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Anno, Takatoshi, Shunsuke Uehara, Hideki Katagiri, Yasu-
haru Ohta, Kohei Ueda, Hiroyuki Mizuguchi, Yoshinori
Moriyama, Yoshitomo Oka, and Yukio Tanizawa. Overexpression
of constitutively activated glutamate dehydrogenase induces insulin
secretion through enhanced glutamate oxidation. Am J Physiol Endo-
crinol Metab 286: E280-E285, 2004, First published October 7, 2003;
10.1152/ajpendo.00380.2003.—Glutamate  dehydrogenase (GDH)
catalyzes reversible oxidative deamination of L-glutamate to a-keto-
glutarate. Enzyme activity is regulated by several allosteric effectors.
Recognition of a new form of hyperinsulinemic hypoglycemia, hy-
perinsulinism/hyperammonemia (HI/HA) syndrome, which is caused
by gain-of-function mutations in GDH, highlighted the importance of
GDH in glucose homeostasis. GDH266C is a constitutively activated
mutant enzyme we identified in a patient with HI/HA syndrome, By
overexpressing GDH266C in MIN6 mouse insulinoma cells, we
previously demnonstrated unregulated elevation of GDH activity to
render the cells responsive to glutamine in insulin secretion. Interest-
ingly, at low glucose concentrations, basal insulin secretion was
exagperated in such cells. Herein, to clarify the role of GDH in the
regulation of insulin secretion, we studied cellular glutamate metab-
olism using MING cells overexpressing GDH266C (MING-
GDH266C). Glutamine-stimulated insulin secretion was associated
with increased glutamine oxidation and decreased intracellular gluta-
mate content. Similarly, at 5 mmol/l glucose without glutamine,
glutamine oxidation also increased, and glutamate content decreased
with exagperated insulin secretion. Glucose oxidation was not altered.
Insulin secretion profiles from GDH266C-overexpressing isolated rat
pancreatic islets were similar to those from MIN6-GDH266C, sug-
gesting observation in MING6 cells to be relevant in native B-cells.
These results demonstrate that, upon activation, GDH oxidizes gluta-
mate to a-ketoglutarate, thereby stimulating insulin secretion by
providing the TCA cycle with a substrate. No ¢vidence was obtained
supporting the hypothesis that activated GDH produced glutamate, a
recently proposed second messenger of insulin secretion, by the
reverse reaction, to stimulate insulin secretion,

hypoglycemia; hyperinsulinism/hyperammonemia syndrome; islet of
Langerhans :

THE MITOCHONDRIAL MATRIX ENZYME glutamate dehydrogenase
{GDH; EC 1.4.1.3) catalyzes reversible oxidative deamination
of L-glutamate to a-ketoglutarate with NAD(P) as a cofactor.
The activity of this enzyme is regulated positively and nega-
tively by several allosteric effectors, including amino acids
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(leucine, iscleucine, valine, methionine), ADP, and GTP. In
pancreatic B-cells, GDH has been suggested to be involved in
the regulation of insulin secretion, especially leucine-stimu-
lated insulin secretion (18, 19). The importance of GDH in
glucose homeostasis is also evident from recent findings that
gain-of-function mutations in the GLUD1 gene, which encodes
GDH, cause hyperinsulinism /hyperammonemia (HI/HA) syn-
drome (9, 20, 21, 22, 25, 29).

Previously, we identified 8 GLUDI gene mutation, Y266C,
in a patient with HI/HA syndrome (22). The activity of the
mutant GDH (GDH266C) was constitutively elevated, and
allosteric regulations by ADP and GTP were severely im-
paired. Using GDH266C as a tool, we showed unregulated
elevation of GDH activity in MING insulinoma cells to render
the cells responsive to glutamine. Glutamine stimulated insulin
secretion from these cells in the absence of leucine, an allo-
steric activator of GDH. We also demonstrated insulin secre-
tion to be exaggerated in these cells at low glucose concentra-
tions (22). Glutamine alone, to which the plasma membrane is
permeable and which is readily converted to glutamate intra-
cellularly, does not normally stimulate insulin release. How-
ever, it remarkably stimulates insulin secretion in the presence
of leucine. It is generally accepted that, in pancreatic B-cells,
activation of GDH by allosteric effectors, such as leucine,
enhances glutamate oxidation and increases ATP production
by providing the tricarboxylic acid (TCA) cycle with a-keto-
glutarate and thereby stimulates insulin secretion (18, 19).
Physiologically, GDH is also suggested to play an important
role in basal insulin secretion (2, 5). Our previous observations
(22) in MING cells are in good agreement with this theory.

On the other hand, mitochondrially derived glutamate was
suggested to be a second messenger in glucose-stimulated
insulin secretion, acting directly on insulin-secretory granules
{4, 11, 17). This theory assumes reverse flux through GDH in
the direction of glutamate formation, and glutamate-induced
insulin secretion was suggested to cormrelate with the level of
GDH expression (4, 10). However, this hypothesis is contro-
versial and has been contradicted by other studies (2, ).
Furthermore, it was recently demonstrated that cellular gluta-
mate content did not correlate with the amplification of insulin
secretion (1, 7). Most previous studies have investigated the
role of GDH in insulin secretion by activating intracellular
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GDH with allosteric activators such as leucine or B-2-
aminobicyclo[2.2.1]heptane-2-carboxylic acid. Identification
of constitutively activated mutant GDH (GHD266C) enabled
us to study the effects of elevated intracellular GDH activity on
msulin secretion more directly by introducing the mutant
enzyme into cells. Our present study was designed to investi-
gate directly the correlations among insulin secretion, GDH
activity, and cellular glutamate metabolism. We also studied
changes in insulin secretion profiles caused by unregulated
elevation of GDH activity in native pB-cells to confirm the
physiological relevance of our findings in MIN6 cells. Cur
results further clarify the role of GPH in the regulation of
insulin secretion and provide insights into the pathophysiology
of the HI/HA syndrome.

MATERIALS AND METHODS

Analysis of glutamine and glucose oxidation. MING cells overex-
pressing the mutant GDH via retrovirus-mediated gene transfer
(MIN6-GDH266C) and control lacZ-overexpressing cells (MIN6-
lacZ) were used for these experiments (22). Cells were seeded onto a
6-cm dish at a concentration of 4.0 X 10% cells/dish and cultured in
DMEM-MING medium (Sigma, St. Louis, MO) containing 25 mmol/l
glucose supplemented with 15% heat-inactivated fetal calf serum, 72
pmol/l B-mercaptoethanol, 50 U/ml penicillin G, and 50 pg/ml
streptomycin, Sixty hours later, glutamine or glucose oxidation was
assayed. After a 30-min preincubation in HEPES-balanced Krebs-
Ringer bicarbonate buffer (HB-KRBB; in mmol/l: 10 HEPES, 120
NaCl, 4.7 KC], 1.2 MgS80Q,, 1.2 KH2PO,, 20 NaHCO;, and 2 CaClz,
pH 7.4) containing 0.5% BSA and 5 mmel/1 glucose, radioactive
L-[U-'*C]glutamine (0.05 wCi, 261 Ci/mol; Amersham, Buckingham-
shire, UK) or radioactive p-[6-'*C]glucose [0.04 nCi (for 5 mmol/l
glucose) or 0.20 pCi (for 25 mmol/l glucose), 58.0 Ci/mol; Amer-
sham] was added to 4 ml of fresh HB-KRBB containing 0.5% BSA
and various concentrations of glutamine or glucose. Then, MING-
GDH266C or MIN6S-lacZ cells in the culture dishes were placed
immediately in sealed glass containers (7 cm diameter X 10 cm
height) filled with 100% oxygen and incubated for 30 min (glutamine
oxidation) or 1 h (glucose oxidation) at 37°C. At complection of the
incubations, 0.5 ml of 10% HCIO, was added to the medium by
means of a long 21-gauge needle through rubber stoppers on the top
of the container, allowing CO; gas (containing radiocactive {"*C]CO3)
to evaporate and be trapped in 2 ml of 10% KOH seluticn in a small
glass cup suspended above the medium in a sealed glass container.
The glass containers were incubated for another 30 min, and the KOH
solution was then transferred to scintillation vials containing 10 ml of
Aquasol-2 (PerkinElmer, Boston, MA), and radioactivity was mea-
sured with a liquid scintillation counter. With this system, 90.7 =
1.2% (mean * SE; n = 1) of CO; gas, evaporating from the medium
containing 0.5 pCi NaH["*C]O; (Amersham), was trapped in KOH
solution.

Measurement of intracellular glutamate content. MIN6-GDH266C
and control MING6-lacZ cells were seeded onto six-well plates at a
concentration of 1.8 X 105 cells/well and cultured in DMEM-MING
medium. Sixty hours later, glutamate contents were assayed. After a
30-min preincubation in HB-KRBB containing 0.5% BSA and 5
mmol/l glucose, the preincubation buffer was replaced with fresh
HB-KREB containing 0.5% BSA and various concentrations of glu-
tamine or glucese, and the cells were incubated for an additional hour
at 37°C. At the end of the incubation, the cells were quickly washed
on ice with ice-cold HB-KRBB, and 1 ml of 6% perchloric acid was
immediately added. The cells were then collected and sonicated on
ice. After centrifugation at 15,000 rpm for 5 min, the supematant (800
wl) was collected, and 275 pl of 30% KOH were added. White
precipitates were removed by brief centrifugation, and the supemnatant
was kept at —80°C for the glutamate measurement. Cells in one of the

wells were homogenized in PBS and used for protein determination,
The amount of glutamate was determined, using an aliquot of the cell
extract, by high-performance liquid chromatography with precolumn
o-phthalaldchyde derivatization, separation on a reverse-phase Re-
solve C18 column (3.9 X 150 mm; Waters, Toronto, ON, Canada),
and fluorescence detection (3, 27, 28).

