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ABSTRACT
We investigated the effects of general receptor for phosphoinositi-

des-1 (GRP1), a recently cloned protein that binds 3,4,5-phosphati-
dylinositol [PtdIns(3,4,5)P3] with high affinity, but not PtdIns(3,4)P2
nor PtdIns(3)P, on insulin and insulin-like growth factor I (IGF-I)-
induced cytoskeletal rearrangement, glucose transporter-4 (GLUT4)
translocation, and DNA synthesis. GRP1 consists of an NH2-termi-
nally located coiled coil domain followed by a Sec7 domain and a
COOH-terminal pleckstrin homology (PH) domain that is required for
PtdIns binding. We used microinjection of glutathione-S-transferase
fusion proteins containing residues 239–399 (PH domain), residues
52–260 (Sec7 domain), residues 5–71 (N-terminal domain), full-
length GRP1, and an antibody (AB) raised against full-length GRP1
coupled with immunofluorescent detection of actin filament rear-
rangement, GLUT4 translocation, and 39-bromo-59-deoxyuridine in-

corporation. Microinjection of these constructs and the AB had no
effect on insulin-induced GLUT4 translocation or DNA synthesis.
However, microinjection of the GRP1-PH and the GRP1-Sec7 domain
as well as the a-GRP1-AB significantly inhibited insulin- and IGF-
I-stimulated actin rearrangement in an insulin receptor-overexpress-
ing cell line (HIRcB) compared with that in control experiments.
Coinjection of GRP1-Sec7 along with constitutively active Rac (Q67L)
did not inhibit Rac-induced actin rearrangement. Furthermore, GRP1
is not able to bind and act as a nucleotide exchange factor for the small
GTP-binding proteins of the Rho family. As GRP1 acts as a guanine
nucleotide exchange factor for ARF6 proteins, we propose a signaling
pathway distinct from the small GTP-binding protein Rac, connecting
PtdIns(3,4,5)P3 via GRP1 to ARF6, leading to insulin- and IGF-I-
induced actin rearrangement. (Endocrinology 139: 4984–4990, 1998)

TYROSINE kinase receptors (1, 2) as well as certain GTP-
binding protein-linked receptors (3, 4) acutely activate

cellular phosphatidylinositol 3-kinase (PI3-kinase), leading
to the generation of 39-polyphosphoinositides. Significant
amounts of 3,4-phosphatidylinositol [PtdIns(3,4)P2] and
PtdIns(3,4,5)P3 are specifically synthesized upon cell surface
receptor activation by 39-phosphorylation of PtdIns(4)P and
PtdIns(4,5)P2, respectively (5). Through the use of various
methods of modulating PI 3-kinase activity in intact cells, a
large number of biological processes have been implicated as
targets of regulation by this pathway (6, 7). These include
insulin-stimulated glucose uptake, cytoskeletal rearrange-
ment, cell adhesion, chemotaxis, secretion, cell growth, and
apoptosis as well as the regulation of early endosome struc-
ture (8). The diversity of cellular functions regulated by the
39-polyphosphoinositides suggests that multiple effector
proteins might operate to mediate these processes. Of par-

ticular relevance to phosphoinositide signaling is the pleck-
strin homology (PH) domain, which can mediate protein-
protein or lipid-protein interactions, or both. For instance,
one effector system for 39-polyphosphoinositide signaling
includes the Ser/Thr kinase Akt (9), which has been shown
to be involved in several biological responses, including glu-
cose transporter-4 (GLUT4) translocation, cell survival, and
glycogen synthesis (10–12). This protein lies downstream of
PI 3-kinase (13–15) and has an amino-terminal PH domain.
The regulation of Akt in vivo is highly regulated and complex,
and may depend on multiple redundant signals, but
PtdIns(3,4)P2 and PtdIns(3,4,5)P3 seem to play a critical role
in its activation. Furthermore, PtdIns(3,4,5)P3 was shown to
be of particular interest in GLUT4 translocation, as the
59-inositol phosphatase SH2-domain containing inositol
phosphatase inhibits insulin-induced GLUT4 translocation
(Vollenweider, P., M. Clodi, S. Martin, T. Imamura, W. Ka-
vanaugh, and J. Olefsky, unpublished observation).

