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The glucose-6-phosphatase system of the glucose
ensitive insulin secreting rat insulinoma cells (INS-1)
as investigated. INS-1 cells contain easily detectable

evels of glucose-6-phosphatase enzyme protein (as-
essed by Western blotting) and have a very significant
nzymatic activity. The features of the enzyme (Km
nd Vmax values, sensitivity to acidic pH, partial la-
ency, and double immunoreactive band) are similar
o those of the hepatic form. On the other hand, hardly
etectable levels of glucose-6-phosphatase activity
nd protein were present in the parent glucose insen-
itive RINm5F cell line. The mRNA of the glucose-6-
hosphate transporter was also more abundant in the
NS-1 cells. The results support the view that the
lucose-6-phosphatase system of the b-cell is associ-
ted with the regulation of insulin secretion. © 2000

cademic Press

Glucose-6-phosphatase (G6Pase; EC 3.1.3.9.) cataly-
es the terminal reaction of gluconeogenesis and gly-
ogenolysis, i.e. the conversion of glucose-6-phosphate
o glucose [1, 2]. Classic liver G6Pase is intimately as-
ociated with the endoplasmic reticulum (ER) and ap-
ears to be a multicomponent system [3] which com-
rises: i) the enzyme protein whose active site is lo-
ated within the ER lumen [4–7], ii) a transport
rotein (G6PT) which mediates the entry of the sub-
trate glucose-6-phosphate (G6P) into the ER lumen
6–7] and iii) at least two transport systems which
llow the exit to the cytosol of the hydrolysis products
i and glucose [8]. The enzyme protein and its gene
ave been identified in rats and humans [9]. A cDNA
ncoding a putative ER G6P transporter (G6PT) has
een cloned [10]. The human G6PT gene spans a

Abbreviations used: ER, endoplasmic reticulum; G6Pase, glucose-
-phosphatase; G6PT, glucose-6-phosphate transporter.

1 To whom correspondence should be addressed at Dipartimento di
isiopatologia e Medicina Sperimentale, Viale A. Moro n°1, 53100-
iena, Italy. E-mail: benedetti@unisi.it.
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xons and maps to human chromosome 11q23.3 [11].
6Pase has also been unequivocally demonstrated to
e present in kidney [2, 9, 12]. Lower levels of the
nzyme protein have also been found in other organs,
.g. in intestinal and gall bladder mucosa, in the hu-
an fetal adrenal gland and in some (but not all) brain

strocytes [see 13 for refs].
The extent of a glucose futile cycling due to the

imultaneous action of glucokinase and G6Pase affects
he flow through glycolysis and consequently alters the
ntracellular ATP levels. In diabetic animals, the in-
reased activity of this cycle is supposed to impair the
ecretion of insulin [14]. Moreover, the intraluminal
ydrolysis of glucose-6-phosphate is known to promote
alcium storage in the hepatic ER [5]. A recent report
ndicates that the transport of glucose-6-phosphate
nto the lumen of the ER results in enhanced calcium
equestration in various cell types, even in the absence
f intraluminal G6Pase activity [15]. Both the alter-
tion of the ATP level and calcium sequestration in the
R may regulate the glucose stimulated insulin secre-

ion and these events can be influenced by the compo-
ents of the G6Pase system. Therefore, it is an impor-
ant question whether the existence of G6Pase is
ignificant in normal and diabetic b-cells. Relatively
ow [16–19], negligible [20] or high [21] G6Pase activ-
ty has been detected in normal mammalian islets.
6Pase activity has been also shown to be several fold
igher in islets from diabetic [22, 23] and from obese
yperglycemic [14, 24] than from normal animals and
n increased expression of the G6Pase enzyme mRNA
as found during the development of diabetes in
ucker rats [25].
The glucose sensitive insulin secreting INS-1 rat

nsulinoma b-cell line [26] is widely used as a satisfac-
ory model system for studying the regulation of insu-
in secretion. However, its G6Pase system has not been
escribed unequivocally; even the absence of G6Pase
rotein and activity has been reported in these cells
27], which would mean that the glucose futile cycling
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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oes not play an indispensable role in the regulation of
nsulin secretion. In the present study, we characterize
he G6Pase system in the glucose-sensitive insulin se-
reting cell line INS-1. We provide evidence that INS-1
ells possess components (phosphohydrolase and
lucose-6-phosphate transporter) of the G6Pase sys-
em similarly to the liver. Moreover, the G6Pase sys-
em is virtually absent in the glucose-insensitive par-
nt line RINm5F, which indicates that its expression
an follow the cell differentiation transition from the
lucose-insensitive to the glucose-sensitive status.

