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Lipolysis is an important metabolic pathway controlling
energy homeostasis through degradation of triglycerides stored
in lipid droplets and release of fatty acids. Lipid droplets of
mammalian cells are coated with one or more members of the
PAT protein family, which serve important functions in regulat-
ing lipolysis. In this study, we investigate the mechanisms by
which PAT family members, perilipin A, adipose differentia-
tion-related protein (ADFP), and LSDP5, control lipolysis cata-
lyzed by hormone-sensitive lipase (HSL), a major lipase in adi-
pocytes and several non-adipose cells. We applied fluorescence
microscopic tools to analyze proteins in situ in cultured Chinese
hamster ovary cells using fluorescence recovery after photo-
bleaching and anisotropy Forster resonance energy transfer.
Fluorescence recovery after photobleaching data show that
ADFP and LSDP5 exchange between lipid droplet and cytoplas-
mic pools, whereas perilipin A does not. Differences in protein
mobility do not correlate with PAT protein-mediated control of
lipolysis catalyzed by HSL or endogenous lipases. Forster reso-
nance energy transfer and co-immunoprecipitation experi-
ments reveal that each of the three PAT proteins bind HSL
through interaction of the lipase with amino acids within the
highly conserved amino-terminal PAT-1 domain. ADFP and
LSDP5 bind HSL under basal conditions, whereas phosphoryla-
tion of serine residues within three amino-terminal protein
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kinase A consensus sequences of perilipin A is required for HSL
binding and maximal lipolysis. Finally, protein kinase A-medi-
ated phosphorylation of HSL increases lipolysis in cells express-
ing ADFP or LSDP5; in contrast, phosphorylation of perilipin A
exerts the major control over HSL-mediated lipolysis when per-
ilipin is the main lipid droplet protein.

Lipid droplets are cellular organelles, structurally similar to
lipoprotein particles. Lipid droplets include a neutral lipid core
composed largely of triglycerides, surrounded by a phospho-
lipid monolayer and coated with surface proteins that provide
an interface for various aspects of lipid metabolism, including
lipid transport, lipogenesis, and lipolysis (1-5). Lipolysis is an
important mechanism by which cells release energy stored in
lipid droplets; its impairment has been linked to cellular lipo-
toxicity and insulin resistance (6). Studies are needed to gain an
understanding of the underlying molecular mechanisms regu-
lating lipolysis. Although all cells are equipped to perform lipol-
ysis, the extent of lipid accumulation and specific components
of the lipolytic pathway are variable, depending on the type of
cell.

Numerous recent studies have led to consensus that mem-
bers of the PAT family of proteins, originally named for Perili-
pin, Adipose differentiation-related protein (ADFP)* and Tail
Interacting Protein 47 (TIP47), play conserved structural and
functional roles on lipid droplets (6 —9). Proteomic studies have
identified a “signature” composition for lipid droplets from a
variety of types of cells that includes at least one PAT family
member. In mammalian cells, the PAT family includes perilipin

“The abbreviations used are: ADFP, adipose differentiation-related protein;
peri, perilipin A; CHO, Chinese hamster ovary; co-IP, co-immunoprecipita-
tion; AFRET, anisotropy Forster resonance energy transfer; FRAP, fluores-
cence recovery after bleaching; YFP, yellow fluorescent protein; BSA,
bovine serum albumin; ATGL, adipose triglyceride lipase; HSL, hormone-
sensitive lipase; PKA, protein kinase A; IBMX, isobutylmethylxanthine; GFP,
green fluorescent protein; CFP, cyan fluorescent protein; FA-free, fatty
acid-free; IP, immunoprecipitation.
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(peri), ADFP, and TIP47, as well as S3-12 and LSDP5 (also
known as PAT-1, AMLPAT, MLDP, and OXPAT). Perilipin is
the major PAT protein associated with the lipid droplet surface
in mature adipocytes and is a major regulatory factor for lipol-
ysis (10, 11). The roles of other PAT proteins in lipolysis are less
well defined.

Perilipin facilitates triglyceride storage under basal (fed) condi-
tions in adipocytes by reducing the access of endogenous lipases to
stored lipids. Additionally, studies with perilipin null mice have
shown that perilipin is required for maximal lipolysis in response
to stimulation of the B-adrenergic receptor signaling pathway (10,
11). A key event is the phosphorylation of perilipin A by protein
kinase A (PKA), which presumably alters the conformation of per-
ilipin at the lipid droplet surface to facilitate lipolysis. Studies in
cultured cells have begun to elucidate the complex mechanisms by
which phosphorylated perilipin A promotes lipolysis (12—14). Per-
ilipin is unique among PAT proteins in having multiple PKA con-
sensus sites; to date, none of the other PAT proteins has been
demonstrated to be phosphorylated by PKA.

Three lipases are responsible for complete lipolysis of triglyc-
erides in adipocytes (15, 16). Adipose triglyceride lipase
(ATGL) catalyzes the initial hydrolysis of triglycerides into dig-
lycerides. Subsequently, hormone-sensitive lipase (HSL) acts as
a diglyceride lipase (17, 18). Finally, monoglyceride lipase
cleaves the third fatty acid to release glycerol. Although mech-
anisms regulating the association of ATGL with the lipid drop-
let surface remain to be elucidated, HSL binding to lipid drop-
lets requires perilipin (19). For most other types of cells,
cytosolic lipases have not been extensively characterized.