Another signaling pathway involving PtdIns(3,4,5)P3,
generated through PI 3-kinase activation after growth factor
stimulation, is actin rearrangement. It has been shown that
insulin induces membrane ruffling in several cell types, and
more recently that this pathway is dependent on
PtdIns(3,4,5)P3 generation through PI 3-kinase (7, 16–19).
The current model of growth factor-mediated actin reorga-
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nization involves a coordinated response of tyrosine phos-
phorylation, phosphoinositide modification, and activation
of small GTP binding proteins (Rac, Rho, and ARF6).

Recently, Klarlund et al. have identified, using an expres-
sion cloning approach with a PtdIns(3,4,5)P3 probe, another
potential effector protein, named general receptor for phos-
phoinositides-1 (GRP1) (20). GRP1 is a PH domain-contain-
ing protein that binds PtdIns(3,4,5)P3 with high affinity, but
not PtdIns(3,4)P2 or PtdIns(3)P, potentially making it a target
for PI 3-kinase. GRP1 consists of an NH2-terminally located
coiled coil domain followed by a Sec7 domain and a COOH-
terminal PH domain. Furthermore, GRP1 acts as a nucleotide
exchange factor for the small GTP proteins of the ARF family
(21).

As the diversity of these cellular functions regulated by the
39-polyphosphoinositides suggests that multiple effector
proteins might operate to mediate these processes, we in-
vestigated the biological actions of GRP1 on cytoskeletal
rearrangement, such as membrane ruffling and stress fiber
breakdown, GLUT4 translocation, and DNA synthesis.

Materials and Methods

Rabbit IgG, sheep IgG, and fluorescein isothiocyanate-conjugated
(FITC-) or tetramethyl-rhodamine isothiocyanate-conjugated (TRITC-)
antirat antibodies were purchased from Jackson ImmunoResearch Lab-
oratories, Inc. (West Grove, PA). 39-Bromo-59-deoxyuridine (BrdU) was
purchased from Amersham (Arlington Heights, IL). Rat anti-BrdU an-
tibody was obtained from Accurate Surgical & Scientific Instruments,
Inc. (Westbury, NY). Rabbit a-GRP1 antibody, raised against full-length
GRP1, was provided by Jes Klarlund. Porcine insulin was provided
by Eli Lilly & Co., Co. IGF-I was purchased from Life Technologies
(Gaithersburg, MD). Polyclonal anti-GLUT4 antibody (F349) was de-
scribed previously (22). a-Rac1, a-RhoA, and a-RhoB antibodies were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
TRITC-phalloidin and all other reagents were purchased from Sigma
Chemical Co. (St. Louis, MO). The glutathione-S-transferase (GST)-Rac
construct was a gift from Dr. A. Hall. It was purified by standard
procedures from bacteria by binding to glutathione beads.

Cell culture and microinjection

Rat-1 fibroblasts overexpressing wild-type human insulin receptors
were maintained in DMEM-Ham’s F-12 medium (Life Technologies)
supplemented with 10% FCS and gentamicin (Gemini Biological Prod-
ucts, Calabasas, CA), 2 mm Glutamax (Life Technologies), and 500 nm
methotrexate (Sigma Chemical Co.). Cells grown on glass coverslips
were rendered quiescent by starvation for 36 h in serum-free DMEM.
a-GRP1 antibody (a-GRP1-AB; 6.4 mg/ml) or GST fusion proteins (10
mg/ml) were injected into the cytoplasm of cells using glass capillary
needles. Preimmune rabbit IgG (10 mg/ml) was added to the GST fusion
protein to allow detection of injected cells. After a recovery period of 1 h,
cells were stimulated with either 10 or 100 ng/ml insulin (1.7 and 17 nm)
or 100 ng/ml IGF-I for 3 min to activate actin rearrangement and with
100 ng/ml insulin for 18 h to assess DNA synthesis. The cells were then
fixed for staining.

3T3-L1 cells were maintained in DMEM-high glucose (Life Technol-
ogies) supplemented with 10% FCS and penicillin G/streptomycin
(Omega Scientific, Cambridge, MA) and differentiated into adipocytes
as described previously, then reseeded onto glass coverslips (23). Cells
were serum starved 2 h before microinjection for GLUT4 detection. All
reagents for microinjection were dissolved in microinjection buffer (5
mm NaPO4 and 100 mm KCl, pH 7.4). All reagents, except a-GRP1-AB,
were coinjected with preimmune sheep IgG (10 mg/ml) to allow de-
tection of injected cells. After a recovery period of 1 h, the cells were
stimulated with 3 or 10 ng/ml insulin for 20 min, then fixed for staining.

