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ABSTRACT: Inhibition of lipolysis in rat adipocytes by palmitate, H2O2 and the antidiabetic sulfonylurea
drug, glimepiride, has been demonstrated to rely on the upregulated conversion of cAMP to adenosine by
enzymes associated with lipid droplets (LD) rather than on cAMP degradation by the insulin-stimulated
microsomal phosphodiesterase 3B (Mu¨ller, G., Wied, S., Over, S., and Frick, W. (2008)Biochemistry 47,
1259-1273). Here these two enzymes were identified as the glycosylphosphatidylinositol (GPI)-anchored
phosphodiesterase, Gce1, and the 5′-nucleotidase, CD73, on basis of the following findings: (i) Photoaffinity
labeling with 8-N3-[32P]cAMP and [14C]5′-FSBA of LD from palmitate-, glucose oxidase- and glimepiride-
treated, but not insulin-treated and basal, adipocytes led to the identification of 54-kDA cAMP- and 62-
kDa AMP-binding proteins. (ii) The amphiphilic proteins were converted into hydrophilic versions and
released from the LD by chemical or enzymic treatments specifically cleaving GPI anchors, but resistant
toward carbonate extraction. (iii) The cAMP-to-adenosine conversion activity was depleted from the LD
by adsorption to (c)AMP-Sepharose. (iv) cAMP-binding to LD was increased upon challenge of the
adipocytes with palmitate, glimepiride or glucose oxidase and abrogated by phospholipase C digestion.
(v) The 62-kDa AMP-binding protein was labeled with typical GPI anchor constituents and reacted with
anti-CD73 antibodies. (vi) Inhibition of the bacterial phosphatidylinitosol-specific phospholipase C or
GPI anchor biosynthesis blocked both agent-dependent upregulation and subsequent loss of cAMP-to-
adenosine conversion associated with LD and inhibition of lipolysis. (vii) Gce1 and CD73 can be
reconstituted into and exchanged between LDin Vitro. These data suggest a novel insulin-independent
antilipolytic mechanism engaged by palmitate, glimepiride and H2O2 in adipocytes which involves the
upregulated expression of a GPI-anchored PDE and 5′-nucleotidase at LD. Their concerted action may
ensure degradation of cAMP and inactivation of hormone-sensitive lipase in the vicinity of LD.

About 1% of all eukaryotic proteins or 10-20% of all
membrane proteins that enter the secretory pathway after
being targeted to the endoplasmic reticulum are posttrans-
lationally modified at the carboxy-terminus by GPI1 moieties,
a complex glycophospholipid that serves to anchor proteins
at the cell surface. The core structure of this anchor consists
of ethanolamine phosphate, trimannoside, non-acetylated
glucosamine and inositol phospholipid in this order (1, 2).
The GPI anchor is combined with the carboxyl-terminus of
the proteinVia its ethanolamide amino-terminus. GPI an-
choring of cell surface proteins is the most complex and
metabolically expensive of the posttranslational lipid modi-

fications. The GPI anchor is synthesized via a membrane-
bound multistep pathway in the ER requiring more than 20
gene products (3). The pathway is initated on the cytoplasmic
face of the ER and completed in the ER lumen, necessitating
flipping of a glycolipid intermediate across the membrane.
The completed GPI anchor is attached to proteins that have
been translocated across the ER membrane and that display
a GPI anchor signal sequence at the carboxy-terminus (4).
Typically, GPI proteins transit the secretory pathway to the
cell surface.

GPI proteins are ubiquitously distributed among eukaryotes
from vertebrates to protozoa. Although GPI proteins are
functionally diverse, many have or are predicted to have
hydrolytic activity, such as alkaline phosphatase and 5′-Nuc,
or serve as cell surface receptors, such as folate receptor and
CD14. The importance of GPI anchoring in mammals is
underscored by the observations that abrogation of GPI
biosynthesis results in embryonic lethality (5), that impair-
ment of GPI mannosylation leads to thromboses of the portal
and hepatic veins (6) and that a somatic defect in the first
step of GPI biosynthesis in hematopoietic human stem cells
causes the acquired hemolytic disease, paroxysmal nocturnal
hemoglobinuria (7).
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So far as is known the vast majority of GPI proteins are
expressed at the cell surface which represents their final
functional localization. Unlike conventional hydrophobic
transmembrane protein domains that span the membrane
bilayer, GPI anchors only penetrate into a single membrane
leaflet. This feature, as well as the saturated fatty acyl chains
typically found in GPI anchors, ensures the association of
GPI proteins with cholesterol-containing detergent-insoluble
glyco(sphingo)lipid-enriched plasma membrane micro-
domains in the nanoscale that are postulated to play an
important role in membrane trafficking and cell signaling
(8-10). It has recently been demonstrated that GPI anchors
can determine functional specificity of the protein attached
by triggering the association with new protein or lipid
components located in a shared plasma membrane micro-
domain (11, 12). Moreover, on the basis of the recognized
heterogeneity of plasma membrane microdomains con-
sidering their cholesterol content (13, 14), the observed
translocation of certain GPI proteins between microdomain
of differing cholesterol content (15, 16) and the well-
established effects of GPI anchor removal on enzymatic
activities (17-19) and ligand binding properties (20, 21), it
is conceivable that GPI proteins acquire distinct functions
depending on the interaction of their GPI anchors with
distinct lipid or protein components of the corresponding
membrane microdomain.

LD are ubiquitous intracellular energy storage organelles
of organisms as diverse as bacteria and humans. They are
composed of a protein-coated phospholipid monolayer, which
encloses a hydrophobic core of neutral storage TAG,
cholesteryl esters and retinyl esters reflecting their predomi-
nant role in lipid storage for energy homeostasis and for
membrane phospholipid and lipid hormone synthesis (22).
Conversely, degradation of lipids during lipolysis induces
LD fragmentation in differentiated adipocytes, underscoring
the dynamic cell biology of these organelles (23). Moreover,
LD have recently been suggested to represent target com-
partments for FA scavenging to protect cells from lipotoxicity
(24, 25). LD are thought to originate from the membrane of
the ER with newly synthesized TAG being inserted between
the bilayer causing the cytoplasmic leaflet to bulge and
eventually bud off into the cytoplasm (26, 27). However,
LD are surrounded by a phospholipid monolayer that has a
composition different from the ER membrane (28, 29). In
mammals, theperilipin (in adipocytes and steroidogenic
cells)-adipophilin/ADRP (in all other mammalian cell
types)-TIP47 (differentiating cells) PAT family of proteins,
which is defined by sequence similarity and lipid-binding,
has been shown to coat LD (30, 31). S3-12 shares sequence
similarity with PAT proteins and, like TIP47, only coats LD
under certain metabolic states. The PAT proteins are thought
to organize the packaging and trafficking of intracellular
neutral lipids (22, 32). In particular, perilipin impairs basal
or facilitates upregulated lipolysis by acting either as a barrier
or attachment site for HSL in phosphorylation-dependent
manner (33).

Remarkably, extensive subproteomic analysis of LD-
associated proteins from a variety of different adipose cells
from mammals andDrosophilaresulted in the identification
of a multitude of proteins of distinct structure and function
but so far failed to demonstrate the expression of any GPI
protein at LD under basal or lipolytically stimulated condi-

tions (29-31, 34-36). However, from a theoretical point
of view, it is conceivable that the GPI modification of
proteins may facilitate their embedding in the LD surface
phospholipid monolayer, thereby converting them into LD-
associated proteins, eventually in time-dependent and regu-
lated fashion. Interestingly, recent studies revealed consid-
erable increases in cAMP-to-adenosine conversion activity
associated with LD from primary rat adipocytes upon
inhibition of lipolysis by palmitic acid, H2O2 and glimepiride
(83). Since GPI-anchored versions of a cAMP-binding
protein (Gce1) and AMP-hydrolyzing enzyme (CD73) have
previously been identified in adipocytes (37-39), the pos-
sibility of expression of certain GPI proteins at LD of rat
adipocytes under certain conditions of repressed lipolysis was
tested in the present study.