Construction of recombinant adenoviruses and adenovirus-medi-
ated gene transfer. pcDNA3-hGDH-WT and pcDNA3-hGDH266C
(22) were digested with No/l and SaaBI. The fragments containing
GDH ¢DNA were then ligated into NofI- and SraBl-digested pShuttlc
vectors (14, 15). The resultant plasmids, pShuttle-hGDH-WT and
pShuttle-hGDH266C, were then digested with I-Ceul/PI-Scel and
ligated into I-Ceul’PI-Scel-digested pAdHM4 (14, 15) to produce
pAd-hGDH-WT and pAd-hGDH266C. They were then linearized
with Pacl and transfected into 293 human embryonic kidney cells
with FuGENE6 (Roche Diagnostics, Mannheim, Germany) according
to the manufacturer’s instructions. Recombinant adenoviruses ex-
pressing GDH-WT and GDH266C (Ad-hGDH-WT and Ad-
hGDH266C) were thus obtained and amplified via infection of 293
cells. As a control, we also constructed an adenoviral vector to express
enhanced green fluorescent protein {(eGFP; Ad-eGFP). Titers of the
recombinant adenovirus stocks were 6.0 X 107 (Ad-hGDH-WT),
5.5 X 107 (Ad-hGDH266C), and 9.5 X 107 plague-forming units
{pfu)/m] (Ad-eGFP).

Pancreatic islets were isolated by collagenase digestion as de-
seribed previously (6, 24). Isolated islets were cultured on a 60-mm
tissue culture dish with RPMI 1640 medium containing 11 mmol/l
glucose supplemented with 10% fetal calf serum, 50 U/ml penicillin,
and 50 pg/ml streptomycin (RPMI-islet) and maintained at 37°C in
humidified 5% C0:-95% air. Twenty-four to thirty-six hours after
isolation, groups of 50-100 islets were incubated with the recombi-
nant adenoviruses at a multiplicity of infection (moi) of ~4 X 10°
pfw/islet. After a 1-h incubation with the adenovirus at 37°C, the
medium was removed, and the islets were washed once with phos-
phate-buffered saline (PBS). The islets were then further incubated on
a 60-mm tissue culture dish with RPMI-islet medium. Experiments
were performed 24 h after infection.

GDH enzyme assay. COS-7 cells and isolated pancreatic islets were
infected with recombinant adenoviruses at an moi of ~10 pfu‘cell or
4 % 10° pfufislet, respectively. Forty-eight (COS-7) or 24 (islets) h
after the infection, cells were washed, suspended in PBS, and soni-
cated to prepare crude cell extract. GDH activity was measured by the
oxidation of NADH (€340 nm = 6.22 X 10° mol'l"em™?), as
described previously (26), with a Beckman Coulter (Fullerton, CA)
Spectrophotometer model DU-640 at 25°C, The assay sclution (1 ml)
consisted of 10 mmol/l Tris-acetate (pH 8.0), 10 wmoll EDTA, 100
pmoll NADH, 50 mmol/l NH4Cl, and 5 mmol/l a-ketoglutarate,
ADP, GTP, or leucine was added to the solution at various concen-
trations. The reaction was started by adding appropriate amounts
(3050 pl) of cell extracts, and the decrease in absorbance at 340 nm
was measured for 5 min, During this incubation period, the reaction
was lincar, and there was no indication of GTP hydrolysis, substrate
depletion, or product saturation. The activity was determined in
duplicate for each sample.

Analysis of insulin secretion. Groups of 10-30 islets overexpress-
ing the mutant GDH (Islets-GDH266C) and eGFP (Islets-eGFP) via
adenovirus-mediated gene transfer were used for each assay. Insulin
sceretion was examined by the static incubation method (23, 24). In
brief, after a 30-min preincubation in HB-KRBB supplemented with
0.5% BSA and 5 mmol/l glucose, the preincubation buffer was
replaced with fresh HB-KRBB containing 0.5% BSA and various
concentrations of glutamine or glucose. After an additional 30-min
incubation at 37°C, the buffer was collected, and immunoreactive
insulin was measured by radioimmunoassay using rat insulin (Linco
Research, St. Charles, MO) as a standard. The amounts of secreted
insulin were corrected by the amounts of cell protein in each well.
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RESULTS

Glutamine and glucose metabolism in MING6-GDH266C
cells. We investigated the metabolic changes associated with
elevated GDH activity. We used MIN6-GDH266C as a model.
When the cells were incubated in the presence of glutamine (1
mmol/l) with a tracer of L-{U-'*C]glutamine, glutamine oxida-
tion was increased in MIN6-GDH266C compared with control
MING6-lacZ (P < 0.02, unpaired #-test; Fig. 14). In agreement
with the enhanced glutamine oxidation, intracellular glutamate
content in MIN6-GDH266C was lower than that in MIN6-lacZ
(P < 0.01 at 1.0 mmol/l; Fig. 15).

At low glucose concentrations (without exogenous glu-
tamine), insulin secretion was augmented in MIN6-GDH266C
(22). We then studied metabolic changes under these condi-
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Fig. 1. Glutamine oxidation and glutamate content in MING cells incubated in
the presence of glutamine. A: glutamine oxidation. MING cells overexpressing
consitutively activated mutant glutamate dehydrogenase (GDH; MING-
GDH266C; filled bar) and MING cells overexpressing lacZ (MING-lacZ; open
bar) were preincubated in HEPES-balanced Krebs-Ringer bicarbonate buffer
(HB-KRBB) with 5 mmol/] glucose for 30 min at 37°C, followed by incuba-
tion in HB-KRBB with 1 mmoll L-[U-**C]glutamine for 30 min at 37°C.
{C]CO: produced by the MING cells was trapped in KOH solution and
radioactivity determined by liquid scintillation counting. Data are means = SE
of 3 experiments. **P < 0.02 for comparison between MING-GDH266C and
MIN6-lacZ (unpaired Student’s r-test). B: glutamate contents. MING-
GDH266C (filled bar) and MIN6-lacZ {open bar) cells were preincubated at
37°C in HB-KRBB with 5 mmol/l glucose for 30 min, followed by incubation
at 37°C in the presence of 1 mmol/l glutamine for i1 h. Immediately after
incubation, cells were quickly homogenized in ice-cold perchloric acid solu-
tion. The solution was neutralized and the supernatant saved at —80°C for the
glutamate sssay. Glutamate content was determined by HPLC. Data are
means + SE of § experiments, *P < (.01 for comparison between MING-
GDH266C and MING-lacZ (unpaired Student’s #-test).
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tions. Glucose oxidation did not differ between MING-
GDH266C and MING6-lacZ [4.0 * 0,7 vs. 4.0 = 0.9 pmol/pg
protein at 5 mmol/]l glucose (P > 0.9, Fig. 24} and 7.9 = 2.0
vs. 6.8 *+ 1.9 pmol/p.g protein at 25 mmol/l glucose (P > 0.6;
unpaired #test)]. Cellular glutamine oxidation, however, was
significantly enhanced in MIN6-GDH266C [46.7 * 1.2 vs.
27.2 = 1.6 pmol/pg protein at 5 mmol/l glucose (P < 0.001;
Fig. 2B) and 31.7 * 4.1 vs. 16.4 = 2.0 pmol/pg protein at 25
mmol/l glucose (P < 0.03; unpaired ¢-test)]. The corresponding
intracellular glutamate content was decreased in MING-
GDH266C compared with that in MIN6-lacZ [10.3 & 2.0 vs.
25.4 * 2.3 pmol/pg protein at 5 mmol/l glucose (P < 0.002;
Fig. 2C) and 14.2 = 1.3 vs, 36.6 % 2.1 pmol/ug protein at 25
mmol/l glicose (P < 0.001; unpaired #test)]. These results
indicate that elevated GDH activity enhances glutamine oxi-
dation and probably increases ATP synthesis via the TCA
cycle, thereby stimulating insulin secretion.

Characterizations of GDH266C expressed in COS-7 cells
and in isolated rat pancreatic islets. To overexpress GDH266C
in isolated rat pancreatic islets, we constructed a recombinant
adenovirus, Ad-hGDH266C. As we previously demonstrated
using the enzyme expressed in COS-7 cells (22), basal activity
(activity in the absence of allosteric effecters) of GDH266C
was elevated, and inhibition by GTP and activation by ADP
were blunted compared with those of the wild-type enzyme.
Here, we further characterized activation by leucine by using
COS8-7 cell extracts in which wild-type GDH or GHD266C
was overexpressed by adenovirus-mediated gene transduction.
Activation of GDH266C by leucine was only twofold (from
2,850 * 120 to 5,520 = 190 nmol NADH mg protein™!min~!
at 3 mmol/l leucine), whereas that of wild-type GDH was more
than 35-fold (from 130 £ 20 to 4,670 = 70 nmol NADH-mg
protein~l-min~? at 3 mmol/l leucine). Maximal activity of
GDH266C in the presence of leucine was nearly the same as
that of the wild-type enzyme in the crude cell extracts, al-
though analysis of the purified enzyme was necessary for the
strict quantitative comparison.

Next, we overexpressed GDH266C in isolated islets (Islets-
GDH266C) using the adenovirus-mediated gene transfer sys-
tem to investigate the role of GDH in native B-cells. Islets
overexpressing eGFP (Islets-eGFP) were used as a control.
Transfer of exogencous genes with adenovirus vector to islets
was very efficient, and most of the islet cells expressed eGFP
when they were infected with Ad-eGFP, as confimed by
observation under fluorescence microscopy (Ref. 24 and data
not shown). The basal GDH activities in the crude extracts of
Islets-eGFP and Islets-GDH266C were 20 * 3 and 2,890 =+
670 nmol NADH'mg protein~!smin~!, respectively, when ac-
tivity was measured without allosteric effectors in the reaction
mixture (Table 1). As expected, ADP activated GDH activity
20-fold in the crude extract of Islets-eGFP (510 = 50 nmol
NADH'mg protein~!'min~! at 200 pmol/l ADP), whereas
activation in the extract of Islets-GDH266C was less than
twofold (4,570 + 650 nmol NADH'mg protein™}-min~! at
200 pmoll ADP). GTP did not inhibit GDH activity in
Islets-GDH266C (2,840 =+ 600 nmol NADH-mg
protein™!-min~! at 25 pumol1 GTF). Therefore, in Islets-
GDH266C, GDH activity was constitutively elevated.

