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Adipose triglyceride lipase (ATGL) and hormone-sensitive
lipase (HSL) are key enzymes involved in intracellular deg-
radation of triacylglycerols. It was the aim of this study to
elucidate how the deficiency in one of these proteins
affects the residual lipolytic proteome in adipose tissue.
For this purpose, we compared the lipase patters of
brown and white adipose tissue from ATGL (�/�) and HSL
(�/�) mice using differential activity-based gel electro-
phoresis. This method is based on activity-recognition
probes possessing the same substrate analogous struc-
ture but carrying different fluorophores for specific detec-
tion of the enzyme patterns of two different tissues in one
electrophoresis gel. We found that ATGL-deficiency in
brown adipose tissue had a profound effect on the expres-
sion levels of other lipolytic and esterolytic enzymes in this
tissue, whereas HSL-deficiency hardly showed any effect in
brown adipose tissue. Neither ATGL- nor HSL-deficiency
greatly influenced the lipase patterns in white adipose tis-
sue. Enzyme activities of mouse tissues on acylglycerol
substrates were analyzed as well, showing that ATGL-and
HSL-deficiencies can be compensated for at least in part by
other enzymes. The proteins that responded to ATGL-defi-
ciency in brown adipose tissue were overexpressed and
their activities on acylglycerols were analyzed. Among
these enzymes, Es1, Es10, and Es31-like represent lipase
candidates as they catalyze the hydrolysis of long-chain
acylglycerols. Molecular & Cellular Proteomics 11:
10.1074/mcp.M111.015743, 1777–1789, 2012.

Excess lipids are stored as intracellular triacylglycerol and
steryl ester deposits in animals, plant seeds, and fungi. In

mammals adipose tissue is the body’s largest storage organ
for triacylglycerols (TAG)1 as the primary source of energy
during periods of starvation and increased energy demand.
Two types of adipose tissue, namely brown (BAT) and white
(WAT) adipose tissue exist in mammals, localizing to anatom-
ically distinct areas. BAT and WAT differ in almost all their
structural and functional features. Whereas BAT develops
prenatally, WAT is subject to maturation postnatally. The dif-
ferent appearance of brown and white adipose tissue is
caused by differences in lipid content and the abundance of
mitochondria in the constituent adipocytes. Brown fat cells
contain several small multilocular lipid droplets and a high
number of large mitochondria with numerous cristae. In ad-
dition, BAT is highly vascularized and highly innervated by the
sympathetic nervous system. In contrast, white adipocytes,
usually contain one major unilocular lipid droplet that fills most
of the cytoplasm leaving space for only few mitochondria
(1–3). WAT accumulates excess energy as triacylglycerols,
whereas BAT dissipates energy through adaptive thermogen-
esis. The thermogenic activity of BAT is caused by the ex-
pression of one protein unique in brown adipocytes, the un-
coupling protein 1 (UCP1). This polypeptide is a facultative
proton transporter and localizes to the inner mitochondrial
membrane. It generates heat instead of ATP by uncoupling
oxidation in the respiratory chain (3).

Lipolysis in WAT is the catabolic process responsible for
the release of free fatty acids from triacylglycerol (4, 5). The
balance of lipid storage and mobilization is tightly regulated to
ensure whole body energy homeostasis. The mobilization of
triacylglycerol stores by activation of lipolytic enzymes is spe-
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cifically stimulated by hormones and chemical agents. In ad-
dition, a number of specific physiological conditions owing to
exercise, aging, and nutritional status (feeding, fasting) also
regulate degradation of TAGs (6). Impairment of lipolysis in
adipocytes may be associated with clinical symptoms includ-
ing obesity, insulin resistance, diabetes mellitus, and dyslipi-
daemia. All these conditions seem to have a common sub-
strate called lipotoxicity (7–10).

The sequential hydrolysis of triacylglycerols in adipocytes
producing FFAs is catalyzed by a cascade of lipolytic en-
zymes, with different substrate preferences (11). The commit-
ted enzyme catalyzing the first step of TAG hydrolysis is
ATGL, which was identified in three different laboratories in
2004 (12–14). Its activity appears to be largely dependent on
association with CGI-58 (14, 15). HSL exhibits a much broader
substrate spectrum, with preference for diacylglycerols as well
as cholesteryl and retinyl esters (16, 17). In the final step of
lipolysis, monoacylglycerol lipase (MGL) degrades MAG thereby
generating free fatty acid and glycerol (18). ATGL is the major
TAG lipase in adipose tissue. Expression in other tissues is
rather low. Currently it cannot be excluded, that other lipases
also exist that are important for lipid catabolism (19). Recent
functional proteomic screens in various mouse tissues led to the
identification of enzyme candidates that are currently subject to
functional characterization (unpublished data).

The intracellular degradation of triacylglycerols is catalyzed
by a cascade of lipolytic enzymes. There appears to be an
overlap of substrate preferences as well as a redundancy of
lipases to ensure a proper function of this important catabolic
process if individual lipase activities are reduced or entirely
absent. This study aimed at identifying the effects of ATGL
and HSL-deficiency on the expression of other lipolytic en-
zymes in adipose tissue. For this purpose, we compared the
lipolytic proteomes of BAT and WAT from ATGL (�/�) and
HSL (�/�) mice with the enzyme patterns of wt tissues using
differential activity-based gel electrophoresis (DABGE) (20).
This method is based on activity-recognition probes contain-
ing same substrate analogous structures but carrying differ-
ent fluorophores for specific detection of the individual en-
zyme patterns of two different tissues. These inhibitors react
with the nucleophilic serine in the active center of lipolytic
enzymes thereby generating covalent bound lipid-protein
complexes, which can be separated by gel electrophoresis.
We found, that ATGL-deficiency in BAT had a profound
effect on the expression levels of other lipolytic and estero-
lytic enzymes in this tissue, whereas HSL-deficiency hardly
showed any effect in BAT. Neither ATGL- nor HSL-defi-
ciency greatly influenced the lipase patterns in WAT. ATGL-
deficiency led to a significant but not total reduction in the
TAG hydrolyzing activity of adipose tissues. Obviously,
there must be (an)other enzyme(s) compensating for the
hydrolytic capacity of ATGL. Three proteins that responded
to ATGL-deficiency in BAT were overexpressed and their
activities on acylglycerols were analyzed. Among these pro-

teins, Es1, Es10, and Es31-like emerged as novel lipase
candidates in these studies.