Significant perilipin expression is limited to adipose tissue
and a few other types of cells; however, HSL expression is more
widespread, including liver, muscle, and heart. These tissues
lack perilipin under normal physiological conditions, suggest-
ing that other PAT proteins likely control HSL-mediated lipol-
ysis. A prior study has demonstrated that HSL binds to the
surfaces of lipid droplets in skeletal muscle (20), a tissue that
expresses ADFP, TIP47, and LSDP5. Other studies have shown
that the amount of ATGL or HSL that binds to the surfaces of
lipid droplets is controlled by the PAT protein composition of
the lipid droplet (6, 9, 19). This raises the question of whether
the association of HSL with lipid droplets is regulated by a com-
mon mechanism in adipose and non-adipose tissues. More-
over, although most PAT proteins play a role in shielding stored
lipids from cytosolic lipases under basal conditions, they are not
equally effective. Under these conditions, perilipin and LSDP5
exhibit equivalent strong repression of lipolysis, whereas ADFP
and TIP47 are comparably less protective (7, 8, 19). The goal of
this study is to examine the mechanisms by which PAT proteins
regulate HSL-mediated lipolysis.

In this study, we have explored the hypothesis that lipolysis is
regulated either by the distinct binding affinity of each PAT
protein for the lipid droplet or by differences in binding inter-
actions between HSL and the various PAT proteins. In the for-
mer case, lipase association with lipid droplets would be
inversely proportional to the ease of displacement of a PAT
protein from the lipid droplet surface. Alternatively, HSL may
interact with amino acid sequences that are conserved between
PAT family members.
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We have investigated the binding affinity of PAT proteins for
lipid droplets using fluorescence recovery after photobleaching
(FRAP) to study the movement of PAT proteins within and into
the phospholipid monolayer of lipid droplets. Additionally, we
have examined interactions of HSL with perilipin A, ADFP,
TIP47, and LSDP5 in adipose and non-adipose cells using the
following three approaches: measurement of anisotropy For-
ster resonance energy transfer (AFRET) between fluorescently
tagged HSL and PAT proteins; co-immunoprecipitation (co-
IP) of HSL with PAT proteins; and assessment of lipolysis. The
results show that perilipin A, ADFP, and LSDP5 diffuse rapidly
within the phospholipid monolayer of an individual lipid droplet,
yet only ADFP and LSDP5 exchange between lipid droplet and
cytoplasmic pools. Therefore, displacement of PAT proteins from
the surfaces of lipid droplets is not the major determinant that
controls lipolysis. Localization of HSL to lipid droplets requires
binding of HSL to highly conserved sequences within the amino
termini (PAT-1 domains) of PAT proteins, whereas increased
lipolysis requires both PAT protein binding and activation of HSL
by PKA. Thus, our studies provide evidence that protein/protein
interactions between HSL and PAT proteins regulate lipolysis in
both adipose and non-adipose cells.

EXPERIMENTAL PROCEDURES

Antibodies—Rabbit anti-GFP antibody was from Clontech, and
mouse anti-GFP antibody was from Covance (Princeton, NJ).
Antibodies raised in rabbits against HSL, perilipin, ADFP, LSDP5,
and CGI-58 were previously characterized (12, 21, 22). Rabbit anti-
ATGL antibody was from Cell Signaling Technology (Danvers,
MA). Horseradish peroxidase-conjugated goat anti-rabbit IgG
and donkey anti-mouse IgG were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). Rabbit serum was from Rockland
Immunochemicals (Gilbertsville, PA). Mouse anti-rabbit IgG was
from Jackson ImmunoResearch (West Grove, PA).

Cell Culture—CHO-K1 and CHO Flp-In cells were obtained
from ATCC (Manassas, VA) and Invitrogen, respectively. Both
types of cells were grown in Ham’s F-12 medium supplemented
with 10% fetal calf serum, 2 mmol/liter L-glutamine, 100
units/ml penicillin, and 100 pg/ml streptomycin at 37 °C with
5% CO, and 95% humidity. Perilipin A overexpressing CHO-K1
cells, as well as CHO-K1 clonal cell lines overexpressing HSL-
GFP and TIP47-GFP fusion proteins, have been previously
characterized (7, 19).

The constructs peri-YFP, LSDP5-YFP, and ADFP-YFP were
introduced into the CHO Flp-In cells according to the manu-
facturer’s instructions (information for all constructs is pro-
vided in supplemental Table 1). Stably transfected CHO Flp-In
cells were selected 24 h after transfection by adding hygromycin
(500 ug/ml) to the growth medium. Wild-type CHO Flp-In
cells were grown in the presence of Zeocin (100 ug/ml).

For immunofluorescence studies, CHO-K1 and CHO Flp-In
cells were seeded in 35-mm dishes with glass bottoms (MatTek
Corp., Ashland, MA) at a density of 2 X 10° cells. The following
day, cells were transfected with 1 ug of DNA plasmid contain-
ing cDNA coding for the fusion protein of interest per well
(co-transfections received 0.5 ug of each of two plasmids per
well) using Lipofectamine Plus reagent (Invitrogen), according
to the manufacturer’s instructions. The following day, cells
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were incubated for 12 h in growth medium supplemented with
400 uMm oleic acid complexed to fatty acid-free bovine serum
albumin (FA-free BSA), as described previously (19). To meas-
ure lipolysis, cells were incubated with F-12 medium containing
1% FA-free BSA for 2 h. To stimulate PKA, cAMP levels in cells
were elevated by the addition of 1 mm isobutylmethylxanthine
(IBMX) and 10 uM forskolin. Re-esterification of fatty acids was
prevented with addition of 5 uMm triacsin C.

For immunoprecipitation studies, cells were plated at 2 X 10°
cells per well in 6-well plates (Corning, Corning, NY). For lipol-
ysis experiments, cells were plated at 0.5 X 10 ° cells per well in
24-well plates (Corning, Corning, NY).

