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Abstract

Phosphoinositolglycan molecules isolated from insulin-
sensitive mammalian tissues have been demonstrated in
numerous in vitro studies to exert partial insulin-mi-
metic activity on glucose and lipid metabolism in insulin-
sensitive cells. However, their ill-defined structures, het-
erogeneous nature, and limited availability have
prohibited the analysis of the underlying molecular
mechanism. Phosphoinositolglycan-peptide (PIG-P) of
defined and homogeneous structure prepared in large
scale from the core glycan of a glycosyl-phosphatidylino-
sitol-anchored membrane protein from Saccharomyces cer-
evisiae has recently been shown to stimulate glucose
transport as well as a number of glucose-metabolizing
enzymes and pathways to up to 90% (at 2 to 10 ,um) of
the maximal insulin effect in isolated rat adipocytes,
cardiomyocytes, and diaphragms (G. Muller et al., 1997,
Endocrinology 138: 3459-3476). Consequently, we used
this PIG-P for the present study in which we compare its
intracellular signaling with that of insulin. The activation
of glucose transport by both PIG-P and insulin in isolated
rat adipocytes and diaphragms was found to require
stimulation of phosphatidylinositol (PI) 3-kinase but to
be independent of functional p7oS6kinase and mitogen-
activated protein kinase. The increase in glycerol-3-
phosphate acyltransferase activity in rat adipocytes in
response to PIG-P and insulin was dependent on both PI
3-kinase and p7OS6kinase. This suggests that the signal-
ing pathways for PIG-P and insulin to glucose transport
and metabolism converge at the level of PI 3-kinase. A
component of the PIG-P signaling pathway located up-
stream of PI 3-kinase was identified by desensitization of
isolated rat adipocytes for PIG-P action by combined
treatment with trypsin and NaCl under conditions that
preserved cell viability and the insulin-mimetic activity
of sodium vanadate but completely blunted the insulin

response. Incubation of the cells with either trypsin or
NaCl alone was ineffective. The desensitized adipocytes
were reconstituted for stimulation of lipogenesis by
PIG-P by addition of the concentrated trypsin/salt ex-
tract. The reconstituted adipocytes exhibited 65-75% of
the maximal PIG-P response and similar ECQO values for
PIG-P (2 to 5 ,tm) compared with control cells. A pro-
teinaceous N-ethylmaleimide (NEM)-sensitive compo-
nent contained in the trypsin/salt extract was demon-
strated to bind in a functional manner to the adipocyte
plasma membrane of desensitized adipocytes via bipolar
interactions. An excess of trypsin/salt extract inhibited
PIG-P action in untreated adipocytes in a competitive
fashion compatible with a receptor function for PIG-P of
this protein. The presence of the putative PIG-P receptor
protein in detergent-insoluble complexes prepared from
isolated rat adipocytes suggests that caveolae/detergent-
insoluble complexes of the plasma membrane may play
a role in insulin-mimetic signaling by PIG-P. Further-
more, treatment of isolated rat diaphragms and adipo-
cytes with PIG-P as well as with other agents exerting
partially insulin-mimetic activity, such as PI-specific
phospholipase C (PLC) and the sulfonylurea glimepiride,
triggered tyrosine phosphorylation of the caveolar
marker protein caveolin, which was apparently corre-
lated with stimulation of lipogenesis. Strikingly, in adi-
pocytes subjected to combined trypsin/salt treatment,
PIG-P, PI-specific PLC, and glimepiride failed completely
to provoke insulin-mimetic effects. A working model is
presented for a signaling pathway in insulin-sensitive
cells used by PIG(-P) molecules which involves GPI
structures, the trypsin/salt- and NEM-sensitive receptor
protein for PIG-P, and additional proteins located in
caveolae/detergent-insoluble complexes.
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Introduction
Two pathways within the insulin-signaling net-

work have been dissected and are thought to
mediate different biological functions of the hor-
mone (for reviews see refs. 1-4). The first is
activation of phosphatidylinositol 3 (PI 3) -ki-
nase, which plays a pivotal role in stimulation of
glucose transport by insulin and in the regulation
of cellular trafficking (5,6; for a review see ref. 7).
The second pathway is formation of the Shc-
Grb2 complex, which leads to activation of the
Ras/mitogen-activated protein kinase (MAPK)
pathway. This latter pathway has been linked to
insulin regulation of both cell growth and gene

expression (8; for a review see ref. 9), although
this linkage has been questioned recently. Many
studies in vitro have demonstrated that insulin
signaling and consequently, these two basic
pathways can be modulated in a positive and
negative fashion by a variety of factors (for re-

views see refs. 1,10,1 1), including proteins (e.g.,
angiotensin II, growth hormone, leptin, PC- 1,
Rad, tumor necrosis factor-alpha [TNF-a]) and
small molecules (e.g., catecholamines). Soluble
phosphoinositolglycan (PIG) molecules that
have been shown to exert partial insulin-mi-
metic effects in diverse cellular and subcellular
systems (for reviews see refs. 12, 13) can also be
classified in the latter category.

Initially, this material was thought to be of a

peptidic nature (for a review see ref. 14). How-
ever, subsequent analysis revealed that it can be
generated from a lipidic precursor structure (15)
as the polar headgroup consisting of phosphoi-
nositolglycan (16,17), which may harbor chiro-
inositol (18). Whereas the detailed structure of
the insulin-sensitive PIG molecules with putative
mediator function is still in dispute, a minimal
consensus on the composition of PIG compounds
(based in particular on analytic and metabolic
labeling studies as well as on chemical and en-

zymatic modifications) has developed. They ap-

pear to consist of a core structure of phosphory-
lated myo/chiro-inositol that is glycosidically
linked to nonacetylated hexosamine which in
turn is coupled to an oligosaccharide of varying
composition, often containing mannose and ga-

lactose residues (for reviews see refs. 12,13).
Thus, PIG molecules resemble the polar core gly-

can head groups of both free glycosylphospha-
tidylinositol (GPI) lipids and GPI membrane an-

chors of so-called GPI-anchored proteins, which
are embedded in the plasma membrane by a

covalently bound glycolipid (for reviews see refs.
19-22). The PIG portion of GPI anchors consists
of phosphoinositol, nonacetylated glucosamine,
and an oligosaccharide that in all GPI-anchored
proteins investigated so far, from yeast and par-

asites to humans, consists of three mannose res-

idues linked in a characteristic glycosidic manner
(Fig. 1). Unfortunately, despite extensive efforts,
the detailed structure of a PIG molecule from
insulin-sensitive tissues exhibiting insulin-mi-
metic activity has not been elucidated. Therefore,
the only source of a sufficient quantity of PIG
molecules of defined structure is the core glycans
of GPI-anchored proteins.

We prepared PIG molecules of defined struc-
ture as phosphoinositolglycan-peptide (PIG-P)
derived from the GPI-anchored protein Gcelp of
the yeast Saccharomyces cerevisiae (23) using se-

quential lipolytic and proteolytic digestion (24).
Interestingly, isolated rat and cultured 3T3-L1
adipocytes contain a similar GPI-anchored pro-

tein with respect to size and the ability to bind
cAMP-Gcel-which is susceptible to lipolytic
cleavage in response to insulin and the sulfonyl-
urea glimepiride (25-27). So far, the pysiological
relevance of activation of the relevant phospho-
lipase C (PLC) remains unclear, but it has been
implicated with metabolic signaling (see Discus-
sion). The PIG-P from yeast Gcelp can be ob-
tained in considerable amounts using large-scale
fermentation technology. The preparation proto-
col includes the isolation and purification of
Gce 1 p and sequential generation of GPI peptides
by digestion with V8 protease from Staphylococcus
aureus and of PIG peptides by treatment with
PI-specific PLC from Bacillus cereus (see Fig. IA,
[24]), followed by purification to radiochemical
and chemical homogeneity. The structure of the
PIG-P is completely defined and consists of the
typical PIG structure that is identical to that of
mammalian and yeast GPI-anchored proteins.
The PIG-P is coupled via a phosphoethanolamine
bridge and an amide linkage to the tripeptide
H-Tyr-Cys-Asn, derived from the carboxy termi-
nus of Gcelp (see Fig. 1B). This molecule can be
specifically degraded by chemical means, such as

dephosphorylation with aqueous hydrogen flu-
oride or deamination of the nonacetylated glu-
cosamine with nitrous acid, or enzymatically,
using pronase (see Fig. LA).

When assayed for insulin-mimetic activity in
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(proven by enzymatic methods)

Fig. 1. Schema for the gen-
eration (A) and structure (B)
of PIG-P. PIG-P is derived
from the carboxy-terminal pro-
tein portion and GPI anchor of
Gcelp from Saccharomyces cerevi-
siae by enzymatic cleavages in
vitro with V8 protease from
Staphylococcus aureus and PI-spe-
cific PLC from Bacillus cereus.
The glycan portion consists of
nonacetylated glucosamine gly-
cosidically linked to a series of
three mannose residues from
which (the distal one) an addi-
tional mannose side chain can
branch off (typical for yeast).
The cleavage sites within the
peptide portion for pronase and
within the PIG portion for de-
phosphorylation of the two
phosphodiester bridges by aque-
ous hydrogen fluoride (HF) or
for deamination of the glu-
cosamine residue by nitrous
acid (NA) are indicated by ar-
rows (A). The methods used for
structural elucidation of special
epitopes of the PIG-P are indi-
cated (B) (24).

cellular systems, PIG-P stimulated lipogenesis in
isolated rat adipocytes in a concentration-depen-
dent manner to up to 90% of the maximal insu-
lin effect (24). Its activity was slightly reduced in
cells that had been desensitized for insulin action
during primary culture of the adipocytes with
high concentrations of glucosamine and insulin.
PIG-P also activated glucose transport in isolated
rat cardiomyocytes and adipocytes to up to 60%
of the maximal insulin effect at concentrations in
the low-micrometer range. The glucose transport
activation was based on increased translocation
of the glucose transporter isoform GLUT4 from
internal stores, so-called low-density micro-
somes, or GLUT4 vesicles, to the plasma mem-

brane, as has been amply documented for insulin
(for a review see ref. 28). Furthermore, PIG-P
regulated a number of key metabolic pathways
and enzymes in an insulin-like fashion, e.g., it
stimulated glycogen synthesis in the isolated rat

diaphragm and inhibited protein kinase A in iso-
lated rat adipocytes. The reduction in the protein
kinase A activity ratio may represent the func-
tional basis for the antilipolytic potency of PIG-P.
Maximal effects were observed between 2 and 5
,um with EC50 values in the range of 0.3 to 0.5
,tm (24).