MATERIALS AND METHODS

Materials. 8-N3-[32P]cAMP was bought from ICN (Es-
chwege, Germany). [U-14C]mannose andmyo-[U-14C]inositol
were purchased from Amersham-Buchler (Braunschweig,
Germany); [14C]5′-FSBA was synthesized by the method of
Coleman and co-workers (40) using [U-14C]adenosine and
purified by thin layer chromatography on silica-gel plates
developed in butan-2-one/acetone/water (12/4/3, by volume).
BATC (41) were made available by the biotechnological
production and medicinal chemistry synthesis departments
of Sanofi-Aventis Pharma (Frankfurt; Germany). cAMP-
Sepharose, AMP-Sepharose and protein A-Sepharose were
provided by Pharmacia/LKB (Freiburg, Germany). 5′-Nuc
(Crotalus atrox), PI-PLC (Bacillus cereus), adenosine 5′-
[R,â-methylene]diphosphate (AMPCP) and N6,2′-O-dibu-
tyryladenosine 3′5′-cyclic monophosphate (dibutyryl-cAMP)
were from Sigma/Aldrich (Deisenhofen, Germany). All other
materials were obtained as described previously (16, 42-
44, 83).

Primary Culture and Metabolic Labeling of Rat Adipocytes
with [14C]Inositol. Rat adipocytes (5 mL, 2× 106 cells/mL)
were washed twice with 50 mL of labeling medium (inositol-
and glucose-free DMEM containing 25 mM Hepes/KOH,
pH 7.4, 5 mM sodium pyruvate, 5% fetal calf serum and
0.5% BSA) and then incubated (2 h, 37°C) in 20 mL of
labeling medium supplemented with 50 units/mL penicillin
and 50µg/mL streptomycin sulfate in 150-mL culture flasks
under 95% O2/5% CO2. Labeling was started by addition of
myo-[U-14C]inositol (20 µCi, 0.1 mM final concentration)
and continued (5 min for short-term pulse labeling or 60
min for long-term equilibrium labeling) in the presence of
various stimuli and/or inhibitors as indicated. For initiation
of the chase, the cells were washed twice by flotation with
10 mL each of labeling medium containing 0.5 mM glucose
and 10 mMmyo-inositol and then suspended in 20 mL of
the same medium (zero time point). After incubation
(37 °C, gentle shaking) for increasing periods of time in the
presence of various stimuli and/or inhibitors as indicated,
the adipocytes were separated from the medium by flotation
and washed with labeling medium (15°C).

Adsorption to cAMP-Sepharose and AMP-Sepharose.20-
50 µg of protein extracted from LD and precipitated under
native conditions was dissolved in 100µL of 25 mM Mops/
KOH (pH 7.0), 1 M NaCl, 1 mM MgCl2, 0.5 mM EDTA,
0.5 mM DTT, 100µM IBMX, 60 mM octyl glucoside, 0.5%
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BATC and then applied in the absence or presence of 1 mM
cAMP or AMP onto 1-mL columns of N6-(2-aminoethyl)-
cAMP-Sepharose (Pharmacia) or 5′-AMP-Sepharose (Sigma)
which had been equilibrated with the same buffer supple-
mented with 0.5 mg/mL BSA. The flow-through was desalted
by centrifugation through 2-mL columns of Sephadex G-25
and then precipitated under native conditions.

Photoaffinity Labeling of LD with 8-N3-[ 32P]cAMP and
[14C]5′-FSBA. Proteins extracted from LD (10-20 µL) and
precipitated under native conditions were incubated (15 min,
4 °C) with 0.5µCi of 8-N3-[32P]cAMP (5 pmol) or 20µCi
of [14C]5′-FSBA (15 nmol) in 25µL of 10 mM Tris/HCl
(pH 7.4), 1 mM EDTA, 0.5 mM EGTA, 140 mM NaCl, 10
mM MgCl2, 2 mM MnCl2, 1 mM IBMX, 1 mM DTT, 20
mM NaF, 25 mM glycerol-3-phosphate, 10 mM sodium
pyrophosphate and protease inhibitors in the presence of 1
mM AMP (8-N3-[32P]cAMP) or 100 µM ADP ([14C]5′-
FSBA) in the wells of microtiter plates (96-formate) under
ultrasonic treatment (bath sonicator, max. power, 3× 15-s
periods with 45-s intervals) and then irradiated with UV light
(254 nm, 8000µW/cm2) at a distance of 0.5 cm for 1 min
(45, 46). The reactions were quenched by addition of 25µL
of the same buffer containing 10 mM cAMP (8-N3-[32P]-
cAMP) or AMP ([14C]5′-FSBA).

cAMP-Binding ActiVity. Binding of cAMP was measured
using titration ITC using a VP-ITC calorimeter from Mi-
croCal (Northampton,). In brief, LD proteins (5-10 µg in
100 µL of 20 mM Tris/HCl (pH 7.4), 1 mM EDTA, 150
µM IBMX, complete protease and phosphatase inhibitor
tablets) were added to 1.41 mL of 40 mM Mops/KOH (pH
7.0). For each binding assay increasing amounts of cAMP
(in the same buffer) were titrated (in 5-µL portions) until no
more binding occurred (typcially 20 injections, with 4 min
between each injection). The heat released from each
injection was then directly analyzed to obtain the binding
constant, and the stoichiometry of binding using the Micro-
Cal/Origin software (MicroCal) in a method similar to that
described previously (47). This microcalorimetric cAMP-
binding assay was validated using [3H]cAMP and a filtration
technique as decribed previously (48), which resulted in
qualitatively similar results.

TX-114 Partitioning. Protein samples were separated into
amphiphilic and hydrophilic proteins using partitioning
between TX-114-enriched and depleted phases (49) by
mixing with the same volume (max. 0.5 mL) of ice-cold 25
mM Tris/HCl (pH 7.4), 140 mM NaCl containing 2% TX-
114. After incubation (1 h, on ice), the mixture was layered
onto a cushion of 0.4 mL of 0.25 M sucrose and 25 mM
Tris/HCl (pH 7.4) on ice. Phase separation was induced by
warming up to 37°C and subsequent centrifugation (10000g,
1 min). The re-extracted lower TX-114-enriched phase and
the pooled upper TX-114-depleted phase were precipitated
under denaturing conditions.

Preparation of [14C]Inositol-Labeled Gce1p from Yeast
with Intact or CleaVed GPI Anchor. Gce1p with intact GPI
anchor was purified from lactate-grown yeast cells, which
had been metabolically labeled withmyo-[14C]inositol and
then enzymatically converted to spheroblasts, as described
previously (45). In brief, plasma membranes were prepared,
purified by Ficoll gradient centrifugation, solubilized with
0.4% BATC and then subjected to TX-114 partitioning.
Gce1p contained in the detergent-enriched phase was purified

by sequential gel filtration chromatography on Sephadex
S-300, affinity chromatography on N6-(2-aminoethyl)-cAMP
Sepharose and phenyl Sepharose chromatography. Elution
from the columns was followed by on-line monitoring of
14C-radioactivity. Partially purified Gce1p was precipitated
under native conditions, then resuspended in buffer G (25
mM Tris/acetate, pH 7.4, 144 mM NaCl, 0.4%â-BATC, 20
mM octylglucoside, 0.5 mM DTT, 0.2 mM EDTA, 5%
glycerol and protease inhibitor mix) at 0.2 mg protein/mL
and subsequently incubated (3 h, 25°C) in the absence or
presence of 6 U/mL PI-PLC (B. cereus) (20, 37). After
addition of 10 volumes of ice-cold 2% Triton X-114, 10 mM
Tris/HCl (pH 7.4), 144 mM NaCl and phase separation
(incubation [2 min, 37°C] and centrifugation [12000g, 1
min, 25°C]), Gce1p with intact or cleaved GPI anchor was
recovered from the lower detergent-enriched and upper
detergent-depleted phases, respectively (49). After two re-
extractions by addition of an equal volume of 10 mM Tris/
HCl, 144 mM NaCl and subsequent phase separation, the
combined phases were precipitated under native conditions.
Radiolabeled Gce1p was suspended in buffer G at 300-
1,000 dpm/µl. The enrichment and purity of Gce1p was
determined during each step as described previously (50).