Profiles of insulin secretion from Islets-GDH266C. Tt is
known that in normal pancreatic B-cells glutamine stimulates

+ FEBRUARY 2004 - www.ajpendo.org
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Fig. 2. Glutamine oxidation and glutamate content in MING cells incubated in
the presence of 5 mmol/l glucose. A: glucose oxidation. MING-GDH266C
(filled bar) and MIN6-lacZ (open bar) ¢ells were preincubated in HB-KRBB
with 5 mmol1 glucose for 30 min at 37°C, followed by incubation in
HB-KREBB with 5 mmol/l p-[6-"*C]glucose for 1 h at 37°C. ["*C]CO: pro-
duced by the MING cells was trapped in KOH solution and radicactivity
determined by liquid scintillation counting. Data are means = SE of 6
expetiments. B: glutamine oxidation. MING-GDH266C (filled bar) and MING-
lacZ (open bar) cells were preincubated at 37°C in HB-KRBB with 5 mmol
glucose for 30 min, followed by incubation at 37°C for 30 min in the presence
of 5 mmel/1 glucose and a tracer of radioactive L-[U-'*Clglutamine. Radioac-
tive [1*C]CO; produced by the MING cells was trapped in KOH solution and
radioactivity deterrnined by liquid scintillation counting. Data are means + SE
of 3 experiments, *P < 0.001 for comparison between MIN6-GDH266C and
MING-lacZ (unpaired Student’s ftest). C: glutamate contents. MING-
GDH266C (filled bar} and MING6-lacZ (open bar) cells were preincubated at
37°C in HB-KREB with 5 mmuol/l glucose for 3¢ min, followed by incubation
at 37°C in the presence of 5 mmoll glucose for 1 h. After incubation,
glutamate contents were measured as described in Fig. 1. Data are means = SE
of 5 experiments, **P < 0,002 for comparison between MIN6-GDH266C and
MIN6-lacZ (unpaired Student’s f-test).

Table 1. GDH activity in Islets-GDH266C and Islets-eGFP

GDH Activity,
nmol NADH tng protein—F-min~!
ADP, pmel/l GTP, pmol Islets-¢GFP Tslets-266C
[4] 0 20+3 2,890x670
200 0 510250 4,570£650
0 25 * 2,840x600

Values are means * SE; n = 3. GDH, glutamate dehydrogenase; Islets-
GDH266C, islets overexpressing a constitutively activated mutant GDH;
Islets-eGFP, islets overexpressing enhanced green fluorescent protein (con-
trol). *Below assay sensitivity.

insulin secretion only in the presence of leucine, an allosteric
activator of GDH., As shown in Fig. 34, glutamine alone did
not stimulate insulin secretion from Islets-eGFP, as was ob-
served with intact islets. On the other hand, it stimulated
insulin secretion from Islets-GDH266C in a dose-dependent
manner.

Glucose-stimulated insulin secretion was also studied. Insu-
lin secretion from Islets-GDH266C was significantly exagger-
ated at low glucose concentrations compared with control
Islets-eGFP [0.16 = 0.03 (Islets-eGFP) vs. 0.34 * 0.09 ng
insulin/pg protein (Islets-GDH266C) at 2 mmol/l glucose (P <
0.05, n = 16); 0.29 * (.06 (Islets-eGFP) vs, 048 = 0.07 ng
insulin/pg protein (Islets-GDH266C}) at 5 mmol/ glucose (P <
0.001, n = 15); 0.55 = 0.08 (Islets-eGFP) vs. 0.78 = 0.15 ng
insulin/p.g protein (Islets-GDH266C) at 8 mmol/l glucose (P <
0.05, n = 14); paired t-test] but not at higher glucose concen-
trations (Fig. 358).

DISCUSSION

A mutant GDH, GHD266C, which was identified in a
Japanese patient with HI'HA syndrome, is a constitutively
activated enzyme:; basal activity is elevated, and activation by
ADP and inhibition by GTP are blunted compared with the
wild-type enzyme (22). In addition, we have herein demon-
strated activation by leucine also to be blunted. It has been
suggested that ADP binds to and activates GDH by opening the
catatytic cleft of the enzyme (16). Leucine is thought to bind at
the active site (26). It is possible that in GDH266C the catalytic
cleft is almost fully open in the basal state, such that binding of
ADP or leucine only minimally activates this mutant enzyme.
We used the GDH266C, rather than wild-type GDH, as a tool
to examine the effects of elevated cellular GDH activity in the
regulation of insulin secretion, because with this mutant, GDH
activity is thought to be elevated regardless of phosphate
potential (GTP and ATP-to-ADP and P; ratio) (2, 5) in the
cells.

We previously demonstrated glutamine to stimulate insulin
secretion from MING cells overexpressing GDH266C (MING-
GDH266C) in the absence of leucine. In addition, and very
interestingly, insulin secretion from MIN6-GDH266C cells
was exaggerated at low glucose concentrations (2—-5 mmol/]) in
the absence of glutamine in the incubation buffer (22). To
investigate the mechanism by which elevated cellular GDH
activity leads to the stimulation of insulin secretion, we studied
changes in glutamate metabolism in cells in which GDH
activity was constitutively elevated.

In association with the stimulation of insulin secretion by
glutamine, cellular glutamine oxidation was elevated (Fig. 14),

AJP-Endocrinol Metab « VOL 286 - FEBRUARY 2004 » www.ajpendo.org
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Fig. 3. Glutamine- and glucose-stimulated insulin secretion. 4: glutamine-
stimulated insulin secretion. After a 30-min preincubation in the buffer with 5
mmol/l glucose and without glutamine, pancreatic islets overexpressing
GDH266C (Islets-GDH266C; filled bar) and islets overexpressing enhanced
green fluorescent protein (Islets-¢GFP; open bar) were incubated in the
presence of various concentrations of glutamine (without glucose) for 30 min,
and insulin released into the incubation buffer was measured. Each assay was
performed using 10-30 islets, and values are means =+ SE of 3-7 experiments.
*P < 0.01 and ***P < 0.05 for comparison between Islets-GDH266C and
Islets-eGFP, **P < 0.02 for comparison between 0.1 and 10 mmol/] glutamine
{Islets-GDH266C) {paired Student’s t-tests). B: glucose-stimulated insulin
secretion. After preincubation, Islets-GDH266C (filled bar) and Islets-eGFP
(open bar) were incubated in the presence of various concentrations of glucose
for 30 min, and insulin released into the incubation buffer was measured. Each
assay was performed using 10-30 islets, and valucs are means * SE of 6-16
experiments, *P < 0.01 and ***FP < 0.05 for comparison between Islets-
GDH266C and Islets-eGFP (paired Student’s r-tests).

and intracellular glutamate content was lower (Fig. 1B) in
MING6-266C cells. This observation is consistent with the
hypothesis that elevated GDH activity enhances the oxidative
deamination of glutamate to a-ketoglutarate to supply TCA
cycle substrates (18, 19). It is noteworthy that, at the basal
glucose concentration (5 mmol/l) without glutamine in the
medium, exaggerated insulin secretion was also associated
with enhanced glutamine oxidation, and a decrease in the
intraceltular glutamate content reflected utilization of the sub-
strate. At this glucose concentration, glutamine {or glutamate)
from the intracellular pool would likely be utilized as a sub-
strate of GDH to fuel the TCA cycle and thereby stimulate
insulin secretion. At a higher glucose concentration (25 mmol/
1), glutamine oxidation also increased, and the cellular gluta-
mate content was lower in MIN6-GDH266C than in MING-
lacZ cells, although insulin secretion did not differ. Under

GDH ENHANCES INSULIN SECRETION VIA GLUTAMATE OXIDATION

these conditions, the effect of increased glutamate oxidation on
insulin secretion was probably undetectable because glucose
stimulation was more potent.

Although the MING cell line is one of the best models of
native B-cells (13), it is derived from an insulinoma, and
insulin-secretory profiles are known to change over several
passages (12). Therefore, this cell line may not adequately
reflect native B-cells in some respects. Therefore, we wished to
confirm the effect of unregulated elevation of GDH activity on
insulin secretion in a more physiological model: isolated rat
pancreatic islets, Islets-GDH266C secreted insulin in response
to glutamine in a dose-dependent manner (Fig. 34). More
importantly, in Islets-GDH266C, insulin secretion was also
significantly enhanced at low glucose concentrations (2-8
mmol/l) compared with control Islets-eGFP (Fig. 3B), just as
we observed in MIN6-GDH266C cells (22). Recently, Kelly et
al. (5) reported an H454Y-GDH transgenic mouse, In this
animal model, an HI/HA syndrome patient-derived mutant,
H454Y-GDH, the activity of which was not inhibited by GTP,
was specifically expressed in B-cells. Random blood glucose
concentrations were lower than in control mice, and amino
acid- and leucine-stimulated insulin secretions from perifused
islets were markedly enhanced in these mice. Although glu-
cose-stimulated insulin secretion was reported to be similar to
that of control mouse islets, detailed data, including basal
insulin secretion at low glucose concentrations, have not been
presented. Because basal GDH activity was more than 100
times higher than that in control islets in our model (Table 1),
the enhancement of basal insulin secretion might have been
more prominent in our model than in the transgenic mouse
model. '

Physiologically, GDH is an important regulator of glutami-
nolysis (glutamine oxidation), which may contribute to the
interprandial basal insulin secretion (2, 5). Glutaminolysis is
regulated by allosteric regulation of GDH with amino acids
such as leucine, isoleucine, and methionine. In addition, it is
also precisely regulated by glucose metabolism through
changes in concentrations of other important allosteric regula-
tors of GDH, GTP, ATP, and ADP, According to this hypoth-
esis, at glucose concentrations near or below its threshold to
stimulate insulin secretion (5 mmol/l}, GDH is activated by a
decrease in the GTP/ADP ratio and drives basal insulin secre-
ticn, at least in part (2, 5). Insulin-secretory profiles of MING-
GDH266C cells and Islets-GDH266C are in agreement with
this hypothesis. Constitutively activated GDH rendered the
cells responsive to glutamine in insulin secretion in the absence
of luecine and enhanced insulin secretion at low glucose
concentrations, Furthermore, they would be reflected in the
fasting and protein meal-induced hyperinsulinemic hypoglyce-
mia in patients with H/HA syndrome, although in patients’
B-cells elevation of GDH activity at low glucose concentra-
tions would be modest compared with that in MIN6-GDH266C
cells and in Islets-GDH266C. On the other hand, in our
previous and present studies, glucose-stimulated insulin secre-
tion was not enhanced in either MING6-GDH266C cells (22) or
Islets-GDH266C (Fig. 3B). On the basis of the insulin secretion
profiles and glutamate metabolism, our data do not support the
hypothesis that glutamate, derived from the reverse GDH
reaction (flux from a-ketoglutarate to glutamate), is a second
messenger of glucose-stimulated insulin secretion (1, 2, 5, 8,
9), although we neither measured the flux directly nor tested
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the messenger action of glutamate in glucose-stimulated insu-
lin secretion, and therefore the messenger role of glutamate is
not completely excluded.