GST fusion protein preparation

Molecular cloning of the GST fusion proteins out of specific sequences
within the GRP1 structure, i.e. GST fusion proteins containing residues
239–399 (PH domain), residues 52–260 (Sec7 domain), residues 5–71, or
residues 5–399, has been described previously (20). All fusion proteins
were produced from Escherichia coli by IPTG (isopropyl-1-thio-b-galac-
topyranoside) induction and purified on glutathione-agarose beads (24).
Eluted proteins were concentrated and exchanged into microinjection
buffer using a Centricon-30 filter (Amicon, Beverly, MA).

Preparation of antibodies for microinjection

a-GRP1-AB was concentrated and exchanged into microinjection
buffer (5 mm NaPO4 and 100 mm KCl, pH 7.4) using a Centricon-30 filter
(Amicon).

Immunofluorescence and cell quantification

Actin localization. One hour after cytoplasmic injections, cells were stim-
ulated with or without insulin (10 or 100ng/ml) or IGF-I (100 ng/ml) for
3 min and fixed with 3.7% formaldehyde in PBS for 10 min at room
temperature. Cells were permeabilized in 0.2% Triton X-100 for 5 min,
washed in PBS, and incubated at room temperature for 45 min with
rhodamine-phalloidin (0.125 mg/ml) to visualize the location of po-
lymerized actin at the cell membrane (membrane ruffles) or stress fibers
and with FITC-conjugated antirabbit to detect injected cells. After stain-
ing, coverslips were washed successively in PBS for 5 min and mounted
in PBS containing 15% Gelvatol (Monsanto Co., St. Louis, MO) (poly-
vinyl alcohol), 33% glycerol, and 0.1% sodium azide.

GLUT4 staining. Cells were serum starved 2 h before stimulation with or
without 3 or 10 ng/ml insulin for 20 min. Immunostaining of GLUT4 was
performed essentially as previously described (23). The cells were fixed
in 3.7% formaldehyde in PBS for 10 min at room temperature. After
washing, the cells were permeabilized and blocked with 0.1% Triton
X-100 and 2% FCS in PBS for 10 min. Cells were then incubated with F349
(1 mg/ml) in PBS with 2% FCS overnight at 4 C. After washing, GLUT4
and injected IgG were detected by incubation with FITC-conjugated
donkey antirabbit IgG antibody and AMCA-conjugated donkey anti-
sheep or antirabbit IgG antibody, respectively, followed by observation
under immunofluorescence microscope. Each coverslip was examined
with the observer blinded to the experimental conditions, and the ami-
nomethylcouarin-positive microinjected cells on each coverslip were
evaluated for the presence of plasma membrane-associated GLUT4
staining.

BrdU incorporation. One hour after injection cells were stimulated with
or without insulin (100 ng/ml) for 18 h. BrdU (10 mm/ml) was then
added during the last 6 h of stimulation to allow its incorporation into
newly synthesized DNA. Cells were fixed for 10 min in 3.7% formal-
dehyde-PBS, washed with PBS, and incubated for 1 h at room temper-
ature with rat anti-BrdU antibody (1:500 in PBS containing 10 mm MgCl2,
20 U/ml deoxyribonuclease I, and 0.5% Nonidet P-40). Coverslips were
washed with PBS and incubated for an additional hour with TRITC-anti
rat and FITC-antirabbit or FITC-antimouse antibodies. All secondary
antibodies were used at a 1:100 dilution in PBS-0.5% Nonidet P-40.
Coverslips were washed and mounted in Gelvatol as before.

Cell quantification. Slides were analyzed on a Zeiss Axiophot immuno-
fluorescence microscope (Zeiss, New York, NY). AMCA-positive 3T3-L1
adipocytes on each coverslip were evaluated for the presence of plasma
membrane-associated GLUT4 as previously described (23). HIRcB cells,
FITC positive for cytoplasmic injections, displaying parallel actin fibers
that colocalize with the nucleus were scored as positive for stress fibers
(results are given as the percentage of stress fibers). HIRcB cells that
showed actin staining at the periphery were scored as positive for
membrane ruffles. HIRcB cells positive for coinjected rabbit IgG were
counted for the presence of incorporated BrdU (results are given as the
percentage of BrdU incorporation). The observer was blinded to the
experimental conditions.