Reconstitution of Gce1p into LD. [14C]Inositol-labeled
Gce1p from yeast with intact or cleaved GPI anchor (5,-
000-10,000 dpm) or bovine brain PDE (25 mU) in 50µL
of buffer G was added to LD prepared from 1× 106

adipocytes in 450µL of buffer R (50 mM Tris/HCl, pH 7.4,
0.1 M NaCl, 0.2 mM DTT, 0.02% sodium azide, 0.7 mM
CaCl2, 0.7 mM MgCl2, 0.7 mM MnCl2) and then incubated
(1 h, 25 °C). The detergent was removed by dialysis in
Spectrapor 4 tubings (12-14 kDa cutoff) against 3× 50
mL of buffer R. Following dialysis, the dialysate was mixed
with 1.5 mL of 65% sucrose (w/v) and poured into a 5-mL
centrifuge tube. 1.5 mL of 10% sucrose (w/v) was then
layered on top of the sucrose cushion. The tube was filled
to capacity with buffer R. The gradient was centrifuged
(172000g, 60 min, 15°C) and then allowed to coast to rest.
LD floating as the upper white layer of the gradient were
isolated by suction with a syringe (0.8 mL), then washed
two times with buffer R by flotation and finally suspended
in 50 mM Tris/HCl (pH 7.4), 150 mM NaCl, and 0.02%
sodium azide.

Immunoprecipitation. Protein precipitates (10-50 µg
protein) were dissolved in 1 mL of buffer IP (10 mM Tris/
HCl, pH 8.0, 150 mM NaCl, 6 mM EDTA, 1% Triton X-100,
protease inhibitor mix) and then precleared with protein G/A-
Sepharose. After incubation (4 h, 4°C, with rocking) with
anti-CD73 antibodies (Abcam, mouse monoclonal 7G2,
1:400) preadsorbed to 20µL of protein G/A-Sepharose (50
mg/mL) in 1 mL of buffer IP and subsequent centrifugation
(5000g, 2 min), the collected immune complexes were
washed four times with 1 mL each of buffer IP, then twice
with buffer IP lacking Triton X-100 and twice with buffer
IP lacking Triton X-100 and NaCl and finally dissolved (5
min, 95°C) in 50µL of sample buffer. Supernatant proteins
were analyzed by SDS-PAGE and immunoblotting. The
recovery in the amount of immunoprecipitated protein was
corrected for the amount of protein actually applied to the
gel as revealed by homologous immunoblotting.
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Miscellaneous. Published procedures were used for the
preparation and incubation of rat adipocytes (16, 44),
preparation of LD from rat adipocytes (51, 52, 83), extraction
and precipitation of LD proteins (83), nitrous acid deami-
nation, hydrogen fluoride dephosphorylation and treatment
with PI-PLC (Bacillus cereus) of GPI proteins (45, 50),
SDS-PAGE and immunoblotting using chemiluminescent
detection (15, 16, 83). Protein concentration was determined
by using the BCA method (Pierce) with BSA as calibration
standard. Phosphorimages were processed and quantified by
computer-assisted video densitometry using the Storm 860
PhosphorImager system (Molecular Dynamics, Gelsen-
kirchen, Germany). Concentration-response curves were
fitted by using the GraphPad Prism 4.03 software. Figures
of phosphoimages and lumiimages were constructed using
the Adobe Photoshop software (Adobe Systems, Mountain
View, CA).

RESULTS

The cAMP-to-Adenosine ConVersion at LD of Rat Adipo-
cytes Is Constituted by the PDE Gce1 and the 5′-Nuc CD73.
Previous studies on the molecular mechanism of the inhibi-
tion of lipolysis by palmitate, glimepiride and H2O2 in rat
adipocytes revealed increased conversion of cAMP to
adenosine by LD prepared from these cells and assayedin
Vitro, which was sensitive toward inhibitors of PDE and 5′-
Nuc (83). To identify the putative LD-associated cAMP-/
AMP-binding/degrading proteins, LD were prepared from
glimepiride-, palmitate- or GO (for the generation of H2O2

in the incubation medium)-treated adipocytes and then
photoaffinity-labeled with 8-N3-[32P]cAMP or [14C]5′-FSBA
in the presence of the general PDE inhibitor, IBMX, for
interference with cAMP degradation. The phosphorimages
of the SDS-PAGE demonstrated photoaffinity labeling of
a 54-kDa protein with 8-N3-[32P]cAMP and of a 62-kDa
protein with [14C]5′-FSBA with LD from glimepiride-treated
adipocytes (Figure 1A). The specificity of the photoaffinity
labeling reactions was confirmed by (i) omission of UV
irradiation, (ii) inclusion of excess of unlabeled cAMP and
AMP, respectively, or (iii) depletion of cAMP- and AMP-
binding proteins by adsorption to cAMP-Sepharose or AMP-
Sepharose, respectively, prior to photoaffinity labeling, which
in each case led to considerable quenching of photoaffinity
labeling of the 54-kDa protein and 62-kDa protein. Impor-
tantly, in the absence of IBMX the two proteins resisted
photoaffinity labeling (data not shown) which could be due
to degradation of 8-N3-[32P]cAMP and generation of [32P]-
AMP efficiently competing with [14C]5′-FSBA for binding
by a putative PDE activity intrinsic to the 54-kDa protein
cAMP-binding protein. Upon TX-114 partitioning both the
54- and 62-kDa photoaffinity-labeled proteins were recovered
predominantly with the detergent rather than aqueous phases
(Figure 1A) hinting to their amphiphilic nature, which is a
well-known characteristic of GPI proteins (1, 49). To test
for modification with a GPI anchor, both proteins were
treated with a bacterial (G)PI-PLC, nitrous acid or aqueous
hydrogen fluoride known to cause specific cleavage of GPI
anchors at distinct sites and to convert amphiphilic GPI
proteins into their hydrophilic GPI anchorless versions, which
are enriched in the aqueous phase upon TX-114 partitioning
(4, 45). Each of these treatments led to release of the two
photoaffinity-labeled proteins into the aqueous phase arguing

for modification of the 54-/62-kDa cAMP-/AMP-binding
proteins with GPI anchors.

The putative relationship of these proteins with the
upregulated cAMP-to-adenosine conversion activity at LD
of the adipocytes should be reflected in correlation between
the efficacies of photoaffinity labeling and lipolysis inhibition
exerted by the three agents. In fact, the amounts of both the
54- and 62-kDa protein found associated with LD were
significantly and concentration-dependently increased upon
short-term incubation of rat adipocytes with palmitate (to
up to 4-fold), glimepiride (to up to 6- to 8-fold), and GO (to
up to 9- to 12-fold) compared to control cells (Figure 1B)
and correlated well to the corresponding antilipolytic activi-
ties (H2O2 > glimepiride> palmitate). The insulin-induced
elevations in the LD association of both proteins were only
moderate, and did not reach statistical significance. As
demonstrated above for glimepiride-treated adipocytes (Fig-
ure 1A), the amphiphilic versions of the 54-kDa cAMP- and
62-kDa AMP-binding proteins recovered with LD from
palmitate- and GO-treated adipocytes were converted to their
hydrophilic forms by treatment with bacterial (G)PI-PLC,
nitrous acid and aqueous hydrogen fluoride (data not shown).
Further evidence for involvement of the cAMP (54-kDa)-
and AMP (62-kDa)-binding proteins in the conversion of
cAMP to adenosine by LD was obtained by their adsorption
to cAMP-Sepharose and AMP-Sepharose following extrac-
tion of the LD proteins under native conditions and subse-
quent assaying of the nonadsorbed proteins for cAMP-to-
adenosine conversion (Figure 2). The glimepiride-, palmitate-
and GO-induced pronounced increase in cAMP-to-adenosine
conversion (compared to basal adipocytes) was significantly
reduced after depletion of the cAMP- or AMP-binding
proteins with cAMP- or AMP-Sepharose, respectively, and
almost completely abrogated with a combination of both.
The specificity of the depletion was demonstrated by
inclusion of excess of cAMP and AMP, respectively, which
left the cAMP-to-adenosine conversion unaltered compared
to nonadsorbed LD proteins. Importantly, the amounts of
typical LD proteins in adipocytes, such as perilipin-A, HSL,
caveolin-1 and vimentin, as well as of ADRP and TIP47,
which were detected as faint bands, only, in agreement with
the reported low-abundance expression in mature adipocytes
(53, 54), did not differ considerably between glimepiride-,
palmitate-, H2O2-treated and basal adipocytes (see ref83).
Taken together, the upregulation of the cAMP-to-adenosine
conversion by glimepiride, palmitate and H2O2 is correlated
to pronounced and specific increases in the amounts of the
GPI-modified 54-kDa cAMP- and 62-kDa AMP-binding
proteins at LD of adipocytes.