Molecular Cloning—Cerulean and Venus mammalian ex-
pression vectors to drive expression of monomeric variants of
fluorescent proteins, pECFP-C1, pEYFP-C1, and pEYFP-NI,
were used to reduce intrinsic dimerization of fluorescent pro-
teins and artifacts during Forster resonance energy transfer
experiments (23). In addition, the enhanced CFP coding se-
quence has been mutated to minimize bleaching that occurs
during two-photon laser scanning and to improve detection
(23, 24). cDNAs of HSL, perilipin A, ADFP, LSDP5, TIP47, or
CGI-58 were cloned in-frame with coding sequences for fluo-
rescent peptides in pECFP-C1, pEYFP-C1, and pEYFP-NI.
Names and sequences of subcloning oligonucleotide primers
for all fluorescent fusion protein constructs are presented in
supplemental Table 1. Perilipin A phosphorylation site point
mutations were generated, as described previously (26), and
were then subcloned into pEYFP-N1. The 11-mer repeat region
from LSDP5 (exon 6) was amplified by PCR using the following
primers: 5-LSDP5-E6-Sacl, 5'-TAGAGCTCAAGTGGTGA-
CATCAGCCAAGGATAC-3', and 3-LSDP5-E6-Sacl, 5'-TAG-
AGCTCTGCTAGCTCAGCCTCAGTCATGGGC-3', and in-
serted into the Sacl site of linearized pEYFP-c1 (Clontech). All
constructs were verified by sequencing analysis.

Confocal Imaging and AFRET—Confocal imaging of live cells
was performed at 37 °C and 5% CO, using a Zeiss LSM510
microscope equipped with an S-M incubator (Carl Zeiss Micro-
Imaging, Inc.), and controlled by a CTI temperature regulator
along with humidification and an objective heater. Emitted
light was passed through bandpass filters for collection of CFP
(470-510 nm) and YFP (530-550 nm). For AFRET measure-
ments, images were collected using a X40, 1.3NA F-FLUAR oil
immersion objective lens and vertically polarized 800 nm two-
photon excitation. Detection was with photomultiplier tubes in
the non-descanned configuration. Emitted fluorescence was fil-
tered using either a HQ480/40m filter (Chroma, Rockingham,
VT) for collection of CFP fluorescence or HQ535/30m-2p
(Chroma, Rockingham, VT) for detection of YFP fluorescence.
Separate photomultiplier tubes collected vertically and hori-
zontally polarized fluorescence by passing the emitted light
through a broadband polarizing beam splitter. Anisotropies
were calculated, as described previously (27). To examine the
movement of HSL to cellular lipid droplets, the subcellular
region containing the largest area of lipid droplets was outlined,
and average fluorescence intensity values of individual pixels in
the enhanced CFP and enhanced YFP channels were calculated
and normalized to surface area (LSM510 software).

32118 JOURNAL OF BIOLOGICAL CHEMISTRY

Co-immunoprecipitations and Immunoblot Analysis— Anti-
bodies used for immunoprecipitations were purified with the
Melon gel IgG spin purification kit (Pierce). Rabbit serum or
mouse anti-rabbit IgG was used as the negative control. Pro-
tein/protein interactions were investigated using extracts from
cells co-transfected with the appropriate pair of fusion protein
constructs. The list for all combinations of constructs is pro-
vided in supplemental Table 2. Cells were lysed by incubation in
a buffer containing 150 mm NaCl, 1% Triton X-100, 60 mm
n-octyl glucoside (Sigma), 10 mm Tris, pH 8.0, supplemented
with protease inhibitors, for 15 min on ice, followed by extru-
sion through a syringe (28). Cell lysates were pre-cleared with
30 ul of protein A/G-agarose (Pierce) for 15 min on a rotator at
room temperature and then centrifuged at 10,000 X gat4 °C for
30 min. 250 ul of the pre-cleared supernatant was incubated
with the precipitating antibodies, as noted in supplemental
Table 2, at room temperature for 2 h on a rotator. 50 ul of
protein A/G-agarose was then added, and suspensions were
incubated at room temperature for 2 h on a rotator. Complexes
were precipitated by centrifugation at 2300 X g at 4 °C for 5
min, washed three times with cold phosphate-buffered saline
buffer, and finally mixed with 60 ul of Laemmli sample buffer
(Bio-Rad) containing B-mercaptoethanol. 20 ul of the pre-
cleared supernatant and 30 ul of the immunoprecipitated pro-
teins were separated on 4—12% polyacrylamide NuPAGE gels
(Invitrogen), transferred to nitrocellulose membranes, and
probed with the specific antibodies indicated, followed by a
corresponding horseradish peroxidase-conjugated secondary
antibody. The immunoblot signals were detected with Super-
signal chemiluminescence reagents (Pierce).

Adenovirus—To generate adenovirus for the expression of
HSL-CFP, the HSL-CFP cDNA fragment was excised from
HSL-CFP-N1 (see above) with BglIl and NotI and was subse-
quently subcloned into a modified pAdTrack-CMV shuttle
vector (29) lacking the GFP cassette. The Pmel-digested vector
was used for transformation into AdEasy BJ5183 cells. Correct
recombination of the resulting viral vector was confirmed by
restriction enzyme digestions. Finally, the Pacl-digested viral
DNA was transfected into human embryonic kidney 293 cells
for virus production and amplification (29). Adenovirus
expressing untagged HSL was also generated (30).

