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A growing body of evidence implicates small G-proteins [e.g., Cdc42 and Rac1] in glucose-stimulated
insulin secretion [GSIS] in the islet B-cell. These signaling proteins undergo post-translational modifica-
tions [e.g., prenylation] at their C-terminal cysteine residue and appear to be essential for the transport
and fusion of insulin-containing secretory granules with the plasma membrane and the exocytotic secre-
tion of insulin. However, potential regulation of the prenylating enzymes by physiological insulin secret-
ogues [e.g., glucose] has not been investigated thus far. Herein, we report immunological localization,
sub-cellular distribution and regulation of farnesyltransferases [FTases] and geranylgeranyltransferase
[GGTase] by glucose in insulin-secreting INS 832/13 B-cells and normal rat islets. Our findings suggest
that an insulinotropic concentration of glucose [20 mM] markedly stimulated the expression of the
o-subunits of FTase/GGTase-1, but not the B-subunits of FTase or GGTase-1 without significantly affect-
ing the predominantly cytosolic distribution of these holoenzymes in INS 832/13 cells and rodent islets.
Under these conditions, glucose significantly stimulated [2.5- to 4.0-fold over basal] the activities of both
FTase and GGTase-1 in both cell types. Together, these findings provide the first evidence to suggest that
GSIS involves activation of the endogenous islet prenyltransferases by glucose, culminating in the activa-
tion of their respective G-protein substrates, which is necessary for cytoskeletal rearrangement, vesicular

transport, fusion and secretion of insulin.

Published by Elsevier Inc.

Introduction

Glucose-stimulated insulin secretion [GSIS] involves a series of
metabolic events resulting in significant increase in intracellular
ATP concentration which, in turn, leads to the closure of mem-
brane-associated ATP-sensitive potassium channels, resulting in
membrane depolarization and influx of extracellular calcium
through voltage-sensitive calcium channels [1-3]. A net increase
in intracellular calcium that occurs via the influx of extracellular
calcium into the stimulated B-cell, in addition to the mobilization
of intracellular calcium from the storage pools, has been shown
to be critical for the transport and fusion of insulin-laden secretory
granules to the plasma membrane and release of insulin [1-3].

In addition to ATP, many studies have examined possible contrib-
utory roles for guanosine triphosphate [GTP] in GSIS. Although the
precise cellular mechanisms underlying the roles of GTP in GSIS
remain to be defined, available evidence indicates that it might
involve activation of one [or more] G-proteins endogenous to the
islet B-cell. In support of such postulation, published evidence from
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multiple laboratories demonstrated critical involvement of small
G-proteins [e.g., Rac1, Cdc42 and Rap1] in GSIS from normal rat
islets, human islets, and clonal B-cell preparations [4,5 for recent
reviews]. Such conclusions were drawn primarily based on data
from multiple experimental approaches including use of Clostridial
toxins, which monoglucosylate and inactivate specific G-proteins,
expression of dominant negative mutants and/or selective knock-
down [i.e., siRNA methodology] of candidate G-proteins, and use of
pharmacological inhibitors of requisite post-translational modifica-
tions of G-proteins, all of which inhibited GSIS [4,5].

The majority of small G-proteins and the y-subunits of trimeric
G-proteins undergo post-translational prenylation at their C-termi-
nal cysteine residues. Farnesyltransferase [FTase] and the gera-
nylgeranyltransferases [GGTase| catalyze the incorporation of
either a 15-carbon [farnesyl moiety] or a 20-carbon [geranylgeranyl
moiety]| derivative of mevalonic acid into the C-terminal cysteine
residues of their respective substrate proteins [6,7]. Collectively,
the FTases and GGTases are referred to as prenyl transferases. Small
G-proteins such as H-Ras undergo farnesylation and Cdc42, Rac and
Rho are modified by geranylgeranylation. In addition to prenylation,
the C-terminal cysteine residues of the prenylated proteins have
been shown to undergo further modifications, including cleavage
of the three carboxyl-terminus amino acid residues and carboxyl
methylation. Data derived from studies with islet B-cells suggest
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that carboxyl methylation of specific G-proteins [e.g., Cdc42]
increases their hydrophobicity resulting in their targeting to the rel-
evant membranous sites. Thus, prenylation might represent the first
committed step for glucose-induced activation of specific G-pro-
teins in the pancreatic islet [5,7].

