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Background: GOS2 acts as an endogenous inhibitor of ATGL.

Results: We designed a short peptide that is active in the nanomolar range. The G0S2-derived peptide inhibits ATGL activity in

a noncompetitive manner.

Conclusion: G0S2-derived peptides act as potent and specific inhibitors of ATGL.
Significance: G0S2-derived peptides provide a novel tool to modulate ATGL activity.

The protein G,/G; switch gene 2 (G0S2) is a small basic pro-
tein that functions as an endogenous inhibitor of adipose tri-
glyceride lipase (ATGL), a key enzyme in intracellular lipolysis.
In this study, we identified a short sequence covering residues
Lys-20 to Ala-52 in GOS2 that is still fully capable of inhibiting
mouse and human ATGL. We found that a synthetic peptide
corresponding to this region inhibits ATGL in a noncompetitive
manner in the nanomolar range. This peptide is highly selective
for ATGL and does not inhibit other lipases, including hor-
mone-sensitive lipase, monoacylglycerol lipase, lipoprotein
lipase, and patatin domain-containing phospholipases 6 and 7.
Because increased lipolysis is linked to the development of met-
abolic disorders, the inhibition of ATGL by G0S2-derived pep-
tides may represent a novel therapeutic tool to modulate
lipolysis.

Most organisms store excess energy as neutral and inert tria-
cylglycerols (TGs)” to ensure the availability of energy in the
event of demand. These energy stores can be rapidly mobilized
in a process termed lipolysis that generates glycerol and fatty
acids (FAs). Glycerol can subsequently be channeled toward
glycolysis or TG synthesis. FAs serve as energy substrate, rep-
resent signaling molecules, and can be used for anabolic reac-
tions. FA metabolism is closely linked to metabolic diseases.
Excess FA concentrations in the circulation lead to deleterious
effects on the organism, including ectopic lipid accumulation,
insulin resistance, and inflammation, summarized in the term
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lipotoxicity (1-4). Consequently, TG hydrolysis and synthesis
are tightly regulated processes that ensure an adequate supply
of FAs to oxidative tissues while avoiding FA overload in
ectopic tissues (5, 6). Understanding the mechanisms that reg-
ulate lipolysis and concomitantly the release of FAs are of fun-
damental interest.

Adipose triglyceride lipase (ATGL) hydrolyzes TGs into dia-
cylglycerols and FAs and is required for efficient intracellular
lipolysis (7). Global inactivation of ATGL activity leads to mas-
sive TG accumulation in all tissues, including the heart of Azgl
knock-out mice (8). Accordingly, patients with ATGL defi-
ciency suffer from cardiac and skeletal muscle myopathy and
require heart transplants at a relatively young age (9). However,
genetic and small molecule-mediated inactivation of ATGL is
also associated with beneficial effects on plasma lipid parame-
ters and insulin sensitivity; Atgl-KO mice and WT mice treated
with the small molecule inhibitor Atglistatin show reduced
plasma FA and TG concentrations (8, 10). Consequently,
Atgl-KO mice display improved glucose tolerance and insulin
sensitivity (8). Recently, it has been reported that Azgl-KO mice
are also resistant to the development of cancer-associated
cachexia, a multifactorial syndrome characterized by ongoing
loss of skeletal muscle and fat mass (11).

Extensive research on the physiological role of ATGL has
identified complex regulatory mechanisms for its activity on
the transcriptional and post-translational level (12, 13). Direct
protein-protein interaction of ATGL with the protein compar-
ative gene identification 58 (CGI-58) increases ATGL activity
up to 20-fold (14). Inhibition of ATGL due to direct interaction
with the small, 103-amino acid protein G,/G; switch gene 2
(G0S2) was discovered in 2010 and confirmed using human and
murine proteins (15-21). The highest GOS2 expression is found
in adipose tissues, but it is also present in other tissues, includ-
ing the liver and the heart (20, 22, 23). To date, no mutation in
human GOS2 has been reported. Global and liver-specific
G0s2-KO mouse models were generated very recently and dis-
play decreased adipose tissue mass (24, 25), enhanced lipolysis
in adipose tissue, and a decrease in hepatic TG content (26).
Global and adipose tissue-specific overexpression of G0S2
leads to increased fat mass, overall reduction in lipolytic activ-
ity, and fatty liver (16, 19, 26).
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TABLE 1
Primers used for cloning of hG0S2
Name Primer forward (5'-3’) Primer reverse (5'-3’)
hG0S2_1-103 GGCGGATCCATGGAAACGGTCCAGG CCGCTCGAGCTAAGAGGCGTGCTGC

hG0S2_10-103
hG0S2_20-103
hG0S2_22-103
hG0S2_23-103
hG0S2_24-103
hG0S2_27-103
hG0S2_28-103
hG0S2_29-103
hG0S2_30-103

GACCGGATCCCTGGCCAAGGAGATGATGG
GGAGCCGGATCCAAGGGGAAGATGGTGAAGC
GGCGCCGGATCCAAGATGGTGAAGCTGTACG
GGAGCCGGATCCATGGTGAAGCTGTACGTGC
GGAGTCGGATCCGTGAAGCTGTACGTGCTGG
GCACAGGATCCTACGTGCTGGGCAGC
GGTATAGGATCCGTGCTGGGCAGCGTGC
GGTATAGGATCCCTGGGCAGCGTGCTGG
GTACAGGATCCGGCAGCGTGCTGGC