Lipolysis Measurements—Lipolysis was assessed in the
absence or presence of IBMX and forskolin according to Tan-
sey et al. (12) and Sztalryd et al. (19). CHO-FlpIn cells stably
expressing perilipin-YFP, LSDP5-YFP, and ADFP-YFP were
seeded into a 24-well plate at a density of 0.5 X 10° cells per well.
The following day, cells were infected with recombinant ade-
novirus for the expression of HSL-CFP-N1 (Ad-HSL-CN1) or
green fluorescent protein (Ad-GFP). 24 h after adenovirus
transduction, the medium was replaced with growth medium
supplemented with 400 um oleic acid plus 1 uCi/well [*H]oleic
acid complexed to 0.4% FA-free BSA overnight to promote triacyl-
glycerol deposition. Cells were then incubated in the absence
of supplemental fatty acids with or without 1 mm IBMX and 10
uM forskolin, with 5 M triacsin and 1% FA-free BSA for2or3h
(as indicated in the figure legends). Radioactivity released into
the culture medium was quantified. Efficiency of transduction
with Ad-HSL-CN1 was determined by immunoblotting.
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FIGURE 1. PAT protein association with lipid droplets and effects on lipolysis. A, FRAP analysis of ADFP-YFP,
perilipin-YFP (under basal and stimulated conditions), and LDSP5-YFP in CHO-K1 cells following overnight
incubation with 400 um oleic acid. The cells were incubated with 5 um triacsin Ciin the absence of supplemental
fatty acids, and perilipin-YFP cells were stimulated for 15 min with 10 umforskolin, 1 mmIBMX, and 5 um triacsin
C. Live cells were examined with a confocal laser microscope using a X40 oil immersion objective. Red boxed
regions were bleached at time 0, and fluorescence within these regions was monitored at 15-s intervals. Bar, 10
um. B, wild-type or CHO-K1 cells stably expressing ADFP-YFP, perilipin-YFP, or LSDP5-YFP were incubated
overnight with 400 um [*H]oleic acid. Supplemental fatty acids were withdrawn, and cells were incubated with
5 umtriacsin C with (stimulated) or without (basal) 1 mmIBMX and 10 um forskolin; the amount of [*Hloleic acid
released into the medium was measured after 3 h. Data represent means = S.E. (n = 8) (¥, p < 0.05, for
PKA-stimulated value compared with basal value).

sucrose, 1 mm EDTA, 1 mm dithio-
threitol, 20 ug/ml leupeptin, 2
pg/ml antipain, 1 pwg/ml pepstatin,
pH 7.0). The substrate for the meas-
urement of triglyceride hydrolase
activity, containing triolein and
[9,10-3H]triolein (PerkinElmer Life
Sciences), was emulsified with
phosphatidylcholine/phosphatidyl-
inositol (3:1) using a probe sonica-
tor (Virsonic 475, Virtis, Gardiner,
NJ), as described previously (31).
Cell lysates (0.1 ml) from cells ex-
pressing the constructs described in
supplemental Table 1 were added to
0.1 ml of the substrate and then
incubated in a water bath at 37 °C
for 30 min. The reaction was termi-
nated by adding 3.25 ml of metha-
nol/chloroform/heptane  (10:9:7)
and 1 ml of 0.1 M potassium carbon-
ate, 0.1 M boric acid, pH 10.5. After
centrifugation at 800 X g for 20 min,
the radioactivity in 0.5 ml of the
upper phase was determined by
liquid scintillation counting, as
described previously (31).

Statistical Analysis—Statistical
significance was tested using either
one-way analysis of variance or a
two-tailed Student’s ¢ test (Graph-
Pad Software, Inc).

RESULTS

Lipolysis Is Not Controlled by PAT
Protein Displacement from Lipid
Droplets—W e tested the hypothesis
that lipolysis is regulated by the dis-
placement of PAT proteins from
lipid droplets, thus allowing cytoso-
lic lipases to gain access to stored
triglyceride. ADFP-YFP, LSDP5-
YFP, and perilipin-YFP fusion
proteins were stably expressed in
CHO-K1 cells, which lack HSL.
ATGL is present in these cells (2),
although the cytosolic lipases have
not been fully characterized. Lipol-
ysis by endogenous lipases was
measured under both basal condi-
tions and following addition of for-
skolin and IBMX to increase levels
of cAMP and activate PKA. The
expression of perilipin-YFP resulted
inlow basal (unstimulated) lipolysis,

Assay for Triglyceride Hydrolase Activities of Cell Extracts— with increased triglyceride hydrolysis upon PKA activation
Cells were harvested by scraping with a rubber policeman, and  (Fig. 1B). Thus, as reported previously, perilipin shields stored
homogenization was performed on ice in lysis buffer A (0.25 M  triglycerides from cytosolic lipases under basal conditions but

NOVEMBER 13, 2009+ VOLUME 284-NUMBER 46 YASHMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 32119


http://www.jbc.org/cgi/content/full/M109.006726/DC1

Interaction of PAT Proteins with Hormone-sensitive Lipase

becomes permissive to lipolysis upon phosphorylation by PKA.
Comparable low basal release of fatty acids was observed when
LSDP5-YFP was expressed; however, activation of PKA failed
to increase lipolysis. Thus, LSDP5 protects against basal lipol-
ysis as effectively as perilipin but remains protective when PKA
is activated. Cells expressing ADFP-YFP showed elevated lipol-
ysis under both basal and PKA-activated conditions; thus,
ADFP is permissive to lipolysis. Because similar findings have
been reported for untagged PAT proteins (8, 12, 33), addition of
the YFP tag does not alter the function of PAT proteins in reg-
ulation of lipolysis.

We next used FRAP in live cells to measure the movement of
YFP-tagged PAT proteins both laterally within the surface
phospholipid monolayer and to the lipid droplet from another
pool, presumably cytoplasm. For the latter, 100% of lipid drop-
let-associated fluorescence was photobleached, and recovery of
fluorescence was measured over time. When perilipin-YFP on
lipid droplets was 100% photobleached, fluorescence failed to
recover over a period of more than 4 min, under both basal and
PKA-stimulated conditions (Fig. 14). Thus, perilipin A is not
rapidly recycled between lipid droplets and another cellular
pool. In contrast, ADFP and LSDP5 exhibit similar partial
recovery from 100% photobleaching (40% for ADFP and 35%
for LSDP5) over 250 s (Fig. 1A and supplemental Fig. 1). Thus,
both ADFP and LSDP5 exchange between lipid droplets and
the cytoplasm.