ATERIALS AND METHODS

Materials. RPMI 1640 was purchased from Gibco and all of the
ther supplements of the culture media were from Sigma Chemical
St. Louis, MO). Glucose-6-phosphate (dipotassium salt), digitonin,
nd alamethicin were obtained from Sigma Chemical (St. Louis,
O). Bis-oxonol was from Molecular Probes (Eugene, OR). Mono-

pecific polyclonal antiserum (IgG fraction) to the G6Pase enzyme
as kindly supplied by Dr. Ann Burchell, Dundee, Scotland.
-[14C(U)]glucose-6-phosphate (300 mCi/mMol) was from American
adiolabeled Chemicals Inc. (St. Louis, MO). All other chemicals
ere of analytical grade.

Cells. INS-1 cells, between passages n° 35–80, were grown in
onolayer cultures [26] in RPMI 1640 medium containing 11 mM

lucose supplemented with 10% heat-inactivated fetal calf serum
HFCS), 10 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate,
0 mM mercaptoethanol, 100 UI/ml penicillin, and 100 mg/ml strep-
omycin in a humidified atmosphere (5% CO2, 95% air). RINm5F
ells were cultured as above except that mercaptoethanol and so-
ium pyruvate were omitted.
Because of the possible loss of the glucose responsiveness in INS-1

ells during culturing, the effect of stimulatory concentrations of
lucose on plasma membrane potential [26] was routinely verified in
he INS-1 cells employed in the present study. Plasma membrane
otential was measured with the fluorescent probe bis-(1,3-
iethylthiobarbituric acid) trimethine oxonol (bis-oxonol) [26, 28].
NS-1 cells resuspended in a medium containing 2 mM glucose
resented with an evident decrease in plasma membrane potential
pon addition of 14 mM glucose, and the depolarization was reverted
y the hyperpolarizing drug diaxozide (Fig. 1). These responses were
onsistent with the original report on the INS-1 cell line [26].

Assay of glucose-6-phosphatase activity. G6Pase activity was
easured in cells whose plasma membrane was permeabilized with

igitonin (1 mmol/106 cells, 5 min., at 37°C) on the basis of

FIG. 1. Changes in plasma membrane potential induced by glu-
ose in the INS-1 cells. Plasma membrane potential was monitored
ith the fluorescent probe bis-oxonol as detailed under Materials
nd Methods. Additions as indicated were: 14 mM glucose (Glc), 300
M diazoxide (Dz), and 30 mM KCl.
104
ording to [7]. At substrate concentrations higher than 2 mM, the
nzyme activity was also evaluated by measuring glucose production
ith a Glucose (Trinder) kit (Sigma, St. Louis, MO). To permeabilize
R membranes, alamethicin (25 mg/mg cell protein) was added to the
6Pase assay medium, as described previously [29]. Where indi-

ated, G6Pase was inactivated by preincubation of (digitonin-
ermeabilized) cells in 20 mM sodium acetate buffer, pH 5, for 10
in., at 37°C [30]. The G6Pase assay system consisted of: 0.6–1 mg

f cell protein per ml in 100 mM KCl, 20 mM NaCl, 3.5 mM MgCl2,
0 mM Mops (pH 7.2), and G-6-Pi (0.2, 0.5, 1, 2, 5, or 20 mM); 30 min
f incubation, at 37°C.

Western blot analysis of the G6Pase enzyme. Microsomal mem-
ranes were prepared as reported [7]. Proteins were separated by
lectrophoresis on SDS polyacrylamide gels (15%), and electro-
horetically transferred to nitro-cellulose [13]. Western blots were
mmunoreacted with a sheep IgG previously shown to be monospe-
ific for the G6Pase enzyme [31]. The immunoreactive band was
evealed by a biotin-streptavidin horseradish peroxidase linked de-
ection system with 4-chloro-1-napththol as the substrate.

Northern blot analysis of the G6PT. Total RNA was extracted
rom INS-1 and RINm5F cells by the acid guanidinium thiocyanate
ethod [32]. Total RNA (30 mg/sample) was separated on a 1.3%

ormaldehyde-agarose gel and transferred to Hybond-N Nylon mem-
rane (Amersham Pharmacia Biotech) as detailed earlier. The mem-
rane was hybridized with a-32P dCTP labelled probe (human liver
DNA mutated in glycogen storage disease type 1b [10, 11]) as
etailed elsewhere [33].