CCGCTCGAGCTAAGAGGCGTGCTGC
CCGCTCGAGCTAAGAGGCGTGCTGC
CCGCTCGAGCTAAGAGGCGTGCTGC
CCGCTCGAGCTAAGAGGCGTGCTGC
CCGCTCGAGCTAAGAGGCGTGCTGC
CCGCTCGAGCTAAGAGGCGTGCTGC
CCGCTCGAGCTAAGAGGCGTGCTGC
CCGCTCGAGCTAAGAGGCGTGCTGC
CCGCTCGAGCTAAGAGGCGTGCTGC

Site-directed mutagenesis primer

hG0S2_52 GCAGCCCCTTCACGGCCTAAAGACGTCTGCGGGACC GGTCCCGCAGACGTCTTTAGGCCGTGAAGGGGCTGC
hGO0S2_46 CCTGATGGAGACTGTGTGAAGCCCCTTCACGGCCGCCAGACG CGTCTGGCGGCCGTGAAGGGGCTTCACACAGTCTCCATCAGG
hG0S2_45 CCTGATGGAGACTTAGTGCAGCCCCTTCACG CGTGAAGGGGCTGCACTAAGTCTCCATCAGG

hG0S2_44 GCTCGGCCTGATGGAGTAAGTGTGCAGCCCCTTCACG CGTGAAGGGGCTGCACACTTACTCCATCAGGCCGAGC
hGO0S2_43 GGTGCTCGGCCTGATGTAGACTGTGTGCAGC GCTGCACACAGTCTACATCAGGCCGAGCACC

hG0S2_42 GGTGCTCGGCCTGTAAGAGACTGTGTGC GCACACAGTCTCTTACAGGCCGAGCACC

hG0S2_41 CGTGGTGCTCGGCTAGATGGAGACTGTGTGC GCACACAGTCTCCATCTAGCCGAGCACCACG

hG0S2_40 CCTCTTCGGCGTGGTGCTCTAACTGATGGAGACTGTGTGC GCACACAGTCTCCATCAGTTAGAGCACCACGCCGAAGAGG
hG0S2_39 CCTCTTCGGCGTGGTGTAAGGCCTGATGGAGACTGTGTGC GCACACAGTCTCCATCAGGCCTTACACCACGCCGAAGAGG

Activation of ATGL by CGI-58 is considered as fasting
response upon (-adrenergic stimulation and phosphorylation
of PKA (12). Recent studies have strengthened the role of GOS2
as the so-called master regulator of basal and stimulated lipol-
ysis (27). mRNA levels of GOS2 respond strongly to hormonal
stimuli, yet the dose-dependent inhibition of ATGL by G0S2
itself is reported to be independent of phosphorylation events
(18, 20, 21, 28, 29). Thus, regulation of the expression levels of
GO0S2, and consequently the protein concentration, resembles a
potent mean to regulate lipid mobilization. Elegant studies of
Zhang et al. (26) demonstrated an important physiological link
of GOS2 in regulating adipose tissue lipolysis and liver energy
homeostasis. Accordingly, GOS2 mRNA levels are regulated
differently in adipose tissue and the liver. During feeding, G0S2
mRNA is detected only in low levels in the liver and at high
levels in WAT where it promotes the storage of lipids. Upon
fasting, GOS2 concentrations in WAT decrease, promoting
lipolysis and WAT-derived FA transport to the liver and other
organs. Simultaneously, the increase in liver GOS2 expression
inhibits the degradation of endogenous TG stores and thus can
promote fasting-induced liver steatosis (26). Consequently, tis-
sue-specific regulation of GOS2 provides a mechanism control-
ling TG storage in different organs depending on the metabolic
state. Notably, GOS2 is reduced in WAT of diabetic individuals
(30) suggesting that changes in GOS2 expression contribute to
dysregulated lipolysis observed in diabetic patients. Other
physiological processes have also been associated with G0S2
and include adipogenesis (24), proliferation (31, 32), apoptosis
(33), immune regulation (34-37), oxidative phosphorylation
(38), tumor suppression, and cancer (33, 39 —41), but they have
not been studied extensively. Our goal is to identify peptide
inhibitors for ATGL based on the physiological inhibition by
GO0S2. To do so, we first have to understand the underlying
mechanisms of ATGL inhibition by G0S2. Previous reports
suggest that a truncated variant of GOS2 encompassing the res-
idues Met-1-GIn-73 interacts with ATGL and inhibits the
enzyme. Another variant lacking an extensive central region
(residues Tyr-27-Leu-42) failed to immunoprecipitate with
ATGL and had no inhibitory activity (20). These results already
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indicated that the N-terminal portion of GO0S2 is essential for
ATGL inhibition. However, deletion of the central region of
GO0S2 might have also resulted in loss-of-function due to com-
plete disruption of the protein fold. Consequently, we first
delineated the minimal sequence boundaries for a biologically
active, truncated GOS2 variant. Furthermore, we describe a syn-
thetic inhibitory peptide containing a sequence stretch derived
from GOS2, and we kinetically characterize the mode of inhibi-
tion by this peptide. Our study provides first insights into the
mode of inhibition and opens avenues to achieve tissue-specific
inhibition of ATGL based on a synthetic peptide.