Imaging. The cells were inspected with a Zeiss Axiophot fluorescence
microscope. Images were captured using a CCD camera from Photo-
metrics (Tucson, AZ) and were saved using Isee software from Inovision
(Durham, NC) to be subsequently used for prints.
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GST-GRP1 fusion protein pull-downs of small
GTP-binding proteins

HIRcB cells were lysed (100 mm HEPES, 2% Triton X-100, 20 mm
EDTA, 300 mm NaCl, 4 mm phenylmethylsulfonylfluoride, 20% glyc-
erol, 8 mm NaVO4, 400 mm NaF, and 40 mm NaPyroPO4), and one of
each GST fusion protein (GST-GRP1, GST-Sec7, GST-PH, and GST-
N-terminal) was added to 500 ml cell lysates (200 mg protein), diluted to
a final concentration of 1 mm, and incubated for 4 h at 4 C. Then, 50 ml
of a 50% slurry solution of glutathione-Sepharose beads (Promega Corp.,
Madison, WI) were added and incubated at 4 C for 2 h. Beads were
collected by spinning in a microfuge at 10,000 3 g for 5 min. Pellets were
washed in lysis buffer three times and boiled, and the supernatant was
separated on 12.5% SDS-PAGE and transferred to Immobilon-P (Milli-
pore Corp., Bedford, MA) by electroblotting. For immunoblotting, mem-
branes were blocked (Tris-buffered saline, Tween, and 5% nonfat dry
milk) and then blotted with Rac1, RhoA, and RhoB antibodies (Santa
Cruz Biotechnology) at a 1:1000 dilution. Blots were incubated with
horseradish peroxidase-linked secondary antibody (Amersham) at a
1:2000 dilution, followed by detection with enhanced chemilumines-
cence according to the manufacturer’s instruction (Amersham).

Rac GDP/GTP nucleotide exchange assay

Bacteria containing Rac cloned in a pGEX vector were grown to OD600
of approximately 0.6 in Luria Bertoni broth. To induce production of the
fusion product, IPTG was added to a concentration of 0.25 mm. After 3–4
h, the bacteria were harvested by centrifugation and lysed, and the
fusion protein was bound to glutathione agarose as previously described
(21). The beads were transferred to assay buffer [50 mm HEPES (pH 7.5),
100 mm KCl, and 1 mm dithiothreitol], and assays were performed
exactly as previously described (21).

Statistics

Statistical significance was assessed by Student’s t test for paired data.

Results
Insulin- and IGF-I-stimulated cytoskeletal reorganization

To investigate the effects of GRP1, its domains (PH, Sec7,
N-terminal), and the antibody raised against full-length
GRP1 fusion protein on actin cytoskeletal reorganization, we
used a Rat-1 fibroblast cell line that expresses approximately
106 human insulin receptors (HIRcB) (25). We confirmed by
Western blot analysis that GRP1 is present in HIRcB cells and
3T3 L1 adipocytes (Fig. 1). HIRcB cells grown on coverslips
at low density were serum starved to induce quiescence and
then stimulated with either insulin (10 or 100 ng/ml) or 100
ng/ml IGF-I for 3 min. The cells were then fixed, and the
effect of growth factor treatment on the actin cytoskeleton
was visualized by fluorescence microscopy of cells stained
with TRITC-phalloidin, a fluorescent compound that binds
selectively to filamentous actin (26). Microinjection of
a-GRP1-AB inhibited the ability of insulin and IGF-I to in-
duce membrane ruffling, and this is depicted in Fig. 2. As can
be seen, uninjected cells (arrows) show easily detectable

