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Lipid droplets (LDs) are intracellular
storage sites for triacylglyerols
(TAGs) and steryl esters, and play essen-
tial roles in energy metabolism and mem-
brane biosynthesis. Adipose triglyceride
lipase (ATGL) is the key enzyme for TAG
hydrolysis (lipolysis) in adipocytes and
LD degradation in nonadipocyte cells.
Lipase activity of ATGL in vivo largely
depends on its C-terminal sequence as
well as coactivation by CGI-58. Here we
demonstrate that the C-terminal hydro-
phobic domain in ATGL is required for
LD targeting and CGI-58-independent
LD degradation. Overexpression of wild-
type ATGL causes a dramatic decrease in
LD size and number, whereas a mutant
lacking the hydrophobic domain fails to
localize to LDs and to affect their mor-
phology. Interestingly, coexpression of
CGI-58 is able to promote LD turnover
mediated by this ATGL mutant. Recently
we have discovered that GOS2 acts as an
inhibitor of ATGL activity and ATGL-
mediated lipolysis. Here we show that
GOS2 binds to ATGL irrelevantly of its
activity state or the presence of CGI-58.
In GOS2-expressing cells, the combined
expression of CGI-58 and ATGL is inca-
pable of stimulating LD turnover. We
propose that CGI-58 and GO0S2 regulate
ATGL via non-competing mechanisms.

Composed of a neutral lipid core sur-
rounded by a monolayer of phospholipids
with embedded proteins, lipid droplets
(LDs) are a dynamic organelle critically
involved in lipid synthesis, turnover and
trafficking."* Although virtually all cell
types are able to generate LDs, the most
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conditions are found in white adipocytes.
Their large unilocular morphology is well
suited for storing fatty acids in the form
of triacylglycerols (TAGs). During fast-
ing and exercise, adipose TAG hydrolysis
(termed lipolysis) supplies fatty acids and
glycerol to muscle, liver and other tissues
for energy production. In comparison,
LDs in nonadipocyte cells are usually
small and multilocular. The TAGs and
steryl esters in these LDs can be mobi-
lized to support a variety of local activities
including metabolism, membrane synthe-
sis and steroid synthesis. In hyperlipidemic
states associated with obesity, the storing
capacity of LDs in many nonadipose tis-
sues is often exceeded, resulting in exces-
sive accumulation of unesterified fatcy
acids that in turn causes cell dysfunction
and/or cell death.’ The so-called “lipo-
toxicity” phenomenon has been well rec-
ognized as a causative mechanism for
the development of insulin resistance in
the liver and the skeletal muscle. Lipid
overload in pancreatic cells and cardiac
myocytes, on the other hand, can lead
to apoptotic cell death that results in the
dysregulation of insulin secretion and the
development of heart failure, respectively.