This is the first study, to our knowledge, in which insulin
secretion and glutamate metabolism were analyzed simulta-
neously under conditions of direct and constitutive cellular
GDH activity elevation. Our results illustrate the importance of
GDH in amino acid-stimulated insulin secretion and possible
contribution to the regulation of basal insulin secretion. Fur-
thermore, we have provided additional evidence that, at least
under our experimental conditions, the metabolic flux through
GDH is in the direction of a-ketoglutarate production in
pancreatic B-cells. No evidence was obtained to suggest that
glutamate produced by the reverse GDH reaction enhanced
insulin secretion.
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We previously demonstrated that distinct facilitative
glucose transporter isoforms display differential
sorting in polarized epithelial cells. In Madin-Darby
canine kidney {(MDCK) cells, glucose transporter 1
and 2 (GLUT1 and GLUT2) are localized to the baso-
lateral cell surface whereas GLUTs 3 and 5 are
targeted to the apical membrane. To explore the
molecular mechanisms underlying this asymmetric
distribution, we analyzed the targeting of chimeric
glucose transporter proteins in MDCK cells. Re-
placement of the carboxy-terminal cytosolic tail of
GLUT1, GLUTZ, or GLUT4 with that from GLUT3
resulted in apical targeting. Conversely, a GLUT3
chimera containing the cytosolic carboxy terminus
of GLUT2 was sorted to the basolateral membrane.
These findings are not attributable to the presence

of a basolateral signat in the tails of GLUTs 1, 2, and
4 because the basolateral targeting of GLUT1 was
retained in a GLUT1 chimera containing the car-
boxy terminus of GLUTS. In addition, we were un-
able to demonstrate the presence of an autono-
mous basolateral sorting signal in the GLUT1 tail
using the low-density lipoprotein receptor as a re-
porter. By examining the targeting of a series of
more defined GLUT1/3 chimeras, we found evi-
dence of an apical targeting signal involving resi-
dues 473-484 (DRSGKDGVMEMN) in the carboxy
tail. We conclude that the targeting of GLUT3 to the
apica! cell surface in MDCK cells is regulated by a
unique cytosolic sorting motif. (Molecular Endo-
crinology 18: 339-34%, 2004)

HE DELIVERY SYSTEM for the targeting of mem-

brane proteins to different cell surfaces in polar-
ized cells has been a subject of considerable interest.
Many studies have concentrated on identifying the
determinants of basolateral and apical sorting signals
at the molecular level (1, 2). A number of basolateral
sorting signals described to date have been found to
reside in the cytoplasmic domain of membrane pro-
teins (3, 4). Most belong to two classes characterized
by either a critical tyrosine-containing motif (YXX2) (5)
or a dileucine or leucine residue adjacent to another
bulky hydrophobic aminc acid (a.a.) (6, 7). These sig-
nals have been demonstrated to associate with adap-
tor protein 1 {8) and adaptor protein 2 (9, 10), which
regulate clathrin assembly at the trans-Golgi network
and the plasma membrane, respectively, These sig-
nals appear to mediate bath efficient delivery to the
basolateral membrane and endocytic recycling. Con-
versely, most of the apical signals that have been
characterized to date are found in luminal or trans-
membrane domains. Although relatively little is known

Abbreviations: a.a., Amino acid(s) GLUT, glucose trans-
porter; LDL-R, low-density lipoprotein receptor; MDCK,
Madin-Darby canine kidney.
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about apical sorting signals, both N-linked (11, 12} and
O-linked glycosylation (13, 14) have been shown to
play an important role.

Facilitative hexose transporters constitute a famity
of integral membrane proteins that mediate the trans-
port of sugars across cellular membranes (15). These -
isoforms share a high level of a.a. sequence homal-
ogy, and their predicted three-dimensional structure is
conserved. Considerable evidence suggests that they
contain 12 transmembrane domains with both the N
and C termini located on the cytosolic side (15). De-
spite these similarities, major differences in intracellu-
lar trafficking have been noted between individual
GLUTs. These differences are best demonstrated in
polarized cell types in which different transporters
have been localized to discrete surfaces. Glucose
transporter 1 and 2 (GLUT1 and GLUT2) are principally
found on the basolateral surface in epithelial cells
whereas GLUT3 and GLUTS are mainly targeted to the
apical domain (16-19). Similar results are obtained
when these transporter isoforms are transfected into
Madin-Darby canine kidney (MDCK) cells indicating
that this is a universal feature of these proteins that
can be recapitulated in a heterologous system (20).
These results also demonstrate that MDCK cells pro-
vide a useful model for studying the vectorial mem-
brane trafficking of facilitative hexose transporters.
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The asymmetric distribution of GLUTs in polarized cell
types has physiological relevance. For example, with
respect to the Intestinal absorption of fructose, the
apically targeted GLUTS exhibits a high affinity for
fructose [low Michaelis-Menten constant (KJ] (21),
whereas the basolaterally targeted GLUT2 exhibits a
high V,.,.. for fructose (22). Hence, these two facilita-
tive transporters cooperate to achieve efficient ab-
sorption of fructose across the gut epithelium.

The molecular mechanisms by which GLUTs are
differentially targeted in polarized cells remain to be
clarified. Therefore, we attempted to characterize the
structural determinants of GLUTSs required for this dif-
ferential targeting. We have expressed a panel of chi-
meric transporters utilizing various portions of GLUTs
1-5 in MDCK cells and assessed their differential dis-
tribution. Our data show that the carboxy-terminal tail
of human (h}GLUT3 contains a dominant apical sorting

" signal that is capable of rerouting both GLUT1 and
GLUT2 from the basolateral to the apical cell surface in
MDCK cells.

RESULTS

Expression and Analysis of GLUT1/3 Chimeras in
MDCK Cells

To clarify the molecular basis for the differential tar-
geting of GLUTs in polarized epithelial cells, we un-
dertook a chimeric strategy whereby different portions
of a basolateral transporter and an apical transporter
were spliced together and expressed in MDCK cells.
Initially, we focused on hGLUT1 and hGLUT3, which
are targeted to the basolateral and apical cell surfaces,
respectively, in MDCK cells (20). MDCK cells express
GLUT1 endogenously but not GLUT3 (20). Initially, we
studied the targeting of recombinant hGLUT1 when
overexpressed in MDCK cells. Stable cell lines were
selected and screened for hGLUT1 expression using a
monoclonal antibody that is specific for hGLUT1 (23).
This antibody recognizes an epitope in the central loop
of hGLUT1 and provides a useful tool for comparing
relative expression levels between individual con-
structs and clones. To verify that this expression sys-
tem did not result in marked overexpression, we ana-
lyzed the glucose transport activities of these clones.
In wild-type cells, we cbserved glucose transport rates
of 0.77 * 0.16 nmol/mgmin and 0.04 * 0.06 nmol/
mg-min across the basolateral and apical membranes,
respectively (n = 5, mean x sp). The glucose transport
rates across the basolateral membranes in GLUT1-
expressing cell [ines were ingreased at most by 1.5-
fold as compared with that observed in wild-type cells.
Moreover, we did not observe a significant change in
apical transport in clones expressing GLUT1 at this
expression level. On the other hand, in clones ex-
pressing GLUT3 over a broad range of expression
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levels, we observed a highly significant increase in
transport across the apical membrane (0.56 + 0.10
nmol/mg'min). Thus, these data provide a good indi-
cation that we have performed our studies using non-
saturating expression levels of recombinant transport-
ers. As shown in Fig. 1C (feft upper panel), at this level
of expression the targeting of hGLUT1 was restricted
to the basolateral surface as was the case for the
endogenous protein. Also shown in Fig. 1C (right up-
per panel} is the distribution of hGLUT3 expressed in
MDCK cells. Consistent with our previous findings
(20}, this protein was highly enriched at the apical cell
surface. Whereas these transpotters localize to either
basolateral or apical membranes, intracellular labeling
is also evident. Qur focus in this study was the con-
tribution of the cytosolic carboxy terminus to domain-
specific cell surface localization and as such we did
not characterize the intracellular vesicutar compart-
ments through which these chimeras traffic.

The above data provided the basis for our initial
studies using hGLUT1/3 chimeras expressed in MDCK
cells. We first designed two GLUT1/3 chimeras com-
prised of different portions of both proteins: hGLUT1/
3CT290 contains the N-terminal half of hGLUT1 and
the C-terminal half of GLUT3; and hGLUT1/3CT36 is
comprised of hGLUT1 in which the carboxy-terminal
tail (32 a.a.) has been replaced with that of hGLUT3 (36
a.a.). A scheme of these and other constructs is shown
in Fig. 1A. As was the case for all of the constructs
described in this study, we selected at least 12 differ-
ent stable cell lines expressing the recombinant pro-
tein of interest and performed detailed analyses on at
least three to four different clones for each construct
covering a range of expression levels. The targeting of
endogenous GLUT1, as well as inulin exclusion, was
analyzed in each clone to verify polarity at the time of
study (data not shown). Figure 1B shows a Western
bict of cell lysates from cells expressing either full-
length GLUT3 or the relevant chimeras using an anti-
body raised against the C-terminal domain of hGLUT3.
This antibody did not detect a specific signal in non-
transfected MDCK cells, but clearly detected the ex-
ogenous hGLUT3 epitope. The chimeras yielded pro-
teins of the appropriate molecular size, i.e. similar to
that observed for full-length GLUT3. Figure 1C shows
the immunolocalization of the hGLUT1/3CT290 (left
lower panel) and hGLUT1/3CT36 (right lower panel)
chimeras in MDCK cells as compared with both
GLUT1 and GLLUT3. Both chimeras were concentrated
on the apical domain, similar to the targeting observed
for the full-length GLUT3 protein. We alsc observed
labeling of intracellular structures (Fig. 1}. This is con-
sistent with our previous studies in which even GLUT1,
which is highly concentrated on the basolateral sur-
face (Fig. 1), was also found in intracellular vesicles in
MDCK cells (20). These results suggest that the car-
boxy tails of these transporter proteins determine ba-
solateral vs. apical delivery.
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Fig. 1. Immunofluorescence Localizations of GLUT1 and GLUT3 and Their Chimeric GLUTs

A, A diagrammatic representation of the constructs used in these studies is shown. B, Total membrane samples {15 png)
prepared from MDCK cells expressing the indicated proteins were subjected to SDS-PAGE and immunoblotting with an antibody
raised against the C-terminal domain of GLUT3. NEG refers to a sample prepared in paralle! from parental MDCK cells.
Immunoblot data identical to those presented for parental membranes were obtained from nonexpressing but G418-resistant
MDCK clones. C, MDCK cells expressing the indicated proteins were plated on glass coverslips, and immunofluorescence was
performed as previously described (20). Exogenous transporters were detected using an antibody raised against a short peptide
derived from the intracellular loop of hGLUT1 (GLUT1) and an antibody raised against the C-terminal domain of GLUT3 (GLUT3,
GLUT1/3CT280, and GLUT1/3CT36). Confocal Images were generated using a Zeiss Axiophot fluorescent microscope and a

Bio-Rad MRC600 laser scanning head.