membrane ruffles after insulin stimulation. In contrast, the
cells injected with a-GRP1-AB, detected by FITC staining
(lower panel), do not display membrane ruffles. Quantifica-
tion of phalloidin-stained cells was conducted by scoring
individual cells for the presence or absence of membrane
ruffles, and these results are summarized in bar graph form
in Fig. 3. a-GRP1 antibody injected at 6.4 mg/ml caused an
inhibition of insulin (Fig. 3A, 100 ng/ml; Fig. 3B, 10 ng/ml)-
and IGF-I (Fig. 3C)-induced membrane ruffling by 35 6 3.5%,
37 6 4%, and 25 6 3.7%, respectively (mean 6 se; P , 0.05
for all). Full-length GRP1 fusion protein (10 mg/ml) tended
to cause membrane ruffling by 20% in unstimulated HIRcB
cells compared with a basal level of 3% in IgG-injected cells,
but this effect did not reach statistical significance. The in-
jected GST-PH domain reduced IGF-I (100 ng/ml; Fig. 3C)-
and insulin (10 ng/ml; Fig. 3B)-induced membrane ruffling
by 37.6 6 6.7% (P , 0.05) and 36 6 4.5% (P , 0.05; mean 6
se), respectively. After stimulation with 100 ng/ml insulin
(Fig. 3A), we observed only a slight, but not significant, effect
of the PH domain. This may be due to the high amount of
insulin receptors in HIRcB cells (106/cell), which could mask
the inhibitory effect at high insulin concentrations. The GST-
Sec7 domain inhibited insulin (10 and 100 ng/ml)- and IGF-I
(100 ng/ml)-stimulated membrane ruffling by 40 6 5.4%,
47 6 5.4%, and 31 6 5.2%, respectively (mean 6 se; P , 0.05
for all). The N-terminal coiled coil domain had no effect on
membrane ruffling in basal, insulin-stimulated, or IGF-I-
stimulated states. GST alone did not affect insulin- and IGF-
I-induced cytoskeletal rearrangement.

FIG. 1. Electrophoresis and Western blotting. HIRcB cell lysates
(lane 1) and 3T3-L1 adipocyte lysates (lane 2) were separated on
SDS-PAGE and immunoblotted with a-GRP1-AB. The positions of the
molecular mass standards are indicated on the right. The antibody
produced a clear band with the expected molecular mass of 48 kDa.

FIG. 2. Effect of a-GRP1-AB on insulin-induced cytoskeletal rear-
rangement in HIRcB cells. HIRcB cells on glass coverslips were in-
jected into the cytoplasm with a-GRP1-AB and stimulated with 100
ng/ml insulin for 3 min after 1 h. Cells were then fixed and stained
for actin filament rearrangement (upper panel). A photograph of cells
with an UV filter displaying the staining for actin rearrangement is
shown. The four cells injected with a-GRP1-AB, detected by FITC
staining (lower panel), have no membrane ruffles after insulin stim-
ulation, whereas the uninjected cells have membrane ruffles (arrow;
upper panel).
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Microinjection of constitutively active Rac (Q67L) and
coinjection of the GST-Sec7 domain with Rac (Q67L)

Activation of Rac has been implicated in many of the
effects of growth factors on actin cytoskeletal rearrange-
ment. To explore a possible interaction of GRP1 in the
Rac-mediated signaling pathway leading to membrane
ruffling, we coinjected constitutively active Rac (Q67L)
along with the GST-Sec7 domain of GRP1 (Fig. 4). Rac
(Q67L) alone had a marked effect to induce membrane
ruffling. The GST-Sec7 domain was not able to block Rac
(Q67L)-induced membrane ruffling. The effect of insulin
(100 ng/ml) to induce membrane ruffling was not influ-
enced by microinjection of active Rac. However, when
active Rac and GST-Sec7 were coinjected into insulin-stim-
ulated cells, membrane ruffling was reduced by about
20%. These data indicate that Rac and GRP1 act on distinct
pathways leading to membrane ruffling.

Effects of GRP1, its domains, and a-GRP1-AB on growth
factor-induced stress fiber breakdown in HIRc-B cells

Serum-starved HIRcB cells have a high content of stress
fibers in the basal state. Ligand stimulation induces a rapid
breakdown of stress fibers, with the strongest effect being for
insulin. Serum-starved cells were injected and stimulated
with 100 ng/ml insulin. Cells were then fixed and stained for
actin localization with rhodamine phalloidin. Injected cells
were scored for the presence of parallel actin fibers that
colocalize with the nucleus (positive for stress fibers). Nei-
ther GRP1, its domains, nor a-GRP1-AB had an effect on
ligand-induced stress fiber breakdown (Fig. 5).