EXPERIMENTAL PROCEDURES

Materials—[9,10-*H] Triolein was obtained from PerkinElmer Life
Sciences. Triolein, phosphatidylcholine, phosphatidylinositol,
1(rac)-oleoylglycerol, oleoyl-CoA, and free glycerol detection
reagents were purchased from Sigma. 1-Oleoyl-2-hydroxy-sn-
glycero-3-phosphocholine was purchased from Avanti Polar
Lipids Inc., Alabaster, AL, and the NEFA kit was from WAKO
Diagnostics, Neuss, Germany. Hi76-0079 obtained from Novo
Nordisk, Denmark, Atglistatin was a generous gift from R.
Breinbauer (Graz University of Technology, Austria). The pro-
tein assay kit was obtained from Bio-Rad; Thermo Scientific,
Rockford, IL was the source for the Pierce® BCA protein assay
kit. The synthetic peptides were synthesized by Peptide Spe-
cialty Laboratories GmbH, Heidelberg, Germany.

Cloning of Recombinant Proteins—Human GO0S2 (hG0S2),
including the complete open reading frame, was amplified from
cDNA by PCR using Phusion™™ polymerase (New England Bio-
labs, Ipswich, MA) and primers containing endonuclease cleav-
age sites for subsequent cloning into a modified pSUMO vector
(kindly provided by Prof. Christoph D. Lima, Sloan-Kettering
Institute) with a tobacco etch virus (TEV) protease cleavage site
for tag removal (hiss-smt-hGOS2). N-terminal truncations were
generated by PCR using primers flanking the respective
sequence of #G0S2 and containing endonuclease cleavage sites
for insertion into the target vector. C-terminal truncations of
hGOS2 were obtained by introducing stop codons using the
QuikChange® site-directed mutagenesis kit (Agilent Technol-
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ogies, Santa Clara, CA). Primers used are listed in Table 1.
Sequences containing the coding sequences of mouse Cgi-58
and mouse Atgl were inserted in pSUMO (see above) and
pASK-IBA5plus (IBA, Goettingen, Germany) vectors, respec-
tively, as described previously (13, 42). pcDNA4/HisMax
vectors (Invitrogen) encoding mouse Atgl, patatin domain-con-
taining proteins 6 and 7 (mPnpla6 and mPnpla7), hormone-
sensitive lipase (Hs/), and monoacylglycerol lipase (Mgl) coding
sequences were generated as described previously (7, 43, 44).

Bacterial Expression of Recombinant Proteins and Prepara-
tion of Cell Extracts—Human his,-smt-GOS2 constructs were
transformed into Escherichia coli BL21(DE3) CodonPlus® cells
(Stratagene, La Jolla, CA). Cultures were grown at 37 °C on
selective LB medium containing 40 ug/ml kanamycin to an
Agoo of 0.5. Expression was induced by the addition of 0.5 mm
isopropyl-B-p-thiogalactopyranoside at 30 °C. After 15 h of
induction, cells were harvested, resuspended in sucrose solu-
tion (250 mm sucrose, 1 mm EDTA, 1 mm DTT, 20 pg/ml leu-
peptin, 2 ug/ml antipain, 1 pug/ml pepstatin, pH 7.0), and dis-
rupted by sonication (SONOPLUS ultrasonic homogenizer HD
2070, Bandelin, Berlin, Germany) on ice. After centrifugation at
15,000 X g for 20 min at 4 °C, the supernatants were collected.
Protein concentrations were determined as described below.
Expression of the murine ATGL-Strep fusion (Strep-mATGL)
and His,-Smt-mCGI-58 in E. coli is described in Refs. 13 and
42, respectively.

Expression of Recombinant Proteins in COS-7 Cells and Prep-
aration of Cell Lysates—Simian SV-40 transformed monkey
kidney cells (COS-7 ATCC CRL-1651) were cultured in DMEM
(Invitrogen) containing 10% FCS (Sigma) under standard con-
ditions (95% humidified atmosphere, 37 °C, 5% CO,). Cells
were transiently transfected with pcDNA4/HisMax plasmid
coding for mAtgl, mPnpla6, mPnpla7, mHsl, mMgl, or 3-galac-
tosidase (lacZ) using Metafectene™™ (Biontex GmbH, Munich,
Germany) as described (7, 43, 44). Cells were harvested 48 h
after transfection. For the preparation of cell lysates, cells were
resuspended in sucrose solution (see above) and disrupted by
sonication (SONOPLUS ultrasonic homogenizer HD 2070) on
ice. Nuclei and unbroken cells were removed by centrifugation
at 1,000 X g for 10 min at 4 °C. Protein concentrations were
determined as described below.