A large body of evidence suggests, but does
not prove, the involvement of GPI structures,
GPI cleavage, or PIG molecules in metabolic in-
sulin signaling. First, the partial insulin-mimetic
metabolic activity of PIG molecules was inhibited
by anti-PIG antibodies in cultured myocytes
(29). Second, insulin stimulation of glycogen
synthesis was abolished in mutant erythroleuke-
mia cells with defective GPI synthesis (30). Third,
PIG molecules exerted acute hypoglycemic activ-
ity in normal and streptozotocin diabetic rats
(31). Fourth, PIG molecules were detected in
human serum and their amount was reduced in
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Fig. 2. Hypothetical model
for the generation of soluble
PIG molecules in insulin-
sensitive cells from free GPI
lipids. The GPI lipids are lo-
cated at the extracellular leaflet
of the plasma membrane by sin-
gle lipolytic cleavage through a
phospholipase (PL; left) or from
GPI-anchored plasma mem-
brane proteins by the combined
actions of a phospholipase and
protease (right). The PIG mole-
cules are then transported
across the plasma membrane
through a channel or translo-
case (box). Possible modes for
the regulation of the phospho-
lipase and protease by the insu-
lin receptor (IR) through phos-
phorylation and G proteins are
indicated.

patients with non-insulin-dependent diabetes
mellitus (NIDDM) (32,33). Finally, rat adipo-
cytes made insulin resistant in vitro were im-
paired in insulin activation of the GPI-specific
PLC (26). The partial insulin-mimetic activity of
PIG structures in cellular and cell-free assay sys-
tems (34-43; for reviews see refs. 13,44,45) in
combination with the possibility of the genera-
tion of PIG molecules from GPI structures
(25,26,46,47) prompted Cuatrecasas et al. about
10 years ago to assign PIG molecules a function
as soluble mediators of metabolic insulin action
(19,48-50). According to this hypothesis (Fig. 2),
PIG molecules are generated in response to in-
sulin through lipolytic cleavage of free GPI lipids
(Fig. 2, left) and/or GPI-anchored proteins
(Fig. 2, right) by a PLC at the extracellular face of
the plasma membrane of insulin-sensitive cells
and are then transported into the cytosol, where
they directly affect key metabolic enzymes
and/or their regulatory proteins in an allosteric
fashion.

An alternative model for the molecular
mode of PIG action in insulin-sensitive cells is
based on the putative function of caveolae as
signaling compartments. It is interesting to note
that in many cell types, including insulin-sensi-
tive ones, a variety of GPI-anchored proteins,
such as Thy- 1 in lymphocytes and T cells (51,
52), and the bulk of GPI lipids are concentrated
within so-called caveolae. Caveolae are small
bulb- or flask-shaped invaginations or subcom-
partments/microdomains of the plasma mem-
brane found in most cell types, but they are

highly abundant in fibroblasts, adipocytes (20%
of the total plasma membrane surface area), en-
dothelial cells, epithelial cells, and smooth and
skeletal muscle cells (for reviews see refs. 53,54).
They are coated at the cytosolic face with the
21 -kD membrane protein caveolin (55). The for-
mation of caveolae may be promoted by the
capacity of caveolin to form homo-oligomers by
self-association (for a review see ref. 56). Caveo-
lae are thought to be involved in various cellular
transport processes (transcytosis, potocytosis, en-
docytosis, cholesterol flux; for reviews see refs.
53,54) and in transmembrane signal transduc-
tion events ("caveolae signaling hypothesis"; 57,
58). In addition to the "marker, coat or scaffold-
ing" proteins, caveolin (three different tissue-
specific isoforms have been identified so far) and
the recently discovered flotillin (59), caveolae
harbor a number of lipid-modified signaling mol-
ecules, such as small and heterotrimeric G pro-
teins as well as nonreceptor tyrosine kinases of
the Src family (for a review see ref. 60). The dual
acylated version of these kinases partitions into
the inner leaflet of the plasma membrane corre-
sponding to the area of caveolae forming so-
called detergent-insoluble complexes, which re-
sist solubilization by 1% Triton X- 100 in the cold
(61,62). The close association with GPI-anchored
proteins, caveolin, glycosphingolipids, glycolip-
ids, and cholesterol enables the recovery of Src
kinases together with these components in de-
tergent-insoluble complexes (61-64; for a re-
view see ref. 65). These possibly represent the
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biochemical equivalent of caveolar structures,
but this remains a matter of controversy.

In any case, the following lines of evidence
hint at a role of caveolin, caveolae, and deter-
gent-insoluble complexes in mediating or mod-
ulating signaling events by insulin, PIG and GPI
molecules. (1) Caveolae are present in high num-
bers in insulin-sensitive cells (e.g., skeletal mus-
cle cells [66]). (2) The expression level of caveo-
lin directly correlates with the morphological
appearance of caveolae during differentiation of
3T3-L1 fibroblasts into adipocytes, which is ac-
companied by a gain of insulin sensitivity (55,
67). (3) GLUT4 is associated with caveolin-rich
vesicles in 3T3-L1 adipocytes (67). (4) GPI lipids
are found to be localized in specific plasma mem-
brane structures, referred to as caveolae in
3T3-LI adipocytes (68). (5) GLUT4 seems to be
translocated to caveolae of the plasma mem-
brane in response to insulin in 3T3-L1 adipocytes
(67,69; this, however, is still controversial; see
refs. 70,71). (6) The activated or autophosphory-
lated insulin receptor appears to be enriched in
caveolae of rat adipocytes (S. Gustavsson, B.
Borg, S. Larsson, M. Parpal, K. Magnusson, P.
Stralfors, unpublished results. (7) Insulin, but not
epidermal growth factor (EGF) or platelet-de-
rived growth factor (PDGF) stimulates tyrosine
phosphorylation of caveolin in 3T3-L1 adipo-
cytes (72).

However, both the "mediator" as well as the
"caveolae" model for insulin-mimetic PIG action
has remained speculation as essentially no data
are presently available concerning the molecular
targets and signaling events triggered by PIG
molecules. Such an analysis has been hampered
by the limited amounts, heterogeneous nature,
ill-defined structure, and concentration of the
PIG preparations available thus far. We therefore
used the structurally defined PIG-P from yeast
Gcelp to study the molecular mechanism of PIG
action in insulin-sensitive cells and to attempt a
differentiation between the two proposed
models.

Materials and Methods
Materials

PIG-P was prepared from the core glycan of
Gcelp from S. cerevisiae, purified to radiochemical
and chemical homogeneity, and quantitated as
described previously (24). The sulfonylureas
glimepiride and tolbutamide, and semisynthetic
human insulin (181 0182) were synthesized by

the chemical synthesis department of Hoechst
Marion Roussel Deutschland GmbH, Frankfurt
am Main, and dissolved as described previously
(73). PD098059 was purchased from BioMol,
Hamburg, Germany; LY294002, rapamycin, and
PI-specific PLC from B. cereus were supplied by
Calbiochem, Bad Soden, Germany. TPCK-
treated trypsin from bovine pancreas (type XIII),
trypsin inhibitor from soybean (type I-S), V8
protease from S. aureus, and PC-specific PLC from
Chlostridium perfringens (type XIV) were from
Sigma, Deisenhofen, Germany. NEM was ob-
tained from Pierce, Rockford, IL, and protease
inhibitors were purchased from Boehringer
Mannheim, Germany. Male Wistar rats (60-80 g
and 140-160 g) were provided by the animal
breeding station of Hoechst Marion Roussel
Deutschland GmbH. Radiochemicals were pur-
chased as described previously (23-27; 73-75)
unless indicated otherwise. All other materials
were obtained from Merck, Darmstadt, Germany
and were of the highest purity available.

Preparation of Isolated Rat Adipocytes and
Diaphragms and Incubation with PIG-P/insulin
Adipocytes were isolated from epididymal fat
pads of male rats (140-160 g) by digestion with
collagenase as outlined previously (73, 74). Re-
leased adipocytes were washed three times with
Krebs-Ringer phosphate (KRP)-Hepes (140 mM
NaCl, 5 mM KCI, 1.25 mM MgSO4, 2 mM CaCl4
10 mM Na2HPO4, 25 mM Hepes salt-free acid,
pH 7.4, 2% BSA) containing 5 mM glucose by
flotation and then suspended in KRP-Hepes con-
taining 50,m glucose and 1 mM sodium pyru-
vate (at 3.5 X 105 or 1 x 106 cells/ml, respec-
tively) for incubation (20 min, 37°C) in the
absence or presence of PIG-P/insulin in a gently
shaking waterbath in an atmosphere of 95%
02/5% CO2. Intact diaphragms (with rib cage
attached) were prepared from rats (60-80 g) and
separated into hemidiaphragms as described pre-
viously (24, 75). The washed hemidiaphragms
were incubated (30 min, 30°C) with PIG-P/insu-
lin at the concentrations indicated in 20 ml of
Krebs-Ringer (KRO) buffer (140 mM NaCl, 6
mM KCI, 2 mM CaCl2, 1 mM MgSO4 1.2 mM
KHPO4, 0.1% BSA, 25 mM Hepes/KOH, pH 7.4)
containing 5 mM glucose and 1 mM sodium
pyruvate and equilibrated with 02 (with one
change of buffer after 15 min) through continu-
ous bubbling with 02 and mild shaking. Subse-
quently, the diaphragms were washed with KRO
buffer containing 2 mM pyruvate and 5 mM
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sucrose, incubated in 20 ml of the same buffer 
supplemented with PIG-P/insulin for 10 min, 
and finally washed with KRO buffer containing 2 
mM pyruvate, 1 mM deoxyglucose, and 4 mM 
sucrose. 

Assays for Lipogenesis, Glucose Transport, and 
Glycerol-3-phosphate Acyltransferase (GPAT) 

Lipogenesis was determined as incorporation of 
[3H]glucose into total toluene-extractable lipids 
according to Muller et al. (74). Briefly, 0.2 ml of 
adipocyte suspension (3.5 X 105 cells/ml) was 
incubated (90 min, 37°C) in 1 ml of KRP-Hepes 
containing 1 mM sodium pyruvate and 50 #Lm 
[3-3H]glucose (DuPont-New England Nuclear, 
Bad Homburg, Germany; 10 Ci/mmol, 0.4 #LCi) 
in the absence or presence of PIG-P/insulin in a 
gently shaking waterbath in an atmosphere of 
95% O2 /5% CO2 • Glucose transport in adipo
cytes was assayed by incubation of 0.5 X 106_ 

cell portions in 1 ml of KRP-Hepes containing 1 
mM sodium pyruvate and 0.1 mM 2-deoxy[2,6-
3H]glucose (Amersham-Buchler, Braunschweig, 
Germany; 25 Ci/mmol, 0.5 #LCi) in the absence 
or presence of PIG-P/insulin for 5 min at 22°C. 
Further processing by centrifugation through an 
oil cushion and calculation were done as out
lined previously (24, 74). Glucose transport in 
diaphragms was assayed by incubation of hemi
diaphragms in 20 ml of KRO buffer containing 2 
mM pyruvate, 1 mM 2-deoxy[2,6-3H]glucose (5 
#LCi), and 4 mM [U-1 4 C]sucrose (Amersham
Buchler, Braunschweig, Germany; 20 mCi/ 
mmol, 5 #LCi) in the absence or presence of PIG
P/insulin for 20 min at 30°C under continuous 
bubbling with O2 and mild shaking. Further pro
cessing and calculation were performed as de
scribed previously (24). GPAT recovered with a 
crude microsomal fraction from isolated adipo
cytes (prepared by centrifugation [150,000 X g, 
60 min] of the supernatant, which had been 
obtained by centrifugation [14,000 X g, 20 min] 
of a fat-free homogenate) was assayed as incor
poration of [3H]glycerol-3-phosphate into buta
nol-extractable lipids according to Muller et al. 
(76). Briefly, 100 #Lg of microsomal protein was 
incubated (3 min, 37°C) in 0.5 ml of 0.2 mM 
[2-3H]glycerol-3-phosphate (Biotrend, Cologne, 
Germany; 10 Ci/mmol, 0.5 #LCi), 150 #Lm palmi
toyl-CoA, 250 mM sucrose, 0.5 mM EDTA, 1 
mM dithiothreitol (DTT), 0.1 mM phenylmeth
ylsulfonyl fluoride (PMSF), and 25 mM Tris/HCI 
(pH 7.4). 