Considering the importance of lipid
homeostasis at both physiological and
pathological levels, it is not surprising that
the molecular mechanisms governing LD
biogenesis and turnover have attracted
immense research effort over the years.
LDs in adipocytes as a system have been
important historically in providing exam-
ples of many concepts of TAG catabolism/
lipolysis, including lipase trafficking,
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function of LD coat proteins as lipolytic
barriers, and regulation of lipolysis by
hormones through protein phosphoryla-
tion. It is now well known that adipose
lipolysis is catalyzed sequentially by spe-
cific enzymes, releasing one fatty acid at
each step with the generation of diacylg-
lycerol (DAG), monoacylglycerol (MAG)
and glycerol. The rate-limiting enzyme
controlling this process was previously
believed to be hormone-sensitive lipase
(HSL). The interplay between HSL and
the lipid droplet-coat protein perilipin was
established as a key mechanism whereby
catecholamines/B-adrenergic  hormones
regulate TAG hydrolysis in adipocytes.®”
However, the failure of HSL-deficient
mice to show an obese phenotype led to
intense search for separate TAG lipases
and the resultant discovery of adipose tri-
glyceride lipase (ATGL) in 2004.51°
ATGL is expressed in most tissues
examined with highest level detected in
white and brown adipose tissue.®® Studies
using cultured cells and genetically modi-
fied animal models demonstrate that
ATGL plays a key role in both basal and
hormone-stimulated lipolysis in adipo-
cytes.®"!"> ATGL initiates lipolysis by spe-
cifically removing the first fatty acid from
TAG to produce DAG substrate, which is
then hydrolyzed by HSL to generate an
additional fatty acid and MAG substrate.
MAGs are converted into fatty acid and
glycerol by MAG lipase in the final step of
lipolysis.'*" In contrast to HSL knockout
mice exhibiting decreased fat mass,***
ATGL null mice showed an expanded adi-
pose tissue along with impaired adipose
lipolysis in response to -adrenergic stim-
ulation.”” Conversely, mice overexpressing
ATGL specifically in adipose tissue were
leaner with decreased TAG content in adi-
pocytes and were resistant to diet-induced
obesity with improved insulin sensitivity.”
While its LD localization is hormone-
responsive in adipocytes,'** ATGL is
constantly located around LDs in cells
expressing none or little endogenous per-
ilipin and HSL.»% In Hela cells, ATGL
overexpression caused a marked decrease
in LD size, whereas siRNA-induced
knockdown of endogenous ATGL resulted
in an increase in the size of LDs.?® ATGL-
null mice showed increased TAG deposi-
tion in most nonadipose tissues such as
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heart, skeletal muscle and liver. In fact,
massive lipid accumulation in cardiac
myocytes caused heart failure and pre-
mature death of ATGL null mice after
the age of 12 weeks.”® Exercise-induced
lipolysis was also blunted in these mice."
Additionally, ATGL null mice displayed
a 2-3-fold increase in hepatic TAG con-
tent along with reduced very low density
lipoprotein (VLDL) TAG in the plasma
under fasting condition.”® In a separate
study, adenoviral hepatic overexpression
of ATGL promoted fatty acid oxidation
and ameliorated hepatic steatosis in both
ob/ob mice and mice with high fat diet-
induced obesity.?® Therefore, aside from
its function in adipocyte lipolysis, ATGL
is critically involved in the TAG catabo-
lism in cardiomyocytes and hepatocyrtes.
Human and murine ATGL proteins
share 86% homology and have a molecu-
lar weight of ~56 kDa. The N-terminal
half of ATGL contains a predicted
o./B-hydrolase fold” and an overlapping
patatin-like domain. The patatin domain
is named after the potato tuber protein
patatin,®® a weak acyl lipid hydrolase. The
catalytic site of ATGL is located within
the patatin-like domain and is character-
ized by an unconventional catalytic dyad
similar to that of human cytosolic phos-
pholipase A, (cPLA)).* Mutational analy-
sis revealed that in ATGL the catalytic
dyad consists of serine 47 located within
a GXSXG motif and aspartate 166 within
a DXG motif.?*?! Patatin domains of both
ATGL and cPLA, also contain a glycine-
rich sequence that defines the oxyanion
hole of the active site. The nitrogen atom
in glycine stabilizes the oxyanion formed
during substrate cleavage as a result of
the nucleophilic attack by the catalytic
serine.’® The C-terminal region of ATGL
primarily consists of a-helical and loop
structures. In humans, a subgroup of neu-
tral lipid storage disease characterized by
excessive TAG deposition in nonadipose
tissues and mild myopathy (NLSDM) was
reported to be caused by mutations in the
gene for ATGL.>* Most mutations result
in the deletion of the C-terminal region
of ATGL. In fibroblasts collected from
NLSDM patients, the whole-cell TAG
lipase activity was often retained while
the LD-associated activity was lost.?*%
Separate mutagenesis studies?”**3* further
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demonstrated that though they exhib-
ited substantially increased lipase activity
in vitro, ATGL mutants deleted in the
C-terminal region were unable to associate
with LDs and to catalyze TAG hydrolysis
in living cells. Therefore, the LD localiza-
tion may be essential for ATGL to func-
tion as a TAG lipase in vivo.