Purification of Recombinant Murine CGI-58 —Purification of
the His,-Smt-tagged mCGI-58 was performed via immobilized
metal ion affinity chromatography. For the preparation of cell
extracts, E. coli cells were resuspended in buffer A (20 mm Tris-
HCl, 500 mm NaCl, 0.1% IgePal CA-630, 30 mm imidazole, 1
mM tris(2-carboxyelthyl)phosphine hydrochloride (TCEP), 1
mM benzamidine, 0.1 mm PMSF, pH 7.8) and disrupted by son-
ication (SONOPLUS ultrasonic homogenizer HD 2070) on ice.
After centrifugation (15,000 X g, 20 min, 4 °C), the soluble frac-
tion of mCGI-58 was isolated using a 5-ml HisTrap™ FF col-
umn (GE Healthcare). The protein was eluted in 10 column
volumes of a 0—100% buffer B gradient (20 mm Tris-HCI, 500
mM NaCl, 250 mm imidazole 10% glycerol, 1 mm TCEP, 1 mm
benzamidine, pH 7.8). Fractions containing mCGI-58 were
subjected to an additional size exclusion chromatography step
using a Superdex 200 column (GE Healthcare) and 20 mm Tris-
HCl, 200 mm NaCl, 10% glycerol, 1 mm EDTA, 1 mm TCEP, pH
SASBMB
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7.8, as mobile phase. Protein concentration was determined via
the absorption at 280 nm.

Purification of Recombinant Human GOS2—E. coli cells con-
taining the His,-Smt-tagged hG0S2 (Hisg-Smt-hG0S2) were
resuspended in buffer A (adjusted to pH 7.5) and disrupted by
sonication (SONOPLUS ultrasonic homogenizer HD 2070) on
ice. After centrifugation at 15,000 X g for 20 min at 4 °C, His,-
Smt-hG0S2 was purified from the cellular extract by affinity
chromatography using a 5-ml HisTrap™ FF column (GE
Healthcare). Purified recombinant protein was eluted in 10 col-
umn volumes of a 0-100% buffer B (adjusted to pH 7.5) gradi-
ent. Next, the His,-Smt tag was cleaved off by the addition of 1
mM EDTA and TEV protease in a ratio of 1:100 (protein/TEV
protease). The cleavage was performed overnight at 4 °C.
Cleaved hG0S2 was isolated by size exclusion chromatography
using a Superdex 200 column (GE Healthcare) and 15 mm
Na,HPO,, 5 mm KH,PO,, 300 mm NaCl, 1 mm EDTA, 1 mm
TCEP, pH 7.0, as mobile phase. Pooled fractions containing
cleaved hGOS2 were dialyzed (3,500 Da cutoff) extensively
against MilliQ® (Millipore Corp., Billerica, MA) water at 4 °C
before lyophilization. The lyophilized powder was dissolved in
100% DMSO, and the concentration was determined with
Pierce® BCA protein assay kit as described below.

Preparation of Tissue Homogenates—Adipose tissue samples
from overnight fasted wild-type and Atg/-KO mice were
washed in PBS (137 mm NaCl, 2.7 mm KCl, 10 mm Na,HPO,, 2
mm KH,PO,) containing 1 mM EDTA and homogenized on ice
in sucrose solution (see above) using an Ultra Turrax (IKA,
Staufen, Germany). After centrifugation at 10,000 X g for 20
min at 4 °C, the lipid-free infranatant was collected, and the
protein content was determined as described below.

Preparation of Synthetic Peptide—Synthetic peptides were
purchased from Peptide Specialty Laboratories GmbH, Heidel-
berg, Germany. The sequences of the inhibitory peptide
hGW2052 and the control peptide were WKGKMVKLYVLGS-
VLALFGVVLGLMETVCSPFTA and VDSADAGGGSGWLT-
GWLPTWCP, respectively. The peptides were dissolved in
100% DMSO, and concentrations were determined via the
absorbance at 280 nm. The final DMSO concentration in
the activity assay was =1%. The control peptide was prepared
the same way.

TG Hydrolase Activity Assay—TG hydrolase activity assay
was performed as described (45). To screen for the inhibitory
capacity of various hG0S2 truncations, 30 ug of protein of cell
lysates were incubated with the [*H]triolein substrate together
with 50 ug of cell extract of Strep-mATGL (or COS-7-mATGL)
and 2.5 pg of purified mCGI-58. As a control, lysates of the
His,-Smt tag were incubated under the same conditions. To
determine the enzyme kinetics and the inhibitory mechanism
of the hGW2052 peptide, the assay was performed with minor
modifications. TG substrate was prepared with 1.67 mwm trio-
lein, 10 wCi/ml [9,10->H]triolein (PerkinElmer Life Sciences),
and 190 uMm phosphatidylcholine/phosphatidylinositol (3:1)
(Sigma) and diluted to the respective concentrations after son-
ication. Assays with CGI-58 co-activated ATGL were per-
formed on a smaller scale. Briefly, cell lysates of Strep-mATGL
(25 ug of total protein content) were mixed with 2.5 ug of puri-
fied mCGI-58 and 1% of the synthetic peptide hGW2052, con-
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FIGURE 1. Minimal sequence requirements of human G0S2 for ATGL inhibition. A, graphical representation of full-length and shortened versions of hG0S2,
those capable of inhibiting ATGL activity are illustrated in black. The largely hydrophobic sequence stretch from Val-28 to Met-42 is depicted in light gray. B-E,
activity assays were performed in the presence of CGI-58 as indicated by an asterisk (ATGL*). GOS2 and variants thereof were expressed in E. coliand added as
cell lysates. Overexpressed mATGL from E. coli lysates was used for all assays with the exception of the assay shown in B. B, inhibition of TG hydrolase activity
of mMATGL containing COS-7 cell extracts by WT and C-terminally truncated hGO0S2 variants. C, inhibition of TG hydrolase activity of mATGL by WT and
C-terminally truncated hG0S2 variants. D, inhibition of TG hydrolase activity of mATGL by WT hG0S2 and variants with N-terminal deletions. E, effect of different
N- and C-terminal truncations in hG0S2 on mATGL activity. The fusion tag smt3 is shown as control.
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FIGURE 2. Inhibition of ATGL by the peptide hGW2052 corresponding to residues Lys-20 to Ala-52 of hG0S2. Activity assays performed in the presence
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according to the following scheme: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