Metabolic Labeling of Adipocytes with 
[35 S Jmethionine 

Isolated rat adipocytes (2 X 107 cells) were sus
pended in 40 ml of Dulbecco's minimal essential 
medium (DMEM) containing 10 mM glucose 
and 2 % BSA and depleted of methionine in 
400-ml plastic containers. They were then incu
bated (1 hr, 37°C) in the presence of 10 nM 
insulin prior to addition of 100 #LCi L-e 5S]me
thionine (Amersham-Buchler, Braunschweig, 
Germany, 1000 Ci/mmol). After further incuba
tion for 2 hr under mild shaking, the adipocytes 
were separated from the medium by flotation 
and then resuspended in 10 ml of KRP-Hepes 
containing 5 mM glucose for preparation of tryp
sin/salt extract. 

Preparation of Detergent-Insoluble Complexes 

FROM DIAPHRAGMS. Six rat hemidiaphragms 
were homogenized in 25 ml of ice-cold 25 mM 
Hepes/potassium hydroxide (KOH) (pH 7.4),250 
mM sucrose, 4 mM EDTA, 30 mM sodium pyro
phosphate, 50 mM NaF, 1 mM Na3 Y04 , 0.2 mM 
PMSF, 25 mM benzamidine, 2 #Lm leupeptin, 5 
#Lm pepstatin, and 2.5 trypsin inhibitory unit/ 
milliliter aprotinin by using a Polytron (setting 6, 
2 X 30 sec) and subsequently a Teflon-in-glass 
homogenizer (15 strokes, 1500 rpm, 4°C). The 
homogenates were centrifuged (5000 X g, 20 
min, 4°C). The supernatants were adjusted to 0.8 
M KCl, incubated (30 min, 4°C), and then cen
trifuged (200,000 X g, 90 min, 4°C). The total 
membrane pellet was suspended in 2 ml of 0.1 M 
Tris/HCI (pH 6.5), 150 mM NaCl, 1 % TX-100, 30 
mM sodium pyrophosphate, 50 mM NaF, 1 mM 
Na3 Y04 , 1 mM PMSF, 2 #Lm leupeptin, and 5 #Lm 
pepstatin and repeatedly passed through a 25-
gauge needle. The extract was adjusted to 40% 
sucrose by addition of 2 ml of 80% sucrose in the 
same buffer. 

FROM ADIPOCYTES. A portion of 3.5 X 106 cells 
was washed three times with phosphate-buff
ered saline (PBS), suspended in 3 ml of 25 mM 
Mes/KOH (pH 6.5), 150 mM NaCl, 1 % TX-100, 
30 mM sodium pyrophosphate, 50 mM NaF, 1 
mM Na3 Y04 , 1 mM PMSF, 2 #Lm leupeptin, and 
5 #Lm pepstatin and then homogenized in a Tef
lon-in-glass homogenizer (10 strokes, 500 rpm, 
4°C). After centrifugation (500 X g, 1 min), 2 ml 
of infranatant consisting of total fat-free extract 
was adjusted to 40% sucrose by addition of 2 ml 
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of 80% sucrose in the same buffer. The dia-
phragm and adipocyte extracts were placed at
the bottom of an ultracentrifuge tube and then
overlaid with 8 ml of a linear 5-30% sucrose
gradient (in 0. 1 M Tris/HCl, pH 6.5, 1 mM
Na3VO4, 1 mM PMSF, 2 gm leupeptin, and 5 ,gm
pepstatin) lacking TX- 100. The gradients were
centrifuged (Beckman SW41 rotor, 39,000 rpm,
16 hr, 4°C). Detergent-insoluble complexes,
which fractionated as a sharp, light-scattering
band at a density of 15-20% sucrose (77,78),
were diluted with five volumes of 0.1 M Tris/HCl
(pH 6.5), 1 mM Na3VO4, 50 mM NaF, 30 mM
sodium pyrophosphate, 1 mM PMSF, 2 ,um leu-
peptin, and 5 ,um pepstatin and collected by cen-
trifugation (250,000 x g, 1 hr, 4°C).

Tyrosine Phosphorylation of Caveolin

The collected detergent-insoluble complexes
were solubilized in 1 ml of TEST buffer (50 mM
Tris/HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1
mM Na3VO4, and 1% TX-100) or 1 ml of 20mM
Tris/HCl (pH 8.0), 150 mM NaCl, 1% TX-100, 60
mM octylglucoside, 1 mM Na3VO4, 20 ,tg/ml
aprotinin, and 10 ,ug/ml leupeptin (1 hr, 4°C).
The supernatant of a subsequent centrifugation
(15,000 X g, 10 min, 40C) was precleared with
protein A-Sepharose and then immunoprecipi-
tated with 5 ,l (10 ,g) of rabbit anti-caveolin
antibodies (that recognize the rat caveolin 1
epitope consisting of residues 38-49; Transduc-
tion Laboratories, Lexington, KY). Following in-
cubation (4 hr, 4°C) and addition of 100 ,lI of
protein A-Sepharose (50 mg/ml) and further in-
cubation (16 hr, 40C), the immunocomplexes
were collected by centrifugation (15,000 X g, 2
min, 4°C), washed twice with TEST buffer, and
three times with TEST buffer lacking TX-100,
dissolved in 50 pAl of 2-fold Laemmli sample
buffer containing 8 M urea and lacking mercap-
toethanol (5 min, 950C), and finally separated by
reducing SDS-PAGE (8.5% resolving gel). Pro-
teins were transferred to polyvinylidene difluo-
ride (PVDF) membranes (Schleicher & Schull,
Dassel, Germany) in buffer consisting of 20%
methanol, 200 mM glycine, and 25 mM Tris/HCl
(pH 8.3). Following transfer (the efficiency of
which was confirmed by Coomassie blue staining
of the gel after the electroblot), the filters were
blocked with 5% nonfat dry milk, 0.1% Tween
20, and 0.02% sodium azide in PBS for 1 hr at
370C and then incubated with monoclonal anti-

phosphotyrosine antibody 4G10 (at a dilution of
1:500 to 1:1000; Upstate Biotechnologies, Lake
Placid, NY). Visualization of the immune com-
plexes was performed using ['25I]protein A
(3000 Ci/mmol, Amersham-Buchler, Braun-
schweig, Germany). The radiolabeled blots were
evaluated by phosphorimaging (Molecular Dy-
namics, Storm 840, Gelsenkirchen, Germany)
and Molecular Analyst Version 2.1.1 software
(Bio-Rad, Munich, Germany). The amounts of
the 21 -kD and 24-kD forms of caveolin (presum-
ably differing in the codon used for initiation of
translation [72]) were added up.

Protease and Salt Treatment of Rat Adipocytes

Ten milliliters of adipocyte suspension (3.5 x 105
cells/ml) in KRP-Hepes containing 5 mM glucose
was supplemented with an appropriate volume
of a trypsin stock solution (10 mg/ml) to the
desired concentration and incubated (20 min,
30°C) in 50-ml Falcon tubes under rotation. Af-
ter addition of a 4-fold volume of trypsin inhib-
itor stock solution (10 mg/ml) and 10 ml of
KRP-Hepes containing or lacking (control) 1 M
NaCl and further incubation (10 min, 22°C), the
cells were centrifuged (1500 X g, 5 min, swing-
out rotor). For washing of the cells, the infrana-
tant was removed and the remaining cell suspen-
sion (about 1 ml) was supplemented with 50 ml
of KRP-Hepes, gently mixed, and then centri-
fuged again (500 X g, 1 min, swing-out rotor).
After two additional washing steps, the final cell
suspension was adjusted to 10 ml of KRP-Hepes
containing 50 ,um glucose and 1 mM sodium
pyruvate. Portions of 0.2 ml were used for the
lipogenesis assay. Control cells (no treatment
with trypsin) received water instead of trypsin
and were subjected to the same centrifugation
and washing procedures as the trypsin-treated
cells.

Preparation, Pretreatment, and Radiolabeling with
N-ethylmaleimide (NEM) of the Trypsin/Salt Extract

For preparation of the extract from intact adipo-
cytes, 25 ml of adipocyte suspension (2.5 X 106
cells/ml) in KRP-Hepes containing 5 mM glucose
was incubated (20 min, 22°C) with up to 500 [lI
of trypsin stock solution (10 mg/ml) or water in
50-ml Falcon tubes under rotation. After addi-
tion of up to 2 ml of trypsin inhibitor (10 mg/ml),
1 mM PMSF, 2 5 mM benzamidine, 2 ,um leupep-
tin, 5 ,um pepstatin, and 10 ,g/ml antipain or
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water and 27.5 ml of 1 M NaCl in KRP-Hepes,
the cells were centrifuged (1500 X g, 5 min,
swing-out rotor). The infranatant was removed,
dialyzed for 16 hr against 4 X 500 ml of ice-cold
HEG buffer (25 mM Hepes/KOH, pH 7.4, 1 mM
EDTA, 5% glycerol, 0.2 mM PMSF) and then
supplemented with the same volume of ice-
cold 25% polyethylene glycol (PEG) 6000 in
the same buffer. After incubation (2 hr, 40C),
the precipitates were collected by centrifuga-
tion (48,000 X g, 30 min, 4°C), washed twice
with 6% polyethylene glycol 6000, and then
frozen and stored in liquid nitrogen until use.
For the reconstitution experiments, the precip-
itates (corresponding to 4000 arbitrary units)
were dissolved in 4 ml or 400 ,ul (10-fold con-
centrated) of HEN buffer (25 mM Hepes/KOH,
pH 7.4, 1 mM EDTA, 1 M NaCl). Control ex-
tracts were prepared by treatment of the adi-
pocytes with trypsin alone (addition of water
instead of NaCl), or NaCl alone (addition of
water instead of trypsin), or V8 protease (250
jig/ml final concentration) in the presence of
NaCl with subsequent procedures performed as
described for the trypsin/salt extract.