Next, 50% of the fluorescence associated with a single lipid
droplet was photobleached, and recovery of fluorescence was
measured over time. All three PAT proteins recovered equally
well from 50% photobleaching (supplemental Fig. 2). Thus,
these PAT proteins are not anchored rigidly at the lipid droplet
surface but are capable of lateral movement within the phos-
pholipid monolayer.

Differences in control of basal lipolysis were not correlated to
the ease of exchange of PAT proteins between lipid droplets
and the cytoplasm. ADFP is more permissive to lipolysis than
LSDP5, yet LSDP5 and ADFP show equivalent exchange
between lipid droplets and the cytoplasm. Furthermore, activa-
tion of PKA increased lipolysis in cells expressing perilipin A yet
did not promote egress of perilipin from the lipid droplet.
Therefore, we evaluated differences in protein/protein interac-
tions between HSL and PAT proteins as an alternative mecha-
nism to control lipolysis.

Intracellular Localization of HSL Is Dependent on the Type of
PAT Protein Present at the Lipid Droplet Surface—We used
fluorescence microscopy to study localization of HSL and PAT
proteins under basal and PKA-stimulated conditions. HSL-
CFP was expressed in cells with stably expressed PAT-YFP
fusion proteins. HSL-CFP was observed in the cytoplasm of
cells expressing perilipin-YFP under basal conditions and on
perilipin-coated lipid droplets upon activation of PKA (Fig. 24),
consistent with the localization of endogenous HSL in 3T3-L1
adipocytes (34). In contrast, HSL-CFP remains mainly in the
cytoplasm of cells expressing ADFP-YFP, even after PKA stim-
ulation (Fig. 2B). Unexpectedly, the majority of HSL-CFP fluo-
rescence was observed on lipid droplets in cells expressing
LSDP5-YFP, whether or not PKA was activated (Fig. 2C). Thus,
localization of HSL to lipid droplets is dependent on the PAT
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FIGURE 2. Recruitment of HSL to lipid droplets is dependent on the PAT
protein composition of the droplet. Recruitment of HSL to perilipin-cov-
ered lipid droplets requires activation of PKA. CHO-K1 cells were co-trans-
fected with HSL-CFP and a PAT fusion protein as follows: perilipin-YFP (A),
ADFP-YFP (B), or LDSP-5-YFP (C). Cells were incubated overnight with 400 um
oleicacid. The following day, supplemental fatty acids were removed, and the
cells were incubated with 5 um triacsin C and no further additions (basal) or
stimulated for 30 min with 10 um forskolin, 1 mm IBMX, and 5 um triacsin C
(stimulated). Live cells were examined with a confocal microscope as in Fig.
1.Bar, 10 um. Top, middle, and bottom rows show representative cells from
6 to 12 separate experiments.

protein present and, for perilipin, PKA stimulation. We next
used AFRET and immunoprecipitations to assess binding in-
teractions between HSL and PAT proteins.

HSL Interacts Directly with Most PAT Proteins—AFRET
occurs when fluorescent probes are no more than 8—10 nm
apart; consequently, it detects proteins that are in close prox-
imity and likely interact. To validate our measurements, we
selected two pairs of fusion proteins that target to lipid droplets
for use as controls. LSDP5-CFP and perilipin-YFP (peri-YFP)
were selected as negative controls; LSDP5 and perilipin are
unlikely to interact because their tissue expression profiles are
different (muscle and liver cells for LSDP5 and adipocytes for
perilipin). CGI-58-CFP and perilipin-YFP were used as positive
controls, because these proteins have been demonstrated pre-
viously to interact on lipid droplets (28, 35, 36). We observed
that both pairs of proteins co-localize at the surfaces of lipid
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FIGURE 3. HSL binds to PAT family proteins, as determined by in situ AFRET and co-immunoprecipitation
(IP). A, images were collected by confocal microscopy of live cells expressing pairs of fluorescent fusion pro-
teins shown along the x axis and calculations for AFRET were performed (29). The gray line indicates the
threshold of significance. Data are means = S.E. from 6 to 12 experiments. *, p < 0.05; **, p < 0.01. B, CHO-K1
cells expressing HSL-CFP were transfected with a PAT fusion protein as follows: perilipin-YFP, ADFP-YFP, or
LDSP-5-YFP. The cells were then incubated with 400 um oleic acid overnight. The following day, cells were
incubated with 5 um triacsin C (B, basal conditions) or with 10 um forskolin, T mm IBMX, and 5 um triacsin C for
30 min (S, stimulated conditions). Cell lysates were incubated with rabbit anti-HSL IgG (basal or stimulated) or
rabbit pre-immune control IgG. Immunoprecipitates were analyzed by Western blot for PAT family proteins
and HSL using a commercial GFP antibody that cross-reacts with YFP. One of three similar experiments is
shown. IP,immunoprecipitation; WB, Western blot; Ab, antibody. C, Western blot ECL signals were quantified by
densitometry using ImageJ software. Each data point represents the average of the calculated ratio of the
amount of each PAT protein recovered in stimulated conditions relative to the amount recovered in basal
conditions. Data represent means = S.E. of three experiments (¥, p < 0.05, basal versus stimulated conditions).

droplets (supplemental Fig. 34), yet only CGI-58-CFP and per-
ilipin-YFP display the expected interactions in AFRET and IP
experiments (Fig. 34 and supplemental Fig. 3, B-D).