EXPERIMENTAL PROCEDURES

Animals—ATGL-deficient (ATGL-ko) and HSL-deficient (HSL-ko)
mice were generated by targeted homologous recombination (21, 22).
Nontransgenic littermates expressing two intact alleles of mouse HSL
were used as wild-type (wt) control. All animals were maintained on a
regular light-dark cycle (14 h light, 10 h dark) and kept on a standard
laboratory chow diet containing 4.5% fat and 21% protein (SSNIFF,
Germany) with free access to water. Fat pads were collected from fed
(free access to food over night) or fasted (food was removed for 20 h)
animals aged between 3–6 months between 9:00 and 10:00 a.m. All
procedures in this study were in conformity with the Public Health
Service Policy on the use of Laboratory Animals and were approved
by local ethical committees.

Cell Fractionation of Mouse Adipose Tissue—Gonadal fat pads
(white adipose tissue) and brown adipose tissue of fed and fasted
mice were surgically removed and washed in phosphate buffered
saline (PBS). Homogenization was performed on ice in lysis buffer
(0.25 M sucrose, 1 mM EDTA, 1 mM dithioerythritol, 20 �g/ml leupep-
tin, 2 �g/ml antipain, 1 �g/ml pepstatin) using a motor-driven Teflon-
glass homogenizer (8 strokes, at 1500 rpm, Schuett Labortechnik,
Germany). Cell debris was removed by centrifugation at 1000 � g for
15 min to obtain cytoplasmic extracts. Protein concentration was
determined using the BIORAD Protein Assay based on the method of
Bradford (23).

Activity Tagging—Unless otherwise indicated, incubations of pro-
teomes with activity tags were conducted as follows: For a sample
containing 50 �g of protein, the following reagent was prepared. 5 �l
of a 10 mM solution of Triton X-100 in CHCl3 (final sample concen-
tration 1 mM) and 5 �l of activity recognition probe dissolved in CHCl3
(1 nmol/10 �l, final sample concentration 10 �M) were mixed and the
organic solvent was removed under a stream of argon. Fifty microli-
ters of homogenate (1.0 mg/ml protein) were added and the resulting
mixture was incubated at 37 °C under light protection for 2 h. Wild-
type and knock-out were labeled with Cy3- and Cy5- tagged ARPs,
respectively, and vice versa in a dye-swap experiment. 1:1 (protein
amount) mixtures of wild-type and knock-out tissue homogenates
were labeled with Cy2b-tagged inhibitor as an internal standard. The
samples were mixed, proteins were precipitated in 10% ice-cold
trichloroacetic acid on ice for 1 h and collected by centrifugation at
4 °C at 14000 g for 15 min. The pellet was washed once with ice-cold
acetone and resuspended in sample buffer for 1D SDS-PAGE (20 mM

KH2PO4, 6 mM EDTA, 60 mg/ml SDS, 100 mg/ml glycerol, 0.5 mg/ml
bromophenol blue, 20 �l/ml mercaptoethanol, pH 6.8) or sample
buffer for 2D PAGE (7 M urea, 2 M thiourea, 4% 3-[(3-chol-
amidopropyl)dimethylammonio]propanesulfonate, 2% Pharmalyte
3–10). Before loading onto the gel, the samples for 1D SDS-PAGE
were heated to 95 °C for 5 min.

SDS-PAGE and 2D-gelelectrophoresis—SDS-PAGE was per-
formed essentially according to the method of Fling and Gregerson
(24) using a Tris/glycine buffer system. Proteins (15 �g protein/lane)
were applied onto a 5% stacking gel and separated in a 10% resolv-
ing gel at 20 mA constant current (BIORAD Mini PROTEAN 3), re-
spectively. 2D-gelelectrophoresis was performed as described by
Görg et al. (25–27). In the first dimension, 45 �g or 510 �g protein
were separated by isoelectric focusing in 7 cm or 18 cm immobi-
lized nonlinear pH 3–10 gradients (IPG-strips, GE Healthcare, Ger-
many) using Amersham Biosciences Multiphor II (GE Healthcare).
Isoelectric focusing was performed using a discontinuos voltage
gradient starting at 0 V reaching 200 V within the first minute. The
voltage was then increased to 3500 V during the following 1.5 h,
and held at this level for another 1.5 h.
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In the second dimension, proteins were separated by 10% SDS-
PAGE on 7 cm gels at 20 mA constant current for 1.5 h.

Visualization—Gels were fixed in 7.5% acetic acid and 10% ethanol
and scanned at a resolution of 100 �m (BIORAD Molecular ImagerTM FX
Pro Plus). Cy2b fluorescence was detected at 530 nm and an excitation
wavelength of 488 nm. Cy3 fluorescence was determined at 605 nm
and an excitation wavelength of 532 nm. Cy5 fluorescence was meas-
ured at 695 nm and an excitation wavelength of 633 nm. For visualiza-
tion of the whole protein pattern, gels were stained with RuBPS follow-
ing the manufacturer’s instructions (Molecular Probes, Eugene OR) and
scanned at an emission wavelength of 605 nm and an excitation wave-
length of 488 nm. The signals obtained with RuBPS depended on
prestaining with the Cy-tagged inhibitors. Proteins giving fluorescent
lanes/spots with the ARPs showed less intense lanes/spots with RuBPS.

The PMT voltage of the Molecular Imager was individually set for
each Cy-tagged inhibitor using the same sample to reach comparable
fluorescence signal intensities.