ESULTS

Previous work [21] indicates that G6Pase in b-cells is
ery unstable displaying a time-dependent loss in en-
yme activity during subcellular fractionation. To
void this difficulty, we measured G6Pase activity di-
ectly in the ER in situ, i.e. in cells whose plasma
embrane has been permeabilized by digitonin

34, 35]. Classic hepatic microsomal G6Pase activity is
partially) latent; it increases after disruption of the
R membrane barrier, because the transport of
lucose-6-phosphate into vesicles is the rate-limiting
tep for the intralumenal phosphohydrolase activity
7]. Therefore, enzyme latency was assessed by the
ubsequent permeabilization of ER (endo)membranes
ith the pore-forming peptide alamethicin [36], as pre-
iously performed in isolated hepatocytes [37]. The
ctivity of the hepatic microsomal G6Pase is known to
e inactivated by acidic pH pretreatment, while that of
onspecific phosphatases is not [2, 13, 30]. The enzyme
ctivity was therefore assayed in (permeabilized)
NS-1 cells preincubated at acidic pH.

The concentration dependence of the hydrolytic activ-
ty of glucose-6-phosphatase in digitonin-permeabilized
NS-1 cells is shown in Fig. 2a. A portion of the total
ydrolytic activity activity was still present following
he preincubation of cells at acidic pH (Fig. 2a, dotted
ines). By subtracting the acidic pH insensitive portion
rom the total hydrolytic activity, the acidic pH-
ensitive portion of glucose-6-phosphate hydrolysis
as obtained, referred to here as G6Pase activity (Fig.
b). G6Pase activity was partially latent as it increased
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fter ER membrane permeabilization at all the concen-
rations of the substrate assayed. The time course of
he enzyme activity in the presence of 1 mM substrate
s shown in Fig. 2c; G6Pase activity was constant up to
h incubation. These features of the catalytic activity
re largely similar to those seen with the classic he-
atic microsomal G6Pase [1, 2, 38].

FIG. 2. G6Pase activity in digitonin-permeabilized INS-1 cells.
n panel (a) the hydrolysis of G-6-Pi was measured in digitonin-
ermeabilized INS-1 cells before (continuous lines) and after (dotted
ines) preincubation at acidic pH as detailed under Materials and

ethods. In panel (b) the acidic pH-sensitive glucose-6-phosphatase
ctivity is calculated from data of panel (a). Empty symbols indicate
ells whose ER membranes were further permeabilized with alam-
thicin. In panel (c) the time course of acidic pH-sensitive G6Pase
ctivity in the presence of 1 mM glucose-6-phosphate is shown in
igitonin (dark squares) and digitonin plus alamethicin (empty
quares) -treated INS-1 cells. In panel (c) the acidic pH-sensitive
lucose-6-phosphatase activity at 60 min. of incubation in digitonin
dark triangles) and digitonin plus alamethicin (empty triangles)
treated RINm5F cells is also shown for comparison. Data are
eans 6 SD of 3 to 5 experiments.
105
H-sensitive G6Pase activity was barely detectable
see Fig. 2c, triangles). A hydrolytic activity towards
lucose-6-phosphate resistant to acidic-pH treatment,
nd without latency (almost the same in the presence
nd the absence of alamethicin) was however detect-
ble in RINm5F cells (data not shown).
Apparent Km values of G6Pase activity (estimated

y dual reciprocal plotting of data in Fig. 2b) were 1,92
nd 1,63 mM in INS-1 cells with intact and permeabil-
zed ER membranes, respectively. Km values in the

illimolar range have been repeatedly reported for the
epatic microsomal enzyme [1, 2, 38]. The Vmax of the
NS-1 cell G6Pase was 1,65 and 4,33 nmol per min per
g of cell protein, in cells with intact and alamethicin-

ermeabilized ER membranes, respectively.
The G6Pase enzyme protein was present in INS-1

ells, as revealed by Western blot analysis (Fig. 2). The
mmunoreactivity seen with INS-1 microsomes ap-
eared, however, to be lower than that observed in rat
iver microsomes. A comparable intensity of immuno-
eactivity was present in the band(s) representing the
6Pase enzyme protein with 5 mg of liver and 30 mg of

NS-1 microsomal protein (Fig. 3, cf. lane 1 and 2). The
mmunoreactive G6Pase enzyme of INS-1 microsomes
isplayed a double band similar to the classic liver
nzyme ([30, 31]; see also Fig. 3, lane 1). In RINm5F
icrosomes, an immunoreactive band could also be

bserved, but its intensity was much lower than that of
NS-1. A comparable immunoreactivity was present
ith 5 and 30 mg of protein in INS-1 and RINm5F
icrosomes, respectively (Fig. 3; compare lane 3 with

). With RINm5F microsomes, the Western blot anal-
sis did not reveal a double band even at higher protein
oncentrations (up to 60 mg; data not shown).