Effect of microinjection of GRP1, its domains, and a-GRP1-
AB on insulin-induced GLUT4 translocation in 3T3-L1
adipocytes and on DNA synthesis in HIRcB cells

3T3-L1 adipocytes were serum starved 2 h before micro-
injection for GLUT4 detection. All reagents, except GRP1-AB,
were coinjected with preimmune sheep IgG (10 mg/ml) to

FIG. 4. Microinjection of constitutively active Rac (Q67L) and coinjec-
tion of the GST-Sec7 domain with Rac (Q67L). Bars represent injection
of constitutively active Rac (Q67L) alone and with the GST-Sec7 domain
of GRP1. The GST-Sec7 domain was not able to block Rac (Q67L)-
induced membrane ruffling. Open bars represent unstimulated condi-
tions, and black bars represent stimulation with 100 ng/ml insulin.
Insulin-induced membrane ruffling was not effected by microinjection of
active Rac. Coinjection of active Rac and GST-Sec7 reduced insulin-
stimulated membrane ruffling by about 20%.

FIG. 3. Insulin- and IGF-I-stimulated cytoskeletal reorganization. HIRcB cells grown on coverslips at low density were serum starved to induce
quiescence and then microinjected with indicated reagents. Thirty minutes later the cells were stimulated with 10 and 100 ng/ml insulin,
respectively, or with 100 ng/ml IGF-I for 3 min. The effect of growth factor treatment on the actin cytoskeleton was visualized by fluorescence
microscopy of cells stained with TRITC-phalloidin, a fluorescent compound that binds selectively to filamentous actin. For each determination,
5 independent experiments were analyzed. In each experiment, at least 150–200 injected cells were scored for each reagent (in total .750
injected cells/reagent). Quantitation of phalloidin-stained cells was determined by scoring for the presence of membrane ruffles. The percentage
of cells displaying membrane ruffling is represented. Each bar represents the mean 6 SE of at least 5 experiments. Open bars represent
unstimulated conditions, and black bars represent the values for stimulation with 100 ng/ml insulin (A), 10 ng/ml insulin (B), and 100 ng/ml
IGF-I (C).
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allow detection of injected cells. After a recovery period of
1 h, the cells were stimulated with either a submaximal (3
ng/ml) or a maximal dose of insulin (10 ng/ml) for 20 min.
None of the GRP1 domain fusion proteins or the a-GRP1-AB
had any effect on GLUT4 distribution in either basal or in-
sulin-stimulated cells (Fig. 6B). The same GRP1 reagents
were microinjected into Rat-1 fibroblast (HIRcB) cells that
were stimulated with insulin (100 ng/ml) and then stained
for BrdU incorporation. None of the GRP1 reagents had any
effect on basal or insulin-stimulated DNA synthesis (Fig. 6A).

GRP1-GST fusion protein pull-down of small GTP-binding
proteins and nucleotide exchange activity on the small
GTP-binding protein Rac

To elucidate a possible interaction of GRP1 with the small
GTP-binding proteins, Rac1, RhoA, and RhoB, we used GST
fusion proteins of GRP1 and its domains (PH domain, Sec7
domain, and N-terminal domain) mixed with HIRcB cell
lysates. After SDS-PAGE and transfer to Immobilion-P mem-
branes, membranes were immunoblotted with Rac1, RhoA,
and RhoB antibodies (Santa Cruz Biotechnology). Neither of
the GST fusion proteins precipitated Rac1, RhoA, or RhoB
(data not shown). Furthermore, we could not detect any
guanine nucleotide binding to the small GTP-binding protein
Rac in the presence or absence of GRP1.

FIG. 5. Effects of GRP1, its domains, and a-GRP1-AB on growth
factor-induced stress fiber breakdown in HIRcB cells. Serum-starved
HIRcB cells have a high content of stress fibers in the basal state.
Ligand stimulation induces a rapid breakdown of stress fibers, with
insulin having the greatest effect. Serum-starved cells were injected
and stimulated with 100 ng/ml insulin. Cells were then fixed and
stained for actin localization with rhodamine phalloidin. Injected cells
were scored for the presence of parallel actin fibers that colocalize
with the nucleus (positive for stress fibers). Open bars represent
unstimulated conditions, and black bars represent stimulation with
100 ng/ml insulin. Each bar represents the mean 6 SD for three
different experiments. Neither GRP1, its domains, nor a-GRP1 had
an effect on ligand-induced stress fiber breakdown.