Putative candiates for the LD-associated 54-kDa cAMP-
binding protein represent the major cAMP-binding and
cAMP-handling proteins expressed in isolated rat adipocytes,
among them the RIIâ-subunit of PKA, PDE3B and Gce1.
RIIâ could associate with LD on basis of its functional
interaction with LD-associated caveolin-1 (55-57) in the
course of cAMP-dependent phosphorylation of perilipin (58).
Microsomal PDE3B could move to LD during their biogen-
esis by bulbing from the cytosolic leaflet of the endoplasmic
reticulum membrane (59). However, blotting of LD proteins
from glimepiride-, palmitate- and GO-treated adipocytes for
RIIâ (data not shown) and PDE3B (see ref83) revealed no
or only low expression, respectively, of cross-reactive
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polypeptides. This argues against involvement of RIIâ and
PDE3B in the cAMP-binding detected with LD. Previously,
a GPI-anchored 54-kDacAMP-binding ectoprotein, called
Gce1, has been identified at plasma membranes of isolated
rat adipocytes (37, 38). However so far, this protein has
escaped purification and sequence determination. To test for
the presence of Gce1 at LD from glimepiride-, palmitate-
and GO-treated adipocytes, cAMP-binding was assayed
before and after cleavage of the GPI anchor with bacterial
(G)PI-PLC (Figure 3). Significant cAMP-binding was de-
tected in LD from treated but not basal adipocytes with the
relative potency of the different agents (H2O2 > glimepiride
> palmitate) correlating well to that for the upregulation of
the cAMP-to-adenosine conversion (see Figure 2). Strikingly,
significant agent-induced cAMP-binding with LD was
detectable only in the presence of IBMX. This argues for

potent PDE activity intrinsic to LD protein(s), which is most
likely due to Gce1 itself, so far recognized as 54-kDa GPI-
anchored cAMP-binding protein at the plasma membranes
of rodent adipocytes and yeast (37, 38, 45). Moreover,
modification with GPI was also detected with the LD-
associated 54-kDa cAMP-binding protein since exposure to
bacterial (G)PI-PLC in the absence but not presence of the
(G)PI-PLC inhibitor, GPI-2350 (16), led to almost complete
loss of the cAMP-binding recovered with the reisolated LD.

Putative candidates for the LD-associated 62-kDa AMP-
binding protein represent the major AMP-binding and AMP-
handling proteins expressed in isolated rat adipocytes, among
them a variety of enzymes which are allosterically regulated
by AMP (e.g., glycogen phosphorylase, AMP-dependent
protein kinase) or convert AMP into other nucleot(s)ides
(e.g., adenylate kinase, 5′-Nuc). However, the apparent size

FIGURE 1: Effect of glimepiride, palmitate, GO and insulin on the expression of cAMP- and AMP-binding proteins at LD. Isolated rat
adipocytes were incubated (37°C) with glimepiride (10µM, 60 min) (A) or in the absence or presence of increasing concentrations of
glimepiride (60 min), palmitate (120 min) or GO (20 min) (B) and then separated from the medium for the preparation of LD. Proteins
were extracted under native conditions, then subjected (A) or not (A, B) to adsorption to cAMP-/AMP-Sepharose, subsequently precipitated
under native conditions, dissolved and finally incubated with 8-N3-[32P]cAMP or [14C]5′-FSBA in the absence (A, B) or presence of cAMP
or AMP (final concentration 1 mM) (A) under UV irradiation (A, B) or not (A) as indicated. Portions of the samples were subjected to
lipolytic cleavage by PI-PLC (Bacillus cereus), deamination by nitrous acid (NA) or dephosphorylation by aqueous hydrogen fluoride (HF)
or left untreated as indicated followed by TX-114 partitioning (A). Proteins in the aqueous (a) and detergent phases (d) (A) as well as of
total photoaffinity labeling reactions (A, B) were precipitated under denaturing conditions and then analyzed by SDS-PAGE. Phosphorimages
from a typical experiment and quantitative evaluation are given. (Means( SD,n ) 3; bold numbers indicate significant differences compared
to control atp e 0.01.)
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as well as modification with a GPI moiety seemed to be most
compatible with the 5′-Nuc, CD73, which has been shown
to be anchored at the cell surface of a variety of cells (60-
62), including cultured and primary adipocytes (37-39). To
test for the presence of CD73 at LD in response to
glimepiride, palmitate or GO treatment, total proteins were
extracted from LD of unlabeled, photoaffinity-labeled or

metabolically labeled adipocytes by various methods and then
immunoblotted or immunoprecipitated with anti-CD73 an-
tibodies (Figure 4). Extraction with SDS, bacterial (G)PI-
PLC or non-ionic detergent followed by adsorption to and
elution from AMP-Sepharose, but not extraction with
carbonate, led to the release of a 62-kDa anti-CD73 reactive
polypeptide from LD of unlabeled treated, but not untreated,
adipocytes as shown by the chemiluminescent images (left
panels). The same was true for LD of adipocytes which had
been photoaffinity labeled with [14C]5′-FSBA or metaboli-
cally labeled with the GPI anchor constituents, [14C]mannose
or [14C]inositol, as shown by the phosphorimages (right
panels). The relative amounts of released anti-CD73 reactive
proteins were correlated to the relative potency of the
antilipolytic activity and the resulting upregulation of the
LD-associated cAMP-to-adenosine conversion exerted by the
three agents (H2O2 > glimepiride > palmitate, see also
Figure 2). The observed crossreactivity of the 62-kDa
polypeptide, which is subjected to massive upregulation at
LD in response to palmitate, glimepiride and H2O2, toward
two different anti-CD73 antisera in combination with its
photoaffinity labeling with a 5′-AMP analogue and metabolic
labeling with typical GPI anchor constituents strongly
suggests its identity with the GPI protein and 5′-Nuc, CD73.
The extraction behavior of CD73 argues that it binds to LD

FIGURE 2: Effect of depletion of cAMP- and AMP-binding proteins
from LD on the glimepiride-, palmitate- or GO-induced conversion
of cAMP to adenosine. Isolated rat adipocytes were incubated
(37 °C) in the absence (basal) or presence of glimepiride (10µM,
60 min), palmitate (1 mM, 120 min) or GO (10 mU/mL, 20 min)
and then separated from the medium for the preparation of LD.
Subsequently, proteins were extracted from the LD and precipitated
under native conditions, then dissolved, and finally adsorbed or
not to cAMP-Sepharose and/or AMP-Sepharose in the absence or
presence of cAMP or AMP (final concentration 1 mM) as indicated.
Proteins in the flow-through or total proteins were precipitated under
native conditions and then assayed for cAMP-to-adenosine conver-
sion. (Means( SD, n ) 4 adipocyte preparations with determina-
tions in duplicate; * indicates significant differences compared to
treatment with glimepiride, palmitate and GO and analysis of
unadsorbed proteins atp e 0.01.)