Expression of a Low-Density Lipoprotein
Receptor (LDL-R)/GLUT1 Chimera in MDCK Cells

It was shown previously that the cytoplasmic tail of the
LDL-R possesses two tyrosine-dependent basolateral
targeting signals (24, 25). Deletion of these residues
resulted in rerouting of the LDL-R to the apical cell
surface (24). To determine whether the GLUT1 car-
boxy tail possesses a basolateral sorting signal, we
studied the trafficking of an LDL-R chimera containing
the carboxy tail of GLUT1 (LDL-R/G1CT24), in MDCK
cells. Several clones expressing the full-length LDL-R
and the chimeras were obtained and grown on trans-
well filters. Trafficking of these proteins was analyzed
using a cell surface biotinylation assay {Fig. 2). In
agreement with previous studies (24), the wild-type
LDL-R was almost entirely targeted to the basolateral
membrane, whereas more than 85% of mutated
LDL-R (CT37Y-A18) was targeted to the apical mem-
brane. When 24 a.a, from the C terminus of GLUT1
were grafted onto CT37Y-A18, a small portion of the
apical proteins relocalized to the basolateral mem-

brane, but the majority remained at the apical mem-
brane (Fig. 2C). These findings suggest that the C-
terminal tall of GLUT1 does not contain an
autonomous basolateral sorting signal. This does not
exclude the possibility of a basolateral sorting signal
elsewhere in the GLUT1 molecule. In fact, this seems
likely given that it is amultispanning membrane protein
with at least three major ¢ytosclic domains. It is also
conceivable that sorting domains in these more com-
plex molecules are comprised of discontinuous ele-
ments found in discrete domains that interact in vivo.

Trafficking of a GLUT1/5 Chimera in MDCK Cells

It was shown previously that GLUTS is targeted to the
apical cell surface in polarized epithelial cells and that
apical targeting is regulated via information contained
within the central portion of the protein {26). Thus, it is
highly unlikely that the G-terminal tail of GLUT5 con-
tains targeting information relevant to trafficking in
polarized epithelial cells. Therefore, we reasoned that
a GLUT1 chimera containing the G terminus of GLUT5
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Fig. 2. Celi Surface Distributions of Wild and Mutated LDL-Rs Using Biotinylation Assay

A, A diagrammatic representation of the constructs used in these studies Is shown. B, MDCK cells expressing various chimeric
proteins were plated onto transwell filters. Apical (A) or basal (B) cell surfaces were Incubated in 0.5 mg/m! EZ-link Sulfo-NHS-
biotin {Pierce Chemical Co.) for 15 min on ice. Filters were quenched and transferred into lysis buffer, and the solubiiized material
was cleared by centrifugation. An aliquot of cleared supematant served as the total expression sample, and the remainder was
incubated with streptavidin-agarose to recover biotinylated proteins. Immunaeprecipitated proteins wera subjected to SDS-PAGE
and subsequent Western blot analysis using a polycional LDL-R antibody, LB1, with detection performed using goat antirabbit-
horseradish peroxidase antibody and enhanced chemiluminescence. C, Values are given as the percent of total cell surface
receptors. Bars represent the mean * sp of three independent experiments,

A GLUT1 [_ ] 492
GLUTS &WW 502
GLUTYS5 | 502

Fig. 3. Immuncffuorescence Localizations of GLUT5S and GLUT1/5 Chimeric GLUTs

A, Scheme of the constructs generated for this analysis. B, MDCK cells expressing the indicated proteins were plated onto
flamed, glass coverslips and incubated for 5 d to enable tight juction formation and establishment of polarity. Cells were fixed and
the domain-specific localizations of exogenous GLUTS and the GLUT1/5 chimera were assessed by immunoflucrescent micros-
copy using an antibody raised against the C-terminal domain of GLUTS. The GLUT1/5 chimera consists of residues 1-450 of
hGLUT1 joined in frame to residues 459-502 of GLUTS.

should provide a useful teol for the present studies. If
this chimera targets to the apical cell surface, this will
provide definitive proof that the GLUTT tail contains a
basolateral sorting motif. This chimera was expressed
in MDCK cells and localized by immunofluorescence
microscopy. As shown in Fig. 3, whereas full-length

GLUTS was targeted to the apical surface, the
GLUT1/5 chimera was found almost exciusively on the
basolateral membrane. In combination with the stud-
ies described above, these data strongly indicate that
the C-terminal tail of GLUT1 does not contain a baso-
lateral targeting motif.
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Expression and Analysis of GLUT2/3 Chimeras in
MDCK Cells

To further investigate the apical sorting signal in the C
terminus of GLUT3, we undertook an analysis of a
panel of chimeras based on hGLUT2 and hGLUT3.
Like GLUT1, GLUT2 is targeted to the basclateral cell
surface in MDCK cells {20). Initially, we analyzed the
targeting of two chimeras, which contained reciprocal
portions of GLUT2 and 3. The first, designated
GLUT2/3, comprised hGLUTZ up to the end of the last
transmembrane domain followed by the cytosolic C-
terminal tail of hGLUT3. The second chimera,
hGLUT3/2, comprised hGLUT3 up to and including the
last transmembrane domain followed by the cytesolic
tail of hGLUT2 {Fig. 4A). Both chimeras produced pro-
tein products of the correct molecular size when trans-
fected into MDCK cells {data not shown). Confocal
immunofluorescence microscopy was used to analyze
the targeting of both chimeras in MDCK cells. As
shown in Fig. 4B, GLUT2/3 (feft lower panel} was tar-
geted to the apical membrane and GLUT3/2 (right
fower panei) to the basolateral membrane. These re-
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sults support the conclusion that the cytoplasmic car-
boxy tail of GLUT3 possesses an autonomous apical
targeting motif.

Expression and Analysis of GLUT4/3 Chimeras in
MDCK Cells

We have previously shown that a chimera composed
of the full-length GLUT4 protein and the last 12 a.a. of
hGLUT3 appended to the C terminus of GLUT4, when
expressed in adipocytes, behaves indistinguishably
from GLUT4 (27). This chimera, termed GLUT4/3,,,.
was expressed in MDCK cells and found to be tar-
geted to intracellular membranes (Fig. 5C, feft panef)in
a manner similar to that previously described for the
wild-type GLUT4 protein (20). The intracellular seques-
tration of GLUT4 is controlled, in part, by an aromatic
a.a.-based signal (FQQI) in the cytosolic N terminus of
the protein (28). Phenylalanine at position 5 was mu-
tated to alanine in this GLUT4/3,,, chimera and ex-
pressed in MDCK cells. Localization studies indicated
that some GLUT4/3,, F5A was targeted to the baso-
lateral cell surface, whereas others stayed in an intra-

A GLUT2 |

J 524

GLUT3 [ A 77 A7 7/7A 496

GLUTZ3 |

m 496

4484
GLUTS? 77777777 77777 — ) s

x-7 |
GLUT2/3

Fig. 4. Immunofluorescence Localizations of GLUT2, GLUT3, and Their Chimeric GLUTs

A, The GLUT2, GLUTS3, and the two chimeras generated are represented in this /ine drawing. The chimeras consist of either
GLUT2 or 3 up to and including the 12™ transmembrane domain of each GLUT with the opposite C-terminal domain fused in
frame, generating GLUT2/3 and GLUT3/2. B, At least 4 d before the immunofiuorescence study depicted here, MDCK cells
expressing the various proteins, as indicated, were plated onto coverslips. The proteins of interest were detected utilizing either
an antibody raised against the C-terminal domain of GLUT2 (GLUT2 and GLUT3/2) or an antibody raised against the C-terminal
domain of GLUT3 (GLUT3, GLUT2/3). Confocal images were collected and representative images are shown,
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GLUT43,, [

E3A
GLUT4/3, F5A L]

M GLUT4/3CT24F5A

hGLUT3
T rGLUT4

© | GLUT4/3CTZAF5A

* W Ty

UT4/3 Chimeric GLUTs

A, The cDNAs generated for this study and used to transfect MDCK cells are depicted here. As shown, all molecules bear the
GLUT3 epitope tag at the extreme carboxy terminus with the Phe5 of GLUT4 mutated to Ala in both GLUT4/3,,,F5A and
GLUT4/3CT24F5A. B, Western blot analysis of total membrane samples prepared from MDCK cells. Recombinant GLUTSs were
detected with an anti-GLUT3 antibody. C, MDCK cells expressing GLUT4/3,,,, GLUT4/3 . F5A, or GLUT4/3CT24F5A were plated
at confluence and allowed to polarize over 5 d. The cellular localization of each of these proteins was assessed by confocal
immunofiuorescence microscopy using an antibody raised against the GLUT3 carboxy-terminal 12 residues. Representative

images are presented.

cellular compartment (Fig. 5C, middle panef). Con-
versely, the chimera GLUT4/3CT24F5A composed of
GLUT4 and the cytosolic C-terminal tail of GLUT3 and
possessing the Pheb to Ala mutation was targeted
apically (Fig. 5C, right panel). Collectively, these data
show that the GLUT3 tail possesses an apical target-
ing signal that does not include the C-terminal 12 a.a.

Further Analysis of GLUT1/3 Chimeras in
MDCK Cells

To further define the composition of the apical target-
ing signal, we examined the targeting of a pane! of
GLUT1/3 chimeras comprising different portions of the
C terminus of GLUT3. Consistent with the data de-
scribed above (Fig. 5), a chimera in which the last
seven a.a. of GLUT1 were replaced with the last
13 a.a, of hGLUT3 (GLUT1/3CT13) was targeted to the
basolateral cell surface (Fig. 6C, middie lower panel).
Intriguingly, addition of a further six a.a. from hGLUT3
{GLUT1/3CT19) resulted in a significant increase in
apical targeting although some basolateral targeting
was still evident (Fig. 6C, left lower panel). However,
addition of a further five a.a. from GLUT3 to generate
the chimera GLUT1/3CT24 resulted in predominantly
apical targeting with little evidence of basolateral lo-
calization (Fig. 6C, right upper panel). To verify these
data, we performed vectorial biotinylation as de-
scribed above and found that GLUT1/3CT19 was tar-
geted predominantly to the apical side whereas
GLUT1/3CT13 was targeted primarily to the basolat-

eral side (Fig. 6D), consistent with our immunofluores-
cence studies.