For preparation of the trypsin/salt extract
from detergent-insoluble complexes, 1-mg por-
tions of detergent-insoluble complexes (prepared
as described above) were suspended in 2.5 ml of
20 mM Tris/HCl (pH 8.0), 0.5 mM EDTA, and
0.1% TX-100 and incubated (30 min, 15°C) in
the presence of 60 ,ug/ml trypsin. After addition
of 200 ,ul of trypsin inhibitor stock solution (see
above) and 2.7 ml of NaCl in 20 mM Tris/HCl
(pH 8.0), omitted for preparation of trypsin ex-
tract alone, the complexes were centrifuged
(200,000 x g, 75 min, 4°C). The supernatant was
dialyzed for 16 hr against 2 X 100 ml of ice-cold
HEG buffer, then supplemented with the same
volume of 25% PEG 6000 and further processed
as described above. For reconstitution experi-
ments, the precipitates (corresponding to 1000
arbitrary units) were dissolved in 1 ml or 100 ,ul
(10-fold concentrated) of HEN buffer.

For pretreatment of the trypsin/salt extract,
200-,l portions of extract were heated (15 min,
100°C) or incubated with 20 ,ug proteinase K (60
min, 40C) and then with 1 mM PMSF (5 min,
40C) or incubated with NEM (1.5 mM final con-
centration, 30 min, 25°C) and then with DTT (1 5
mM final concentration, 5 min, 4°C) or incu-
bated with 150 ,ug V8 protease (60 min, 40C) and
then PMSF (1 mM final concentration, 5 min,

40C) in a total volume of 250 pLI. All samples
were subsequently precipitated by addition of
250 ,ul of 25% PEG 6000. Further processing of
the precipitates was as described above. For dial-
ysis (using Spectra/Por, molecularporous mem-
brane, MWCO 10,000; Roth, Karlsruhe, Germa-
ny), 1 ml of extract was dialyzed against 200 ml
of HEN buffer containing 5% glycerol (16 hr,
40C). Control pretreatments were performed
with the corresponding buffers lacking the re-
agents but with the authentic termination reac-
tions, incubation periods, and precipitations.

For radiolabeling of the extract with NEM,
portions of the extract were precipitated with
PEG 6000, solubilized in 200 ,ul of HEN buffer,
and incubated (30 min, 25°C) with 20 ,uCi
N-ethyl[2,3- 14C]maleimide (10 mCi/mmol) in
the absence or presence of 50 mM DTT. Subse-
quently, the samples were precipitated with tri-
chloroacetic acid (TCA) (5% final concentration)
and then washed (twice with acetone) precipi-
tates were analyzed by SDS-PAGE and fluorog-
raphy.

Reconstitution of Trypsin/Salt-Treated Adipocytes
with Trypsin/Salt Extract

Two hundred-fifty microliters of extract (normal
or 10-fold concentrated) or the volumes indi-
cated (and adjusted to 250 p1 with water) were
added to 0.3-ml portions of adipocyte suspension
(3.5 X 105 cells/ml of KRP-Hepes containing 5
mM glucose) in 10-ml plastic tubes. The recon-
stitution was initiated by supplementation with
1.95 ml of KRP-Hepes containing 5 mM glucose.
After incubation (1 hr, 22°C) under rotation at
60 rpm in a temperature-controlled tube roller
with an atmosphere of 95% 02/5% CO2, the
cells were centrifuged (500 X g, 1 min), washed
twice with KRP-Hepes, and suspended in 0.2 ml
of KRP-Hepes containing 50 ,um glucose and 1
mM sodium pyruvate for assaying lipogenesis or
glucose transport. In some experiments, the
washing cycles (1500 X g, 5 min) were per-
formed with KRP-Hepes containing 0.3 or 0.7 M
NaCl and finally, with salt-free KRP-Hepes.

Miscellaneous Procedures

SDS-PAGE in the presence of urea and fluorog-
raphy was performed according to published
procedures (79).
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Results

Analysis of Signaling Pathways for Metabolic PIG-P
Actions Downstream of Insulin Receptor Substrate-1
(IRS- 1)

Tyrosine phosphorylation of IRS-1 by the acti-
vated insulin receptor kinase has been recog-
nized to represent an early step of insulin signal-
ing. We therefore previously investigated
whether this segment of the insulin signaling
cascade is modified by PIG-P and if additional
phosphoproteins might be affected using iso-
lated rat cardiomyocytes (80). These studies
demonstrated that PIG-P stimulates tyrosine
phosphorylation of IRS- I and activates PI 3-ki-
nase in a rapid and reversible manner to up to
60% of the maximal insulin activity. However,
unlike the situation with insulin, PIG-P action
did not depend on the functional insulin re-
ceptor and failed to induce its tyrosine phos-
phorylation.

To determine whether the activation of PI
3-kinase by PIG-P is indeed functionally linked
to glucose transport activation by the compound,
we used the specific PI 3-kinase inhibitor,
LY294002 (81). Isolated rat diaphragms (Fig. 3A)
or adipocytes (Fig. 3B) were incubated with in-
creasing concentrations of LY294002 for 5 min
before addition of insulin or PIG-P. After a 15-
min incubation, glucose uptake was assayed. In
diaphragms and adipocytes, LY294002 produced
a concentration-dependent inhibition of glucose
transport activation by both PIG-P and insulin
with comparable IC50 values. Basal transport was
hardly affected. In contrast, essentially no inhi-
bition of PIG-P and insulin-stimulated glucose
transport in diaphragms (data not shown) and
adipocytes (Fig. 4A) was found after blockade of
the p70S6kinase by the inhibitor rapamycin (82)
and blockade of the MAPK kinase by the inhib-
itor PD098059 (83) (Fig. 4B).

Next we studied whether the activation of
the key metabolic enzyme of lipid synthesis,
GPAT, by PIG-P in adipocytes involves the stim-
ulation of PI 3-kinase, p70S6kinase, or MAPK
kinase. Isolated rat adipocytes were incubated
with increasing concentrations of the corre-
sponding inhibitors, LY249002, rapamycin, and
PD098059, respectively, for 5 min prior to addi-
tion of PIG-P (5 gm final concentration). After
further incubation for 15 min, the cells were
assayed for GPAT activity in vitro by incubating a
crude microsomal fraction with [3H]glycerol-3-
phosphate. Quantitative evaluation of the buta-
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Fig. 3. Effect of the inhibition of PI 3-kinase
on glucose transport activation by PIG-P in iso-
lated rat diaphragms (A) and adipocytes (B).
Diaphragms and adipocytes were treated with in-
creasing concentrations of LY294002 for 5 min prior
to incubation in the absence (basal) or presence of
PIG-P (5 ,um) and insulin (10 nM for adipocytes,
100 nM for diaphragms) for 20 min and then as-
sayed for glucose transport. Each point represents
the mean ± SD of at least three different adipocytes
or diaphragm preparations and incubations, with
transport measurements in quadruplicate.

nol-extracted radiolabeled lipid products by thin-
layer chromatography (TLC) analysis and
radioactivity scanning of the plates (Fig. 5) re-
vealed that the activation of GPAT by PIG-P (to
up to 85% of the maximal insulin effect at 5,m)
was concentration-dependently inhibited by
both LY294002 (Fig. 5A) and rapamycin
(Fig. 5B), but remained almost unaffected by
PD098059 (data not shown). The inhibitors did
not significantly reduce basal GPAT activity.
The EC50 values of LY294002 and rapamycin,
respectively, were very similar for inhibition of
the PIG-P- and insulin-induced activation of
GPAT. Thus, PIG-P and insulin appear to reg-
ulate GPAT by similar mechanisms down-
stream of PI 3-kinase involving activation of
p7oS6kinase. Obviously, the signals for stimu-
lation of glucose transport and GPAT triggered
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(B), respectively.

by both PIG-P and insulin diverge downstream

of activated PI 3-kinase (which is required for

both glucose transport and GPAT) and up-

stream of activated p7oS6kinase (which is re-

quired for GPAT only). It will be interesting to

see whether protein kinase B and glycogen

synthase kinase 3, which are both located

downstream of PI 3-kinase and known to be

activated and inactivated, respectively, in re-

sponse to insulin (for a review see ref. 84) and

PIG molecules (W. Frick, A. Bauier, J. Bauer, S.

Wied, S. Welte, G. Muiller, unpublished re-

sults) participate in the regulation of glucose

transport and GPAT by these stimuli. The study

of this question, however, will require the de-

velopment of specific inhibitors for those en-

zymes. In conclusion, insulin and PIG-P signal-

ing seems to be divergent upstream of IRS-1

but converges at the level of PI 3-kinase. PIG-P

will circumvent insulin resistance if the defect

is located upstream of PI 3-kinase. This might

be the case in isolated adipocytes desensitized

for insulin action by long-term incubation with

high concentrations of glucosamine and insu-

lin (73,80).
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Fig. 5. Effect of the inhibition of PI 3-kinase

(A) and p7OS6kinase (B) on activation of GPAT

by PIG-P in adipocytes. Isolated rat adipocytes

were treated with increasing concentrations of

LY294002 (A) or rapamycin (B) for 5 min prior to

incubation (20 min 370C) in the absence (basal) or

presence of PIG-P (5 jltm) or insulin (10 nM) and

then assayed for GPAT activity. Each point (dpm-

values of the butanol-extracted and TLC-separated
radiolabeled lipid products) represents the mean ±

SEM of four different cell preparations and incuba-

tiQns, with activity measurements in triplicate.

Analysis of Initial Steps of Metabolic Signaling

by PIG-P

In a first attempt to identify cell-surface compo-

nents required for signaling by PIG-P, e.g., for

stimulation of lipogenesis, we looked for condi-

tions for desensitization of isolated rat adipocytes

toward PIG-P action. The adipocytes were incu-

bated with increasing concentrations of trypsin.

After termination of the digestion and subse-

quent washing and re-isolation of the cells by

flotation, the adipocytes were assayed for stimu-

lation of lipogenesis by PIG-P and sodium vana-

date. Vanadium compounds are known to exert

insulin-mimetic activity on isolated adipocytes

via interference with unknown intracellular

sites, presumably the inhibition of certain pro-

tein tyrosine phosphatases and/or activation of

certain cytosolic tyrosine kinases (for reviews see

refs. 85,86).
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Fig. 6. Effect of trypsin and salt treatment of
adipocytes on stimulation of lipogenesis by
PIG-P. Isolated rat adipocytes were treated with
increasing concentrations of trypsin (as described in
Materials and Methods). After termination of the
digestion and further incubation for 10 min in the
absence (A) or presence of 0.5 M NaCl (B), the
washed cells were treated with PIG-P (5 ,um) or so-
dium vanadate (1 mM) or left untreated (basal) and
then assayed for lipogenesis. Each point (dpm values
of toluene-extractable radiolabeled lipid products)
represents the mean ± SD of at least three different
adipocyte preparations and trypsin treatments, with
lipogenesis measurements in duplicate.