FIGURE 3: Effect of glimepiride, palmitate and GO on cAMP-
binding of isolated LD. Isolated rat adipocytes were incubated
(37 °C) in the absence (basal) or presence of glimepiride (10µM,
60 min), palmitate (1 mM, 120 min) or GO (10 mU/mL, 20 min)
and then separated from the medium for the preparation of LD.
LD were incubated (45 min, 30°C) without or with PI-PLC
(Bacillus cereus) in the absence or presence of GPI-2350 (50µM)
and then reisolated by centrifugation through sucrose as described
in Materials and Methods. Proteins were extracted from the LD,
precipitated under native conditions and then assayed for cAMP-
binding in the absence or presence of IBMX (100µM) as indicated.
(Means( SD, n ) 3 adipocyte preparations with determinations
in triplicate; */# indicate significant differences compared to basal
and to glimepiride-, palmitate- and GO-treated adipocytes, respec-
tively, in the presence of IBMX and absence of PI-PLC atp e
0.01.)

FIGURE 4: Effect of palmitate, glimepiride and GO on the
expression of CD73 at LD. Isolated rat adipocytes were incubated
(37 °C) with glimepiride (10µM, 60 min), palmitate (1 mM, 120
min) or GO (100 mU/mL) and then separated from the medium
for the preparation of LD. Portions of the LD were extracted for
proteins under denaturing conditions (SDS). Other portions were
treated with sodium carbonate (1.5 M, ph 11.5, 30 min) or PI-PLC
(B. cereus, 1 U/mL, 2 h, 37°C) and then subjected to sucrose
gradient centrifugation. Proteins extracted or recovered from the
infranatant, respectively, were precipitated under denaturing condi-
tions and then analyzed by SDS-PAGE and immunoblotting for
CD73 (BD Biosciences, mouse monoclonal 5F/B9, 0.5µg/mL).
Other portions of the LD were extracted for proteins under native
conditions. After precipitation (under native conditions) and dis-
solution, the proteins were photoaffinity-labeled with [14C]5′-FSBA
and after immunoprecipitation with anti-CD73 analyzed by SDS-
PAGE. Alternatively, the proteins were adsorbed to AMP-Sepharose
and after elution analyzed by SDS-PAGE and immunoblotting for
CD73. Chemiluminescence and phosphorimages from a typical
experiment are shown repeated once with similar results.
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Via hydrophobic (sensitivity toward SDS and non-ionic
detergent) rather than electrostatic interactions (resistence
toward carbonate) of its GPI anchor (sensitive toward PI-
PLC).

GPI Anchorage and GPI Anchor CleaVage of Gce1 and
CD73 Are Required for the Palmitate-, Glimepiride- and
H2O2-Induced Upregulation of Their Expression at LD.The
importance of GPI anchorage for the expression of the
cAMP-to-adenosine conversion activity as well as of the 54-
kDa cAMP-binding protein, Gce1, and the 62-kDa AMP-
binding protein, CD73, at LD was further substantiated by
blockade of the GPI protein biosynthesis at the level of the
final transfer of the assembled GPI anchor to the protein
moiety or at the level of the assembly of the GPI anchor
precursor. For this, rat adipocytes were incubated in the long
term with the metalloprotease inhibitor, 1,10-phenanthroline,
an effective inhibitor of the GPI anchor transferase in
mammalian cells (63) or mannosamine, a carbohydrate chain
terminator during GPI anchor assembly (64, 65). Analysis
of the amounts of photoaffinity-labeled Gce1 and CD73
revealed significant reductions in the glimepiride-/GO-
induced amounts of both proteins at LD by 60-75 and 80-
100% with mannosamine and phenanthroline, respectively
(Figure 5). This was paralleled by significant downregulation
of the glimepiride-/GO-induced cAMP-to-adenosine conver-
sion by isolated LD and inhibition of isoproterenol-stimulated
lipolysis by 60-80 and 85-95% with mannosamine and

phenanthroline, respectively. Mannose and phenanthroline
in the presence of ZnCl2 had no effect (Figure 5). This
strongly argues for a causal relationship between GPI-
anchorage, LD expression of Gce1 and CD73, cAMP-to-
adenosine conversion by LD and inhibition of lipolysis.

It has been demonstrated in primary and cultured adipo-
cytes that GPI-anchored Gce1 and CD73 located at the cell
surface are susceptible to lipolytic cleavage by the activated
plasma membrane GPI-PLC (38, 39, 60), which is susceptible
to blockade by the inhibitor GPI-2350 (16). The role of GPI
anchor cleavage for the expression of Gce1 and CD73
proteins as well as of the cAMP-to-adenosine conversion
activity at LD was demonstrated by inhibition of the GPI-
PLC in the course of addition of GPI-2350 at various time
points during challenge of the rat adipcytes with glimepiride,
palmitate or GO. This analysis showed that the stimulus-
induced cAMP-to-adenosine conversion activity (Figure 6A)
as well as photoaffinity labeling of the 54-kDa cAMP-
binding protein, Gce1, (Figure 6B) observed with the LD
was upregulated with half-maximal increases at 5-15 min
for GO, 15-20 min for glimepiride and 30 min for palmitate.
Following maximal levels of conversion activity and amount
of Gce1, both declined to almost basal values (glimepiride,
GO) or by 30% (palmitate) until the end of the 120-min
incubation. The presence of GPI-2350 already at the start of
the treatment (0 min) completely blocked upregulation of
both conversion activity and amount of Gce1 in response to

FIGURE 5: Effect of inhibition of GPI protein biosynthesis on the expression of the cAMP- and AMP-binding proteins at LD, cAMP-to-
adenosine conversion and lipolysis inhibition. Isolated rat adipocytes were incubated (16 h) in primary culture in the absence or presence
of mannosamine (20 mM), mannose (20 mM), 1,10-phenanthroline (250µM) or ZnCl2 (2 mM) before the addition of glimepiride (final
concentration 10µM) or GO (10 mU/mL) or buffer (control) as indicated. After further incubation (1 h), portions of the adipocytes were
separated from the medium for the preparaton of LD. From portions of the LD, proteins were extracted and precipitated under native
conditions, then photoaffinity-labeled with 8-N3-[32P]cAMP or [14C]5′-FSBA, precipitated under denaturing conditions and finally analyzed
by SDS-PAGE and phosphorimaging (left panel). Phosphorimages from a typical experiment are shown repeated once with similar results.
Quantitative evaluation by phosphorimaging is given (means( SD,n ) 3 adipocyte preparations with single determinations; bold numbers
indicate significant differences compared to glimepiride and GO treatment in the absence of inhibitor). Other portions of the LD were
assayed for cAMP-to-adenosine conversion (right panel), which was set at 100% for glimepiride/GO without any addition. Other portions
of the adipocytes were challenged with isoproterenol (1µM). After further incubation (2 h) the medium was separated from the adipocytes
and analyzed for glycerol. Inhibition of glycerol release by glimepiride/GO without any addition was set at 100%. (Means( SD, n ) 4
adipocyte preparations with determinations in duplicate; */# indicate significant differences compared to control and glimepiride/GO incubations,
respectively, atp e 0.01.)
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the three stimuli. Addition of GPI-2350 at three different
time points (corresponding to half-maximal increases, maxi-
mal increases or half-maximal decreases) during the continu-
ous presence of glimepiride, palmitate or GO immediately
terminated further upregulation and prevented further loss,
respectively, of conversion activity (Figure 6A) and amount
of Gce1 (Figure 6B). Thus, both upregulation and loss of
the cAMP-to-adenosine conversion activity and the amount
of Gce1 at LD apparently depend on functional GPI-PLC.