We collected AFRET data in cells expressing three experi-
mental fusion pairs, perilipin-YFP/HSL-CFP, LSDP5-YFP/
HSL-CFP, and ADFP-YFP/HSL-CFP, under basal conditions
and following stimulation of PKA. Interactions were detected

NOVEMBER 13, 2009 +VOLUME 284 +NUMBER 46

between perilipin-YFP and HSL-
CFP on lipid droplets in stimulated
cells but not in basal conditions (Fig.
3A). No interaction was detected
between these proteins in the cyto-
plasm under either condition, con-
sistent with previous observations
that perilipin does notlocalize to the
cytoplasm (26, 37-39). Interactions
were detected between LSDP5-YFP
and HSL-CFP both in the cytoplasm
and on lipid droplets under both
basal and stimulated conditions
(Fig. 3A). Interactions were de-
tected between ADFP-YFP and
HSL-CFP on lipid droplets under
basal conditions but not in the
cytoplasm (Fig. 3A); measure-
ments were not taken for stimu-
lated cells.

We confirmed the AFRET results
by co-IP and also tested interactions
of TIP47-YFP with HSL-CEFP (Fig. 3,
Band C). For perilipin A, ADFP, and
LSDP5, the amount of PAT proteins
that co-immunoprecipitated with
HSL correlated well with the detec-
tion of protein/protein interactions
by AFRET; co-IP of perilipin-YFP
and HSL-CFP increased following
PKA stimulation of cells, whereas
co-IP of ADFP-YFP and HSL-CFP
was reduced by PKA stimulation,
and co-IP of LSDP5-YFP and HSL-
CFP was unchanged. TIP47-YFP
and HSL-CFP were co-immunopre-
cipitated under both basal and stim-
ulated conditions. AFRET measure-
ments for this protein pair were
inconclusive due to diffuse distri-
bution of TIP47-YFP fluorescence
throughout the cell that is unaltered
by stimulation of cells (data not
shown and see Ref. 40).

The possible contribution of YFP
and CFP tags to artifactual inter-
actions was tested by co-IP of
untagged perilipin with untagged
HSL. As observed with tagged
proteins, perilipin interacted more
highly with HSL in PKA-stimulated

conditions than in basal conditions (supplemental Fig. 4).
Moreover, CGI-58-CFP binds untagged perilipin A (supple-
mental Fig. 3D), suggesting that the interaction does not
require YFP. Finally, a control IP using lysates from cells
expressing perilipin-YFP and LSDP5-YFP showed that these
two proteins, which do not interact in AFRET experiments, do
not co-immunoprecipitate (supplemental Fig. 3C). Hence, the
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FIGURE 4. Activation of PKA is required for increased lipolysis. CHO-Flip-In cells expressing ADFP-YFP,
LSDP5-YFP, or perilipin-YFP were transduced with an adenoviral HSL-CFP construct for 48 h prior to lipolysis
measurements. Control cells (without HSL-CFP) were infected with an adenoviral construct for lacZ. A, cells
were loaded overnight with 400 um [*H]oleic acid and then incubated in the absence of supplemental fatty
acids with 5 um triacsin C for 2 h. Basal activities are shown in the left graph, and activities from cells stimulated
with IBMX and forskolin are expressed as a percentage over basal and shown in the right graph. Data are
means = S.E. from three separate experiments (%, p < 0.01 comparing lipolysis of cells lacking HSL but con-
taining peri-YFP or LSDP5-YFP-coated droplets to lipolysis of cells containing ADFP-YFP-coated lipid droplets;
b, p < 0.01 comparing lipolysis of HSL-expressing cells containing peri-YFP or LSDP5-coated droplets to lipol-
ysis of HSL-expressing cells containing ADFP-YFP-coated droplets; <, p < 0.05 comparing % change over basal
from cells lacking HSL to % change over basal in HSL-expressing cells; ¢, p < 0.05 comparing % change over
basal in HSL-expressing cells containing peri-YFP or LSDP5-YFP-coated droplets to HSL-expressing cells con-
taining ADFP-YFP-coated droplets; ¢, p < 0.01 comparing % change over basal in cells lacking HSL but contain-
ing peri-YFP-coated lipid droplets to % change over basal in cells lacking HSL but containing ADFP-YFP- or
LSDP5-YFP-coated lipid droplets. B, immunoblot of cellular proteins extracted from CHO-Flip-In cells express-
ing ADFP-YFP, LSDP5-YFP, or perilipin-YFP and transduced with an adenoviral HSL-CFP (or lacZ) construct.

lipolysis in cells expressing PAT
proteins, which lack sites for phos-
phorylation by PKA, such as ADFP
and LSDP5. Moreover, only perili-
pin modulates lipolysis catalyzed by
endogenous lipases through a PKA-
mediated mechanism.

PAT-1 Domains of Perilipin and
LSDP5 Bind HSL—To identify the
sequence of PAT proteins that
binds HSL, we expressed a series of
truncated fluorescent perilipin
fusion proteins in cells, which also
express HSL-CFP, and used cell
lysates in co-IP experiments. The
minimum sequence of perilipin that
binds HSL is the PAT-1 domain
(amino acids 1-121) (Fig. 5A); this
region shares the highest homology
among all PAT proteins except
S$3-12. HSL co-immunoprecipitated
with all longer truncated variants of
perilipin that included this region.

The PAT-1 domain lacks se-
quences required to target perilipin
to lipid droplets (41). Consistent
with these earlier findings, we
observed diffuse localization of a
fusion protein of YFP with perilipin
amino acids 1-121 throughout the
cytoplasm (supplemental Fig. 5).
Cells expressing this construct and
HSL-CFP were used for AFRET
measurements (Fig. 5B); to confirm
the co-IP results, truncated perilipin

Immunoblot shown is representative of three separate experiments.

interactions between protein pairs that are depicted in Fig. 3B
do not require fluorescent peptide tags.