At least three distinct prenyltransferases have been described in
the literature. FTase and GGTase-I are referred to as CAAX pren-
yltransferases because they share the CAAX-substrate motif of
the C-terminal cysteine region of their substrate proteins.
GGTase-II [referred to as Rab GGTase] prenylates the Rab subfamily
of proteins at a different motif, and hence this group of pren-
yltransferases is often referred to as non-CAAX prenyltransferases.
FTase and GGTase-I are heterodimeric [i.e., consisting of o- and
B-subunits] in nature. Interestingly, both FTase and GGTase-I share
a common o-subunit and different g-subunits. The a-subunit is the
regulatory subunit, whereas the B-subunit confers substrate spec-
ificity [7-10]. In the light of recent evidence implicating post-
translational prenylation of specific G-proteins [e.g., Cdc42 and
Rac1] in GSIS [5], we undertook the current investigation to pre-
cisely determine the immunological localization, sub-cellular dis-
tribution and functional regulation of both FTase and GGTase-I
by glucose in pancreatic p-cells. Our data provide the first evidence
for novel regulation of these enzymes by glucose in insulin-secret-
ing INS 832/13 cells and normal rat islets.

Materials and methods

Materials. All general laboratory reagents were from Sigma-Al-
drich [St. Louis, MO]. Tritiated farnesyl pyrophosphate ([*H]JFPP,
NET 1042, 50 pCi/0.1 ml) and geranylgeranyl pyrophosphate
([P’H]GGPP, NET 1052, 50 uCi/0.1 ml) were from PerkinElmer/NEN
[Waltham, MA]. Ras-Cys-Val-Lys-Ser protein and Ras CVLL [Rho
analog] proteins were from Calbiochem/EMD [Gibbstown, NJ].
Bicinchoninic acid assay [BCA] was from Pierce-Thermo-Fisher
[Waltham, MA]. Primary antibodies directed against the FTase/
GGTase-Ia were from Santa Cruz Biotechnology, Inc. [Santa Cruz,
CA] and secondary antibodies [anti-rabbit-HRP] were from the
ECL kit of GE Healthcare (Piscataway, NJ). SDS-PAGE gels and poly-
vinylidene fluoride [PVDF| membranes were from Millipore/Ther-
mo-Fisher and Pierce/Thermo-Fisher, respectively.

Insulin-secreting cells. INS 832/13 cells [provided by Dr. Chris
Newgard, Duke University Medical Center, Durham, NC] were cul-
tured in RPMI 1640 medium containing 10% heat-inactivated fetal
bovine serum supplemented with 100 IU/ml penicillin and 100 U/
ml streptomycin, 1 mM sodium pyruvate, 50 uM 2-mercap-
toethanol and 10 mM Hepes [pH 7.4]. Pancreatic islets from male
Sprague-Dawley rats [200-250 g body wt; Harlan Laboratories]
were isolated by the collagenase digestion method as described
earlier [11-13].

Isolation of total particulate and soluble fractions from INS 832/13
cell lysates. INS 832/13 cells homogenates were prepared in
250 mM sucrose, 1 mM EDTA, 50 mM Tris-HCl, 1 mM DTT, and
protease inhibitor cocktail, pH 7.4 and total membrane and soluble
fractions were further isolated from homogenates by differential
centrifugation method as in Ref. [13].

Isolation of hydrophobic and hydrophilic compartments from INS
832/13 cells. These were isolated using the Triton X-114 phase sep-
aration method described by us recently [13]. Briefly, about 400 pig
of protein prepared in 400 pl of homogenization buffer supple-
mented with 1% (w/v) Triton X-114 and overlaid on a 400 pl su-
crose cushion (20 mM Tris-HC1, pH 7.4, 6% (w/v) sucrose, and
0.06% (w/v) Triton X-114). Following a brief incubation [3 min at
30 °C], the samples were centrifuged [3 min at 300g] and the aque-
ous phase was mixed with 0.5% [w/v] fresh Triton X-114. After dis-
solution in Triton X-114 at 4 °C, the mixture was again overlayed

on the same sucrose cushion, incubated for 3 min at 30 °C and cen-
trifuged for 3 min at 300g. The lipid phase was then diluted to a fi-
nal volume of 400 pl with homogenization buffer. Further, the
aqueous phase was transferred into a separate tube supplemented
with 2% fresh Triton X-114 incubated for 3 min at 30 °C and centri-
fuged [3 min at 300g] without sucrose cushion. The supernatant
thus collected from the top of the tube is referred to as aqueous
phase [13].