As shown in Fig. 8C, expressed GLUT1 occasionally
exhibits apparent apical staining in addition to the
basolateral staining in immunohistochemical analysis.
However, this does reflect, not mixed labeling to dif-
ferent surface domains, but rather both basolateral
and intracellular labeling. When the GLUTs reside in-
tracellularly, the outlines of cell nuclei can be seen
clearly in x-y images. In contrast, when they localize in
apical membranes, the outlines can barely be visual-
ized. When GLUT1s are expressed (Fig. 6C, left upper
panel), the staining pattern appears to be mixed, sim-
ilar to those of GLUT1/5 (Fig. 3B) and GLUT3/2 {Fig.
4B). However, this expressed GLUT1 was proved to
be located exclusively in the basolateral membrane by
biotinylation experiments {Fig. D).

DISCUSSION

In the present study, we obtained evidence that the
cytosolic carboxy-terminal tail of hGLUT3 contains a
targeting motif capable of directing the trafficking of
GLUTs 1, 2, and 4 to the apical cell surface in MDCK
cells. By examining the targeting of a series of more
defined GLUT1/3 chimeras, we found evidence for the
presence of an apical targeting signal involving resi-
dues 473484 (DRSGKDGVMEMN)} in the carboxy tail.
The finding of special interest is that chimeras con-
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GLUT13CTIS [ L a6 ]

" l: I I T

A B A B A B

RGLUT1 GLUTI3CT19 GLUT1/3CT13
Fig. 6. Immunofiucrescence Localizations of GLUT1, GLUT3, and Their Chimeric GLUTs

A, Stable MDCK cell lines were generated by transfection with ¢cDNA, as depicted, and selection in G418. GLUT1/3CT24

consists of a.a. 1-473 of GLUT1 and a.a. 473-496 of GLUT3. Similarly, GLUT1/3CT19 and GLUT1/3CT13 were constructed by
fusing a.a. 1478 {CT19) or a.a. 1-485 (CT13) of GLUT1 to a.a. 478496 (CT19) or a.a. 484-496 (CT13) of GLUT3. B, Membrane
samples were prepared and subjected to SDS-PAGE and Western blot analysis to assess expression levels of GLUTs in MDCK
cells. Membranes were incubated with an antibody raised against the C-terminal domain of GLUT3. C, MDCK cells were
transfected {with cDNA as indicated in panel A} and clones were analyzed by immunofluorescence microscopy to ascertain the
domain-specific localization of the recombinant transporters. Cells were fixed, permeabilized, and immunolabeled using an
antibody raised against a short peptide derived from the intracellular loop of hGLUT1 (GLUT1) and an antibody raised against the
C-terminal domain of GLUT3 (GLUT3, GLUT1/3CT24, GLUT1/3CT19, and GLUT1/3CT13). Confocal images were generated using
a Zeiss Axiophot fluorescent microscope and a Bio-Rad MRC600 laser scanning head. D, Cell surface localizations of overex-
pressed hGLUTY, hGLUT1/3CT19, and hGLUT1/3CT13 were assessed using a domain-specific biotinylation assay. Cells were
grown at confluence for 4-5 d on Transwell filters. Apical and basolateral cell surface proteins were bictinylated by addition of
0.5 mg/m! EZ-Link-Sulfo-NHS-Biotin (Pierce Chemical Co.} for 15 min, Biotinylated proteins were recovered and subjected to
SDS-PAGE followed by Westem blotting with antibodies specific for hGLUT1. Chemiluminescent bands were quantified using a
Bio-Rad 600 densitometer, and signals detected were corrected to account for loading differences.

% Cell surface protein
3

——

=]

taining the last 12 or 13 a.a. of GLUT3 did not exhibit 3CT19) exhibited significant apical targeting. Thus,
significant apical targeting, whereas a chimera con- fine mapping of the C-terminal tail of hGLUT3 has
taining a further seven a.a. from GLUT3 (GLUTV/ narrowed the apical sorting information to a small
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region encompassing residues DGVMEMN, which
corresponds to residues PAGVELN in rodent GLUT3.
It is noteworthy that this chimera (GLUT1/3CT19) was
partially targeted to the basolateral membrane
whereas GLUT1/3CT24, which contained an addi-
tional five a.a. from GLUT3, was targeted almost in-
distinguishably from wild-type GLUT3. To our knowl-
edge, no similar targeting motifs have been reported in
other apical membrane proteins, and we have been
unable 1o identify a similar motif in other apical mem-
brane proteins. Most noteworthy is the presence of
two conserved hydrophobic residues surrounding an
acidic residue in hoth the rodent (VEL) and human
(MEM) sequences. Future studies will be aimed at
identifying the roles of these residues.

Based upon our initial studies with GLUT1/3 chime-
ras (Fig. 1), we hypothesized that the GLUT1 taif con-
tained a basolateral signat that was disrupted in this
chirera; resulting in default trafficking to the apical
cell surface. However, detailed studies showed that
this was not the case and argued in favor of an apical
signal in GLUT3. Most notably, the GLUT2 tail facili-
tated apical targeting when grafted onto GLUT1, 2, or
4, all of which normally recycle via the basolateral cell
surface. Thus far, two separate classes of basoclateral
sorting signals have been identified. These are char-
acterized by either an essential tyrosine residue, or a
dileucine motif (5-7). Similar kinds of motifs could not
be found in the C termini of either GLUT1 or GLUT2
{Fig. 7). The LGA residues are conserved between
GLUT1 and GLUT2 in the C terminus. However, mu-
tating all of these residues did not disrupt the baso-
lateral targeting of GLUT1 {data not shown). We also
prepared a GLUT1 mutant missing the last three a.a.
because this domain has been shown to act as a
binding site for PDZ domain-containing proteins (29,
30). However, the distribution of this truncated GLUT1
was exactly the same as that of wild-type GLUT1 (data
not shown). Thus, using this type of approach, we
were unable to identify a basolateral targeting domain
in the tail of GLUT1. Consistent with this conclusion,
the GLUT1 tail did not significantly alter the apical
targeting of a tail minus LDL-R, a construct that has
been successfully used to map basolateral sorting
signals in cytosolic tails (Fig. 2). Moreover, the cyto-
solic tail of GLUTS, which does not contain a basolat-
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eral sorting signal, did not disrupt the targeting of
GLUT1 {Fig. 3). Taken together, these studies provide
compelling evidence that the C-terminal tail of GLUT3
contains an apical sorting signal. This signal is obvi-
ously very dominant, being able to overcome basolat-
eral sorting signals in GLUTs 1, 2, and 4.

It was reported previously that some apical targeting
motifs function by selectively partitioning into lipid raft
domains in the Golgi (31). Intriguingly, it was reported
recently that, in nonpolarized epithelial cells, whereas
a substantial portion of GLUT1 was found in deter-
gent-resistant membrane domains, this was not the
case for GLUT3 (32). Hence, these data support the
notion that GLUT3 is sorted via a non-lipid raft-medi-
ated domain; this is consistent with the present data
indicating such a demain to be located in the ¢cytosol,
perhaps allowing the transporter to interact with cyto-
solic targeting machinery. Several other reports have
recently found narrowly defined sequences or short
peptides in the C-terminal cytoplasmic tails of mem-
brane proteins to have a role in apical targeting (33—
37). Among them, multiple autonomous signals for
apical targeting in the same protein have been re-
ported {33, 34). These signals include PDZ-interacting
domains (35) and B-turn structures (36) as well as less
well-defined signals. Taken together, these observa-
tions suggest the apical sorting mechanism defined by
cytesolic sorting signals to be less well defined than
luminal or transmembrane signals, and further work is
required to determine whether there is some type of
homology among these motifs.

GLUT3 has been shown to undergo specialized tar-
geting in other cell types. It is targeted to the limited
membrane of secretory granules in platelets (38) and
to the tail of sperm cells {39). Moreover, there is evi-
dence that GLUT3 is targeted to axons in neurons {our
unpublished data) and also to neuronal vesicles (40). It
will be intriguing to determine whether the cytosolic C
terminus is involved in each of these unique trafficking
processes, which would imply a common mechanism.
Consistent with this, it was previously suggested that
similar rules govern the targeting of membrane pro-
teins in epithelial cells and neurons (41).

The identification of this apical targeting signatin the
GLUT3 tail may have significant utility in studying the
structure/function of sugar transporters in mammalian

human GLUT1-KVPETKGRTFDEIASGFRQGGASQSDKTPEEIFHPLGADSQY 492
human GLUT2—KVPETKGKSFEEIAAEFQRKSGSAHRPKAAVEMKFLGATETY 524
mouse GLUT2-KVPETKGKSFEETAAEFRKKSGSAPPREAAVQMEFLASSESY 523

huran GLUT3-KVPETRGRTFEDITRAFEGQAHGADRSGKD—GVMEMNSTEPAKETTTNV
mouse GLUT3-KVPETKGRTFEDIARAFEGQAH---—SGKGPAGV-ELNSMQPYKETPCNA
rat  GLUT3-KVPETKGRTFEDITRAFEGQAH——SCGKGSAGV-ELNSMQPVEETPGNA
human GLUT4-RYPETRGRTFDQISAAFHRTPSLLEQEVKPSTELEYLGPDEND 509
human GLUT5-IVPETKAKTFIEINQIFTKMNKVSEVYPEKEELKEL-—PPYTSEQ 501
rat  GLUT5-VVPETKGRTFVEINQIFAKKNKVSDYYPEKEE-KELNDLPPATREQ 502

Fig. 7. Comparison of the Cytoplasmic Tails of Human and Rodent GLUTs
The putative a.a. sequence, which is suggested to have an apical sorting signal, is underined.

496
493
493
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cells. A major complication of studying transport ki-
netics of GLUTs after their expression in mammalian
cells is that there is always a very high background due
to the presence of endogenous transporters. We pre-
viously found that glucose transport across the apicat
cell surface in MDCK cells is negligible because most
of the uptake occurs via the basolateral surface (20).
By transplanting the apical signal from GLUT3 onto
other transporters it should be feasible to redirect
them to the apical surface, as shown here, which
should afford ideal conditions for studying transport
kinetics in a more appropriate environment.