Concentrations up to 120 ,ug/ml trypsin did
not significantly affect the stimulation of lipo-
genesis by either PIG-P (5 ,um) or sodium vana-

date (1 mM) (Fig. 6A). At higher concentrations,
the insulin-mimetic activity of both compounds
was drastically reduced with comparable depen-
dence on the trypsin concentration. Thus, no

differentiation between the actions of PIG-P and
sodium vanadate was achieved by trypsin treat-
ment of the adipocyte surface alone. The de-
crease in sensitivity of the cells toward both
PIG-P and sodium vanadate at higher concentra-
tions of trypsin is best explained by a general loss
of cell viability. Next, the adipocytes were

washed with 0.5 M NaCl following trypsin diges-
tion prior to the lipogenesis assay. Now a clear-
cut differentiation between the PIG-P and vana-

date actions was observed (Fig. 6B). At 120

jig/ml trypsin, stimulation of lipogenesis by
PIG-P was reduced to <10% of that obtained
with mock-treated control cells. In contrast, this
trypsin concentration did not significantly impair
the insulin-mimetic activity of sodium vanadate.
Obviously, the combination of trypsin and salt
treatment, but not either treatment alone, of
intact adipocytes led to inactivation of a compo-
nent at the extracellular face of the plasma mem-
brane, which is required for PIG-P but dispens-
able for vanadate action.

This was confirmed by studying the concen-
tration-response curves of PIG-P for stimulation
of lipogenesis in adipocytes that had been sub-
jected to a combined trypsin/salt treatment
(Fig. 7A). Very similar curves were obtained for
cells treated with trypsin (100 ,.g/ml) alone, salt
(0.5 M NaCl) alone, and mock-treated adipocytes
(data not shown). This trypsin treatment, how-
ever, led to complete desensitization of the cells
toward insulin action, presumably caused by
cleavage of the insulin receptor (data not shown,
see also ref. 24). In contrast, washing of the
trypsin-treated adipocytes with 0.5 M NaCl
caused a reduction in both the maximal respon-
siveness for PIG-P (measured at 20 ,um) and
sensitivity toward PIG-P (measured as EC50 val-
ue), the degree of which was dependent on the
trypsin concentration used (Fig. 7A). At 100
,ug/ml trypsin, 20 ,um PIG-P almost completely
failed to stimulate lipogenesis in salt-washed adi-
pocytes. The dependence of the efficiency of the
combined trypsin/salt treatment on the concen-
tration of NaCl used for washing of the
trypsinized adipocytes is demonstrated in
Figure 7B. Half-maximal and complete inhibi-
tion of PIG-P-stimulated lipogenesis was
achieved with about 250 mM and 750 mM NaCl,
respectively (Fig. 7B, circles). Treatment of the
adipocytes with NaCl alone over the total con-
centration range did not lead to an increase in
basal lipogenesis (Fig. 7B, filled squares) or a
decrease in PIG-P-stimulated lipogenesis
(Fig. 7B, open squares). Thus the washing of the
cells prior to lipogenesis seems to be quite effi-
cient in reducing the salt concentration from 1 M
at maximum below values deleterious for basal
or activated lipogenesis. At these concentrations
of NaCl and at 100 ,ug/ml trypsin during the
incubation period, the viability of the cells was
not significantly impaired, as judged from the
release of lactate dehydrogenase and the stimu-
lation of lipogenesis by sodium vanadate (data
not shown). The curious requirement of both
proteolytic cleavage and high ionic strength for
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Fig. 7. Effect of combined trypsin/salt treat-
ment of adipocytes on stimulation of lipogene-
sis by PIG-P. Isolated rat adipocytes were treated
(20 min, 22°C) with the indicated concentrations of
trypsin (A) or 100 pug/ml trypsin (B, circles) or left
untreated (B, open and filled squares). After termi-
nation of the digestion and subsequent incubation in
the absence or presence of 0.5 M NaCl (A) or the
indicated concentrations of NaCl (B), the washed
cells were treated with increasing concentrations of
PIG-P (A) or with 5 )um PIG-P (B, circles and open

squares) or left untreated (B, filled squares) and
then assayed for lipogenesis. Each point represents
the mean ± SEM of two adipocyte preparations and
trypsin treatments, with lipogenesis measurements
in quadruplicate.

desensitization of adipocytes toward PIG-P may

be explained by involvement in PIG-P action of a

proteinaceous component that is associated with
the plasma membrane through a transmem-
brane domain and additional bipolar interactions
between its extracellular domain and the plasma
membrane.

To substantiate this hypothesis and to obtain
a functional assay for purification of this compo-
nent putatively contained in the trypsin/salt ex-

tract, we tried to restore the sensitivity of tryp-
sin/salt-treated adipocytes, i.e., desensitized
adipocytes, toward PIG-P action by the addition
of trypsin/salt extract to these cells. The proteins
constituting the trypsin/salt extract were dia-

Fig. 8. Effect of the addition of trypsin/salt
extract to trypsin/salt-treated adipocytes on
stimulation of lipogenesis by PIG-P. Isolated rat
adipocytes were treated (20 min, 22°C) with 100
Ag/ml trypsin and subsequently with 0.5 M NaCl.
The washed cells were supplemented with increasing
volumes of trypsin/salt extract, trypsin extract, salt
extract, or boiled trypsin/salt extract (prepared as
described in Materials and Methods) and then di-
luted 10-fold or adjusted to 0.7 M NaCl. After fur-
ther incubation (1 hr, 220C), the cells were washed
three times by flotation, incubated in the absence
(basal) or presence of PIG-P (10 pm) and then as-
sayed for lipogenesis. Each point represents the
mean ± SD of three adipocyte preparations and re-

constitution reactions, with lipogenesis measure-

ments in quadruplicate.

lyzed, precipitated, and dissolved in a buffer con-

taining 1 M NaCl prior to addition to isolated
adipocytes, which had been inactivated for PIG-P
action by pretreatment with 100 ,ug/ml trypsin
and subsequent salt wash. The reconstitution re-

action was initiated by a 10-fold dilution of the
mixture and further incubation. The adipocytes
were separated from the incubation medium by
three flotation cycles and finally assayed for stim-
ulation of lipogenesis by PIG-P (Fig. 8). The ad-
dition of increasing volumes of trypsin/salt ex-

tract to the trypsin/salt-treated adipocytes
caused restoration of PIG-P-stimulated lipogene-
sis, i.e., the formerly desensitized adipocytes re-

gained sensitivity toward PIG-P. Control extracts
prepared by trypsin or salt treatment alone or

boiled trypsin/salt extract completely failed to
reconstitute PIG-P action, as was the case for the
presence of 0.7 M NaCl during the reconstitution
reaction.

The concentration-response curves for acti-
vation of lipogenesis by PIG-P using reconsti-
tuted adipocytes revealed that these cells exhibit
65-75% of the response compared with that of
mock-treated control cells with very similar EC50
values of 2 to 5 ,um (Fig. 9A). In addition to the
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Fig. 9. Effect of salt treatment on the insulin-
mimetic activity of PIG-P in reconstituted adi-
pocytes. Isolated rat adipocytes were treated with
100 ,ug/ml trypsin and subsequently with 0.5 M
NaCl, then supplemented with 200 ,ul of trypsin/salt
extract (A and B, open and filled squares) or buffer
(B, circles). After reconstitution, the cells were
washed three times by flotation as described in the
legend to Fig. 8 and then adjusted to 0.3 or 0.7 M
NaCl or left without salt (A) or adjusted to increas-
ing concentrations of NaCl (B). Subsequently, the
adipocytes were washed twice by flotation (A) or left
untreated (B). For one portion of cells, the salt treat-
ment (0.7 M NaCl) was repeated (A). The cells were

then assayed for stimulation of lipogenesis (A) or

glucose transport (B) in the presence of increasing
concentrations of PIG-P (A) or 5 ,um PIG-P (B, filled
squares) or absence of PIG-P (B, circles and open
squares). Each point represents the mean SD of
four adipocyte preparations and reconstitution reac-

tions, with lipogenesis measurements in triplicate.

above finding, washing of the reconstituted adi-
pocytes with salt immediately after the reconsti-
tution reaction prior to the lipogenesis assay re-

duced the efficiency of the restoration of both the
responsiveness and sensitivity toward PIG-P ac-

tion in these cells. The degree was dependent on

the number and ionic strength of the wash cy-
cles. Apparently, the component required for
PIG-P-stimulated lipogenesis is able to reassoci-

ate in a functional manner with the adipocyte
cell surface through bipolar interactions if the
salt concentration during the reconstitution re-
action remains under 200 mM.

To exclude the possibility that NaCl remain-
ing in the trypsin/salt extract, despite extensive
dialysis, may cause some stimulation of lipogen-
esis in pretreated or reconstituted adipocytes,
cells were incubated with 100 jig/ml trypsin and
0.5 M NaCl, washed, subsequently reconstituted
with trypsin/salt extract, and then assayed for
basal and PIG-P-stimulated glucose transport in
the presence of increasing concentrations of
NaCl (Fig. 9B). Treatment of the cells with NaCl
caused a maximal 2-fold activation of glucose
transport only-between 15 and 40 mM NaCl in
reconstituted adipocytes (Fig. 9B, open squares)
and between 25 and 75 mM NaCl in pretreated
cells (Fig. 9B, circles). This stimulation was far
below glucose transport activation provoked by
PIG-P in reconstituted adipocytes (Fig. 9B, filled
squares). The PIG-P-stimulated glucose transport
was impaired in the presence of NaCl during the
transport assay in a concentration-dependent
fashion, with half-maximal inhibition at 200 mM
and significant interference starting at 75 mM
(Fig. 9B, filled squares). This may be due to
blockade of the reassociation of the putative
trypsin/salt-sensitive component with the adipo-
cyte cell surface (see above) in combination with
loss of cell viability. Apparently, these amounts
of salt were not introduced by the addition of the
trypsin/salt extract. In conclusion, limited
amounts of NaCl possibly contained in the tryp-
sin/salt extract cannot explain the PIG-P-induced
insulin-mimetic activity in reconstituted adipo-
cytes.

Trypsin/Salt Extract Harbors a Binding Protein
for PIG-P

We first studied the nature of the component
contained in the trypsin/salt extract and that was
responsible for the reconstitution. Replacement
of trypsin for V8 protease from S. aureus for prep-
aration of the extract or treatment of the trypsin/
salt extract with heat, proteinase K, or NEM prior
to the reconstitution assay generated extracts
that were completely inefficient in causing re-
constitution of trypsin/salt-treated adipocytes for
stimulation of lipogenesis by PIG-P (Fig. 10).
These data, together with the nondialyzable
character of the reconstitution activity using a
membrane of 10 kD exclusion size (Fig. 10),
strongly suggest that the component released
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Fig. 10. Inactivation of the trypsin/salt extract
for reconstitution of trypsin/salt-treated adipo-
cyte. isolated rat adipocytes desensitized tor PIG-P
actioni by comibiined trypsini/salt treatmenit were stilp-
plemented withi 200 /_d ol trypsin/salt extract (tis),
whiichi had been pretreated with hecat, proteiniase K
(P1K), or NEM, or dialyzed (dial.) or left unttreated
(see Materials anid Methiods). Alternatively, extracts
were pretreated withi V8 l)roteasc from Stahip/ ococcits
all1!LeiIs in the presence of 0.5 M NaCi (v,,/s) or withi
0.5 M NaCi alone (s). Alter reconStituItionl, the cells
were washied twice by tiotationi, inCuibated in the
absence or presenice of PIG-P (10 p.m) as indicated
anid thecn assayed tor lipogenesis. Eachi bar represents
the meiian ±-+ SEM of thiree different preparations of
the extract anid reconistituition reactionis, with lipu-
geniesis mecasuiremients in quiadruIplicate. The stimutla-
tioni tactor f'or lipogenesis in adipocytes reconistituited
with unitreated tryp)sin/salt extract ini the absenice of
PIG-P was set at 1.

fromi the adipocytes by trypsini/salt treatmien-t
anid requiired for PIG-P actioni is a lprotein or a

protein tragment. This proteinaceots component
miay either directly interact withi PIG-P anid thius
funiction as receptor proteini, or, it miay be ini-
volved in the transmissioni of the PIG-P signial
fromi a ptutative (trypsini- anid NEM-insenisitive)
receptor that is not idenitical to that componient
alonig thie cell suirface inito the interior of thie cell.