Interaction of HSL with PAT Proteins Is Not Sufficient to
Induce Lipolysis; Phosphorylation of HSL Plays an Important
Role in Lipolysis—To investigate the consequences of HSL
interaction with PAT proteins, we assessed lipolysis under both
basal and PKA-activated conditions in cells expressing fluores-
cent fusion proteins of HSL and each of the three major PAT
proteins (Fig. 4B). Cells expressing a PAT protein without
ectopic HSL were also studied to assess lipolysis catalyzed by
endogenous lipases. Interestingly, expression of HSL did not
significantly increase basal lipolysis in any of the cell lines,
although cells expressing ADFP-YFP (with or without ectopic
HSL) released twice the level of fatty acids over 2 h relative to
cells expressing either perilipin-YFP or LSDP5-YFP (Fig. 4A4).

After PKA stimulation, lipolysis increased for all cell lines
expressing HSL. In cells expressing ADFP-YFP or LSDP5-YFP
(but not HSL), activation of PKA did not increase lipolysis cat-
alyzed by endogenous lipases (Fig. 4A4). In contrast, in cells
expressing perilipin-YFP, similar increases in lipolysis were
observed in the presence and absence of ectopic HSL. Thus,
phosphorylation of HSL is required to substantially increase
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(Peri-(1-121)-YFP) interacted with
HSL-CEFP in the cytoplasm under both basal and stimulated
conditions. Furthermore, HSL was retained in the cytoplasm of
PKA-stimulated cells expressing the perilipin PAT-1 domain,
even when full-length untagged perilipin was present on lipid
droplets (supplemental Fig. 5). Addition of the PAT-1 domain
of perilipin to cell lysates containing HSL did not reduce tri-
glyceride hydrolase activity measured with an exogenous sub-
strate (data not shown). Thus, the PAT-1 peptide of perilipin
serves a dominant negative function in preventing HSL from
binding to lipid droplets, yet it does not act as an inhibitor of
lipase enzymatic activity.

Because the PAT-1 domain is highly conserved between
members of the PAT family, we tested the comparable PAT-1
sequence of LSDP5 for HSL binding. A truncated variant of
LSDP5 (amino acids 1-123 fused to YFP) co-immunoprecipi-
tated with HSL (supplemental Fig. 6A4). Another sequence that
is conserved among PAT proteins has been termed the
PAT-2 domain and includes a region of 11-mer repeats that
are predicted to form amphipathic a-helices (42, 43). This
region is in the amino terminus of PAT proteins proximal to
the PAT-1 sequence. We used co-IP to test for a potential
interaction between the 11-mer repeat region of LSDP5 and
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HSL; we were unable to detect a significant interaction (sup-
plemental Fig. 6B).

Phosphorylation of Serine Residues in Amino-terminal PKA
Sites of Perilipin A Facilitates HSL Binding and Recruitment to
Lipid Droplets—Mouse perilipin A has 6 serine residues in PKA
consensus sequences. We generated five mutated variants of
perilipin harboring single or multiple replacements of PKA-site
serine residues with alanine residues; these mutated variants of
perilipin were expressed in cells as fusion proteins with YFP. All
variants of perilipin A with PKA-site mutations localize exclu-
sively to lipid droplets (supplemental Fig. 7, A and B). A single
mutation altering serine 81 in the first phosphorylation site is
sufficient to reduce HSL translocation to lipid droplets follow-
ing activation of PKA (Fig. 6). Interestingly, single mutations of
sites 2 (serine 222) and 3 (serine 276) also reduce HSL translo-
cation to perilipin-coated lipid droplets in stimulated cells. As
expected, perilipin A with mutations in all three of these sites
failed to recruit HSL to lipid droplets. These results were con-
firmed by lack of co-IP of HSL with mutated forms of perilipin
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FIGURE 6. HSL recruitment to lipid droplets requires the phosphorylation
of serines 81, 222, and 276 of perilipin A. A, CHO-K1 cells were co-trans-
fected with HSL-CFP and one of the following mutated phosphorylation site
perilipin fusion proteins: perilipin-YFP (panels a and a’); perilipin S81A-YFP
(panels b and b'); perilipin S222A-YFP (panels ¢ and ¢’); perilipin S276A-YFP
(panels d and d'); perilipin STriA-YFP (Ser-81, Ser-222, and Ser-276 mutated to
Ala) (panels e and e’); perilipin SQuadA-YFP (Ser-81, Ser-222, Ser-276, and
Ser-433 mutated to Ala) (panels fand f'). Cells were incubated overnight with
400 um oleic acid. The following day, the cells were incubated with 5 um
triacsin C with no further additions (basal) or were stimulated for 10 min with
10 um forskolin, 1 mm IBMX, and 5 um triacsin C; live cells were examined with
a confocal microscope as in Fig. 1. Bar, 10 um. B, quantitative analysis for HSL
binding to lipid droplets covered with perilipin A or mutated variants of
perilipin. Data are means = S.E.from 2 to 14 experiments. HSL binding to lipid
droplets coated with each of the mutated variants of perilipin was signifi-
cantly different from the binding of HSL to unmodified perilipin A (**, p <
0.001).

in PKA-stimulated conditions (supplemental Fig. 8). Thus,
PKA-mediated phosphorylation of serines 81, 222, and 276 of
perilipin A is critical for recruitment of HSL to perilipin-coated
lipid droplets.

DISCUSSION

The major objective of these studies was to determine
whether a common mechanism is responsible for the recruit-
ment of HSL to lipid droplets coated with different members of
the PAT protein family. A second objective was to determine
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whether binding of HSL to lipid droplets is sufficient for HSL to
gain access to its substrate lipids and increase lipolysis.