trol peptide, or DMSO in a total volume of 25 ul of sucrose
solution (see above) and were incubated with 25 ul of [*H]trio-
lein substrate. Lysates using LacZ-expressing cells were used as
controls. The reaction was terminated by adding 650 ul of
methanol/chloroform/heptane (10:9:7) and 200 ul of 100 mm
potassium carbonate buffer, pH 10.5 (adjusted with boric acid).
The radioactivity in 200 ul of the upper phase (450 ul in total)
was determined by liquid scintillation counting. Nonlinear
regression analysis for inhibitor kinetics was carried out using
GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA). TG
hydrolase activity of murine HSL (expressed in COS-7 cells)
and purified bovine lipoprotein lipase (Sigma) was determined
under the same conditions.

Monoacylglycerol Hydrolase Activity Assay—Monoacylglyc-
erol hydrolase activity of murine MGL was determined as
described (46). In brief, 1% of hGW2052, the control peptide, or
DMSO was added to 2 ug of lysate of COS-7 cells overexpress-
ing murine MGL in a total volume of 10 ul. The mixture was
incubated with 100 ul of rac-1-(3)-oleoylglycerol (Sigma) as
substrate for 20 min at 37 °C. After incubation, the reaction was
terminated by adding 100 ul of chloroform. After vigorous mix-
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ing using a vortex and centrifugation at 10,000 X g for 5 min, the
glycerol release (into the upper aqueous phase) was determined
using a commercial kit (free glycerol Reagent, Sigma) according
to the manufacturer’s protocol.

Lysophospholipase Activity Assay—Lysophospholipase activ-
ity of PNPLA6 and PNPLA7 was determined as described pre-
viously (44). In brief, 1% of the hGW2052 peptide, the control
peptide, or DMSO was added to cell lysates of COS-7 cells over-
expressing PNPLA6 (15 ug), PNPLA7 (50 ug), and lacZ in a
total volume of 50 ul of sucrose solution (see above). The mix-
tures were incubated with 50 ul of 3 mm substrate 1-oleoyl-2-
hydroxy-sn-glycero-3-phosphocholine (Avanti Polar Lipids
Inc., Alabaster, AL) in a water bath at 37 °C for 20 min. Each
reaction was terminated by heat inactivation at 75 °C for 10
min. The released amounts of fatty acids were determined using
a commercial assay kit (HR Series NEFA-HR(2), WAKO Diag-
nostics) according to the manufacturer’s protocol.

Determination of Protein Concentration—Protein concentra-
tions of cell extracts were determined using the protein assay
Kit according to the manufacturer’s instructions (Bio-Rad)
using BSA as standard. The concentrations of purified proteins
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were obtained by the absorbance at 280 nm using the Nano-
Drop® ND-1000 spectrophotometer (PEQLAB Biotechnologie
GmbH, Erlangen, Germany). Alternatively, protein concentra-
tions were determined using the Pierce® BCA protein assay kit
and BSA as standard according to the manufacturer’s protocol
(Thermo Scientific).

Statistical Analysis—All measurements were performed in
triplicates. Data are presented as means = S.D. Statistical sig-
nificance was determined by the Student’s unpaired ¢ test (two-
tailed). Group differences were considered statistically signifi-
cant for p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

RESULTS

The N-terminal Region of GOS2 Is Essential for ATGL
Inhibition—To identify the minimal sequence within GOS2 that
is strictly required to exert an inhibitory effect on ATGL activ-
ity, we tested different C- and N-terminally shortened versions
of human G0S2 (hG0S2) (Fig. 14). As ATGL exhibits very low
basal activity, we performed activity assays in the presence of
CGI-58 to fully stimulate ATGL. Our results show that C-ter-
minal truncations of GOS2 up to residue Val-46 completely
inhibit CGI-58 activated ATGL activity (abbreviated as ATGL*
in all figures) in COS-7 lysates (Fig. 1B). Inhibition was signifi-
cantly reduced when hG0S2 was truncated at residue Leu-40
(Fig. 1B). These results were reproduced using proteins (ATGL,
CGI-58, and G0S2) expressed in E. coli (Fig. 1C), suggesting
that other mammalian proteins are not required for GOS2-me-
diated inhibition. It also demonstrates that mouse ATGL is also
inhibited by human G0S2. Next, we investigated the amino acid
residues between Leu-40 and Val-46 and their necessity for
ATGL inhibition by G0S2 in more detail. We show that the
GO0S2 variant Met-1-Met-43 (hG0S2_1-43) harbors the lon-
gest C-terminal deletion that still exerts the full inhibitory effect
on ATGL (Fig. 1C). Screening various N-terminal deletions
revealed that truncations of hGOS2 until residue Tyr-27
(hG0S2_27-103) fully inhibit ATGL activity (Fig. 1D). Further
truncation of the N terminus resulted in significant loss of the
inhibitory effect. Truncation of GOS2 after residue Gly-30
resulted in complete loss of the capacity to inhibit ATGL. Next,
we tested the effect of a combination of N- and C-terminal
truncations of hG0S2. As expected, hGOS2 Leu-10-Ala-52 and
Lys-20—Ala-52 fully retained their activity to inhibit ATGL,
although hG0S2 Gly-30—Ala-52 had lost all inhibitory activity.
Interestingly, neither hG0S2 Tyr-27—Ala-52 nor hGO0S2 Lys-
20-Met-43 exhibited full inhibitory capacity (Fig. 1E), as
extrapolation of the findings presented above would have sug-
gested (Fig. 1, Cand D).