FIG. 6. Effects of GRP1-GST fusion proteins (Sec7-domain, PH-domain, NH2-terminal domain, and a-GRP1-AB on insulin-induced GLUT4
translocation in 3T3-L1 adipocytes and on DNA synthesis (BrdU incorporation) in HIRcB cells. B, 3T3-L1 adipocytes on coverslips were injected
after 2-h starvation in serum-free medium into the cytoplasm with GRP1, its domains (PH, Sec7, and N-terminal), or the antibody raised against
the full-length GRP1 fusion protein at a concentration of 10 mg/ml along with preimmune sheep IgG to allow detection of injected cells or with
IgG alone as a control. After 1 h, cells were stimulated without or with either a submaximal dose of insulin (3 ng/ml) or 10 ng/ml insulin for
20 min and fixed. Immunostaining was performed using a rabbit polyclonal anti-GLUT4 (F349) and FITC-antisheep antibodies. Injected cells
were counted for the presence of GLUT4 translocation to the plasma membrane. Each bar represents the mean 6 SE of at least four experiments.
Open bars represent unstimulated conditions, gray bars represent stimulation with 3 ng/ml, and black bars represent stimulation with 10 ng/ml
insulin. There was no effect on GLUT4 distribution in unstimulated cells, and the number of positive cells for GLUT4 staining after the injection
of any of the reagents and stimulation with either 3 or 10 ng/ml insulin was comparable to that in control experiments. A, To evaluate the effect
of GRP1 on DNA synthesis, HIRcB cells were grown on coverslips. One hour after injection cells were stimulated with or without insulin (100
ng/ml) for 18 h. BrdU was added during the last 6 h of stimulation to allow its incorporation into newly synthesized DNA. Cells were fixed,
and successfully injected cells were counted for BrdU incorporation. Each bar represents the mean 6 SE of at least four experiments. Open bars
represent unstimulated conditions, and black bars represent stimulation with 100 ng/ml insulin. After insulin stimulation, the percentage of
positive cells injected with GRP1, its domains, or the anti-GRP1 AB was comparable to that of control injected cells.
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Discussion

Phospholipids, such as PtdIns(3,4,5)P3, act as second mes-
sengers of PI 3-kinase and seem to play a major role in
signaling pathways, leading to GLUT4 translocation, actin
rearrangement, and mitogenesis. As the PH-containing pro-
tein GRP1 binds with high specificity to PtdIns(3,4,5)P3, we
examined its effects on these signaling pathways. Our results
show that the GRP1-PH domain, the GRP1-Sec7 domain, and
the antibody against the full-length GRP1 significantly in-
hibit insulin- and IGF-I-induced actin filament rearrange-
ment, but that microinjection of GRP1, its domains, and
a-GRP1-AB into 3T3-L1 adipocytes had no effect on insulin-
induced GLUT4 translocation or on DNA synthesis in HIRcB
cells.

The actin cytoskeleton is implicated in many cellular func-
tions, and an understanding of how actin filament organi-
zation is orchestrated is a central question in cell biology.
Growth factor-stimulated membrane ruffling is caused
through activation of PI 3-kinase and thereby generation of
PtdIns(3,4,5)P3 as well as activation of the small GTP-binding
protein Rac, which itself activates the serine/threonine ki-
nase PAK and POR1 (27). The mechanism by which D3
phosphoinositides signal to the small GTP-binding proteins
Rac and Rho is still unknown, although recently Tiam1, Vav,
and Sos were shown to display in part PI 3-kinase-dependent
GTP-GDP exchange activity on Rac (28–30). However, in-
hibition of growth factor-induced actin rearrangement by the
PH domain, the Sec7 domain, and the antibody in our study
cannot be explained by an interaction with Rac itself, as we
did not observe guanine nucleotide exchange factor activity
of GRP1 on Rac in guanine nucleotide exchange assays or the
presence of one of the small GTP-binding proteins of the Rho
family (Rac1, RhoA, and RhoB) in GRP1-GST fusion protein
precipitations. This observation is supported by a recent
report showing that the overall structure of the Sec7 domain
of ARNO, which is structurally closely related to GRP1 and
is a guanine nucleotide exchange factor for ARF proteins, is
unrelated to the catalytic domains of nucleotide exchange
factors for Ras and Rho proteins (31). One possible, although
unlikely, explanation for our findings would be an effect of
GRP1 on a still unknown guanine nucleotide exchange factor
for Rac, thereby blocking growth factor-induced signaling to
membrane ruffling. On the other hand, GRP1 and to a lesser
extent its Sec7 domain were recently shown to act as guanine
nucleotide exchange factors on ARF proteins, where the ex-
change activity for ARF1 and -5 of full-length GRP1 was
6-fold enhanced by adding PtdIns(3,4,5)P3 (recently, an even
greater exchange activity on ARF6 was found in vivo by the
same investigators; unpublished observation) (21). ARF6 it-
self was recently shown to act as an inducer of actin rear-
rangement (27) that could not be blocked by a dominant
negative mutant of Rac1 (S17N), indicating a Rac-indepen-
dent pathway to actin rearrangement. Furthermore a down-
stream protein involved in membrane ruffling named POR1,
which binds to Rac-1 and ARF6 in a GTP-dependent manner,
has recently been identified. Truncated versions of POR1
inhibit the induction of membrane ruffling by an activated
mutant of Rac1 (V12Rac1) and ARF6 (27, 32). The nucleotide
exchange activity of GRP1 on ARF6 and our microinjection