For differenitiation betweeni these possibili-
ties, we tried to inhiibit the PIG-P actioni on tin-
treated adipocytes withi ani excess of trypsin/salt
extract. This would favor thie existence of a binid-
ing protein in the extract that forms a soluble
nonproductive complex with PIG-P, because it
tails to associate with the surface of adipocytes
not subjected to trypsin/salt treatmePt. Incuba-
tion of untreated adipocytes with trypsin/salt ex-
tract redunced the stimulation of glticose transport
by 2.5 pI.m PIG-P ini a concesntration-dependenIt
fashiioni (Fig. 11). The approximately 60/ miax-
iaiil inhibition dwas coim/pletely overcoent by 1
p.Iml PIG-Pt whicth points to a specific an/dcom(/ -

p5etitive interaction between PIG-P and the coml-
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Fig. 11 Effect of the addition of trypsin/salt
extract on the stimulation of glucose transport
by PIG-P and insulin in untreated adipocytes.
Isolated rat adipocytes were incuLbated (20 mni,
370C) with the indicated volumnes of 10-fold concen
trated trypsin/salt extract, whiclh had becen pre-
treated with heat, Iprotciniase 1K (P1K), V8 protease
(V8), or NEM or had beeni left ulntreated (see Mate-
rials andi Methods), in the absenlce or prcsence of
thc indicated concentrationis of PIG-P or insLulini and
theni assayed for glucose transport. Each bar repre-
scnts the mcan (filled plortion) + SEM (open Ior-
tioi 3 ol three differeint incubations of adipocytes
(from thrce separate lpreparations) with extract (sinl-
gle preparatioIl), with transport measureImeniits in
triplicate. Glucose transport indtuced by 5 nM instulin
was sct at 100%.

poinent of the trypsin/salt extract. The detailed
sttudy of the glucose transport activation in re-
spoInse to a full range of PIG-P concentrations
(0.1-20 pnm) in the absence and preseince of 50
p.l trypsin/salt extract revealed a considerable
shift of the concentration-response cturve to the
right when the extract was present. The EC,50
valuLe for PIG-P raised from 1.7 + 0.4 p.m (ab-
sence of extract) to 5.4 + 0.9 p.m (presence of
extract). The sensitivity of the cells toward PIG-P
was obviouLsly reduced, whereas the maximal
respoinsiveiness (at 20 pim) was not affected by
the amlotuint of extract used. Pretreatmiieint of the
trypsin/salt extract with heat, proteinase K, V8
protease, or NEM abolished its iinhibitory effect
on PIG-P-stimulated glucose transport (Fig. I 1).
This indicates a proteinaceous nature of the in-
hibitor which imay be the comiponent able to
reconistittite PIG-P activity in trypsin/salt-treated
adipocytes (see below). Interestiingly, a coIncenI-
tration of trypsin/salt extract that blocked half-
maximal glucose transport activation by PIG-P
failed to aintagoniize half-maximal inistulini action
(Fig. 11 ).



G. Muller et al.: Signal Transduction by Glycolipid Structures 313

Caveolar structures and detergent-insoluble
complexes have been attributed a role in insulin-
mimetic signaling by PIG structures (see Intro-
duction). Consequently, we investigated
whether the trypsin/salt- and NEM-sensitive
binding protein required for PIG-P action is a
component of detergent-insoluble complexes
and caveolae. A trypsin/salt extract was prepared
from detergent-insoluble complexes of isolated
rat adipocytes using a protocol adapted from the
trypsin/salt treatment of intact adipocytes (see
Materials and Methods) and then assayed for
reconstitution and inhibition of PIG-P activity in
trypsin/salt-treated and normal adipocytes, re-
spectively (Fig. 12), as performed for extract iso-
lated from intact adipocytes.

Addition of increasing amounts of trypsin/
salt extract prepared from detergent-insoluble
complexes to trypsin/salt-treated adipocytes and
subsequent reconstitution led to restoration of
glucose transport activation by PIG-P (10 ,tm) to
up to 60% of the maximal value obtained with
untreated adipocytes (Fig. 12, squares). Con-
versely, the presence of this extract during incu-
bation of untreated adipocytes with PIG-P (2.5
,um) inhibited in a concentration-dependent
manner the glucose transport activation by up to
75% (Fig. 12, circles). Both the inhibition of
PIG-P activity in untreated adipocytes as well as
the reconstitution of PIG-P activity in pretreated
adipocytes was completely abrogated by pre-
treatment of the trypsin/salt extract from deter-
gent-insoluble complexes with NEM (Fig. 12, as-
terisks, exes) and V8 protease (data not shown).
Extract prepared from detergent-insoluble com-
plexes by treatment with 100 jig/ml trypsin
(Fig. 12, diamonds and triangles) or 0.5 M NaCl
(data not shown) alone failed to. exert activity
in both assays. Taken together, these data sug-
gest, but do not prove, that the proteinaceous
components required for PIG-P activity that are
released into the trypsin/salt extract of intact
adipocytes and detergent-insoluble complexes
are identical. Furthermore, they raise the possi-
bility that the binding protein for PIG-P is located
in certain areas of the adipocyte plasma mem-
brane that correspond to detergent-insoluble
complexes.

As a first characterization of the trypsin/salt-
and NEM-sensitive component, the polypeptides
released by trypsin and/or salt treatment from
intact adipocytes were separated by SDS-PAGE
(Fig. 13). For visualization of total proteins, the
extracts were prepared from intact adipocytes
that had been metabolically labeled with
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Fig. 12. Effect of the addition of trypsin/salt
extract prepared from detergent-insoluble
complexes on the stimulation of glucose trans-
port by PIG-P in reconstituted and untreated
adipocytes. Isolated rat adipocytes, which had
been treated with 100 ,ug/ml trypsin and 0.5 M NaCl
(squares, triangles, exes) or left untreated (circles,
diamonds, asterisks) were supplemented with the
indicated amounts of normal or 10-fold concentrated
trypsin/salt extract (squares, circles) or NEM-treated
trypsin/salt extract (triangles, diamonds) or trypsin
extract (exes, asterisks), which had been prepared
from detergent-insoluble complexes as described in
Materials and Methods. The pretreated adipocytes,
which had been reconstituted and washed twice by
flotation (squares, triangles, exes), as well as the un-
treated cells (circles, diamonds, asterisks) were incu-
bated with 2.5 ,um PIG-P (20 min, 37°C) and subse-
quently assayed for glucose transport. Each point
represents the mean ± SD of four different reconsti-
tutions or incubations using different adipocyte
preparations, with extract prepared in triplicate and
transport measurements in quadruplicate. The stim-
ulation of glucose uptake was calculated as the dif-
ference between the presence and absence of 2.5
,um PIG-P in normal adipocytes and set at 100%,
which corresponded to 58 ± 11% of the maximal
PIG-P action (at 5 ,um) and 43 ± 8% of the maxi-
mal insulin action (at 5 nM). Basal glucose uptake in
normal adipocytes was set at 0%.

[35S]methionine (Fig. 13, lanes 1-3); for identi-
fication of NEM-sensitive proteins, the extracts
prepared from unlabeled adipocytes were incu-
bated with [14C]NEM under the same conditions
that cause complete inactivation of the trypsin/
salt extract by unlabeled NEM (Fig. 13, lanes
4- 6). Two [35S]methionine-labeled polypeptides
(115 and 49 kD) were identified in the trypsin/
salt extract (lane 2) that were not produced by
trypsin (lane 1) or salt (lane 3) treatment of the
adipocytes alone. The 115-kD protein, but not
the 49-kD protein, was radiolabeled upon incu-
bation of the trypsin/salt extract with [ I4C]NEM
(lane 5). Labeling of the 115-kD protein with
NEM was completely inhibited in the presence of
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Labeling [3S]Methiorine
Trypsin + + -

Mnri - + +
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Fig. 13. SDS-PAGE analysis of trypsin-, salt-
and NEM-sensitive proteins in adipocytes. Iso-
lated rat adipocytes, which had been metabolically
labeled with [35S]methionine (lanes 1-3) or left un-

labeled (lanes 4-6), were incubated (20 min, 22°C)
with 100 ,ug/ml trypsin (lanes 1, 2, 4, 5) or left un-

treated (lanes 3, 6). After termination of the diges-
tion, the cells were adjusted to 0.5 M NaCl (lanes 2,
3, 5, 6) or left untreated (lanes 1, 4) and then sepa-

rated from the incubation medium by flotation. The
infranatant below the cell layer was removed and
precipitated with PEG. Equivalent portions (with re-

50 mM DTT (data not shown) and was not ob-
tained with the trypsin (lane 4) or salt (lane 6)
extracts.

Similar but less complex protein patterns
were found when an analogous experiment was

performed with trypsin and/or salt extracts from
detergent-insoluble complexes of adipocytes
(data not shown). Remarkably, a [35S]methi-
onine-labeled 115-kD polypeptide was released
from detergent-insoluble complexes of metabol-
ically labeled cells upon trypsin/salt treatment.
When this extract was subsequently incubated
with [14C]NEM and separated by SDS-PAGE, a

single band of 115 kD was found to harbor both
the 14C- and 35S-radiolabels.

In further experiments, the conclusions
drawn from the competition assay were con-

firmed; we succeeded in identifying a protein
contained in the trypsin/salt extract of intact adi-
pocytes or detergent-insoluble complexes that
specifically binds a radiolabeled derivative of
PIG-P with K(d values at 0.1 to 1 ,um using a

gard to the number of adipocytes used for the pre-
treatment) of the [35S]methionine-labeled precipi-
tates were directly dissolved in sample buffer (lanes
1-3), whereas those of the unlabeled precipitates
were treated with [14C]NEM (lanes 4-6) as de-
scribed in Materials and Methods. All samples were

analyzed by SDS-PAGE and fluorography. The flu-
orogram shows the results of two independent ex-

tract preparations and labelings with separate adipo-
cyte preparations each. The molecular weights
indicated were derived from marker proteins run in
parallel on the same gel.

filtration assay in combination with PEG precip-
itation (data not shown). The partially purified
binding protein behaved as a transmembrane
protein during solubilization experiments. Lim-
ited trypsin treatment rendered the protein sol-
uble without loss of its binding capacity. This
protein fragment exhibited the intrinsic property
for spontaneous reassociation with adipocyte
plasma membranes or detergent-insoluble com-

plexes under certain experimental conditions in
vitro. Remarkably, the partially purified extract
contained a 11 5-kD polypeptide amenable to
modification with [14C]NEM.