The GPI Protein, Gce1p, Can Be Reconstituted into LD
in Vitro. The identification of GPI-anchored Gce1 and CD73
at LD of lipolytically stimulated adipocytes immediately
favors a model for the binding of GPI proteins to LD driven
by direct interactions between the fatty acyl chains of their
GPI anchors and the phospholipids of the LD surface
monolayer. Therefore, the putative reconstitution of a GPI
protein into isolated LD was studiedin Vitro, as has been
previously successfully performed with liposomes (66). For
this, [14C]inositol-labeled detergent-solubilized and affinity-
purified Gce1p from yeast harboring the intact or (G)PI-
PLC-cleaved GPI anchor was incubated with LD prepared

from basal rat adipocytes. Upon dilution of the detergent
and reisolation of the LD by sucrose gradient centrifugation,
proteins were extracted from the LD, then subjected to TX-
114 partitioning and finally analyzed by SDS-PAGE and
phosphorimaging or measurement of PDE activity. The
recovery of [14C]inositol-labeled amphiphilic Gce1p parti-
tioning into the detergent phase (Figure 7A) as well as PDE
activity (Figure 7B) with the LD increased with the amounts
of Gce1p harboring the intact (-PI-PLC), but not the cleaved
GPI anchor (+PI-PLC), used in the reconstitution assay. In
contrast, very little hydrophilic Gce1p partitioning into the
aqueous phase (Figure 7A) was found associated with the
LD after incubation with either intact or cleaved Gce1p. As
expected, soluble PDE from bovine brain used as a control
was not recovered with LD to any significant degree (Figure
7B). The specificity of thein Vitro reconstitution was
demonstrated by incubations of Gce1p with pure tripalmitin
or triolein or of detergent-solubilized insulin receptor and
glucose transporter isoform 4 with adipocyte LD. None of
these proteins was recovered significantly with the top
fractions upon sucrose gradient centrifugation (data not

FIGURE 6: Effect of inhibition of PI-PLC on the glimepiride-, palmitate- and GO-induced conversion of cAMP to adenosine by LD. Isolated
rat adipocytes were incubated (37°C) in the absence (basal) or presence of glimepiride (10µM), palmitate (1 mM) or GO (10 mU/mL) for
increasing periods of time. At the time points indicated by arrows, GPI-2350 (final concentration 50µM) or buffer was added and the
incubation was continued for increasing periods. Thereafter, the adipocytes were separated from the medium for the preparation of LD.
Portions of the LD were then assayed for the conversion of cAMP to adenosine. (A) The cAMP-to-adenosine conversion at zero time point
in the absence of GPI-2350 was subtracted from each value. For each agent this difference was set at 0% for the zero time point and 100%
for the maximal conversion (means( SD,n ) 4 adipocyte preparations with determinations in triplicate; */#/§ indicate significant differences
compared to the 0-min, 15-min basal and 30-min time points, respectively, atp e 0.05). (B) From other portions of the LD, proteins were
extracted and precipitated under native conditions, then photoaffinity-labeled with 8-N3-[32P]cAMP, precipitated under denaturing conditions
and then analyzed by SDS-PAGE and phosphorimaging. Phosphorimages from typical experiment are shown repeated once with similar
results. Quantitative evaluation by phosphorimaging is given.
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shown). Analysis of the type of interaction of Gce1p with
the in Vitro reconstituted adipocyte LD demonstrated that
Gce1p is associatedVia hydrophobic rather than mere
electrostatic interactions (with the phospholipid monolayer
or other LD proteins) since it was significantly released by
treatment of the LD with hot SDS or TX-100, but resisted
release by incubation with carbonate or high salt (Figure 8).
Compatible with the GPI anchorage of Gce1p at LD,
treatment with nitrous acid, aqueous HF or bacterial (G)PI-
PLC, which causes specific cleavage of GPI structures at
distinct sites (45, 50, 67), resulted in almost complete
liberation of radiolabeled Gce1p from LD. This extraction
behavior of Gce1p from reconstituted LD, which is identical

to that of CD73 from authentic LD (see Figure 4), argues
for direct binding of GPI proteins to LDVia their GPI anchor,
which can be reconstitutedin Vitro.

The possibility to label LD with different GPI proteins
either by metabolic labeling of adipocytes and subsequent
preparation of the LD or by reconstitution of labeled and
purified GPI proteins into LDin Vitro opened the possibility
to study the putative exchange of GPI proteins between
distinct LD. For this, LD reconstituted with [14C]inositol-
labeled Gce1p from yeast and LD from [14C]inositol-labeled
and GO-treated adipocytes were incubated together with rat
adipocyte cytosol in the presence of an ATP-regenerating
system. After reisolation, the LD were adsorbed to either
cAMP- or AMP-Sepharose beads and then specifically eluted
for the separate recovery of Gce1p- or CD73-containing LD,
respectively. SDS-PAGE and phosphorimaging of the
extracted radiolabeled proteins revealed (Figure 9) that after
30 min incubation in the presence of cytosol, the Gce1p-
and CD73-containing LD were quantitatively recovered with
the cAMP- and AMP-Sepharose beads, respectively (as
reflected in similar amounts of Gce1p and CD73 after
combined compared to separate incubation of the two LD
species). Remarkably, the Gce1p- or CD73-containing LD
harbored small but significant amounts of CD73 and Gce1p,
respectively, i.e., of that GPI protein counterpart that initially
was not contained in the prepared or reconstituted LD species
and therefore did not adsorb to cAMP- and AMP-Sepharose
beads, respectively. In contrast, after incubation without
cytosol or control incubation (zero time) or incubation of a
single LD species only (Figure 9) or incubation in the
absence of ATP-regenerating system (data not shown) Gce1p
but not CD73 was eluted from cAMP-Sepharose andVice
Versa CD73 but not Gce1p from AMP-Sepharose. This
argues for the specificity of the reaction as well as detection.
Only minute amounts of Gce1p and CD73 were recovered

FIGURE 7: Reconstitution of Gce1 into LD. Gce1p was partially
purified from yeast metabolically labeled withmyo-[14C]inositol
and then treated in the absence or presence of PI-PLC (Bacillus
cereus) as described in Materials and Methods. Subsequently,
increasing amounts of detergent-solubilized Gce1p were incubated
(30 min, 37°C) with LD prepared from basal rat adipocytes. As a
control, PDE (bovine brain) suspended in the same buffer (0.5
U/mL) was used instead of Gce1p. After removal of the detergent
by dialysis, LD were recovered from the incubation mixtures by
centrifugation through sucrose cushions and then washed by
flotation. Proteins were extracted and then precipitated under native
conditions. (A) Portions of the dissolved proteins were partitioned
between aqueous and detergent (TX-114) phases, then precipitated
under denaturing conditions and after dissolution analyzed by SDS-
PAGE. The phosphorimages of a typical experiment are shown
repeated once with similar results. (B) Other portions of the
dissolved proteins were assayed for LD-associated PDE activity.
(Means( SD of 3 independent adipocyte preparations and PDE
measurements in quadruplicate; */# indicate significant differences
compared to the use of PDE atp e 0.05 ande0.01, respectively;
§ indicates significant differences compared to the use of Gce1p-
P1-PLC atp e 0.05.)