Quantification of the fluorescence signals was performed using
Quantity One 1D analysis software (BIORAD, Vienna, Austria) and
Progenesis PG 220 versus 2006 2D analysis software (Nonlinear
Dynamics, Newcastle upon Tyne, UK).

LC-MS/MS-analysis—Fluorescent protein spots were excised and
tryptically digested according to the method by Shevchenko et al.
(28). Peptide extracts were dissolved in 0.1% formic acid and
separated on a nano-HPLC-system (FAMOS™ -autosampler,
SWITCHOS™ -loading system, ULTIMATE™ - dual gradient system,
LC-Packings, Amsterdam, Netherlands). Twenty-microliter samples
were injected and concentrated on the loading column (LC Packings
PepMap™ C-18 5 �m 100 Å, 300 �m ID � 1 mm) for 5 min using
0.1% formic acid as isocratic solvent at a flow rate of 20 �l/min. The
column was then switched into the nano-flow-circuit and the sample
was loaded on the nano-column (LC-Packings C-18 PepMap™ 75
�m ID � 150 mm) at a flow rate of 300 nl/min and separated using a
gradient from 0.3% formic acid and 5% acetonitrile to 0.3% formic
acid and 50% acetonitrile over 60 min. The sample was ionized in a
Finnigan nano-ESI source equipped with NanoSpray tips (PicoTip™
Emitter, New Objective) and analyzed in a Thermo-Finnigan LCQ
Deca XPplus iontrap mass-spectrometer. The MS/MS data were an-
alyzed by searching the NCBI public database with SpectrumMill
03.03.084 SR4 (Agilent). Details and acceptance parameters can be
found in the supplementary data (see supplemental file S1). Identified
protein sequences were subjected to BLAST and motif search for
identification of potential serine hydrolases.

cDNA Cloning and Transient Expression in COS-7 Cells—The cod-
ing sequences of HSL (NCBI Accession # 677884), Es1 (NCBI Acces-
sion # 247269928), Es10 (esterase D/formylglutathione hydrolase
(NCBI Accession # 146134463)) and Es31-like (NCBI Accession #
226874913) were amplified by PCR from cDNA prepared from mouse
BAT using Reverse transcription system (Promega Corporation, Mad-
ison, WI) and cloned into the eukaryotic expression vector pcDNA3.1
(Invitrogen Inc.) as described previously for HSL and ATGL (14).
Transfection of COS-7 cells was performed with Metafectene™
(Biontex) according to the manufacturer’s instruction. Apparent mo-
lecular weights of the proteins were about 88 kDa for HSL, 61 kDa for
Es1, 35 kDa for Es10, and 63 kDa for Es31-like. Apolipoprotein A-IV
was isolated from human plasma by lipoprotein depletion according
to literature (29).

Lipase and Esterase Activity Assays with p-Nitrophenylester Sub-
strates—p-Nitrophenyl acetate, butyrate, and laurate were used as
substrates. Fifty millimolar substrate solutions in ethanol were pre-
pared and stored at �25 °C. 30 �l of the substrates were added to 10
ml assay buffer (20 mM Tris/HCl, pH 8.0, 150 mM NaCl, 0.01% Triton
X-100). In a 96-well microtiterplate, 1 �g protein was mixed with 200
�l of substrate solution. Absorbance at 405 nm was measured every

3 min for 30 min using a spectrophotometer (Anthos 2010, Labtec
Instruments, Wals, Austria).

Lipase Activity Assays with Pyrene-labeled Tri-, Di-, and Monoacyl-
glycerols—Solutions containing 1 �mol of pyrene-labeled acylglyc-
erol and 1 �mol of PC/PI (3:1 mol:mol) were mixed. The solvent of
the resultant solution was removed under a stream of nitrogen and
the substrate was solubilized in 10 ml of 50 mM Tris/HCl buffer (pH
7.4) followed by vigorous vortexing for 5 min and pulsed sonication
for 5 min. For the assay, 50 �l of the substrate solution, was diluted
with 150 �l of 50 mM Tris/HCl buffer. The reaction was started by
adding 50 �g of protein. The assay mixture was incubated for 1 h
at 37 °C and 1000 rpm. The reaction was stopped by adding
CHCl3/MeOH (2:1) and 20 �l HCl followed by vigorous vortexing for
5 min. For better phase separation, the mixture was centrifuged for
2 min at 9000 � g followed by removal of the aqueous layer. The
organic solvent was removed under a stream of nitrogen and the
residue was dissolved in 20 �l CHCl3. The entire organic lipid
solution was applied onto a TLC plate and separated using CHCl3/
EtAc (90:10, V:V) as mobile phase. The fluorescent spots were
quantified with a CCD camera using an excitation wavelength of
365 nm. The amounts of the fluorescent components were deter-
mined from their respective fluorescence intensities.

RESULTS

It was the aim of this study to determine the effects of
ATGL- and HSL-deficiency on the expression of other lipolytic
activities in BAT and WAT. For this purpose, we analyzed the
lipolytic proteomes of both tissues of ATGL- and HSL-defi-
cient mice. The substrate preferences of the enzymes re-
sponding to lipase deficiencies were determined using syn-
thetic mono-, di-, and triacylglycerols.

Comparative Analysis of Lipolytic Enzymes in BAT and
WAT. Effects on ATGL- and HSL-Deficiency—The lipolytic
proteomes of adipose tissue homogenates isolated from
ATGL�/� and HSL�/� mice were analyzed and compared
with the enzyme patterns of the wt tissues using the DABGE
method (20). This technique was developed for the compar-
ison of the enzyme components of two different samples in
one electrophoresis gel. It is based on protein labeling with
activity recognition probes (ARPs, Fig. 1) possessing the
same substrate analogous structure but carrying different
cyanine-dyes (Cy2b, Cy3, and Cy5) as reporter tags.