The Peptide Corresponding to Residues Lys-20 to Ala-52
(hGW2052) from GOS2 Inhibits ATGL in the Nanomolar
Range—In our next experiments, we investigated whether syn-
thetic peptides with sequence stretches corresponding to GOS2

are efficient in inhibiting ATGL, and we characterized the pep-
tide-mediated inhibition kinetic of ATGL. Therefore, we
designed a synthetic peptide identical to the human G0S2
sequence from Lys-20 to Ala-52 (Fig. 1A). A Trp residue was
introduced at the N terminus of this peptide to facilitate con-
centration determination by UV spectroscopy. The resulting
peptide was termed hGW2052. In agreement with the overex-
pressed GOS2 variant hG0S2_20-52 (Fig. 1), the synthetic pep-
tide hGW2052 completely inhibited CGI-58-activated hATGL
and CGI-58-activated mATGL expressed in COS-7 and E. coli
cells, respectively (Fig. 2, A and B). This indicates that the syn-
thesized peptide adopts a tertiary structure compatible for pro-
tein-protein interaction with ATGL. A control peptide was
equally treated and did not show an inhibitory effect on ATGL
(Fig. 2, A and B). Next, we tested whether hGW2052 inhibits
ATGL also in the absence of CGI-58. Indeed, we found that
hGW2052 inhibits ATGL independently of the presence of
CGI-58 (Fig. 2C). The dose-response experiments of basal ATGL-
and CGI-58-stimulated ATGL activity using increasing amounts
of hGW2052 revealed half-maximal inhibitory concentrations
(ICyp) of 10 and 18 nw, respectively (Fig. 2, D and E). In agreement
with these results, dose-response experiments using overex-
pressed, full-length hGOS2 revealed an IC, of 19 nm (Fig. 2F).
The Peptide hGW2052 Inhibits ATGL in a Noncompetitive
Manner—To investigate the mode of ATGL inhibition by
hGW2052, we performed enzyme kinetics. In agreement with
previously published data, time course experiments showed a
linear increase in FA release of ATGL-containing lysates incu-
bated with an artificial TG substrate for up to 60 min (Fig. 3A4)
(13). Furthermore, a linear increase in apparent enzyme veloc-
ity up to 1,000 uM triolein substrate was observed in saturation
kinetic experiments in the absence of an inhibitor (Fig. 3B).
Within that substrate concentration range, we also observed a
linear increase in enzyme velocity in the presence of different
inhibitor concentrations (Fig. 3, C and D). Dixon-Plot analysis
(47) (plotting 1/v against inhibitor concentration at each con-
centration of triolein substrate) resulted in a set of intersecting
lines on the x axis compatible with a noncompetitive inhibition
mechanism (Fig. 3E). Using this method, we determined an
apparent K of 28 nMm for hGW2052. Nonlinear regression anal-
ysis (Graph Pad Prism) using a noncompetitive inhibition
model was also used to extract kinetic parameters and resulted
in an apparent K; of 25 = 1 nMm, which is in excellent agreement
with the result from the Dixon-Plot method (Fig. 3E, insert).
The Peptide hGW2052 Is a Specific Inhibitor for ATGL—
Next, we investigated the specificity of the peptide hGW2052.
ATGL and HSL together account for more than 95% of intra-
cellular TG hydrolase activity in white adipose tissue (WAT)
(48). For both enzymes, small molecule inhibitors are available.
Atglistatin and Hi 76— 0079 (N-methyl-phenyl carbamoyl tri-