results suggest an involvement of GRP1 in this ARF6-me-
diated signaling pathway to actin polymerization, acting
downstream of PI 3-kinase and independent of Rac1. The
inhibition of growth factor stimulated actin rearrangement
by the antibody against GRP1 and the trend of wild-type
GRP1 to induce membrane ruffling points toward stimula-
tory properties of GRP1. The inhibition of GRP1’s PH domain
on insulin- and IGF-I-induced actin redistribution is medi-
ated by binding to PtdIns(3,4,5), thereby blocking the intra-
cellular pathways downstream of this phosphoinositide. We
postulate that the inhibition by the Sec7 domain is mediated
through binding to ARF6, thereby obstructing recruitment of
endogenous GRP1 to ARF6. Furthermore, PtdIns 3,4,5P3
may mediate specific subcellular localizations of ARF to its
preferred site of action.

Another growth factor-induced effect involving cytoskel-
etal rearrangement is stress fiber breakdown (7, 19). Injection
of GRP1, its domains, and the a-GRP1-AB had no effect on
insulin- and IGF-I-induced stress fiber breakdown. This is
consistent with our observation that overexpression of p150
SH2-domain containing inositol phosphatase, a 59-phospha-
tase that converts PtdIns(3,4,5)P3 to PtdIns(3,4)P2, does not
inhibit this signaling cascade (Vollenweider, P., et al., un-
published observations). Indeed, previous reports suggest
that stress fiber formation in different cell types is regulated
by the small GTP-binding protein Rho (33). Generation of
stress fibers by the Rho protein parallels its ability to stim-
ulate the formation of 4,5-phosphorylated phosphatidylino-
sitol [PtdIns(4,5)P2] (34). Dissociation of the focal adhesion
proteins, a-actinin and vinculin from PtdIns(4,5)P2 upon
stimulation with growth factors may lead to stress fiber
breakdown (35, 36). As we (19) and others have shown that
stress fiber breakdown is dependent on PI3-kinase, we spec-
ulate that PI3-kinase stimulates stress fiber breakdown by
phosphorylating the D-3 position of PtdIns(4,5)P2, which
causes its release from focal adhesion-localized proteins.
Without this anchoring effect of PtdIns(3,4)P2, a-actinin and
vinculin can no longer localize to focal adhesions, and this
would lead to stress fiber breakdown. As GRP1 binds spe-
cifically to PtdIns(3,4,5)P3 and not to PtdIns(3,4)P2, it is not
surprising that insulin- and IGF-I-induced stress fiber break-
down is not affected by GRP1 in our cell system.

Insulin stimulates the translocation of GLUT4 from an
intracellular storage compartment to the cell surface, and
activation of PI3-kinase is an essential step of this pathway.
However, injections of the various GRP1 reagents into
3T3-L1 adipocytes had no effect on basal or insulin-stimu-
lated GLUT4 distributions. Within the limits of this experi-
mental system, these results suggest that GRP1 may not be
necessary in this insulin effect.

PtdIns(3,4,5)P3 generation after growth factor stimulation
is also critical for mitogenic signaling (6, 37, 38). As GRP1
binds with high specificity to PtdIns(3,4,5)P3, we investi-
gated possible effects of GRP1 on DNA synthesis. As we
could not observe any inhibitory or stimulatory effects, GRP1
may not be involved in mitogenic signaling. These data also
demonstrate that GRP1 reagents do not have any nonspecific
toxic effects in our cell systems.

Our data are consistent with a signaling pathway, where
GRP1 seems to serve as a signaling protein connecting
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PtdIns(3,4,5)P3 to ARF6, leading to actin rearrangement, but
this interaction does not appear to be necessary for insulin-
mediated GLUT4 translocation or DNA synthesis.
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