A hydrophobic stretch of 45 amino
acids in the C-terminal region has been
widely postulated to mediate targeting
ATGL to the LDs.” To directly determine
its involvement in the LD degradation,
we generated an internal deletion mutant
of murine ATGL lacking only the hydro-
phobic domain. ATGLAHD possesses a
TAG lipase activity comparable to that
of the wild type protein.?* For controls,
we also constructed two catalytically
inactive mutants, ATGLAPT and S47A.
ATGLAPT is an internal deletion mutant
missing the entire patatin-like domain,*
and S47A is a point mutant in which the
nucleophilic serine 47 was mutated to ala-
nine. To evaluate their effects on LD turn-
over, we transfected HeLa cells with each
ATGL variant and examined the morpho-
logical changes in the intracellular LDs.
HelLa cells accumulate multiple small LDs
upon treatment with long chain fatty acids,
and have been a successful model system
for study of ATGL-mediated lipolysis in
nonadipocyte cells.?® We treated trans-
fected cells with oleic acid overnight to
enlarge the LDs followed by a short period
of nutrient starvation to promote their
degradation. The subcellular localization
of ATGL was determined by immunofluo-
rescence staining. The LDs were revealed
by staining with BODIPY 493/503, a non-
polar probe selective for neutral lipids such
as TAG. As shown in Figure 1, expression
of wild type ATGL resulted in a drastic
reduction in both the size and the number
of LDs in the transfected cells compared
with those in the neighboring untrans-
fected cells. As expected, neither S47A nor
ATGLAPT was able to significantly affect
the morphology of LDs. Interestingly;
ATGLAHD displayed no ability to
degrade LDs in spite of its intact lipase
activity. Moreover, ATGLAPT and S47A
were predominantly localized at the sur-
face of LDs, whereas ATGLAHD resided
diffusively throughout the cytoplasm with
no apparent presence at the LDs. These
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results indicate that the hydrophobic
domain in the C-terminal region of ATGL
indeed is required for the LD targeting
and the subsequent degradation of the
LDs. The catalytic patatin-like domain,
on the other hand, does not appear to play
a critical role in the LD localization. This
is well in agreement with the finding from
Duncan et al. that ATGL lacking almost
the entire N-terminal region still retained
the LD localization when expressed in
COS-7 cells.”

A major advance in understanding
ATGL-mediated lipolysis is the discovery
that ATGL activity is highly dependent
on association with a co-activator protein
called CGI-58 (comparative gene identi-
fication-58; also known as o/} hydrolase
fold—containing protein 5, ABHD5).%!
In humans, mutations of CGI-58 were
identified earlier as a cause of Chanarin-
Dorfman syndrome (CDS),* another
form of neutral lipid storage disease char-
acterized by ichthyosis (NLSDI) along
with TAG deposition in most nonadi-
pose tissues. CGI-58 contains a canonical
lipase motif, although the usual catalytic
serine in GXSXG motif is replaced by
asparagine. As a result, CGI-58 itself does
not have a lipase activity.’ Upon inter-
action with CGI-58, ATGL TAG lipase
activity increases from as low as 30-70%
to as high as 20-fold in cultured cells,'
depending on experimental conditions.
Overexpression of ATGL and CGI-58
synergistically reduced TAG deposition
in COS-7 cells. Moreover, silencing of
CGI-58 was found to drastically reduce
PKA-activated fatty acid and glycerol
release in both mouse 3T3-L1,°»%7 and
human hMADs adipocytes.'” In accor-
dance with these in vitro observations,
CGI-58-deficiency caused growth retar-
dation along with systemic TAG accu-
mulation and severe hepatic steatosis in
newborn mice. Analysis of CGI-58"
embryonic fibroblasts also revealed a
defect in ATGL activation.™®

Although compelling evidence has
been provided to support the activating
role of CGI-58, the precise mechanism
how CGI-58 stimulates the lipase activ-
ity of ATGL remains elusive. Interactions
between the ectopically expressed proteins
were detected by ELISA (enzyme-linked
33 and FRET

immunosorbent assay)
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BODIPY

Figure 1. LD localization of ATGL mutants. HeLa cells transiently expressing murine ATGL wild
type, ATGLAHD, ATGLAPT or ATGL/S47A were incubated under normal growth conditions with
400 uM of oleic acid complexed to alboumin for 18 h. Following 1 h of incubation in serum-free

and glucose-free medium, immunofluorescence staining with ATGL antibodies was performed to
reveal the transfected cells. Lipid droplets were co-stained with BODIPY 493/503 fluorescence dye.

(fluorescence resonance energy transfer)®’
methods. However, co-immunoprecip-
itation of endogenous ATGL and CGI-
58 has not been reported. Therefore, the
question arises as to whether a stable asso-
ciation with ATGL is needed for CGI-58
to mediate the stimulating effect. Since
in vitro CGI-58 is able to activate ATGL
mutants lacking the C-terminal region,”
we tested whether CGI-58 would promote
LD degradation by ATGL not residing at
the surface of LDs. To this end, we coex-
pressed Myc epitope-tagged CGI-58 with
either wild type ATGL or ATGLAHD
in Hela cells in which endogenous
ATGL was already knocked down using
human isoform-specific siRNA oligos.
Expectedly, HeLa cells expressing wild
type ATGL showed a marked reduc-