Western blot analysis. Aliquots of equal protein concentration
from cleared lysates were loaded onto 8-16% graduated polyacryl-
amide Hepes-based gels and resolved by SDS-PAGE. Proteins were
transferred to PVDF membranes and incubated in 5% BSA for 2 h.
Membranes were washed two times with 1% Tween in Tris-buf-
fered saline [1% TBST] and then immunoblotted with primary anti-
body to the respective protein in question for 24 h at 4 °C. The
membranes were washed two times with 1% TBST and then immu-
noblotted with anti-rabbit-HRP conjugated secondary antibody for
2 h at room temperature. Membranes were washed two times with
1% TBST and then once with TBS. The chemiluminescent solution
was added to the membrane and allowed to react for 1 min. Mem-
branes were placed on film for 5 min. The films were developed
and band profiles quantified by densitometry.

FTase and GGTase assays. These assays were performed using a
modified methods of Moore et al. [14] and as previously described
[15]. Briefly, INS 832/13 cells or isolated rat islets were treated
with low [5 mM] or high [25 mM] glucose for indicated times. Sub-
sequently, cells were lysed in 500 pul of buffer [150 mM NaCl, 5 mM
MgCl,, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol,
1 mM sodium vanadate, 1 mM sodium phosphate, 1% Triton X-
100, 0.05% SDS, 10 pg/ml aprotinin, 10 pg/ml leupeptin, 50 mM
Hepes, pH 7.5]. Crude lysates were sonicated and centrifuged
10,000g. Protein concentration was determined in cleared lysates
using the bicinchoninic acid assay. The in vitro filtration assay
was initiated by adding a 5-pl aliquot of diluted and normalized
extract to 45 pl of reaction assay solution [5 mM MgCl,, 5 mM
dithiothreitol, 100 nM Ras or Rho protein, 100 nM [3H]-farnesyl-
or [3H]-geranylgeranyl pyrophosphate [20 mCi/mmol, 50 mM
Hepes, pH 7.5] and incubated for 30 min. The reaction was stopped
using 1 ml of ice-cold 1 M HCl in ethanol and samples were placed
on ice for 15 min. The reaction mixtures were individually filtered
through Whatman GF/C glass-fiber filters, air dried and placed in
scintillation fluid and quantified by scintillation spectrometry.

Results

At the outset, we determined the effect of stimulatory glucose
concentrations on the sub-cellular distribution of the common
FTase/GGTase-1a subunit and the corresponding B-subunits of
FTase and GGTase-1 in insulin-secreting INS 832/13 cells. To ad-
dress this, total membrane and soluble fractions from cell lysates
derived from either low [2.5 mM] or high glucose [20 mM]-treated
cells were subjected to a single-step centrifugation method and the
relative abundance of the FTase and GGTase subunits was deter-
mined in those fraction by Western blotting method. Data in
Fig. 1 [Panel A] suggested that the common o-subunit of FTase/
GGTase-I is predominantly localized in the cytosolic compartment.
Exposure of these cells to a stimulatory glucose concentration
[20 mM] had minimal effects on the sub-cellular distribution of
this protein. Likewise, the corresponding p-subunits of FTase and
GGTase-I were also predominantly cytosolic in their distribution
and did not undergo redistribution between the cytosolic and
membrane compartments following exposure to stimulatory glu-
cose [Fig. 1; Panel A].