In a typical experiment, the wild-type (wt) tissue was labeled
with Cy3-Ethyl-P (green emission) whereas the knock-out (ko)
tissue was labeled with Cy5-Ethyl-P (red emission). Both sam-
ples were labeled with Cy2b-Ethyl-P as internal standard. To
avoid artifacts because of fluorescence labeling, we per-
formed a dye-swap experiment. In this case, the wild-type
and knock-out samples were labeled with the Cy5- and Cy3-
Ethyl-P, respectively. After labeling, the samples were mixed
as described in the method section, followed by protein pre-
cipitation and 1D or 2D gel electrophoresis. In the 2D gel
some of the labeled enzymes appeared as horizontal poly-
peptide ladders, which are typical for post-translational mod-
ifications. For identification enzyme spots and lanes were
excised from the gel, tryptically digested and analyzed by
nanoHPLC-MS/MS. The fluorescence patterns of the tagged
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proteins on the gels were detected by laser scanning. Fig. 2
shows the fluorescence images of 1D and 2D electrophoresis
gels containing the labeled BAT and WAT proteins from
ATGL- and HSL-ko mice as compared with the wild-type.
Active enzymes more abundant in the wt tissue appear green
(red/dye-swap), those more abundant in the ko sample ap-
pear red (green/dye-swap), and enzymes which are equally
abundant in both samples are yellow. The green and red
fluorescence intensities of the spots were determined and the
enzymes ratios of the ko versus wt mice were calculated as
described before (20). Results for 2D and 1D gels are shown
in Tables I and II, respectively. Detailed results are shown in
supplemental files S2-S4. The raw data can be found under
the following links: ftp://ftp.tugraz.at/pub/genau and http://
ftp.tugraz.at/pub/genau.

The lipolytic proteomes of brown adipose tissue are greatly
influenced by ATGL-deficiency. All enzymes of the lipolytic

cascade involved in the degradation of triacylglycerol (ATGL,
HSL, and MGL) are less abundant in BAT of ATGL-ko mice. In
addition, other enzymes are also down-regulated, including
esterase 31 (Es31), carboxylesterase ML1 (CesML1), triacyl-
glycerol hydrolase (TGH), abhydrolase domain-containing
protein, 11 esterase 1 homolog (Es1 homolog), as well as
enolase 1. On the other hand, several enzymes show higher
activity in BAT of ATGL-deficient mice. These proteins are
esterase 1 (Es1), albumin 1, esterase 31-like (Es31-like), apo-
lipoprotein A-IV, fumarylacetoacetat hydrolase, platelet-acti-
vating factor acetylhydrolase isoform 1B beta 1 subunit (LIS),
as well as lysophospholipase 1. Only a small number of en-
zymes is influenced by ATGL-deficiency in WAT. Under these
conditions, two enzymes are expressed differently compared
with the wild-type. These proteins are carboxylesterase ML1,
which is down-regulated and acetyl-CoA acetyltransferase 3,
which is more abundant in WAT from ATGL-ko mice.

FIG. 1. Activity recognition probes
for DABGE analysis. These compounds
are fluorescent suicide inhibitors. They
posses the same substrate analogous
structure but carry different cyanine-
dyes. A, Fluorophore: Cy 2b-dye (�ex:
491 nm; �em: 509 nm); B, Fluorophore:
Cy 3-dye (�ex: 553 nm; �em: 569 nm); C,
Fluorophore: Cy5-dye (�ex: 645 nm;
�em: 664 nm).
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HSL-deficiency influences the lipolytic proteome only to a
very small extent. In contrast to BAT from ATGL-ko mice,
HSL-deficient BAT shows significantly lower levels of fumary-
lacetoacetate hydrolase. The lipase/esterase patterns in HSL-
deficient and wild-type WAT are very similar. In summary,
ATGL-deficiency has a more profound influence on the level
of other lipolytic enzymes than HSL-deficiency.

Total Lipolytic Activities of BAT and WAT from ATGL and
HSL-deficient Mice—The total lipase/esterase activities of
ATGL-ko, HSL-ko and wt mouse adipose tissues were deter-
mined using chemically defined substrates. On the one hand,

the tissue capacity of hydrolyzing chromogenic p-nitrophenyl
acetate (pNP-acetate), butyrate, and laurate was determined.
The respective compounds differ with respect to polarity and
represent substrates for esterases (acetate) as well as for
lipases (laurate). On the other hand, acylglycerol hydrolase
activities were determined using pyrene-labeled tri-, di-, and
monoacylglycerols as substrates. The results (relative activi-
ties of ATGL or HSL-ko tissues versus wt) are shown in Figs.
3 and 4. The hydrolytic activities toward pNP acetate were
about 50% lower in BAT from ATGL-deficient mice and about
25% lower in WAT from HSL-deficient mice as compared to
wt animals. There was no difference in the activities of WAT
from ATGL-ko and BAT of HSL-ko mice as compared with
the wild-type. If pNP butyrate was used as substrate, the
activities of tissues from knock-out and wt mice were al-
most the same except for BAT from ATGL-deficient mice.
The latter expressed only 80% of the wild-type activity. The
relative enzyme activities entirely changed if pNP laurate,
which is the most hydrophobic lipid in the pNP ester series,

Fig. 2. Differential activity profiles of lipases of brown and white adipose tissue from ATGL and HSL-ko mice as compared to tissues
from wild-type mice. The wild-type (wt) tissue was labeled with Cy3-Ethyl-P (Cy5-Ethyl-P for the dye-swap) whereas the knock-out (ko) tissue
was labeled with Cy5-Ethyl-P (Cy3-Ethyl-P for the dye-swap). Equal amounts of ko and wt protein were labeled with Cy2b-Ethyl-P and mixed
to prepare an internal standard. Active enzymes more abundant in the wt tissue appear green (red - dye-swap), those more abundant in the
ko sample appear red (green - dye-swap). Enzymes equally abundant in both samples are yellow. The enzyme patterns are shown pairwise
in 1D and 2D electrophoresis gels (A, B: ATGL�/�BAT original staining; C, D: ATGL�/� BAT dye-swap; E, F: ATGL�/� WAT original staining;
G, H: ATGL�/� WAT dye-swap; I, J: HSL�/� BAT original staining; K, L: HSL�/� BAT dye-swap; M, N: HSL�/� WAT original staining; O,
P: HSL�/� WAT dye-swap).

