *, P � 0.05 compared with 10 mM glucose � 1 �M OA condition. OA prevents
glucose-induced eIF2� dephosphorylation in MIN6 cells as shown in a representative immunoblot (C). OA was added during the 1-h
preincubation period of the MIN6 cells to increase uptake in the cells. D, Effect of Sal on overall translation in MIN6 cells. Data are means �
SEM; n � 3. *, P � 0.001 compared with the Sal-treated cells. E, In vitro phosphorylation assay. Representative immunoblot of eIF2�
phosphorylation from MIN6 cell lysates incubated with 1 mM ATP and 5 mM Mg2� at the indicated times with the indicated substrates.
A total of 20 �g per lane was loaded. F, In vitro dephosphorylation assay. Representative immunoblot of eIF2� phosphorylation from MIN6
cell lysates, preincubated for 45 min with 1 mM ATP and 5 mM Mg2� and after adding 1 mM EDTA to every condition; the lysates were
incubated in the same medium for the indicated times with the indicated substrates. G-6-P, Glucose-6-phosphate; NIPP1, nuclear inhibitor
of PP1.
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viously in HEK293T, a non-endocrine cell line, that a sub-
acute consequence of ER stress is the increased formation
of a signaling complex between GADD34, PP1, and I-1, but
this effect is only detected after several hours and requires
protein synthesis (22). The accomplished effect is believed
to promote eIF2� dephosphorylation that helps cells to
recover from a period of ER stress and to adapt to a higher
level of ER folding charge (37). In the present study, we

provide evidence for the idea that eIF2� can also be rapidly
dephosphorylated by a physiological stimulus via a sig-
naling pathway that activates PP1. We propose on the
basis of acute glucose-stimulation experiments in the
�-cell and in MIN6 cells that another level of regulation
exists in which PP1 is inhibited at basal glucose levels and
acutely activated when glucose levels rise. Thus, a model
of balance can be proposed in which glucose enhances
overall translation in the pancreatic �-cell (24) by activat-
ing PP1 to dephosphorylate eIF2� (Fig. 6). As such, this
action brings new preproinsulin into the ER compartment,
hereby burdening the protein folding capacity and causing
interactions with the ER chaperone BiP (19). This stimu-
latory effect is countered in part by PERK-mediated re-
phosphorylation of eIF2�. The eIF2�-kinase arm thus rep-
resents a brake system preventing excessive loading of the
ER compartment with unfolded protein.

The balance model explains why targeted inactivation of
the PERK gene results in higher plateau levels of maximal
glucose stimulation rather than elevated basal rates of islet
protein synthesis (36). PERK immunoblots as well as three
pharmacological tools to shift the balance in one direction
or another also support the idea that glucose-regulated
eIF2� phosphorylation is not primarily induced by ame-
liorating the folding conditions in the ER lumen, e.g. by
promoting sarco/endoplasmic reticulum Ca2� ATPase-
depending calcium influx, improving the ATP/ADP ratio,
or ensuring a reducing environment required for the for-
mation of the right disulfide bonds. The in situ kinase
experiment shows that high glucose does not deactivate
any eIF2� kinase, and the PERK immunoblots directly
show that the level of ER stress in MIN6 cells is low at basal
glucose compared with acute pharmacologically induced
ER stress. On the contrary, it seems that a minor degree of
folding stress is induced by raising the glucose level, as is
shown indirectly by Chx-induced exaggeration of eIF2�
dephosphorylation at high glucose. This may mean that
the PERK attenuation arm of translational control operates
at low intensity under physiological conditions of stimu-
lation and only becomes strong when folding conditions
deteriorate, e.g. by a high-fat diet in vivo. It is an interesting
point of future research to assess whether other factors,

FIG. 5. Interaction between eIF2�, PP1, and the PP1 regulatory sub-
unit I-1. Tissue profiling in the mouse shows highest I-1 expression
levels in mouse islets and also in MIN6 cells, both at the mRNA level
(A) and protein level (B). RNA expression was measured by quanti-
tative RT-PCR, normalized for � actin signals in the same extracts.
Data represent means � SEM of three experiments. *, P � 0.003; **,
P � 0.03 compared with mouse kidney, the second highest mouse
tissue after islets. Protein blots were exposed to � actin antiserum to
assess overall protein loading per condition. The immunoblot in panel
B is representative for three experiments using different animals or
cell cultures. C, Complexes exist between I-1, PP1, and eIF2�. Ex-
tracts from MIN6 cells were immunoprecipitated (IP) with the affin-
ity-purified anti-inhibitor-1 (I-1) antiserum (upper panel) or with a
preimmune serum (lower panel). Precipitates were then separated
according to size and immunoblotted (IB) with anti-I-1, -PP1, and
-eIF2� antisera. Data are representative for three experiments.

FIG. 6. Opposing influence of unfolded protein and high glucose on
the balance of eIF2� (de)phosphorylation in �-cells. See Discussion for
details.
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which are present in the circulation or accumulate in
�-cells, can negatively influence ER folding conditions so
that ER stress occurs and the insulin biosynthetic rates fall,
because such conditions are expected to cause glucose
intolerance and diabetes.

The molecular evidence for a glucose-sensitive PP1 signaling
complex could include a very elevated level of I-1 gene expres-
sion in the pancreatic islet. However, it should be noted that a
signaling complex between PP1, eIF2, and Nck was recently
detected in Hela cells (38). Its unique function in the �-cell may
be that under basal conditions, metabolic flux is so low that the
I-1 represses the catalytic subunits of PP1. Only when glucose
rises above a certain threshold is PP1 derepressed, analogous to
the glucose-induced shift in PP1 activity by the liver-type gly-
cogen-targeting subunit PP1 regulator (20, 39). We are currently
investigating the expression of glycogen-targeting subunits in
the �-cell and do not exclude that under certain circumstances
such regulators can participate in the glucose-induced PP1-
mediated eIF2� dephosphorylation. In fact, the immunopre-
cipitation experiments do not rule out that these regulators of
PP1 are present in the signaling complex. We have tried to
detect the PP1 regulator GADD34 but obtained negative results
(data not shown).

In summary, our data show that rapid activation of trans-
lation in �-cells depends on glucose-induced PP1-mediated
eIF2� dephosphorylation. As genetic and environmental fac-
tors that disturb the balance in the eIF2� phosphorylation
state in �-cells can trigger �-cell dysfunction and cell death
(19), it may be of interest to investigate the involvement of
still unknown regulators of PP1 in this signaling pathway in
the pathogenesis of diabetes.
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