tion in the size and the number of LDs
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(Fig. 2, top), regardless of CGI-58 coex-
pression. Strikingly, though ATGLAHD
alone did not promote LD degradation,
coexpression of CGI-58 with ATGLAHD
caused a drastic turnover of the LDs
(Fig. 2, middle). Mutation of serine 47
to alanine in ATGLAHD completely
abolished this effect of CGI-58 (Fig. 2
and bottom), demonstrating that the LD
degradation was indeed mediated by the
catalytic activity of ATGLAHD with the
assistance of CGI-58. Immunofluorescence
staining showed that CGI-58 was mainly
localized at the surface of LDs, whereas
ATGLAHD/S47A remained diffusive in
the cytoplasm. Therefore, CGI-58 was
able to stimulate ATGLAHD’s activity
towards LDs without recruiting the latter
to the LD surface.
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Figure 2. Coexpression of CGI-58 facilitates LD degradation by ATGLAHD mutant. HeLa cells were treated with human ATGL siRNA and then trans-
fected with each of the murine ATGL variants (wild type, AHD or AHD/S47A) in the presence of Myc-CGI58. After 18 h of incubation with 400 uM of
oleic acid followed by 1 h of nutrient starvation, immunofluorescence staining was performed by using ATGL and Myc antibodies. Lipid droplets were

co-stained with BODIPY 493/503 fluorescence dye.

the

complex puzzle of lipolysis, our recent

Contributing  to increasingly
studies have demonstrated that a pro-
tein encoded by G /G, switch gene 2
(G0S2) functions to attenuate ATGL
action.”® GOS2 is a small basic protein
with 78% identity between mouse and
human isoforms. It binds directly to
ATGL and is capable of inhibiting its
lipase activity. Overexpression of G0S2
decreases basal and stimulated lipolysis
in cultured adipocytes and fat explants.
Knockdown of endogenous G0S2, on the
other hand, enhances lipolysis in mature
adipocytes.** Moreover, GOS2 is highly
expressed in adipose tissue as well as
liver and heart. The expression of G0S2
increases in response to insulin, glucose
and ligands for the PPAR family of tran-
scription factors, and decreases upon
treatment with TNFa and p-adrenergic
agonist isoproterenol.?**-4>  Therefore,
GO0S2 likely controls TAG turnover in
adipocytes as well as in nonadipocyte
cells, and alteration of its expression may
be a novel mechanism via which nutri-
tional and hormonal factors regulate the
lipid homeostasis.
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In vitro GOS2 can dose-dependently
decrease ATGL activity even in the pres-
ence of CGI-58,% though higher concen-
trations of GOS2 are needed to achieve
the same level of inhibition. To determine
whether GO0S2 would prevent ATGL-
mediated degradation of LDs in the pres-
ence of CGI-58, we expressed ATGL along
with Myc-CGI-58 in Hela cells stably
transfected with G0S2.%* Consistent with
the results from our earlier experiments,
ATGL alone in GO0S2-expressing cells
failed to reduce the size and the number
of LDs. Interestingly, the further addi-
tion of CGI-58 to ATGL also was unable
to promote LD turnover in these cells.
Consequently, both ATGL and CGI-58
were found to be co-localized at the sur-
face of LDs. As demonstrated by a sepa-
rate coimmunoprecipitation experiment,
the presence of CGI-58 rendered no effect
on the interaction between GO0S2 and
ATGL. Specifically, we expressed ATGL
and GOS2 tagged at the C-terminus with
a FLAG epitope (GOS2-FLAG) with or
without Myc-CGI-58 in HeLa cells. Anti-
FLAG immunoprecipitation pulled down
ATGL along with GOS2-FLAG at an
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equal efficiency in the presence or absence
of CGI-58 coexpression. Therefore, GOS2
and CGI-58 do not appear to compete
with each other in binding to ATGL.

Our deletion analysis shows that the
catalytic patatin-like domain of ATGL is
necessary for mediating the complex for-
mation with G0S2.** To obtain insight
into the biochemical mechanism by
which GO0S2 inhibits ATGL, we investi-
gated whether the lipase activity of ATGL
is required for interaction with GOS2.
We transiently coexpressed wild type
ATGL and GOS2-FLAG in HeLa cells,
and evaluated their interaction follow-
ing pretreatment of cells with Orlistat or
(R)-BEL (Fig. 3A). While Orlistat is a cell-
permeable general TAG lipase inhibitor,
(R)-BEL was shown to efficiently inhibit
ATGL in vitro and in mouse primary
hepatocytes.'®® Anti-FLAG immunopre-
cipitation demonstrated that the specific
association of ATGL with GO0S2-FLAG
was unaffected by either inhibitor (Fig.
3A). In a separate experiment, GOS2 was
also found to interact efficiently with
S47A (Fig. 3B), the catalytically inac-
tive mutant of ATGL. In an attempt to
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identify the responsible sequence motif,
we generated three stretch-by-stretch dele-
tions of ATGL, with each mutant inter-
nally lacking one of the three different
regions within the patatin domain. After
transfection in Hela cells, we examined
their respective interaction with GO0S2-
FLAG. As shown in Figure 3C, deletion
of any chosen stretch resulted in almost
a complete loss of binding to GOS2.
Collectively, these observations indicate
that though independent of the lipase
activity of ATGL, the GOS2 interaction
involves nearly the entire region of the
patatin-like domain.