Northern blot analysis was used to evaluate G6PT
RNA levels in INS-1 and RINm5F cells. The mRNA
as hardly detectable in the latter cell type, while in

NS-1 cells it could be demonstrated (Fig. 4).

ISCUSSION

The data presented in this study show that the com-
onents of the glucose-6-phosphatase system (the
hosphohydrolase activity and the glucose-6-phos-

FIG. 3. Western blot analysis of the G6Pase enzyme protein in
icrosomes from rat liver, INS-1 and RINm5F cells. Microsomal
embranes from INS-1 and RINm5F cells, and rat liver were sub-

ected to SDS/PAGE and immunoblotted with an anti-glucose-6-
hosphatase antibody as detailed under Materials and Methods.
ane 1, rat liver (5 mg of protein); lanes 2 and 3, INS-1 cells (30 and
mg of protein, respectively); lane 5, RINm5F cells (30 mg of protein).
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hate transporter G6PT) are expressed in the glucose-
ensitive insulin secreting cell line INS-1 and they are
lmost completely absent in the glucose-insensitive
ine RINm5F. Activity measurements and Western
lot data (Figs. 2 and 3) indicate that INS-1, but not
INm5F, cells possess clearly detectable levels of the
6Pase enzyme. Several properties of the G6Pase en-

yme in INS-1 cells are very similar to those of the
ell-characterized classic hepatic enzyme. The enzyme
ctivity of INS-1 cells is partially latent, can be inhib-
ted by acidic pH preincubation and has a Km in the

M range. The enzyme protein has the same apparent
olecular weight and, similarly to the hepatic form,

xhibits a double immunoreactive band on the Western
lot. Assuming ER proteins to be at least 5% of cell
roteins [39], Vmax values of 33 and 87 nmol per min
er mg of ER protein could be calculated (intact and
ermeabilized ER membrane, respectively). These val-
es are comparable with the G6Pase activity measured

n rat liver microsomes under identical incubation con-
itions (i.e., in a cytosol-like medium at pH 7.2): Vmax
f 153 and 233 nmol/min/mg protein in intact and
isrupted microsomes, respectively [38]. The lower en-
yme activity in INS-1 cells is consistent with the rel-
tive representation of the protein in INS-1 cells and in
at liver. Moreover, Northern blot analysis of the two
nsulinoma lines revealed a several fold higher expres-
ion of the mRNA for G6PT in INS-1 cells (Fig. 4).
Our results show that the return of the insulin stor-

ng and secreting ability of the cells is accompanied by
he appearance of the lost glucose cycling capacity. The
arent RINm5F cell line exhibits very low constitutive
nsulin secretion [26] together with practically absent
lucokinase [40] and G6Pase activities and moderate
6PT expression. In contrast, the glucose sensitive

nsulin secreting INS-1 cells are equipped with re-
arkable glucokinase [41, 42] and G6Pase activities,

nd G6PT expression. Although glucokinase can be
egarded as the principal glucose sensor of the b-cell,

FIG. 4. Northern blot analysis of G6PT mRNA in the RINm5F
nd INS-1 cell lines. Total RNA (30 mg/sample) from INS-1 and
INm5F cells was separated by formaldehyde-containing agarose
el electrophoresis and blotted to a GeneScreen Plus Nylon mem-
rane as described under Materials and Methods. The membrane
as hybridized with a-32P dCTP labelled probe (human liver cDNA
utated in glycogen storage disease type 1b [10,11]) and autoradiog-

aphy was used to visualize G6PT mRNA. Ethidium bromide stain-
ng indicated the equal amount of loaded RNA. Lane 1, RNA from
INm5F; lane 2, from INS-1 cells.
106
ecretion of insulin. Experimental evidence shows that
hanged glucose cycling due to altered glucokinase or
6Pase activities results in the impairment of insulin

ecretion [41–43]. The representation of G6Pase and
6PT proteins can also affect calcium sequestration in

he ER [5]; in agreement with this assumption higher
alcium accumulation was observed upon glucose-6-
hosphatase addition in the ER of permeabilized INS-1
ells compared to RIN5mF cells (Fulceri, Banhegyi,
ralong and Benedetti, unpublished results).
In summary, both ER proteins, G6PT and G6Pase,

ecessary for effective glucose cycling and calcium se-
uestration can be demonstrated in INS-1 cells. The
xpression of these proteins coincides with the exis-
ence of the glucose-sensitive insulin secretion indicat-
ng a possible connection between the two phenomena.
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