PIG-P Induces Tyrosine Phosphorylation of Caveolin

The finding that a protein that apparently binds
PIG-Ps and that is required for their insulin-
mimetic activity can be recovered with deter-
gent-insoluble complexes of the plasma mem-

brane points to a putative role of these structures
in transmembrane signaling by PIG-P. Since in-

14C1NEM
+ a

_ + +

I
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Fig. 14. Effect of treatment of diaphragms and 
adipocytes with sulfonylureas, PLC, PIG-P, and 
insulin on tyrosine phosphorylation of caveo
lin. Isolated rat adipocytes (A) and hemidiaphragms 
(B) were incubated with increasing concentrations of 
PI-specific PLC from Bacillus cereus or PC-specific PLC 
from Chlostridium perfringens for 40 min at 30°C or 
glimepiride and tolbutamide for 2 hr at 37°C or 
PIG-P or insulin for 20 min at 37°C as indicated. De
tergent-insoluble complexes were prepared from to
tal fat-free extract of the adipocytes (A) or total 
membranes of the diaphragms (B), solubilized in TX-
100/octylglucoside (as described in Materials and 
Methods), and subjected to immunoprecipitation 
with anti-caveolin antibodies under native condi
tions. The immunoprecipitates were separated by 
SDS-PAGE and immunoblotted with anti-phosphoty
rosine antibodies. Caveolin phosphorylated at ty-

sulin has been reported to trigger tyrosine phos
phorylation of cave olin, a component of deter
gent-insoluble complexes (see Introduction), we 
studied the effect of several different agents with 
insulin-mimetic activity on caveolin phosphory
lation. Isolated rat adipocytes (Fig. 14A) and di
aphragms (Fig. 14B) were incubated with in
creasing concentrations of the sulfonylurea drugs 
glimepiride and tolbutamide for 2 hr, or PI/PC
specific PLC for 40 min, or PIG-P or insulin for 20 
min. Detergent-insoluble complexes were pre
pared from total cell extracts or membranes, re
spectively, by treatment with 1 % TX-IOO at 4°C 
and subsequent sucrose gradient density centrif
ugation. Caveolin was immunoprecipitated with 
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rosine was detected using e25Ijprotein A. The 
quantitative evaluations of the blot (B, each point 
represents the mean::':: SD of four different dia
phragm preparations/incubations, with caveolin im
munoprecipitations and immunoblots in duplicate) 
or the autoradiogram (A, representative of three 
separate experiments for each compound) are 
shown. The tyroSine-phosphorylated 21- and 24-kD 
proteins were identified as caveolin by probing of 
the same blots with anti-caveolin instead of anti
phosphotyrosine antibodies (data not shown). The 
amounts of caveolin recovered did not differ signifi
cantly among the different incubations. The molecu
lar weight of the caveolin-associated 29-kD protein, 
which did not cross-react with anti-caveolin antibod
ies in the immunoblot, was derived from marker 
proteins run in parallel on the same gel. 

anti-caveolin antibodies from the detergent-sol
ubilized complexes and assayed for tyrosine 
phosphorylation by immunoblotting with anti
phosphotyrosine antibodies. 

As can be seen from the fluorogram 
(Fig. 14A, shown for adipocytes only) and the 
quantitative evaluation of the blot by phosphor
imaging analysis (Fig. 14B for diaphragms; 
Table 1 for adipocytes), the amount of tyrosine
phosphorylated cave olin increased in detergent
insoluble complexes from adipocytes and dia
phragms that had been incubated with 
glimepiride (Fig. 14A, lanes 2-5; Fig. 14B, left 
section) or PI-specific PLC (Fig. 14A, lanes 6-9; 
Fig. 14B, right section) in a concentration-de-
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Table 1. Effect of treatment of control and trypsin/salt-treated adipocytes with PIG-P, PLC, and
sulfonylureas on tyrosine phosphorylation of caveolin and lipogenesis

Tyrosine Phosphorylation of
Assay Caveolin Lipogenesis

Cells Control Trypsin/salt-treated Control Trypsin/salt-treated

Basal 1 ± 0.2 0.8 ± 0.2 1 ± 0.1 1.3 ± 0.1

PIG-P (0.5 ,um) 3.1 ± 0.4 1.0 ± 0.2 5.9 ± 1.1 1.5 ± 0.3
PIG-P (2 ,um) 5.5 ± 0.8 1.2 ± 0.3 10.9 + 1.5 1.7 ± 0.3

PIG-P (5 ,um) 7.5 ± 0.9 1.3 + 0.4 16.8 ± 1.9 2.1 ± 0.3

PIG-P (10 ,um) 11.9 2.0 1.8 0.5 23.4 2.4 2.5 0.4
PI-PLC (1 AU/ml) 1.6 ± 0.4 1.1 ± 0.3 1.8 ± 0.5 1.2 ± 0.3

PI-PLC (3 ,uU/ml) 2.0 + 0.4 0.9 ± 0.1 3.5 ± 0.7 1.3 ± 0.2
PI-PLC (10 ,uU/ml) 2.9 ± 0.5 1.5 ± 0.3 4.7 ± 0.9 2.0 ± 0.4

PC-PLC (100 ,uU/ml) 1.2 ± 0.3 1.1 ± 0.3 1.1 ± 0.2 1.4 ± 0.2

Glimepiride (1 ,um) 1.4 ± 0.3 0.9 + 0.4 2.8 ± 0.5 1.1 ± 0.2

Glimepiride (5 ,um) 2.4 ± 0.3 1.1 + 0.3 4.7 ± 0.4 1.5 ± 0.3
Tolbutamide (1 mM) 0.9 ± 0.1 0.8 ± 0.2 0.9 ± 0.1 1.1 ± 0.2

Untreated (control) or trypsin/salt-treated (100 ,ug/ml trypsin, 0.5 M NaCI) adipocytes (1 x 106 cells/ml) were incubated (37°C)
with the indicated concentrations of PIG-P for 20 min or PI/PC-specific PLC for 40 min or glimepiride/tolbutamide for 2 hr.
From one portion of cells, detergent-insoluble complexes were prepared and analyzed for tyrosine-phosphorylated caveolin by
immunoprecipitation with anti-caveolin antibodies and subsequent immunoblotting with anti-phosphotyrosine antibodies and
[125I]protein A (see Materials and Methods). Another portion of cells was assayed for lipogenesis. Each value represents the stim-
ulation factor (above basal) ± SD of three different adipocyte preparations and incubations with caveolin phosphorylation deter-
minations in duplicate and lipogenesis determinations in quadruplicate.

pendent manner to up to 15-25% of the maxi-
mal insulin effect. Treatment of isolated rat adi-
pocytes with both glimepiride and PI-specific
PLC is known to induce a number of insulin-
mimetic actions, such as partial stimulation of
glucose transport and lipogenesis (see Table 1;
for reviews see refs. 87, 88). The maximal re-
sponse with glimepiride (obtained at 10 ,um) and
its EC50 value for induction of tyrosine phos-
phorylation of caveolin recovered with deter-
gent-insoluble complexes in the isolated dia-
phragm (Fig. 14B) and adipocytes (Fig. 14A,
lanes 2-5; Table 1) corresponded well to the
concentration-response relationship for the in-
sulin-mimetic activity of this sulfonylurea of the
third generation in isolated rat adipocytes
(Table 1; see also refs. 87, 88). In contrast, the
sulfonylurea of the first generation, tolbutamide,
or PC-specific PLC did not cause tyrosine phos-
phorylation of caveolin to a significant degree in
both diaphragms (Fig. 14B) and adipocytes
(Fig. 14A; Table 1), despite the use of 100-fold
higher concentrations of tolbutamide than of
glimepiride. Remarkably, both tolbutamide and
PC-specific PLC completely failed to exhibit in-

sulin-mimetic activity in isolated rat adipocytes
(Table 1). PIG-P provoked tyrosine phosphoryla-
tion of caveolin in a concentration-dependent
fashion (Fig. 14A, lanes 10-13), with half-max-
imal effects at concentrations (1-2 ,tm) that ex-
hibit insulin-mimetic activity in adipocytes. The
maximal increase in tyrosine-phosphorylated
caveolin in response to PIG-P (10 utm) ap-
proached 80% of the maximal insulin effect
(lanes 14-17), which corresponded well to the
relative insulin-mimetic potency of PIG-P versus
insulin.

Preliminary data indicate that very low con-
centrations of PIG-P (to up to 0.3 ,um) and insu-
lin (to up to 0.05 nM) synergistically increase
tyrosine phosphorylation of caveolin in isolated
rat adipocytes. In contrast, at concentrations that
elicit about 25-50% of maximal caveolin phos-
phorylation and glucose transport (1-3 ,tm and
0.1-0.5 nM, respectively), PIG-P and insulin af-
fect caveolin tyrosine phosphorylation in an ad-
ditive fashion. Further experimentation is re-
quired to solve the problem of whether PIG-P
and insulin use (in part) the same pathways for
triggering tyrosine phosphorylation of caveolin.
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In addition to the increments in the 21- and
24-kD forms of phosphorylated caveolin, treat-
ment of adipocytes with glimepiride, PI-PLC,
PIG-P, or insulin caused tyrosine phosphoryla-
tion of a 29-kD polypeptide in a concentration-
dependent fashion (see Fig. 14A). Apparently,
this protein is a component of detergent-insolu-
ble complexes and is associated but not identical
with caveolin, as it was immunoprecipitated to-
gether with caveolin but failed to react with anti-
caveolin antibodies in the immunoblot (data not
shown). The insulin-induced tyrosine phosphor-
ylation of a 29-kD caveolin-associated protein
has been described previously (72), but its nature
and function have yet to be established.

Interestingly, induction of tyrosine phos-
phorylation of caveolin required the functional
trypsin/salt-sensitive component. In trypsin/
salt-treated adipocytes, the stimulation of both
caveolin tyrosine phosphorylation and lipogene-
sis in response to treatment with PIG-P, PI-spe-
cific PLC, and glimepiride was drastically re-
duced, compared with that in control cells
(Table 1). Obviously, lipolytic cleavage of (G)PI
structures, spontaneous partitioning of
glimepiride molecules into detergent-insoluble
complexes, which has been demonstrated re-
cently for isolated rat adipocytes (88), and the
action of PIG-P on intact adipocytes share the
involvement of the trypsin/salt-sensitive compo-
nent of the adipocyte plasma membrane for in-
duction of both tyrosine phosphorylation of
caveolin and lipogenesis.