TABLE I
Differential lipolytic proteomes of adipose tissue from ATGL- and

HSL-deficient mice (2D PAGE)

Shown are the relative ratios of enzyme activities in ATGL�/� and
HSL�/� mouse adipose tissue. Reference samples were adipose
tissues from wt mice. Numbers correspond to the fluorescent protein
spots (2D PAGE) in Fig. 2. The relative ratios were calculated using the
formula described by Morak et al. (20). Active enzymes are consid-
ered less abundant if relative ratios are lower that –1.9 and more
abundant if ratios are higher than 1.9.

TABLE II
Differential lipolytic proteomes of adipose tissue from ATGL- and

HSL-deficient mice (1D SDS-PAGE)

Shown are the relative ratios of enzyme activities in ATGL�/� and
HSL�/� mouse adipose tissue. Reference samples were adipose
tissues from wt mice. Letters correspond to the fluorescent protein
lanes (1D PAGE) in Fig. 2. The relative ratios were calculated using the
formula described by Morak et al. (20). Active enzymes are consid-
ered less abundant if relative ratios are lower that �1.9 and more
abundant if ratios are higher than 1.9.
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was used as a substrate. BAT and WAT from ATGL�/�
mice still showed about 65% and almost 100% activity
relative to the wt, respectively. In contrast, HSL-deficiency
led to a reduced lipase activity of 40 and 60% in BAT and
WAT, respectively.

In addition, pyrene-labeled tri-, di-, and monoacylglycerols
solubilized with PC/PI mixtures (3:1, mol:mol) were used as
more reliable substrates for the determination of lipase activity
(Fig. 4). ATGL-deficiency significantly reduced triacylglycerol
hydrolysis in adipose tissue. In contrast, HSL-deficiency af-
fected lipase activities in BAT and WAT to a much lesser
extent. Triacylglycerol hydrolase activities of BAT and WAT
from ATGL�/� mice were 75 and 70% lower than the respec-
tive activities of the wild-type tissues. HSL-deficiency re-
duced lipase activity toward triacylglycerols by 36 and 49% in
BAT and WAT, respectively. Diacylglycerol hydrolase activi-
ties of BAT from ATGL-ko and wt mice were the same. They
were slightly higher in ATGL-deficient WAT. HSL-deficiency
significantly influenced the total diacylglycerol hydrolase
activity, whereas ATGL-deficiency hardly showed any ef-
fect. DAG hydrolysis rates were reduced by more than 75
and 50% in BAT and WAT of HSL-deficient mice, respec-
tively. Monoacylglycerol activity did not change if ATGL or
HSL was absent.

Activity Profiling of Overexpressed Enzyme Candidates—
ATGL-deficiency in BAT was associated with up- and down-
regulation of several lipolytic/esterolytic enzymes. Three pro-

teins, namely esterase 1, esterase 10, and esterase 31-like
showed the most pronounced effects. Therefore, they were
characterized in more detail with respect to substrate pref-
erence. The respective proteins were transiently overex-
pressed in COS 7 cells. Overexpressed HSL and �-galac-
tosidase (LacZ) were used as positive and negative
controls, respectively. In addition, apolipoprotein A-IV iso-
lated from human plasma was studied because this protein
showed significantly increased activities toward the lipase
inhibitors in ATGL-deficient BAT. First, we determined the
reactivities of these proteins toward two fluorescent lipase/
esterase inhibitors, namely Cy5-Ethyl-P and the more hy-
drophobic Cy5-TGP. The enzyme candidates recognized
both probes (Fig. 5), indicating, that they might have lipo-
lytic or esterolytic activities. In addition, we measured the
hydrolytic activities of the overexpressed proteins toward
pNP-esters (Fig. 6) and pyrene-labeled acylglycerols as
substrates (Fig. 7). Only HSL (3.4 fold increase) and Es 10
(1.61 fold increase) expressed higher activities toward pNP
acetate than the “inactive” reference cell lysate (LacZ). The
relative activities toward pNP-butyrate were 12.8 (HSL), 6
(esterase 10) and 1.7 (Esterase 31-like). Esterase 1 showed
no activity toward pNP acetate and butyrate. All the over-
expressed enzymes in this study catalyzed the hydrolysis of
the hydrophobic substrate pNP-laurate (Activities relative to
LacZ: HSL, 17.5; Es 1, 1.9; Es 10, 6.6; esterase 31-like, 2.2).
The isolated apolipoprotein A-IV which reacted with the

FIG. 3. Lipolytic/esterolytic activities of BAT and WAT on carboxylic acid esters. Shown are the rates of substrate hydrolysis catalyzed
by BAT and WAT deficient in ATGL or HSL relative to wt samples. Substrates were p-nitrophenyl acetate, butyrate and laurate. The assay was
performed in a 96-well microtiterplate format. The total amount of tissue protein was 1 �g. Substrate concentration was 0.15 mM. Substrate
hydrolysis was determined from the formation of p-nitrophenolate (absorption at 405 nm). Data points were collected every 3 mins during a
period of 30 min (n � 12, p � 0.05 � *, p � 0.01 � **, p � 0.001 � ***).
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fluorescent inhibitors did not hydrolyze any of these
substrates.

Similar tendencies were seen when fluorescent tri-, di-
and monoacylglycerols were used as substrates. HSL was
the most efficient enzyme, if pyrene-sn1-TAG was used as
a substrate. Es10 and Es31-like showed only half of the HSL
activity. Es1 did not degrade this lipid. Pyrene-sn3-TAG was

a less favorable substrate showing there is a stereo-
preference for its sn1-enantiomer. Pyrene-DAG was an ex-
cellent substrate for HSL and Es10. Es1 still showed detect-
able activity on this lipid, whereas the same compound was
only slowly degraded by Es31-like. Pyrene-MAG was ac-
cepted as a substrate by all enzymes showing very similar
activities.