We next isolated total hydrophilic and hydrophobic fractions
from unstimulated [2.5 mM glucose] or stimulated [20 mM]
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Fig. 1. (A) Sub-cellular distribution of FTase and GGTase subunits in INS 832/13
following exposure to basal or stimulatory glucose concentrations. INS 832/13 cells
were cultured overnight in low glucose-low serum media. Cells were further
incubated in presence of either basal [2.5 mM; LG] or high glucose [20 mM; HG] for
45 min. Homogenates of these cells were centrifuged at 100,000g for 90 min and
the total cytosolic [Cy] and membrane [Me] fractions were separated by SDS-PAGE,
transferred to a membrane and probed with corresponding antibodies for detection
of FTase/GGTase-1a, FTase B and GGTase-1f subunits. Data are representative of
two separate experiments yielding identical results. (B) Phase partition of prenyl-
transferase subunits in INS 832/13 cells following exposure to basal or stimulatory
glucose concentrations. INS 832/13 cells were cultured overnight in low glucose-
low serum media. Cells were further incubated in presence of either basal glucose
[2.5 mM; LG] or stimulatory glucose [20 mM; HG] for 45 min. Homogenate proteins
were partitioned into hydrophobic and hydrophilic compartment using Triton X-
114 partition method as described in Methods and methods. Fractions were
separated by SDS-PAGE, transferred to a membrane and probed with corresponding
antibodies for detection of FTase/GGTase-1a, FTase f and GGTase-1p subunits. Data
are representative of two separate experiments yielding identical results.

pancreatic B-cells by Triton X-114 phase separation method to
determine potential effects of glucose on the distribution [or asso-
ciation] of FTase and GGTase subunits with either the aqueous or
lipid phase. Data depicted in Fig. 1 [Panel B] suggested that the
common FTase/GGTase-1a subunit and the B-subunits of FTase
and GGTase-1 are associated predominantly with the aqueous
compartment. Furthermore, under these conditions glucose ex-
erted minimal effects on distribution of these proteins between
the hydrophilic and hydrophobic compartments. Together, these
data [Fig. 1; Panels A and B] suggested that the FTase and
GGTase-1 holoenzymes are soluble in their cellular distribution
and that stimulatory glucose concentrations elicit minimal effects
on the sub-cellular distribution of these proteins.

In the next series of studies, we determined the effects of glu-
cose on the expression of these proteins in insulin-secreting INS
832/13 cells and normal rat islets. Data in Fig. 2 [Panel A] sug-
gested a significant (P < 0.05) increase in the expression of the
common FTase/GGTase-1a subunits in cells exposed to high glu-
cose [20 mM] in both cell types. However, no significant effects
of glucose on the expression of either FTase B or GGTase-1B were
seen in INS 832/13 cells or normal rat islets. Pooled data from mul-
tiple studies are depicted in Fig. 2 [Panel B], which clearly sug-
gested differential effects of glucose on the expression of these
proteins, i.e., a significant increase in the expression of FTase/
GGTase-1a, but not FTase g or GGTase-1 in INS 832/13 cells and
normal rat islets following exposure to insulinotropic concentra-
tions of glucose.

In the last set of experiments, we studied regulation by glucose
of FTase and GGTase activities in INS 832/13 cells and normal rat
islets. Data in Fig. 3 demonstrated that an insulinotropic concen-
tration of glucose [20 mM| markedly increased the FTase activity
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Fig. 2. Changes in the protein contents of FTase and GGTase subunits in INS 832/13
cells and isolated rat pancreatic islets exposed to basal or stimulatory glucose. Panel
A: INS 832/13 cells and isolated rat pancreatic islets were cultured overnight in low
glucose-low serum media. Cells were further incubated in presence of either low
glucose [2.5 mM; LG] or high glucose [20 mM; HG] for 45 min. Homogenate
proteins were separated by SDS-PAGE, transferred to a membrane and probed with
corresponding antibodies for detection of FTase/GGTase-1a, FTase f and GGTase-1B
subunits. A representative blot from two studies is shown here. Panel B: Relative
intensities of protein bands from experiments described under Panel A are
quantitated by densitometry and plotted. Pooled data from two separate studies
are given.

in INS 832/13 cells and rat islets by nearly 2.75- and 3.5-fold over
the basal, respectively. Under these conditions, we also noticed a
marked increase in the GGTase activity in INS 832/13 cells [nearly
3.5-fold] and rat islets [nearly 4-fold] following exposure to stim-
ulatory glucose concentrations.