In summary, our results show that the
hydrophobic domain of ATGL is directly
involved in targeting the enzyme to LDs.
While the LD localization is a prereq-
uisite for ATGL by itself to mediate LD
degradation, CGI-58 is able to facilitate
the hydrolysis of TAG substrates within
the LDs by cytosolically localized ATGL.
Moreover, we show that CGI-58 does not
compete with GOS2 in binding to ATGL,
and GOS2 possess the capacity to pre-
vent ATGL-mediated LD turnover in the
presence of CGI-58. On the basis of our
results, we propose that G0S2 and CGI-
58 do not directly oppose each other in
the control of ATGL action. GOS2 binds
to ATGL in a manner that is dependent
on the intact 3-dimensional structure of
the patatin-like domain, and may func-
tion to block the substrate accessibility of
ATGL. The activation of ATGL by CGI-
58, on the other hand, does not appear to
involve a stable interaction between the
two proteins.

Recent work by Gruber et al. has dem-
onstrated that a tryptophan-rich stretch
in the N-terminal region of CGI-58 is
required for binding to the phospholipid
monolayer of the LDs.* Deletion of this
lipophilic sequence in CGI-58 caused a
complete loss of capacity to activate ATGL
without impacting their interaction.
These results emphasize the role of lipid
binding over direct protein association in
CGI-58 activation of ATGL. We speculate
that CGI-58 at the surface of LDs may
remodel the phospholipid monolayer and
thereby allow the access of the TAG core
by ATGL. For ATGL localized cytosoli-
cally, it may serve as an essential mecha-
nism by which the hydrolytic action is

www.landesbioscience.com
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Figure 3. Specific interaction between G0S2 and ATGL. (A) HeLa cells were co-transfected with
wild type ATGL along with vector alone (lane 1) or GOS2-FLAG (lanes 2-4). After pretreatment

of cells with vehicle only (lanes 1 and 2), 100 uM Orlistat (lane 3) or 5 uM (R)-BEL (lane 4) for 4 h,
cells were lysed and GOS2-FLAG was immunoprecipitated with anti-FLAG antibodies. G0S2 and
ATGL proteins in immunoprecipitates and lysates were detected by immunoblotting with FLAG
and ATGL antibodies, respectively. (B) HeLa cells were co-transfected with ATGL/S47A mutant
along with vector alone or G0S2-FLAG. Immunoprecipitation and immunoblotting analysis were
performed as described in (A). (C) HeLa cells were co-transfected with G0S2-FLAG and various
deletion mutants of ATGL. 1, wild type; 2, APT (lacking residues 10-180); 3, APT-N (lacking residues
10-66); 4, APT-M (lacking residues 67-124); 5, PT-C (lacking residues 125-180). Immunoprecipita-
tion and immunoblotting analysis were performed as described in (A).

exerted. For LD-localized ATGL with its
own hydrophobic domain penetrating the
phospholipid monolayer, the TAG core
is in close proximity and as a result, the
enzyme action may be less reliant on the
coactivation by CGI-58. The differential
regulation of ATGL could be especially
important in the context of adipocyte
lipolysis. In the absence of f-adrenergic
stimulation, the majority of ATGL reside
in the cytosol and CGI-58 may assist in
maintaining its basal activity towards
TAG substrates in the LDs. Under patho-
logical conditions such as NLSDM caused
by ATGL deletions lacking the C-terminal
region, the abundant expression of CGI-
58 may assist in maintaining ATGL activ-
ity and thus the lipolytic rates in adipose
tissue. This probably explains, at least in
part, that the NLSDM patients generally
are not obese.** Along the same line, it is
tempting to hypothesize that the nonadi-
pose tissues that accumulate excess TAG
are the ones that express either no or only
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a low level of CGI-58. For example, the
lack of sufficient level of CGI-58 in skel-
etal muscle cells and cardiomyocytes of
these patients may be a permissive factor
for the substantial TAG deposition lead-
ing to the development of myopathy and
muscle weakness.
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