FIGURE 3. hGW2052 inhibits ATGL via a noncompetitive mechanism. All TG hydrolase activity assays in this figure were performed with mATGL expressed
in E. coli and in the presence of CGI-58 (ATGL*). A, time dependence of FA release during TG hydrolase activity assay. B, reaction velocity of mATGL lysates
depends on the concentration of triolein substrate. C, relationship between TG hydrolase reaction rates and substrate concentration (within the linear
concentration range) at varying hGW2052 concentrations. D, inhibition of mATGL activity in the presence of different hGW2052 concentrations with increasing
concentrations of triolein substrate. E, Dixon-Plot for kinetic analysis of mATGL inhibition by hGW2052. The reciprocal velocity is plotted against the concen-
tration of hGW2052 at various substrate concentrations. In noncompetitive inhibition, the lines converge on the x axis with the intersection point giving —K;.
The inset shows nonlinear regression analysis (GraphPad Prism 5) using the equation for noncompetitive inhibition.
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azole, Novo Nordisk, Denmark) act as specific inhibitors for
ATGL and HSL, respectively (10, 48, 49). WAT lysates of WT
and Azgl-KO mice were tested for TG hydrolase activity in the
presence of Atglistatin, Hi 76 — 0079, and hGW2052. Addition
of the ATGL inhibitors hGW2052 or Atglistatin reduced TG
hydrolase activity of WAT lysates from WT animals by 45 and
49%, respectively. Addition of the HSL inhibitor Hi 76-0079
reduced TG hydrolase activity of WAT lysates by 67%. Com-
bined addition of hGW2052 or Atglistatin (representing ATGL
inhibitors) and Hi 76-0079 (representing an HSL inhibitor)
reduced TG hydrolase activity of WAT by 89 and 88%, respec-
tively (Fig. 4A4). Neither hGW2052 nor Atglistatin inhibited
WAT TG hydrolase activity derived from Azgl-KO mice (Fig.
4A). These results indicate that hGW2052 and Atglistatin spe-
cifically inhibit ATGL but not HSL activity.

As ATGL is a member of the patatin-like phospholipase
domain containing protein (PNPLA) family (50), we further
tested whether the synthetic peptide inhibits other proteins of
the PNPLA family. As shown in Fig. 4, B and C, hGW2052 did
not exert any inhibitory effect on the lysophospholipase activi-
ties of PLNPLA6 or PNPLA7, up to a concentration of 1.4 um.
As expected, the control peptide also did not affect the lyso-
phospholipase activity of PNPLA6 and PNPLA7 (Fig. 4, B and
C). Thus, we conclude that hGW2052 does not act as general
inhibitor for members of the PNPLA protein family. We also
tested for a potential effect of the inhibitory peptide hGW2052
on other extracellular (lipoprotein lipase) and intracellular
(MGL and HSL) lipases. No inhibitory effect on any of these
lipases was observed upon addition of up to 1.4 um hGW?2052
or control peptide, respectively (Fig. 4, D—F). Together, these
experiments demonstrate that the peptide hGW?2052 is not a
general lipase inhibitor and, among the different lipases tested,
rather acts specifically on ATGL.

DISCUSSION

Abnormally high concentrations of circulating FAs have del-
eterious effects on the organism, including ectopic lipid accu-
mulation, insulin resistance, inflammation, cellular dysfunc-
tion, and cell death (1, 2). ATGL catalyzes the hydrolysis of TG
into diacylglycerols and FA, the first step in TG catabolism, and
thus strongly affects FA concentrations in the circulation.
Decreased ATGL activity exerts beneficial effects such as
improved glucose tolerance and insulin sensitivity and protec-
tion from cancer-induced cachexia (8, 11, 51, 52). Therefore, it
is of fundamental interest to understand the mechanisms that
regulate ATGL-mediated lipolysis and concomitantly the
release of potentially harmful FAs.

GO0S2 has been identified to act as a physiological inhibitor of
ATGL. However, very little is known about the molecular basis
and the mode of ATGL inhibition by G0S2. Therefore, these
questions were addressed in this study. We also identified min-
imal sequences of GOS2 that inhibit ATGL’s TG hydrolase

activity. Variants of GOS2 that were fully able to inhibit ATGL
included extensive N- or C-terminal truncations of the wild-
type protein (Tyr-27-Ser-103 and Met-1-Met-43, respec-
tively). Interestingly, however, a combination of the identified
N- and C-terminal boundaries (e.g. variants Lys-20 —-Met-43 or
Tyr-27—-Ala-52) did not result in GOS2 variants that were able
to inhibit ATGL efficiently. We hypothesize that a core peptide
Tyr-27—Met-43 is mainly involved in ATGL inhibition, yet a
few additional residues are required to mediate full function of
the inhibitory peptide.

Based on our results, we furthermore developed a short
34-amino acid peptide that acts as an efficient inhibitor of
mouse and human ATGL. Inhibition kinetics performed in this
study showed that the inhibitory peptide hGW2052 acts in a
noncompetitive manner. Long-chain acyl-coenzyme A and
Atglistatin are reported to inhibit ATGL upon interaction with
the lipase (10, 13). Although noncompetitive inhibition is also
reported for acyl-CoA, Atglistatin inhibits ATGL in a compet-
itive manner (10, 13). Dose-response experiments revealed that
wild-type GOS2 and the inhibitory peptide hGW2052 act in the
nanomolar range (IC;, = 10 and 18 nm, respectively). Conse-
quently, physiologically relevant ATGL regulation by GOS2 is
very plausible, and administration of hGW2052 at physiological
concentrations can be envisaged. This high affinity of GOS2 is in
contrast to the affinity of oleoyl-CoA for ATGL, which exhibits
amuch higher IC, value (33 um) (13). Accordingly, the poten-
tial physiological relevance of an acyl-CoA-mediated feedback
mechanism still remains to be elucidated. The small molecule
Atglistatin exhibits an IC., value in the low micromolar range,
which further illustrates the potency of the inhibitory peptide.