Discussion

The overall objective of the current study was to determine
potential regulation of prenyltransferase activity by glucose, the
major physiologic regulator of insulin secretion in the pancreatic
B-cell. This has not been studied thus far. Our findings provide
the first evidence to suggest that insulinotropic concentrations of
glucose markedly stimulate both FTase and GGTase activities in
insulin-secreting clonal INS 832/13 cells and normal rat islets. Sev-
eral recent studies, including our own, have demonstrated direct
activation of small G-proteins [e.g., Racl and Cdc42] by glucose
in a variety of B-cell preparations [4,5,11-13,16]. Previous data [re-
viewed in Ref. [5]] in insulin-secreting cells using inhibitors of FTa-
ses and GGTases implicated that G-protein prenylation is necessary
for their association with relevant membranous sites [e.g., secre-
tory granules], interaction with their regulatory proteins [e.g.,
GDP-dissociation inhibitors], and effector proteins [e.g., PAK-1].

Together, the above data suggested that GSIS involved direct
activation of prenyltransferases by glucose. Thus, there appears
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Fig. 3. FTase and GGTase-I activities in INS 832/13 cells or isolated rat islets
following exposure to basal [2.5 mM] or stimulatory [20 mM] glucose. FTase and
GGTase-I activities were determined using a modified filtration assay as previously
described in Materials and methods. Briefly, cells were grown to confluence and
treated with low [2.5 mM] or stimulatory [20 mM] glucose for 45 min. Subse-
quently, cells were lysed, sonicated and centrifuged 10,000g. Protein concentrations
were determined from lysate supernatants. The in vitro filtration assay was initiated
by adding a 5-pl aliquot of diluted and normalized extract to 45 pl of reaction assay
solution, which contained tritiated farnesyl- or geranylgeranyl pyrophosphate and
allowed to incubate for 30 min. The assay was stopped using ice-cold 1 M HCl in
ethanol. Reactions solutions were individually filtered through Whatman GF/C
glass-fiber filters, air dried, placed in scintillation fluid and quantified by scintil-
lation spectrometry. Activities were first calculated in dpm/pg protein/unit time
and then converted to relative amounts. FTase and GGTase-I activities are expressed
as fold increase above low glucose level in the same treatment group and represent
the mean + SEM (n = 6 for each treatment).

to be a need to study this phenomenon further and in more depth.
Our current studies demonstrated that glucose directly stimulated
the activities of both GGTase-I and FTase in INS 832/13 cells and
isolated rat islets. GGTases catalyze the geranylgeranylation of
small G-proteins such as Cdc42 and Racl, the activation of which
has been shown to be critical for GSIS [4,5,7,16]. Even though pre-
viously published evidence using inhibitors of farnesyltransferases
[e.g., allyl or vinyl farnesols] implicated novel roles for protein
farnesylation in GSIS, very little is known to date with regard to
the potential identity of the farnesylated proteins whose activation
is critical for GSIS [17]. Our current data provide additional support
to our original hypothesis that GSIS involves activation of both
farnesylated and geranylgeranylated proteins.

Our data also suggested that glucose differentially regulated the
expression of the o- and B-subunits of FTase and GGTase-lin the pan-
creatic B-cell. Specifically, it stimulated the expression of the com-
mon o-subunit of FTase/GGTase-I, without significantly affecting
the expression of their cognate B-subunits. The significance of these
findings remain unknown at this time, but it could represent addi-
tional regulatory mechanism underlying GSIS. Along these lines,
previous studies have suggested functional regulation of prenyl-
transferase activity by phosphorylation-dephosphorylation [18].
They reported phosphorylation of the common FTase/GGTase-1o
regulatory subunit by insulin in 3T3 cells leading to the activation
of its catalytic function [18]. It should be noted that recent studies
from our laboratory have demonstrated that overexpression of a
dominant negative [i.e., non-phosphorylatable] FTase/GGTase-1a

resulted in a marked reduction in GSIS in INS 832/13 cells raising
an interesting possibility that signaling steps underlying GSIS could
involve multiple regulatory mechanisms involving the activation of
FTase/GGTase activities, including phosphorylation of the common
a-subunit [13]. Additional studies are needed to verify this in the is-
let B-cell. In conclusion, our current findings provide the first evi-
dence to suggest that GSIS involves stimulation of endogenous
islet prenyltransferases by glucose culminating in the activation of
their respective G-proteins, to facilitate cytoskeletal rearrangement,
vesicular transport, fusion and secretion of insulin.
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