FIG. 4. Lipolytic activities of BAT and WAT on pyrene-tagged tri-, di-, and monoacylglycerols. Shown are the rates of substrate
hydrolysis catalyzed by BAT and WAT deficient in ATGL or HSL relative to wt samples. Solutions containing 1 �mol of pyrene-labeled
acylglycerol and 1 �mol of PC/PI (3:1 mol:mol) were mixed. The solvent of the resultant solution was removed under a stream of nitrogen and
the substrate was solubilized in 10 ml of 50 mM Tris/HCl buffer (pH 7.4) followed by vigorous vortexing for 5 min and pulsed sonication for 5
min. For the assay 50 �l of the substrate solution, was diluted with 150 �l of 50 mM Tris/HCl buffer. The reaction was started by adding adipose
tissue homogenate (50 �g protein). The assay mixture was incubated for 1 h at 37 °C and 1000 rpm. The reaction was stopped by adding
CHCl3/MeOH (2:1, V:V) and 20 �l HCl followed by vigorous vortexing for 5 min. For better phase separation, the mixture was centrifuged for
2 min at 9000 � g followed by removal of the aqueous layer. The organic solvent was removed under a stream of nitrogen and the residue was
dissolved in 20 �l CHCl3. The entire organic lipid solution was applied onto a TLC plate and separated using CHCl3/EtAc (90:10, V:V) as mobile
phase. The fluorescent spots were quantified with a CCD camera using an excitation wavelength of 365 nm. The amounts of the fluorescent
components were determined from their respective fluorescence intensities (p � 0.05 � *, p � 0.01 � **).

FIG. 5. Transient expression of identi-
fied proteins. All enzymes except apolipo-
protein A-IV were overexpressed in COS
7 cells. The cell homogenates were incu-
bated with Cy5-Ethyl-P (A) and Cy5-TGP
(B) resolved by SDS-PAGE, screened for
Cy5 fluorescence and compared with
LacZ as negative control (std. standard,
lanes 1 and 7 HSL, lanes 2 and 8 apoli-
poprotein A-IV, lanes 3 and 9 esterase 1,
lanes 4 and 10 esterase 10, lanes 5, 11
esterase 31-like and lanes 6 and 12 LacZ).
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DISCUSSION

We applied the recently described DABGE technique (20) to
compare the lipolytic proteomes of brown and white adipose
tissue from ATGL- and HSL-deficient mice with the corre-
sponding tissues from wild-type mice. The ARPs used in this
approach specifically label the nucleophilic serine in the active
center of lipolytic and esterolytic enzymes. This method is well

suited for the comparison of two different samples in one
electrophoresis gel. It has already been successfully applied
for the comparative analysis of the lipolytic proteomes of
brown and white adipose tissue. Both “organs” fulfill different
functions. WAT accumulates excess energy as triacylglycer-
ols, whereas BAT dissipates energy through adaptive thermo-
genesis (1–3). According to the DABGE data, the lipase/es-

FIG. 6. Lipolytic/esterolytic activities
of overexpressed lipase candidates
on carboxylic acid pNP esters. Shown
are the rates of substrate hydrolysis cat-
alyzed by overexpressed lipase candi-
dates relative to LacZ. Substrates were
p-nitrophenyl acetate, butyrate, and lau-
rate. The assay was performed in a 96-
well microtiterplate format. The total
amount of tissue protein was 1 �g. Sub-
strate concentration was 0.15 mM. Sub-
strate hydrolysis was determined from
the formation of p-nitrophenolate (ab-
sorption at 405 nm). Data points were
collected every 3 mins during a period of
30 min (p � 0.001).

FIG. 7. Lipolytic activities of overexpressed lipase candidates on pyrene-tagged tri-, di-, and monoacylglycerols. Shown are the rates
of substrate hydrolysis catalyzed by overexpressed lipase candidates relative to LacZ. Solutions containing 1 �mol of pyrene-labeled
acylglycerol and 1 �mol of PC/PI (3:1 mol:mol) were mixed. The solvent of the resultant solution was removed under a stream of nitrogen and
the substrate was solubilized in 10 ml of 50 mM Tris/HCl buffer (pH 7.4) followed by vigorous vortexing for 5 min and pulsed sonication for 5
min. For the assay 50 �l of the substrate solution, was diluted with 150 �l of 50 mM Tris/HCl buffer. The reaction was started by adding 50 �g
of the overexpressed protein. The assay mixture was incubated for 1 h at 37 °C and 1000 rpm. The reaction was stopped by adding
CHCl3/MeOH (2:1, V:V) and 20 �l HCl followed by vigorous vortexing for 5 min. For better phase separation, the mixture was centrifuged for
2 min at 9000 � g followed by removal of the aqueous layer. The organic solvent was removed under a stream of nitrogen and the residue was
dissolved in 20 �l CHCl3. The entire organic lipid solution was applied onto a TLC plate and separated using CHCl3/EtAc (90:10, V:V) as mobile
phase. The fluorescent spots were quantified with a CCD camera using an excitation wavelength of 365 nm. The amounts of the fluorescent
components were determined from their respective fluorescence intensities which were corrected with the corresponding emission intensities
of LacZ.
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terase patterns of both tissues differ to a significant extent
also (20).

In 2004, three groups independently published the discov-
ery of an enzyme preferentially hydrolyzing TAG and named it
ATGL (14), desnutrin (13), or calcium-independent phospho-
lipase A2� (12). In mice, ATGL is predominantly expressed in
white and brown adipose tissue. Lower enzyme levels were
found in testis, cardiac, and skeletal muscle (13, 14, 30).
Sound evidence has been provided that ATGL is the enzyme
catalyzing the first step of triacylglycerol degradation, gener-
ating diacylglycerol and free fatty acid (14). Eventually it was
demonstrated, that ATGL shows transacylase (12, 30) and
phospholipase activity (12, 14) too, though these activities are
lower than its TAG hydrolase activity. In line with these ob-
servations, ATGL-null mice showed accumulation of neutral
lipids in most tissues, suggesting an essential role for ATGL in
cellular TAG catabolism. As a consequence, ATGL-deficient
mice are heavier, show a twofold increase in whole body fat
mass and contain enlarged adipose fat depots (22).