To evaluate the specificity of the inhibitory peptide for
ATGL, we analyzed the effect of hGW2052 on the activities of
phospholipases, intracellular lipases, and extracellular lipases.
ATGL belongs to the patatin domain containing family of pro-
teins (PNPLA). Some family members have already been
characterized and exhibit TG hydrolase activity (ATGL, also
termed PNPLA?2) or lysophospholipase activities (PNPLA6 and
PNPLA?7) (50). Although PNPLA family members show high
sequence conservation within their common patatin domain,
no effects on lysophospholipase activities of PNPLA6 or PNPLA7
could be observed upon incubation with the peptide hGW2052.
Furthermore, our enzyme assays revealed that hGW2052 also
does not inhibit HSL, MGL, or lipoprotein lipase activities and
thus demonstrate high specificity for ATGL. Similar discrimina-
tion between general lipases, PNPLAs and ATGL was observed for
Atglistatin, which was specifically developed and optimized to
inhibit mouse ATGL (10). Long-chain acyl-CoAs, however,
exhibit less specificity for lipase inhibition and have been reported
to inhibit both ATGL and HSL (13, 53). It should be noted that the
physiological roles of long-chain acyl-CoAs are diverse and
include acyl-CoA-dependent activities of some PNPLA protein

FIGURE 4. The Peptide hGW2052 selectively inhibits ATGL. TG hydrolase activity of ATGL, HSL, and lipoprotein lipase (LPL) was measured using triolein as
substrate. MGL activity was determined using rac-(1,3)-monooleylglycerol as substrate. PNPLA6 and PNPLA7 activities were detected in the presence of
1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine. A, inhibition of TG hydrolase activity in WAT lysates of overnight fasted WT and ATGL-KO mice by 1.4 um
hGW2052, 40 um Atglistatin, and 25 um of the HSL inhibitor Hi 76-0079, respectively. Dose-dependent effect of hGW2052 and control peptide is shown on
murine PNPLAG6 (B), PNPLA7 lysophospholipase activities (C), murine MGL monoacylglycerol hydrolase activity (D), HSL triglyceride hydrolase activity (E), and

bovine lipoprotein lipase triglyceride hydrolase activity (F).
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family members (54). Acyl-CoAs are highly abundant metabolic
intermediates involved in multiple processes and thus clearly do
not represent promising lead compounds for the development of
ATGL inhibitors.

Genetic disruption of Atgl results in severe heart defects due
to massive TG accumulation in cardiac muscle (8, 55). Thus,
the application of a synthetic, competitive ATGL inhibitor,
such as Atglistatin, as a therapeutic tool appears limited. Yet the
single administration of Atglistatin to mice led to TG accumu-
lation in liver but not the heart, accompanied by accumulation
of the inhibitor in liver and adipose tissues (10). This demon-
strates that a transient inhibition of ATGL is an effective means
to inhibit TG catabolism and does not necessarily interfere with
cardiac TG homeostasis. The peptide developed in this study
harbors a high potential for selective inhibition of ATGL. Pep-
tide inhibitors offer the great advantage that they can be fused
with specific targeting sequences and as such allowing tissue-
specific targeting (56 -58), which could prevent harmful TG
accumulation in the heart or other tissues. Competitive versus
noncompetitive inhibition modes are additional important dif-
ferences when comparing the potential impact of the peptide
inhibitor hGW2052 with Atglistatin. hGW2052 inhibits ATGL
in a noncompetitive manner and therefore inhibits ATGL
despite high physiological substrate concentrations. Thus,
hGW?2052 represents a powerful research tool for tissue-selec-
tive inhibition of ATGL and has a high potential for translation
into therapeutic application.

Structural knowledge on ATGL is very limited. It is predicted
to exert lipolytic activity via a catalytic dyad that resides in the
patatin domain within the N-terminal half of the lipase (7, 50).
Previous reports demonstrated that GOS2 interacts with the
N-terminal catalytic domain of ATGL (15). Here, we demon-
strate that a GOS2-derived peptide does not compete with the
TG substrate for ATGL binding. Similarly, inhibiting the trun-
cated ATGL-289X variant by acyl-CoA showed that acyl-CoA
binds to the N-terminal half of ATGL and is independent of
substrate binding (13). In contrast, Atglistatin inhibits in a com-
petitive mode indicating that the molecule probably binds
within the substrate-binding pocket of ATGL. In this study, we
further demonstrate that the inhibition of ATGL by the peptide
hGW2052 works in the absence or presence of CGI-58. Simi-
larly, ATGL inhibition by acyl-CoA and Atglistatin was
reported to be independent of the presence of CGI-58 (10, 13).
In brief, the currently available data of the ATGL interaction
partners GOS2 and the inhibitory peptide, CGI-58, acyl-CoA,
and Atglistatin point toward independent interaction regions,
yet all are reported to reside within the N-terminal half of
ATGL (15, 18, 20, 59). Unfortunately, no experimental three-
dimensional structures for any of these players are known,
which would aid in the identification of interaction surfaces.
Furthermore, no mutations of ATGL are known that retain
catalytic activity, but they lose the ability to interact with
CGI-58 or GOS2. Clearly, more biochemical and structural
knowledge is required to address these open questions.
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