In conclusion, we have analyzed the asymmetric
distribution of facilitative GLUTs by expressing chi-
meric transporters utilizing various portions of GLUTs
(GLUT1-GLUTS) in MDCK cells. Our present data
strongly suggest that the apical sorting signal resides
in the C-terminat tail of GLUT3.

MATERIALS AND METHODS

¢DNA Constructs

Chimeric cDNAs were produced according to previously de-
scribed methods {42), which allowed us to swap different
domains from different transporter isoforms at any desired
junction. A hGLUT1 cDNA (23), a hGLUT2 cDNA {42), a
hGLUT3 cDNA (27), a hGLUT4 cDNA {28}, and a rat GLUTS
¢DNA (43) were used as PCR templates. Cytornegalovirus-
based expression plasmid pCBE was generously supplied by
Dr. Mellman (4). Fragments prepared by PCR were fully se-
quenced and cbserved to have no unexpected mutations.
cDNAs encoding wild-type and chimeric GLUTs were ligated
into pCB6 vectors.

Cell Culture and Transfection

MDCK cells were cultured in DMEM supplemented with 10%
fetal calf serumn, 2 mm L-glutamine, 100 U/ml penicillin, and
100 pg/mi streptomycin at 37 C, in 5% CO,. Lipofectamine
reagent, Opti-MEM |, and G-418 (geneticin} were purchased
from GIBCO Life Technologies (Eggenstein, Gerrnany). One
day before transfection, MDCK cells were trypsinized and
seeded onto a 60-mm plastic culture dish at 6 x 105cells per
dish. The following day, transfection procedures were per-
formed using 30 ul lipofectamine diluted in 300 ul Opti-MEM
I (supplemented with 20 mm L-glutamine) and 6 pg GLUT/
pCE6 diluted in 300 ul of supplemental Opti-MEM-1/60-mm
dish. Cells were incubated in the presence of the lipe-
fectamine-DNA mix for 5 h at 37 G, in 5% CO,, and then
incubated overnight in DMEM-10% fetal calf serum-L-
glutamine. Forty-eight hours after transfection, each trans-
fected 60-mm dish was split into three 150-mm dishes and
incubated with G-418 (0.8 mg/ml). Colonies resistant to
G-418 were isolated after 10-14 d and screened for protein
expression by Westem blotting.

Westermn Blotting

To screen for positive expression of the chimera of interest,
membrane protein samples {20 pg protein) were subjected to
SDS-PAGE employing a 10% resolving gel. Proteins were
transferred to a nitrocellulose membrane. Membranes were
incubated for 1 h at 37 C with the appropriate primary anti-
body. After three 10-min washes in PBS-0.1% Tween 20, the
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membranes were incubated at room temperature for 1 h with
a horseradish peroxidase-labeled donkey antirabbit second-
ary antibody (Amersham Life Science, Little Chalfont, Buck-
inghamshire, UK) diluted 1:10,000 in PBS-0.2% BSA. After
three further washes, labeled proteins were visualized using
the enhanced chemiluminescence detection method {Amer-
sham Life Science).

Preparation of Total Membrane Fractions

Total membrane fractions were prepared from MDCK cells
after homogenization in 20 mm HEPES, pH 7.4, 1 mm EDTA,
255 mmM sucrose buffer containing protease inhibitors (10
ug/ml aprotinin, 10 pg/m! leupeptin, 250 um phenylmethyl-
sulfonylfluoride) and centrifugation at 50,000 rpm in a Beck-
man TLA100-3 rotor (Beckman Coulter, Inc., Fullerton, CA)
for 60 min. The membrane pellet was resuspended in 20 mm
HEPES, pH 7.4, 1 mm EDTA, 255 mm sucrose buffer and
stored at —80 C before use.

Protein Assay

The protein concentration of total membrane fractions was
determined using the bicinchoninic acid assay (Pierce Chem-
ical Co., Rockford, IL) according to the manufacturer's
instructions.

Immunoflucrescence Microscopy

Cells were plated at near-confluent density on glass cover-
slips and fixed 5 d later in 2% paraformaldehyde-PBS for 1 h
at room temperature. Polarization was indicated by the pres-
ence of domes or blisters in the cultures. Coverslips were
washed three times in PBS, and then quenched for 15 minin
0.2% Triton X-100. After an additional three washes in PBS,
coverslips were blocked for 30 min in 2% horse serum-PBS
and then washed twice in PBS. Primary antibodies were
diluted in 0.1% horse serum-FBS, and incubations were
carried out at 4 C ovemight. Flucrescein isothiocyanate-
conjugated antirabbit Ig secondary antibody diluted in 0.1%
horse serum-PBS was applied after three 5-min washes in
PBS. After a 1-h incubation, at room temperature, coverslips
were washed three times in PBS for 5 min each and then
mounted in 1% propyl gallate-50% glycerol-PBES, Confocal
images were generated with a Zeiss Axiophot microscope
(Carl Zeiss, Thornwooed, NY) and a Bie-Rad MRCE00 confo-
cal laser scanning head {Bio-Rad Laboratories, Inc., Her-
cules, CA). At least one G-418-resistant clone, which was
negative by immunobiotting, served as a negative control for
immunofluorescence microscepy.

Cell Surface Biotinylation

Localization of the LDL-R constructs and GLUT1/3 chimeras
was assessed utilizing a domain-specific biotinylation assay.
Briefly, MDCK cells expressing various chimeric proteins
were plated onto transwell filters (Coming, Inc., Coming, NY)
and grown for at least 4 d at 37 C and 5% CO,. To assess the
integrity of the monolayer, growth media containing [*“Clinu-
lin {0.1 mCi/ml at 1:2000 dilution) were added to the apical
chamber and incubated for 1 h. After this incubation, aliquots
of medium from both the apical and basal chambers were
counted {Cou'ter Counter, BD, Beckman Coulter, Inc.). Tran-
swells with less than 0.5% transport were used in experi-
ments. Filters were washed three times with ice-cold PBS
containing 1 mm MgCl, and 0.1 mm CaCl, (PBS+). Apical or
basal cell surfaces were incubated with 0.5 mg/ml EZ-link
Sulfo-NHS-bictin (Pierce Chemical Co.) for 15 min on ice.
This process was repeated, and the free biotin reagent was
then quenched by washing with PBS+ containing 50 mm
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glycine. Filters were transferred into lysis buffer (1% TX-100,
20 mm HEPES, 1 mm EDTA, 100 mm NaCl, aprotinin 10 ug/mi,
leupeptin 10 pg/ml, and phenylmsthylsulfonylilucride 250
i) for 30 min on ice and vortexed, and solubilized material
was cleared by centrifugation at 14,000 rpm at 4 C for 15 min.
An aliquot of cleared supemnatant served as the total expres-
sion sample, and the remainder was incubated with strepta-
vidin-agarose (Sigma Chemical Co., St. Louis, MO) to recover
biotinylated proteins. Immunoprecipitated proteins were sub-
jected to SDS-PAGE and subsequent Western blot analysis
using either a polyclonal LDL-R antibody, LB1 {gift from Dr. P.
Kroon, Department of Biochemistry, University of Queens-
land), or antibodies specific to hGLUT1 (gift from Dr. G.
Lienhard, Department of Biochemistry, Dartmouth Medical
School, Hanover, NH). Detection was performed using goat
. antirabbit-horseradish peroxidase antibody {Amersham Life
Science) and enhanced chemiluminescence (SuperSignal,
Pierce Chemical Co.).
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Abstract

Mutations of the WFSJI gene are responsible for two hereditary discases, Wolfram syndrome and low frequency sensorincural
hearing loss. The WFS1 protein is a glycoprotein located in the endoplasmic reticulum (ER) membrane but its function is poorly
understood. Herein we show WFS1 mRNA and protein levels in pancreatic islets to be increased with ER-stress inducers, thapsi-
gargin and dithiothreitol. Another ER-stress inducer, the N-glycosylation inhibitor tunicamycin, also raised WFS1 mRNA but not
protein levels. Site-directed mutagenesis showed both Asn-663 and Asn-748 to be N-glycosylated in mouse WFS1 protein. The gly-
cosylation-defective WFS] protein, in which Asn-663 and Asn-748 had been substituted with aspartate, exhibited an increased pro-
tein turnover rate. Consistent with this, the WFS! protein was more rapidly degraded in the presence of tunicamycin, These data
indicate that ER-stress and N-glycosylation play important roles in WFS1 expression and stability, and also suggest regulatory roles

for this protein in ER-stress induced cell death.
© 2004 Elsevier Inc. All rights reserved.
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The WFESI pene, encoding a transmembrane protein
of the endoplasmic reticulum (ER) [1], is mutated in
two hereditary diseases, autosomal recessive Wolfram
syndrome (OMIN:222300) [2,3] and autosomal
dominant low frequency sensorineural hearing loss
(LFSNHL) (OMIM:600965) [4,5}. The former is also
known as DIDMOAD, summarizing the most frequent
symptoms; diabetes insipidus, diabetes mellitus, optic
atrophy, and deafness. More than 100 mutations of the
WFSI gene have been identified to date in patients with
these diseases [6). WFS1 protein, also called wolframin,
consists of 890 amino acids [2,3] and its homologues
are found in several organisms; Drosophila melanogaster

* Corresponding author, Fax: +81 22 717 7612.
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(CG4917), Anopheles gambiae (EBIP3764), Ciona intesti-
nalis (Cin.16116), Fugu rubripes (SINFRUP82345), and
Xenopus laevis (X1.3995). However, these proteins share
no homology with known proteins, making it difficult
to speculate as to their functions.

We recently established a murine model with a dis-
rupted wfs! gene [7]. Mutant mice exhibited impaired
glucose homeostasis due to defective insulin secretion
in vivo. Studies using isolated islets revealed that mutant
islet cells were prone to apoptosis induced by insults
which impair ER functions and trigger the so-called
unfolded protein response (UPR) [8,9) Therefore,
it was suggested that WFSI1 protein plays a role in
modulation of apoptotic processes that arise from im-
pairment of ER function {7]. In addition, isolated islets
from WES1-deficient mice exhibited defective insulin
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secretion which was accompanied by decreased calcium
responses to glucose. Conversely, wolframin-overex-
pressing islets showed increased insulin secretion, indi-
cating that wolframin also participates in regulation of
stimulus-secretion coupling in insulin exocytosis {7]. It
has recently been reported that WFS1 protein/wolft-
amin expression in Xenopus oocytes conferred cation
channe) activity and increased cytosolic calcium levels
[10]. This observation is intriguing since intracellular
calcium regulation plays important roles in modulating
both apoptotic and exocytotic processes. Despite these
advancements, however, little is known about the mech-
anisms by which WFS1 protein actually alters these
processes.