In the present study a DABGE-based comparison of
lipases/esterases in BAT from ATGL-deficient and wild-type
mice showed that the absence of ATGL has a profound effect
on the levels of many enzymes in brown adipose tissue. HSL
and MGL which catalyze triacylglycerol degradation down-
stream of ATGL, were significantly down-regulated in BAT
from ATGL�/� mice. In the absence of ATGL, supply of DAG
and MAG is less efficient and as a consequence there is no
need for high expression/activity of enzymes degrading these
lipids. In addition, esterase 31, carboxylesterase ML1, triacyl-
glycerol hydrolase, abhydrolase domain-containing protein
11, esterase 1 homolog, and enolase 1 were less abundant.
Several enzymes in ATGL-deficient BAT were up-regulated
including esterase 1, albumin, esterase 31-like, apolipoprotein
A-IV, fumarylacetoacetat hydrolase, platelet-activating factor
acetylhydrolase isoform 1b, beta 1 subunit, and lysophospho-
lipase 1. The physiological function and substrate preference
of some of these enzymes are still elusive. Little is known
about esterase 31 and esterase 31-like in this respect. Both
proteins are homologous to Es 22 (31). Es22 has meanwhile
been identified as a retinyl ester hydrolase (32). Triacylglycerol
hydrolase (TGH) is a member of the carboxylesterase family
which localizes to the lumen of the endoplasmatic reticulum
and likely contributes to the hydrolysis of intracellular triacyl-
glycerol in adipose tissue, adipocytes (33) and hepatocytes
(34). It likely plays a role in the assembly of very low density
lipoprotein in liver (34–36). Carboxylesterase ML1 also known
as triacylglycerol hydrolase 2 was recently characterized and
shows remarkable similarity to TGH, with respect to structure,
subcellular localization, substrate specificity and regulation
(37). Abhydrolase domain-containing protein 11 is encoded
on a chromosomal region that is often deleted in the human
developmental disorder Williams-Beuren syndrome (38). Ear-
lier experiments using substrates with various polarities led to
the conclusion that this protein may rather be an esterase

than a lipase (19). Enolase 1, which is also a serine hydrolase,
catalyzes the stereochemically specific anti-elimination of wa-
ter from 2-phosphoglycerate to form P-enolpyruvate in a
stepwise reaction (39). Information on esterase D (synony-
mous with Es10), which was only slightly down-regulated, is
scarce, although a human homolog is supposed to be in-
volved in detoxification (40, 41).

Esterase 1 belongs to the carboxylesterase multigene fam-
ily and is highly homologous to TGH. However, there is noth-
ing known about the physiological function and the substrate
preference of this enzyme. Serum albumin was also detected
in our DABGE analysis of adipose tissues. This is not surpris-
ing because it exhibits esterase activity on various com-
pounds, including short-chain esters and phosphonates (42–
45). Lysophospholipase 1 belongs to a family with broad
substrate specificity for lysophospholipids (46). Lysophos-
pholipase 1 also possesses the common features of lipases,
which are a GXSXG motif, an �/�-hydrolase fold and a nu-
cleophilic serine, which is essential for its catalytic activity
(47). Platelet-activating factor (PAF) acetylhydrolase (PAF-
AH), also known as lipoprotein-associated phospholipase A2,
catalyzes the hydrolysis of short and/or oxidized acyl chains
in position sn2 of PAF, truncated gylcerophospholipids, and
phospholipid hydroperoxides (48–51). In human plasma, a
significant fraction (�70%) of PAF-AH activity is associated
with LDL. The residual activity localizes to plasma HDL (52). It
has been reported that changes in localization of PAF-AH
correlate with human diseases including coronary artery dis-
ease (53), hypercholesterolemia (54), paroxysmal atrial fibril-
lation (55), and chronic kidney disease (56).

ATGL-deficiency only affects a small number of lipases/
esterases in murine WAT. Among these enzymes, CesML1 is
down-regulated and Acetyl-CoA acetyltransferase 3 is slightly
up-regulated. It may be speculated, that the lack of ATGL
activity is in part compensated by the former two enzymes in
murine BAT.

Hormone-sensitive lipase (HSL) is an intracellular neutral
lipase, which is capable of hydrolyzing TAGs, DAGs, MAGs,
and cholesteryl esters (CE), with a preference for DAG and
CE. In adipose tissue, it mainly catalyzes the second step of
triacylglycerol degradation, namely the release of fatty acid
from diacylglycerol (17). As a consequence, HSL-deficient
mice, exhibiting normal body-weight accumulate DAG in var-
ious tissues including adipose tissue (21). According to our
DABGE analysis, HSL-deficiency has no effect on the activity
and/or abundance of other lipolytic enzymes in murine BAT
and WAT. Fumarylacetoacetase was the only enzyme which
was significantly down-regulated in brown adipose tissue of
HSL-null mice.