We first tested the hypothesis that cytosolic lipases gain
access to stored lipids when PAT proteins are displaced from
lipid droplets; ease of release of PAT proteins from lipid drop-
lets would be inversely proportional to the binding affinity of
the protein for the droplet surface. FRAP studies revealed that
perilipin, ADFP, and LSDP5 have similar lateral mobility in the
phospholipid monolayer coating lipid droplets, but only ADFP
and LSDP5 exchange between the cytoplasm and lipid droplets.
Because LSDP5 and perilipin restrict lipolysis equally under
basal conditions, these data suggest that lipolysis is not con-
trolled by replacement of PAT proteins with lipases at the sur-
faces of lipid droplets. Furthermore, phosphorylation of perili-
pin by PKA did not promote movement of perilipin between
lipid droplets and the cytoplasm, consistent with a prior obser-
vation that perilipin A always fractionates with lipid droplets in
lysates from both basal and PKA-stimulated adipocytes (26).
Overall, the data suggest that perilipin has the highest affinity
for lipid droplets, whereas LSDP5 and ADFP have comparable
lower binding affinity. Moreover, PAT proteins are not rigidly
anchored into the lipid droplet. Thus, the structure of the lipid
droplet is fluid, allowing lateral mobility of associated proteins;
however, the mechanism by which perilipin A anchors into the
lipid droplet is distinctly different from that of LSDP5 and
ADFP and prevents rapid exchange with a cytoplasmic pool of
proteins.

Because a competitive binding model does not describe
recruitment of lipases to the lipid droplet, we next asked
whether lipases, specifically HSL, bind directly to PAT proteins.
Our AFRET and co-IP experiments show that HSL binds to
ADFP and LSDPS5, but not perilipin, in cells incubated in basal
conditions and to PKA-phosphorylated perilipin in stimulated
cells. The PAT-1 domain, a region sharing the highest level of
sequence similarity among four of five PAT proteins, is the
minimal sequence required for HSL binding. Most importantly,
although LSDP5 can recruit HSL to the lipid droplet surface in
basal conditions, lipolytic activity can only be induced upon
HSL phosphorylation. Thus, we propose a model whereby two
steps are required for the activation of lipolysis by HSL. The
first step is recruitment of HSL to PAT-1 domain sequences of
PAT proteins on lipid droplets; the second step is phosphory-
lation of HSL by PKA to initiate lipolysis.

While this manuscript was undergoing revision, Shen
et al. (45) reported co-IP of HSL with a FLAG-tagged (car-
boxyl-terminal tag) truncated variant of perilipin consisting
of amino acids 1-200, but not a perilipin fusion protein with
amino acids 1-141, from forskolin-treated CHO cells over-
expressing both the lipase and tagged perilipin. Our study
differs from the report by Shen et al. (45) in identifying the
PAT-1 domain (amino acids 1-121) of perilipin as the most
likely HSL-binding site by AFRET experiments, co-IP of HSL
with PAT-1 domains of both perilipin and LSDP5, and com-
petition of a soluble PAT-1 domain fusion protein with lipid
droplet-bound perilipin for binding of HSL in intact cells.
The reason for differences between this recent study (45)
and our own are unclear but may be due in part to differences
in the fusion constructs employed.
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We hypothesize that the PAT-1 domain of perilipin, or a
binding sequence within this domain, is inaccessible to HSL in
basal conditions and requires phosphorylation of perilipin to
trigger a conformational change. Our data suggest that phos-
phorylation of the three amino-terminal-most PKA sites,
serines 81, 222, and 276, promotes this conformational change
to reveal the binding site. Alternatively, addition of negative
charges to the serine residues at these positions may be critical
to provide a surface for HSL binding through electrostatic
interactions.

Earlier reports showed ambiguous results concerning the
importance of PKA-mediated phosphorylation of perilipin to
recruit HSL to lipid droplets. In 3T3-L1 pre-adipocytes trans-
fected with expression constructs for fluorescent fusion pro-
teins, CFP-HSL was observed at the surfaces of lipid droplets
coated with perilipin-YFP mutated in all six PKA phosphoryla-
tion sites (36); however, PKA-phosphorylated perilipin bound
HSL most effectively in co-IP experiments (44). Our data from
co-IP experiments and live cell imaging confirm that the phos-
phorylation of perilipin is necessary to bind HSL for recruit-
ment to lipid droplets, and our data further demonstrate that
the first three perilipin phosphorylation sites are critical for this
protein/protein interaction.

An important new finding of this study is that phosphoryla-
tion of HSL is required to promote lipolysis of triglyceride sub-
strates packaged in lipid droplets; recruitment of HSL to the
PAT protein scaffold on lipid droplets is insufficient to increase
lipolysis without activation of PKA. Thus, phosphorylation of
HSL increases either enzyme activity or lipase access to sub-
strates within lipid droplets. Ex vivo, phosphorylation of HSL
increases enzyme activity by ~2-fold against a traditional exog-
enous substrate composed of a phospholipid-stabilized emul-
sion of triolein. A recent study has identified Ser-650 in human
HSL (corresponding to Ser-660 in rat HSL) as the major deter-
minant of PKA-mediated activation of HSL (46). These in vitro
data provide support for the two-step model of HSL activation
proposed in this study. PKA phosphorylates HSL at several
sites, some of which are more important for the first step, trans-
location and binding of HSL to a PAT protein (32), whereas
phosphorylation of Ser-650 is critical for the second step of
interfacial activation.

PAT family proteins, signature proteins of lipid droplets, are
both structural components that stabilize lipid droplets and
essential regulators of lipolysis. This study contributes to a
developing model whereby PAT proteins are required for the
docking of HSL on lipid droplets and activation of lipolysis.
PKA-mediated phosphorylation events are required for both
docking of HSL on perilipin-coated lipid droplets and activa-
tion of HSL catalytic activity.
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