FIGURE 8: Release of Gce1 from reconstituted LD. LD reconstituted
with anchor-containing Gce1p (30 arbitrary units) and recovered
by centrifugation through sucrose cushions (3500 dpm,∼20 µL)
were incubated with the 100µL of SDS (10%, 10 min, 65°C),
20% TX-100 (60 min, 37°C), 1.5 M NaCl (60 min, 37°C) or 1.5
M sodium carbonate (pH 11.5, 30 min, 37°C) or subjected to
treatment with PI-PLC (B. cereus), nitrous acid (NA) or hydrogen
fluoride (HF) as described in Materials and Methods. Thereafter,
100-µL portions of the incubation mixtures were centrifuged
through sucrose cushions. The infranatant below the floating upper
lipids was removed by suction and then used for precipitation of
proteins under denaturing conditions. After dissolution radiolabeled
Gce1p was analyzed by SDS-PAGE and quantitatively evaluated
by phosphorimaging with the amount remaining associated with
untreated LD after the centrifugation set at 100%. (Means( SD
of 4 adipocyte preparations with determinations in duplicate; *
indicates significant differences compared to control atp e 0.01.)
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when the elution of combined cAMP/AMP-Sepharose was
performed without both cAMP and AMP (Figure 9). This
demonstrates specific binding of Gce1p-/CD73-containing
LD to the Sepharose beads and efficient removal of unbound
LD prior to elution. In conclusion, at least one of the two
LD populations initially equipped with distinct GPI proteins,
each, apparently has obtained a limited amount (∼10%) of
the GPI protein from its LD counterpart prior to its specific
recovery on the basis of its initial GPI protein content.
Alternatively, partial fusion between the two LD species may
have occurred during the incubation prior to their recovery.
Compatible with fusion are recent findings with intact NIH
3T3 cells or a cell-free system that LD can grow by fusion
after they have been assembled which is independent of TAG
synthesis and requires the interaction of cytosolic ATP-driven
motor proteins, such as dynein, and intact microtubules (68).
It may thus be useful to study the effect of microtubule
depolymerization, e.g., by nocodazole, on the exchange of
GPI proteins between distinct LD in the cell-free system. In
any case, this process is time-, cytosol- and ATP-dependent
and is therefore most likely physiological rather than artificial
(due to, e.g., mechanical stress, fragmentation, spontaneous
coagulation), but apparently independent of TAGde noVo
synthesis (absence of glucose and FA during the incubation).

DISCUSSION

Association of the GPI Proteins, Gce1 and CD73, with
LD. The present study shows, for the first time, that GPI
proteins can be associated with LD facing the cytoplasm
rather than embedded in the outer leaflet of the plasma
membrane or luminal leaflets of the endoplasmic reticulum/
Golgi membranes facing the extracellular or vesicular space,
respectively (Figure 10). The following findings provide
strong evidence for this unexpected localization of GPI
proteins at LD: (i) With the exception of the localization,
the proteins newly identified at LD of rat adipocytes share
all the properties previously found for the GPI proteins, Gce1
(37) and CD73 (39, 60-62), i.e., apparent molecular weight
(Figure 1A), photoaffinity labeling with 8-N3-[32P]cAMP and
[14C]5′-FSBA (Figure 1A), binding to cAMP-Sepharose and
AMP-Sepharose (Figure 2), binding of cAMP (Figure 3),

immunoreactivity with anti-CD73 antisera (Figure 4), am-
phiphilic nature and amphiphilic-to-hydrophilic conversion
through cleavage by bacterial PI-PLC, nitrous acid deami-
nation and hydrogen fluoride dephosphorylation (Figure 1A)
and metabolic labeling with typical GPI anchor constituents
(Figure 4). (ii) Expression of Gce1 and CD73 at LD is
blocked by interference with GPI anchor biosynthesis (Figure
5). (iii) Expression of Gce1 and CD73 at LD is blocked by
interference with GPI anchor cleavage by GPI-PLC (Figure
6). (iv) Gce1p prepared from yeast with intact but not
lipolytically cleaved GPI anchor associates with LDin Vitro
(Figure 7). It is highly unlikely that the sucrose gradient-
purified LD fractions used in the present study contained

FIGURE 9: Exchange of GPI proteins between LDin Vitro. LD prepared from untreated rat adipocytes and reconstituted withmyo-[14C]-
inositol-labeled Gce1p from yeast (LD-Gce1; 1500-2000 dpm; corresponding to 2× 106 adipocytes) were incubated (head-over rotation
in 1-mL reaction vessels, 30 rpm, 37°C) with LD prepared frommyo-[14C]inositol-labeled and GO-treated adipocytes (LD-CD73; 5000-
7000 dpm; corresponding to 2× 106 adipocytes) in the presence or absence of cytosol (125µg of protein) from untreated adipocytes in 0.5
mL of buffer R as described for the reconstitution of LD. After 0 or 30 min, the LD were reisolated by flotation (500g, 2 min) and then
incubated (head-over rotation in 1-mL reaction vessels, 100 rpm, 4 h, 12°C) with cAMP-Sepharose and/or AMP-Sepharose (40 mg) in 0.5
mL of buffer R. Thereafter, the Sepharose beads were collected by centrifugation (10000g, 2 min), washed three times with 1 mL of buffer
R each and then eluted with 1 mL of buffer R without or with 1 mM cAMP or AMP as indicated. After incubation (head-over rotation, 20
min, 12°C), the LD released were separated from the Sepharose beads by centrifugation (10000g, 2 min) and then recovered from the top.
Proteins were extracted from the LD and precipitated under denaturating conditions and then analyzed by SDS-PAGE. The phosphorimages
of a typical experiment are shown. Quantitative evaluation (mean( SD of three adipocyte incubations) is given with the amounts of CD73
and Gce1p recovered from incubations of CD73 and Gce1p each alone set at 100 each.

FIGURE 10: Model for the degradation of cAMP by GPI proteins
at the surface of LD in rat adipocytes. (A) Short-term challenge
with isoproterenol, ADA or forskolin leads to elevation of total
cytosolic cAMP. (B) Palmitate, glimepiride and H2O2 cause
conversion of cAMPVia AMP to adenosine and thereby cAMP
lowering in the immediate vicinity of the LD, only, through
upregulation of the GPI-anchored PDE, Gce1, and 5′-Nuc ,CD73,
at the LD surface.
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significant amounts of plasma membranes or endoplasmic
reticulum/Golgi membranes. In fact, LD differ considerably
from membranous organelles with regard to both protein
composition and buoyant density as revealed by immunob-
lotting for typical marker proteins and flotation or sedimenta-
tion, respectively, during centrifugation, which renders LD
to one of the most conveniently producable and purest
subcellular fraction (83).

Apparently, localization of GPI proteins at LD has escaped
detection up to now despite the use of several subproteomic
analyses of LD using different cell types (31, 34-36),
including basal and isoproterenol-induced adipocytes (29,
30). This failure of the application of standard proteomics
protocols may be explained as follows: (i) LD expression
of GPI proteins is very low in the basal state of cells and
requires induction, e.g., in rat adipocytes by antilipolytic
agents, such as glimepiride, palmitate and H2O2 (see also
discussion below). (ii) LD expression of GPI proteins seems
to be transient, only, e.g., in rat adipocytes with rapid increase
upon lipolysis inhibition and subsequent gradual decline to
almost basal level (Figure 6). (iii) Only a subset of GPI
proteins seems to be expressed at LD, e.g., in rat adipocytes
Gce1 and CD73, since in preliminary studies the GPI protein,
alkaline phosphatase, was not recovered with LD from basal
and anti-lipolytically induced adipocytes to any significant
degree (Mu¨ller, G., Schulz, A., unpublished results). (iv) GPI
modification of proteins cannot be predicted with certainty
from the amino acid sequence (67, 71, 79) and its experi-
mental demonstration requires specific biochemical analyses
which have not been applied to LD proteins so far. (v) The
sequences of some LD-associated GPI proteins may not have
been published so far, which is the case for Gce1 of rodent
adipocytes, preventing their detection by mass spectroscopy.
(vi) Proper separation of GPI proteins by two-dimensional
gels requires cleavage of their GPI anchors by appropriate
phospholipases, presumably to avoid interference of the
hydrophobic phospholipid moiety of GPI anchors during
isoelectric focusing. This has been demonstrated for detergent-
resistant membrane fractions of BHK cells from which six
GPI proteins were identified only upon PI-PLC treatment
(69). The “shave-and-conquer” concept also led to the
identification by capillary liquid chromatography and tandem
mass spectroscopy of hitherto unknown GPI proteins of
human and plant plasma membranes and detergent-resistant
membrane fractions following their lipolytic release (70). The
use of phospholipase D instead of PI-PLC as performed in
that investigation may be of general advantage since the
former activity is not affected by structural heterogeneity of
the GPI anchor (71). Unfortunately, subproteomic 2-D-based
analyses of phospholipase-treated LD have not been reported
so far. There are additional examples for LD-associated
proteins which were identified by rigorous biochemical
analysis rather than 2-D proteomics. Recently, Fujimoto and
co-workers described the production of radiolabeled TAG
and cholesterylester by LD from cultured liver cells upon
incubation with radiolabeled oleoyl-CoA (72). This implies
the presence of acyl-coenzyme A:diacylglycerol/cholesterol
acyltransferases in LD which both remained undetected in
former proteomic studies of LD proteins of the same cells
(34) as well as adipocytes (30).