The profound changes of the lipase/esterase patterns in
ATGL-ko mice result in significant alterations of total lipase
activities in adipose tissues toward synthetic substrates. BAT
of ATGL-null mice showed a 50 and 65% reduction in activity
toward pNP-acetate and pNP-laurate, respectively. Triacyl-
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glycerol hydrolase activity was significantly decreased (25%
left), too but did not reach zero. This is remarkable as HSL
activity was lower in BAT of ATGL-ko mice, too. Obviously,
there must be other enzymes compensating for the loss of
total TAG hydrolase activity in this tissue. Similar effects are
seen if total DAG and MAG hydrolase activities of ATGL�/�
BAT are compared with those of the wild-type. Despite the
fact that HSL and MGL activities are lower, too, the overall
DAG and MAG hydrolysis rates are the same in ATGL ko and
wt mice. It can be speculated that esterase 1 substitutes for
HSL in this respect. If overexpressed in COS 7 cells Es1
catalyzes the hydrolysis of a series of different substrates
including pNP-esters and as well as diacylglycerols. Its in vitro
activity toward diacylglycerol is about 30% of the HSL activity
toward the same substrate. Esterase 10 which was also over-
expressed in COS 7 cells showed activity toward various
substrates including pNP-esters as well as tri-, di and mono-
acylglycerol. We speculate that this enzyme is responsible for
the residual triacylglycerol activity if ATGL is missing. Esterase
31-like might be another enzyme which is able to compensate
at least to some extent for the loss of activity toward TAG in
ATGL�/� BAT. It has to be left open whether apolipoprotein
A-IV is also a candidate contributing to lipolysis in ATGL�/�
BAT. It reacted with polar and hydrophobic substrate analo-
gous ARPs. However, we did not find any activity toward any
substrates to date.

The total lipase activities of WAT from ATGL-deficient mice
showed only small differences compared with the wild-type.
Only the triacylglycerol hydrolase activity was reduced by
65% in the ATGL �/� tissue. This result is in agreement with
the observation that ATGL is missing and CesML1, which also
hydrolyzes triacylglycerols is down-regulated.

Although HSL-deficiency hardly influences the level of the
other lipolytic enzymes in the investigated tissues, total en-
zyme activities toward tri- and diacylglycerols are reduced by
36 and 76% in BAT and by 49 and 53% in WAT, respectively.
The lack of HSL activity in adipose tissue obviously
accounts for a significant fraction of TAG and DAG degra-
dation in BAT and WAT. Lipolytic activities toward mono-
acylglycerol were not influenced in adipose tissues by
ATGL- nor HSL-deficiency.

ATGL-deficiency in mice is associated with a profound
effect on lipolytic enzyme patterns and total lipase activities of
BAT, whereas the lipolytic proteomes and the lipolytic activ-
ities of WAT are hardly influenced. The absence of HSL in BAT
and WAT do not greatly change the expression levels of other
lipolytic proteins either. In all cases, ATGL and HSL deficien-
cies lead to pathophysiological consequences. Because of
the individual substrate preferences of these enzymes, cells
accumulate triacyl- and diacylglycerols, if ATGL and HSL are
absent, respectively. The biochemical abnormalities are as-
sociated with pathological phenotypes. ATGL-deficient mice
are obese and develop lethal cardiac dysfunction at an early
age (21). HSL-deficient mice exhibit a lean phenotype and

male animals are sterile (22). HSL has been shown to prefer-
entially hydrolyze long chain FAs from the TG pool and its
substrate specificity may be a consequence of the polarity of
the TG molecule (22, 57–60). However, the role of ATGL in
selective fatty acid (FA) mobilization from the cellular TG pool
is currently not known. Accordingly, it is thinkable that the
induction of alternative lipolytic enzymes may be an adapta-
tion to the inadequate mobilization of certain FA species in
ATGL- and HSL-deficient adipose tissue. Notably, ATGL-de-
ficiency does not completely abolish TAG hydrolysis in WAT
and BAT, respectively (21, 61). Given that HSL mainly hydro-
lyzes DAG these findings suggest that alternative lipases can
be responsible for the residual lipolytic activity in ATGL-defi-
cient adipose tissue which is strongly supported by our find-
ings: Several serine lipid hydrolases are up-regulated in
ATGL-deficient BAT (see below). According to the in vitro
lipase activities determined in this study, some of these en-
zymes could partially compensate for the lack of ATGL-me-
diated TG hydrolysis in brown fat cells. Studies with overex-
pressed esterase 1, esterase 10, and esterase 31-like
provided some hints for potential functions of these proteins
as lipases. Esterase 10 hydrolyzes tri-, di-, and monoacyl-
glycerols as well as fatty acid pNP esters. Esterase 1 reacts
with the polar and hydrophobic inhibitors. In addition, it cat-
alyzes the hydrolysis of di- and monoacylglycerols, as well as
pNP-laurate. Esterase 31-like does not only hydrolyze pNP-
laurate, but also degrades TAG, DAG and MAG to some
extent. Es10 and Es31-like could account for the residual
triacylglycerol hydrolase activity if activities of HSL, TGH, and
CesML1 due to ATGL-deficiency are low.

ATGL- but not HSL-deficiency has a dramatic impact on the
expression of other lipases in BAT. Mice lacking ATGL are
strongly cold-sensitive and BAT mass is severely increased in
size due to massive TG accumulation indicating that a defect
in BAT-associated TAG hydrolysis accounts for defective
thermoregulation. However, thermogenic adaptation was ex-
amined in mice globally lacking ATGL (21) or in mice lacking
ATGL in WAT and BAT, respectively (61). With regard to
defective TAG mobilization in WAT of these mouse models
and consequently the marked reduction in circulating FA lev-
els it is also thinkable that the thermogenic defect is due to an
insufficient FA delivery from the circulation. Accordingly, the
induction of lipase expression in BAT of ATGL-deficient mice
could also be an adaptation to the inadequate supply of
exogenous FAs and the reduction in circulating FA.

The activities reported in this study were determined in
vitro. Thus, we do not know whether we have detected their
full catalytic capacities under optimal assay conditions includ-
ing the requirement for potential activators and specific envi-
ronments of subcellular lipid structures. In addition, we have
to leave it open, whether some enzymes have escaped de-
tection for the same reasons. Future in vivo studies including
the silencing of these candidate genes in both, wild type and
ATGL-deficient cell lines and the measurement of lipolytic
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activities will address the significance of these potential
lipases in TG catabolism.

In summary, our study discovers several potential lipase
candidates that could partially compensate for the lack of
ATGL (at least in BAT). Importantly, the discovered lipase
candidates could also exhibit a non-ATGL related role in
adipose- and non-adipose tissue lipid catabolism.
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