Discussion
The results presented here using known inhibi-
tors of insulin action in isolated rat adipocytes
and diaphragms suggest that the signaling path-
ways for PIG-P and insulin are convergent
downstream of phosphorylation/activation of
IRS-1/PI 3-kinase. Inhibition of PI 3-kinase com-
pletely prevented activation of glucose transport
and GPAT by PIG-P, whereas blockade of
p7OS6kinase interfered with PIG-P stimulation of
GPAT only. Inhibition of MAPK kinase did not
affect PIG-P action on glucose transport and
GPAT. The same inhibition pattern in rat adipo-
cytes and diaphragms is true for insulin. The
insulin-mimetic activity of PIG-P required a cell
surface component that can be released by a
combined trypsin/salt treatment from either the
membrane of intact adipocytes or detergent-in-
soluble complexes of adipocyte plasma mem-

branes and manages to reassociate with the
membrane in a functional manner. Trypsin/salt-
treated adipocytes reconstituted with the tryp-
sin/salt extract regained their sensitivity toward
PIG-P. Since the trypsin concentrations used also
lead to cleavage of the insulin receptor 13-sub-
unit, whose extracellular domain fails to un-
dergo functional reassociation with the adipocyte
plasma membrane in a manner analogous to that
of the trypsin/salt- and NEM-sensitive compo-
nent, the experimental protocol of inactivation
and reconstitution cannot clarify the involve-
ment of this component in insulin action.

However, excess of trypsin/salt extract added
to normal adipocytes competitively inhibited
PIG-P action, but not insulin action. The ability
of the extract to inhibit or reconstitute the PIG-P
activity in untreated and pretreated adipocytes,
respectively, was blunted in parallel by several
different procedures of pretreatment of the ex-
tract. These findings suggest that the NEM-sen-
sitive protein, which restores the insulin-mi-
metic activity of PIG-P in trypsin/salt-treated
adipocytes, functions as binding protein for
PIG-P but is not engaged in insulin signaling.
This interpretation is compatible with the recent
observation that the phosphoprotein patterns
generated in isolated rat cardiomyocytes in re-
sponse to PIG-P and to insulin differ (80), which
suggests that there is a partial overlap of the
signaling pathways for PIG-P and insulin only.
However, at present, we cannot exclude the fact
that the peptide moiety of the PIG-P, which may
represent an important structural difference to
authentic PIG structures, has some influence on
the signaling properties. It is conceivable that the
tripeptide forms (part of) the epitope recognized
by the trypsin/salt- and NEM-sensitive binding
protein. Furthermore, insulin may trigger the
generation of a structurally (slightly) different
PIG(-P) that binds to the trypsin/salt- and NEM-
sensitive component with considerably higher
affinity than the PIG-P used in the present study.
Consequently, the amount of extract used in the
competition assay may not have been sufficient
to sequester the authentic insulin-sensitive PIG.
We are currently addressing the question of
whether a peptide-less PIG molecule or structure
variants derived from the PIG-P by pronase di-
gestion (see Fig. IA) also use this component for
insulin-mimetic signaling and whether the tryp-
sin/salt extract competes for the activity of these
molecules. The answers should shed further light
on the relationship of PIG and insulin signaling.

We suggest the following working model for
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Fig. 15 Hypothetical model for signal trans-
duction from GPI lipids and GPI-anchored pro-
teins across the plasma membrane of insulin-
sensitive cells. This signal transduction takes place
through the trypsin/salt-and NEM sensitive compo-
nent, bridge protein and dual acylated tyrosine ki-
nase of the Src-class to tyrosine phosphorylation of
signaling proteins, such as IRS-1, caveolin, cytoplas-
mic (acylated) protein kinases and G proteins. Solu-

signal transduction from a GPI-anchored protein
or GPI lipid located at the extracellular face of the
plasma membrane across the membrane bilayer
by means of acylated tyrosine kinases located at
the intracellular face of the membrane to cyto-
plasmic or microsomal (GLUT4 vesicle-associ-
ated) PI 3-kinase. The corresponding signaling
components are assumed to have the following
topology (Fig. 15): GPI lipids and GPI-anchored
proteins interact through certain determinants
within their glycan core (and the carboxy-termi-
nal protein portion, respectively) with the tryp-
sin/salt- and NEM-sensitive component, which
itself binds through bipolar interactions with an
unidentified transmembrane "bridge" protein.
This bridge protein is in contact with Src kinases
through the fatty acyl chains and certain protein
epitopes of the latter. Candidates for the bridge
protein may be found within the integrin family.
All these components are arranged in a special
signaling compartment that may be identical to
caveolae and form detergent-insoluble com-
plexes. The model implicates the following
mechanism of signal transduction (Fig. 15).
Cross-linking of GPI-anchored proteins or GPI
lipids (and thus of the trypsin/salt- and NEM-
sensitive component) with antibodies (as shown
for T cells and neutrophils [51,63]) or with mul-
tivalent natural ligands, or dissociation of GPI
structures from the trypsin/salt- and NEM-sen-

ble PIG molecules generated from endogenous GPI
structures through cleavage by intrinsic or exog-
enously added phospholipases or PIG molecules
added exogenously cause displacement of endoge-
neous GPI lipids or GPI membrane protein anchors
from their binding site at the trypsin/salt-and NEM-
sensitive component located in caveolae. For further
details, see Discussion.

sitive component either by their lipolytic cleav-
age (as may occur during treatment of intact cells
with PI-specific PLC; see ref. 89 and present
study) or by competition with an excess of com-
plete GPI anchors (90) or soluble PIG(-P) mole-
cules (as putatively performed in the present and
previous studies; for reviews see refs. 12,13) will
result in a conformational change in the trypsin/
salt- and NEM-sensitive component that is trans-
mitted through bipolar interactions to the bridge
protein. The bridge protein itself transduces the
signal across the membrane, thereby activating
the associated tyrosine kinase, presumably
through induction of a conformational change.
The activated and autophosphorylated tyrosine
kinase will phosphorylate signaling proteins,
such as IRS-1, caveolin, cytoplasmic tyrosine ki-
nases, and G proteins. Tyrosine phosphorylation
of IRS-I may initiate downstream signaling to
glucose and lipid metabolism through PI 3-ki-
nase and complex lipid and serine/threonine ki-
nase cascades. Compatible with the "caveolae
model" of PIG signaling is our finding that there
is no experimental evidence for specific and rapid
transport of a 14C-labeled derivative of the PIG-P
into the cytosol of isolated rat adipocytes or
3T3-LI adipocytes (data not shown), which
would be a prerequisite for the "mediator
model."

The marked and rapid induction of tyrosine
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phosphorylation of IRS-1 and of phosphoryla-
tion of additional proteins in response to PIG-P
(80) raises the question of which kinase(s) are
involved. It has now been recognized that ty-
rosine phosphorylation of IRS-1 is not restricted
to receptor tyrosine kinases, but it can also be
mediated by the growth hormone receptor as
well as certain cytokine and G protein-coupled
receptors (91-96). It is speculated that these re-
ceptors directly or indirectly couple to the tryp-
sin/salt- and NEM-sensitive component, thereby
inducing tyrosine phosphorylation of IRS- 1
through activation of the same acylated nonre-
ceptor tyrosine kinase(s) as those used by the
PIG-P.

It may be of relevance in this respect that
there seems to be a correlation between the abil-
ity of PIG-P to induce tyrosine phosphorylation
of caveolin as well as of an unidentified 29-kD
protein and its capability to exert insulin-mi-
metic activity in insulin-sensitive cells. This find-
ing supports the involvement of caveolin (phos-
phorylation) in signal transduction through
PIG-P molecules. Tyrosine phosphorylation of
caveolin has also been observed after incubation
in vitro of detergent-insoluble complexes iso-
lated from insulin-stimulated adipocytes with
Mg2+ATP (72). Since insulin receptors could not
be detected in these complexes, caveolin must
have been phosphorylated by a nonreceptor ty-
rosine kinase associated with the complexes.
One kinase identified was p59fyn, a member of
the cytoplasmic tyrosine kinases of the Src family
(72). Recently, a GPI anchor alone was shown to
induce in macrophages a rapid onset of tyrosine
phosphorylation of proteins that may be in-
volved in the regulation of the IL- 1 a and TNF-a
expression (90)-among them, polypeptides of
the size of caveolin.

The proteinaceous trypsin/salt- and NEM-
sensitive component may be embedded in the
plasma membrane by means of a transmem-
brane domain and interact through salt bridges
with the transmembrane bridge protein. This in-
teraction, which might guarantee peripheral as-
sociation of the extracellular PIG-P binding do-
main of the component with the cell surface
upon trypsin cleavage of its membrane anchor,
seems to be sufficient for mediating PIG-P action.
It may thus form the molecular basis for recon-
stitution of PIG-P action in trypsin/salt-treated
adipocytes upon addition of the trypsin/salt ex-
tract. At present, we are trying to identify the
bridge protein by examining its putative affinity
to the partially purified trypsin/salt- and NEM-

sensitive component; this requires performing
chemical cross-linking with bifunctional photo-
labile reagents or co-purification using the com-
petition assay. Furthermore, successful reconsti-
tution of PIG-P signaling in a cell-free system
consisting of detergent-insoluble complexes, in-
cluding the trypsin/salt- and NEM-sensitive
component and bridge protein(s) in terms of
PIG-P-dependent activation of the associated ty-
rosine kinase(s) and tyrosine phosphorylation of
caveolin, would strongly support our present
model for PIG(-P) signaling.

With respect to the putative mechanism of
competition of the binding of GPI structures to
the trypsin/salt- and NEM-sensitive component,
the PIG-P derived from GceIp of S. cerevisiae may
be particularly efficient at interacting with this
component and thus at displacing authentic GPI
structures from their receptor compared with
other PIG structures or complete GPI anchors.
We have validated this assumption by establish-
ing a preliminary structure-activity relationship
for PIG molecules. The most complex PIG-P com-
pounds containing the tripeptide and the com-
plete core glycan, including the mannose side
branch according to the GPI anchor of yeast
Gcelp and over 50 variants of less complex struc-
ture, have been synthesized chemically and stud-
ied for insulin-mimetic activity and binding to
the trypsin/salt- and NEM-sensitive component
in the competition assay. As far as we know, this
effort has provided the first synthetic PIG mole-
cules with proven potent insulin-mimetic activ-
ity in vitro (W. Frick, A. Bauer, J. Bauer, S. Wied,
G. Muller, unpublished results). Preliminary data
suggest a strict correlation for weakly active
PIG-P derivatives between their ability to stimu-
late lipogenesis in normal adipocytes and to in-
hibit PIG-P activation of lipogenesis in the pres-
ence of excess of trypsin/salt extract. This
strongly argues for involvement of the PIG-P
binding protein in insulin-mimetic signaling by
PIG-P and for the potency of PIG-P.

Taken together, PIG-P seems to harbor all
structural determinants required for insulin sig-
naling independent of the insulin receptor kinase
by using a trypsin/salt- and NEM-sensitive com-
ponent that initiates an alternative signaling cas-
cade for triggering tyrosine phosphorylation of
IRS-1 and activation of PI 3-kinase. Thus, PIG-P
may manage to regulate cellular glucose and
lipid metabolism in an insulin-like fashion in
insulin-resistant cells and tissues, which are
characterized by reduced insulin-dependent in-
sulin receptor and IRS-1 tyrosine phosphoryla-
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tion. This characteristic makes them potentially
useful for the treatment of insulin-resistant
states, such as metabolic syndrome and type II
diabetes (for a review see ref. 97).
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