To understand the role that WFS1 protein/wolframin
plays in the regulation of apoptotic and exocytotic
events as well as in other as yet unknown cellular pro-
cesses, information on the structure and function of this
protein must be obtained. The amino acid sequence sug-
gests that WFS1 protein is a multi-membrane spanning
protein with hydrophilic amino (N)- and carboxy (C)-
terminal regions [2,3) In addition, biochemical and
immunocytochemical analyses showed WFS1 protein
to be an ER membrane glycoprotein [1].

In the present studies, we first examined WFS1 pro-
tein expression after treatment with agents that trigger
UPR. We found WES1 mRNA and protein levels to
be increased by thapsigargin or dithiothreitol (DTT).
Treatment with tunicamycin, an inhibitor of N-glycosyl-
ation, also raised WFS1 mRNA levels, suggesting that
UPR increases WFS1 mRNA levels. However, the
WEFS] protein level is not increased by tunicamycin.
Subsequent analyses demonstrated protein stability to
be reduced in the glycosylation-defective WFS1 protein.
These results contribute to further understanding of the
functions of this enigmatic protein.

Materials and methods

Reagents and antibodies. Tunicamycin, thapsigargin, DTT, and
anti-actin antibody were purchased from Sigma-Aldrich Japan
(Tokyo, Japan). Anti-HA and anti-CHOP antibodies were obtained
from Santa Cruz Biotechnology (Sanmta Cruz, CA). Anti-WFSI
N-terminus antibody was described previously [11].

Pancreatic islet isolation and treatment with ER-stress inducers.
Pancreatic islets were isolated from male C57BL/6 mice by retrograde
injection of collagenase (Sigma—Aldrich Japan, Tokyo, Japan} into the
pancreatic duct. Approximately 100 (for Western blot analyses) or 200
{for RNA extraction) islets were treated with 2 pg/ml thapsigargin,
5mM DTT, or 5pM tunicamycin for 36 h in RPMI1640 medium.
Total RNA was extracted using Isogen reagent (NipponGene, Toy-
ama, Japan). Quantitative real-time PCR analysis for WFS1 mRNA
levels was performed using primers, 5'-CTGGAAACTCAACCCCAA
GA-3 and 5-TTGGATTCACTGCTGACGAG-3'.

Plasmids. pHA-mWFS1 encodes a fusion protein consisting of an
initiator methionine, the HA epitope tag (YPYDVPDYA), and amino
acids 2-890 of mouse WFSI1 protein. To generate this plasmid,
a fragment encoding a Sall restriction site and amino acids 2484

was amplified by PCR. Using the PCR method, pmWFSI-HA
encoding mouse WFS1 protein with an HA tag between residues
830 and 831 was also generated. pHA-mWFSI(N633D) and pHA-
mWESI (N748D), which encode HA-tagged WFS1 protein with a
mutation of asparagine 633 to aspartate and asparagine 748 to
aspartate, respectively, were generated using PCR-based mutagenesis
on pHA-mWFS1. pHA-mWFSI{N633D/N748D) encoding a mutant
protein with mutation of both asparagine residues was generated using
pHA-mWFSI(N633D).

Cell culture and transient transfection. MING [12] and COS7 cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% (v/v) fetal calf serum, 50 U/ml penicillin, and 50 pg/
ml streptomycin sulfate. Transfection of plasmids was carried out using
FuGENESG (Roche, Indianapolis, IN) diluted in OPTI media (Invitro-
gen, Carlsbad, CA). Cells were harvested for Western blot or proceeded
to immunostaining analysis 36 h after transfection. Immunostaining
was performed using anti-HA antibody and FITC-conjugated anti-
mouse IgG (Jackson ImmunoResearch, West Grove, PA).

Trypsin treatment. COS7 cells transfected with either pHA-mWFS1
or pmWFS1-HA were homogenized in a buffer containing 270 mM
sucrose, 2mM EDTA, and 50 mM Hepes (pH 7.5). Cellular mem-
branes were recovered by centrifuging the homogenate at 17,400g for
15 min. Membranes (100 pg) were then incubated with trypsin at var-
ious concentrations at 4 °C. After 2 30 min incubation, homogenates
were boiled and subjected to SDS/PAGE and Western blot analysis,

Endoglycosydase cleavage. COST cells transfected with either wild-
type WFS1 ¢DNA or mutant constructs were dissolved in denaturing
buffer (0.5% SDS, 1% B-mercaptoethanol), boiled for 10 min at 100 °C,
then incubated at 37 °C for 1 h with endoglycosidase H {500 U), and
subjected to electrophoresis on NuPAGE 3-8% Tris-acetate gel
(Invitrogen).

Metabolic labeling. MING cells were labeled with [**Smethionine
and [**Sleysteine (100 pCifml; EXPRE*S™S labeling mix, Perkin-El-
mer-New England Nuclear, Boston, MA) in DMEM with either
methionine or cysteine in the presence or absence of 5 pg/ml tunica-
mycin for 3 h, Cells were then chased for different periods in complete
medium with or without tunicamycin. COS7 cells transfected with
pHA-mWFS! or pHA-mWFSI(N633D/N748D) were also labeled
with [**Simethionine and [**Skysteine for 3 h. Cells were then chased
for different periods in complete medinm. MING and COS7 cells were
lysed in a buffer containing 100 mM NaCl, 0.5 mM EDTA, 20 mM
Tris (pH 7.5), and 0.5% NP-40. Lysates were incubated with 10 pl
protein A/G-Sepharose (Amersham Biosciences, Piscataway, NJ) for
2h and then briefly centrifuged. The resulting supernatani was incu-
bated with anti-WEFS! N-terminus or anti-HA antibodies overnight
and then incubated with protein A/G-Sepharose for 2 h, The beads
were washed three times and bound WFS1 proteins were eluted in
SDS-sample buffer and subjected to SDS/PAGE (10%).

Statistical analyses. Data are presented as means + SE. Differences
were assessed by Student’s f test.

Results and discussion

Effect of ER-stress inducers on WFSI expression in
pancreatic islets

We recently reported that WFSI1-deficient islets
exhibited increased susceptibility to apoptosis due to im-
paired ER function [7]. Therefore, in this study, we first
determined WFS1 expression in isolated mouse pancre-
atic islets treated with the ER-stress inducers, thapsigar-
gin, DTT, and tunicamycin. Thapsigargin is an inhibitor
of the sarco(endo)plasmic reticulum Ca** pump and
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depletes ER Ca**, which affects the functions of Ca®*-
dependent ER chaperone proteins. DTT and tunicamy-
cin affect protein folding by disrupting disulfide bonds
and inhibiting N-glycosylation, respectively. These com-
pounds therefore cause mis-folding of proteins (ER-
stress) and induce UPR [13]. As shown in Fig. 1,
WFSI protein expression was increased in islets treated
with 2 pM thapsigargin (Fig. 1A) or 5mM DTT (Fig.
IB) for 36 h. Greater than threefold increases in WFSI
mRNA levels were also observed by quantitative RT-
PCR analyses in islets treated with these agents (data
not shown). Another ER-stress inducer, tunicamycin
(5 pg/ml), did not raise WFS1 protein levels in isolated
islets (Fig. 1C). However, quantitative RT-PCR analy-
ses revealed WFS1 mRNA levels to be increased by
72% in islets treated with tunicamycin (Fig. 1D). These
data suggest that WFS1 mRNA expression increases
in response to the ER-stress.

WFS1 protein has been shown to be a glycoprotein
[17 like the inositol trisphosphate receptor, another ER
membrane resident protein essential for cellular calcium
homeostasis and signaling [14]. The unaltered WFSI
protein levels despite increased mRNA levels in islets
treated with tunicamycin raise the possibility that inhibi-
tion of N-glycosylation affects WFS1 protein stability.
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To address this possibility, pancreatic f-cell derived
MING cells were labeled for 3 h with [**S]methionine/
cysteine and chased with unlabeled methionine and cys-
teine for different intervals in the continuous absence or
presence of tunicamycin. As shown in Fig. 1E, WFSI1
protein in tunicamycin-treated cells was more rapidly
degraded, suggesting that inhibition of N-glycosylation
reduces WFS1 protein stability,

Membrane topology of WFSI protein

To study the roles of N-glycosylation more specifi-
cally, we first sought to determine N-glycosylation site(s)
of WFSI protein/wolframin. Since N-glycosylation oc-
curs in the ER, it was prerequisite to know the mem-
brane topology of this protein. The initial hydropathy
plot studies did not provide a definitive answer; WFSI
protein contains 9 or 10 transmembrane segments, with
long hydrophilic stretches on both the N- and the C-ter-
mini [2,3]. '

To localize the N- and the C-termini of WFS! protein
with respect to the ER membrane, we transiently ex-
pressed, in COS7 cells, mouse WFS1 protein tagged with
an HA-epitope in either the N- or the C-terminal stretch
(designated HA-mWFS] or mWFSI1-HA, respectively,
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Fig. 1. WEFSI expression in mouse pancreatic islets in response to ER-stress inducers. {(A-C} Isolated mouse islets were challenged with 2 pM
thapsigargin (Tg) {A, n =4), 5mM DTT (B, n=3) or 5 ug/m! tunicamycin {TM) {C, n = 5). After a 36-h incubation, the islets were subjected to
SDS/PAGE and blotted using antibodies against the WFS1 N-terminus, actin, or CHOP. Representative blots are shown in the left panels. Increased
CHOP expression indicated successful induction of ER-stress mediated apoptosis. WFS1 protein/actin levels are summarized in the right panels.
Data are expressed as the expression relative to those of a control islet preparation. (D) Total RNA was extracted from isolated mouse islets treated
with 5 pg/m! tunicamycin for 36 h. WFS] and GAPDH mRNA levels were determined by quantitative real-time PCR. WFS1 mRNA levels were
normalized to those of GAPDH. Data were obtained using three independent sets of islet preparations. (E) MING cells were pulse-labeled for 3 h
without or with § ug/ml tunicamycin and chased for up to 20 h in the continuous absence or presence of the drug. A representative result from three
independent experiments is shown in the upper panel. Data from three experiments are summarized, after normalization to time zero of the chase in
the lower panel. Open circles, DMSO-treated MING cells. Closed circles, tunicamycin-treated cells. *P = 0.0634, "‘{’ < 0.05, **P <0.01.