Taken together, the 52-kDa cAMP-binding protein, Gce1,
and the 62-kDa AMP-binding protein, CD73, apparently

constitute the components of the cAMP-to-adenosine conver-
sion activity found associated with LD (Figure 2). They
presumably act as the rolipram-sensitive PDE and the 5′-
Nuc, respectively, which are apparently involved in local
lowering of cAMP in the vicinity of LD (Figure 10) and
downregulation of lipolysis by palmitate, glimepiride and
H2O2 (83). The PDE activity of adipocyte Gce1 has escaped
detection so far, which is explained best with the presence
of IBMX in the assays used previously for the identification
of Gce1 as a cAMP-binding protein (filtration assay for [3H]-
cAMP binding, photoaffinity labeling with 8-N3-[32P]cAMP,
affinity purification on cAMP-Sepharose; refs37-39). Gce1
shares with PDE4 the sensitivity toward rolipram (73, 74,
83), but nevertheless represents a novel type of PDE with
unique properties: It is (i) modified with a GPI moiety, (ii)
localized both at the cell surface and at the LD surface in
adipocytes and (iii) regulated by change in its localization
rather than by phosphorylation (Mu¨ller, G., and Schulz, A.,
unpublished data). However, final proof that Gce1 and CD73
exert the PDE and 5′-Nuc activities, which in concert underly
the LD-associated cAMP-to-adenosine conversion activity,
will require gene disruption and overexpression studies.

Upregulation of the LD Association of Gce1 and CD73
by Palmitate, Glimepiride and H2O2. The association of the
two GPI proteins, Gce1 and CD73, with LD was recognized
as concentration-dependent increases in their photoaffinity-
labeling (Figure 1B) and in the cAMP-to-adenosine conver-
sion activity (Figure 2) of LD prepared from glimepiride-,
palmitate- and H2O2-induced adipocytes, but hardly of LD
from insulin-induced and basal cells. A causal relationship
between the upregulation of the LD expression of Gce1 and
CD73, cAMP-to-adenosine conversion by LD and inhibition
of isoproterenol-stimulated lipolysis in response to palmitate,
glimepiride and H2O2 was suggested by their blockade upon
inhibition of GPI anchor biosynthesis (Figure 5) and,
unexpectedly, inhibition of the GPI-PLC (Figure 6). The
requirement for GPI-PLC action for upregulation of LD
expression is reminiscent of the previously reported trans-
location of Gce1 and CD73 from high cholesterol- to low
cholesterol-containing plasma membrane microdomains in
rat adipocytes (13, 15, 16). Future studies have to address
the molecular mechanism for the upregulation of Gce1 and
CD73 at LD including their site(s) of synthesis and storage
and the role of GPI anchor cleavage. The results may also
help understanding how GPI proteins gain access to the
cytoplasmic phospholipid monolayer of the LD, since they
typically use vesicular trafficking for their transport to and
from the cell surface with the polypeptide as well as the
glycan portion of the GPI anchor always facing the non-
cytoplasmic (luminal and extracellular) spaces (2, 4, 75).
Moreover, inhibition of the GPI-PLC also prevented the
gradual loss of Gce1 and CD73 from LD. Thus, Gce1 and
CD73 can be released from the LD surface by lipolytic
cleavage as observed here following their maximal LD
expression despite the continuous presence of palmitate,
glimepiride and H2O2 (Figure 6). This downregulation of
Gce1 and CD73 at LD may reflect desensitization or
feedback inhibition in the course of prolonged antilipolytic
challenge of adipocytes.

Reconstitution of GPI Proteins into LD in Vitro.At a first
glance, GPI modification of proteins seems to fit perfectly
to their anchorage at the surface phospholipid monolayer of
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LD with the proteinaceous ectodomain facing entirely the
cytoplasm and enabling the handling of hydrophilic ligands
and substrates, such as cAMP by Gce1 and AMP by CD73.
Typical LD-associated proteins of hydrophobic nature and
with structural function have been found to traverse the LD
from the outer shell to the inner core during their life cycle
(57), which would impede any catalytic function at the LD
surface. Furthermore, it is conceivable that GPI proteins
associate with preformed LD by spontaneous or protein-
mediated partitioning of the fatty acyl moieties of their GPI
anchor into the LD phospholipid monolayer. This biosyn-
thetic pathway would enable upregulation of GPI protein
expression at preformed LD in the short term as observed
here for Gce1 and CD73 in response to glimepiride, palmitate
and H2O2. The underlying mechanisms may be analogous
to the recently elucidated guidance of C-tail-anchored
proteins with a transmembrane domain close to their carboxy-
terminus to the cytoplasmic leaflet of the ER membrane (76).
In the case of moderate hydrophobicity and a certain degree
of water solubility of the transmembrane domain, the C-tail-
anchored proteins apparently insert spontaneously after
contacting the bilayer without assistance from proteins.
C-tail-anchored proteins with more hydrophobic transmem-
brane domains, which tend to form aggregates, require
interaction with a chaperone to remain in the insertion-
competent state during cytoplasmic passage and to be
released for spontaneous insertion into the bilayer after
contact of the chaperone with the cytoplasmic face of the
endoplasmic reticulum membrane. On the basis of the chain
length and saturation of the fatty acyl moieties found in
typical GPI proteins (67), it is conceivable thatin ViVo the
GPI anchors of Gce1 and CD73 have to be masked by
chaperons to facilitate their transfer from the site of their
synthesis/storage to the LD surface. Interestingly, the chap-
erone HSP70 has recently been found to be associated with
LD in 3T3-L1 adipocytes in transient and regulated fashion
(77). The demonstrated reconstitution of purified Gce1p from
yeast into LD from rat adipocytesin Vitro (Figure 7) which
mimics the extraction behavior of adipocyte Gce1 from
authentic adipocyte LD (Figure 8) suggests that spontaneous
or protein-mediated insertion of GPI proteins into LD may
occur alsoin ViVo.

The possibility of the reconstitution of any recombinant
GPI protein of interest into LD of various origin (78, 79) in
combination with the observed exchange of the reconstituted
GPI proteins between distinct LD (Figure 9) may have broad
implications for future biotechnological applications which
encompass “two-dimensional” binding or catalytic processes
occurring at the (phospho)lipid-water interface. Lipases, for
instance, are well-known to alter their kinetic properties and/
or specificity upon contact with hydrophobic surfaces, such
as lipidic substrates, a phenomenon called interfacial activa-
tion (80). It will be interesting to study the hydrolytic efficacy
of a recombinant lipase with a covalently attached GPI
anchor after its reconstitution into LD.

In conclusion, the presented findings of the transient
expression of certain GPI proteins, such as Gce1 and CD73,
at the LD of adipocytes supplement the growing list of LD-
associated proteins recruited from other cellular compart-
ments in a cell type-specific and regulated fashion (81, 82).
In addition to the storage of neutral lipids and the regulation
of lipid metabolism, LD might therefore have a general role

in managing the availability and sequestration of proteins
for various purposes, such as regulated inactivation of
proteins, prevention of toxic protein aggregates, and localized
delivery of signaling molecules, as is apparently true for the
(c)AMP-hydrolyzing enzymes, Gce1 and CD73.
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