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to the release of FFA, the process known as lipolysis. The 
control of lipolysis represents a complex process involving 
multiple regulatory events ( 1, 2 ). These broadly include li-
polytic (ACTH,  � -adrenergic agonists, etc.) and anti-lipolytic 
(insulin, adenosine, etc.) hormones, their cognate recep-
tors and signaling pathways, and lipid droplet-associated 
proteins, such as perilipins, cytosolic lipid binding  proteins, 
and lipases. The complexity of the regulation of lipolysis 
has further increased in recent years with the identifi ca-
tion of a large number of proteins that are found associ-
ated with the lipid droplets stored within adipocytes and 
with the realization of the dynamic nature of the proteins 
that populate lipid droplets. 

 The major lipid droplet-associated protein in differenti-
ated adipocytes is perilipin (Plin) A, which is also the most 
highly phosphorylated protein in adipose cells following 
cyclic AMP-dependent protein kinase (PKA) activation 
( 3 ). Plin A plays an essential role in regulating lipolysis, as 
evidenced by the 3-fold elevation in basal lipolysis and the 
absence of PKA-stimulated lipolysis in adipocytes from 
Plin A null mice ( 4, 5 ). Moreover, using model cell  systems, 
it has been shown that Plin A promotes PKA-stimulated 
lipolysis ( 6–8 ). Thus, it appears that Plin A has dual func-
tions of acting as a barrier to suppress basal or constitutive 
lipolysis and of enhancing PKA-stimulated lipolysis. 

 Intracellular lipases are instrumental in lipolysis, and 
there are many proteins that are predicted to have lipase 
or esterase activity that are expressed in adipose tissue. It 
had long been considered that hormone-sensitive lipase 
(HSL) ( 9, 10 ) was the rate-limiting enzyme for lipolysis; 
however, examination of the nonobese HSL null mouse 
indicated the existence and importance of other lipases 

       Abstract   Adipocyte lipolysis is controlled by complex in-
teractions of lipases, cofactors, and structural proteins 
associated with lipid droplets. Perilipin (Plin) A is a major 
droplet-associated protein that functions as a scaffold, both 
suppressing basal and facilitating cAMP-dependent protein 
kinase (PKA)-stimulated lipolysis. Plin is required for the 
translocation of hormone-sensitive lipase (HSL) from the 
cytosol to lipid droplets upon stimulation. In these studies, 
we provide direct evidence for a physical interaction of 
HSL with Plin. By coexpressing HSL with truncation muta-
tions of Plin, we demonstrate using coimmunoprecipitation 
that HSL can interact with an N-terminal region located be-
tween amino acids 141 and 200 of Plin A as well as with a 
 C-terminal region located between amino acids 406 and 
480. The  N-terminal construct, Plin 1-200, which does not 
associate with lipid droplets but interacts with HSL, can 
function as a dominant negative for PKA-stimulated lipoly-
sis. Using confocal microscopy of Plin truncations, we dem-
onstrate that sequences between amino acids 463 and 517 
may be important for or participate in lipid targeting.   
The results  suggest the translocation of HSL to the lipid 
droplet occurs by virtue of Plin localization to the surface 
of lipid droplets and a physical interaction of HSL occur-
ring with sequences within the N-terminal region of Plin. —
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Horomone-sensitive lipase interacts with perilipin 2307

  EXPERIMENTAL PROCEDURES  

 Chemicals and reagents 
 Reagents were obtained from the following sources: BSA 

 (fraction V) from Sigma-Aldrich (St. Louis, MO); FBS from 
 Gemini Bio-Products (Calabasas, CA); Coon’s F12/DMEM, 
 Lipofectin reagent from Invitrogen (Carlsbad, CA); ECL  Western 
blotting detection reagents, horseradish peroxidase-linked whole 
antibody anti-rabbit IgG, cholesteryl [1- 14 C] oleate, and [ 35 S]me-
thionine from Amersham Life Sciences Products (Arlington 
Heights, IL); nitrocellulose paper from Schleicher and Schuell 
(Keene, NH); and organic solvents from J.T. Baker (Phillipsburg, 
NJ). The glutathione beads and glycerol assay kit were from Stanbio 
(Boerne, TX). 

 Cell lines 
 Chinese hamster ovary (CHO) cells and CHO cells overex-

pressing HSL (3F9) were grown in Coon’s F12/DMEM supple-
mented with 10% FBS at 37°C under 5% CO 2 . Fatty acid transport 
protein 1-acyl-coenzyme A synthase 1 (FATP1-ACS1) cells were 
infected with retrovirus carrying full-length mouse HSL using 
polybrene method ( 25 ). Expression of HSL was confi rmed by 
Western blotting and assay of HSL activity. A stable clone that 
overexpresses HSL was selected and maintained. 

 In vitro protein-protein interaction 
 Full-length Plin was in vitro translated with [ 35 S]methionine 

using the TNT® transcription/translation system ( 26 ). Glutathi-
one  S -transferase (GST)-HSL or GST alone ( 27 ) were incubated 
with glutathione-agarose beads in buffer B (20 mM Tris, pH 8.0, 
0.15 M NaCl, 1 mM EDTA, and 0.5% Nonidet P-40). After 1 h of 
incubation at room temperature, the beads were washed three 
times in buffer B and then incubated with [ 35 S]methionine-labeled 
Plin. After 1 h of incubation at room temperature, the beads were 
washed fi ve times in buffer B, and proteins that bound to the beads 
were eluted in SDS-PAGE sample buffer, separated on SDS/4–20% 
PAGE, and visualized on a PhosphorImager (Molecular Dynamics, 
Sunnyvale, CA). 

 Overexpression of full-length and truncated Plin A in 
cells and lipolysis assays 

 FATP1-ACS1-HSL cells were transduced with recombinant 
adenovirus carrying full-length or truncated Plin A constructs 
(  Fig. 1    is a schematic diagram of the structural features of Plin A 
and the Plin constructs) with LipofectAMINE Plus™ (Invitro-
gen). The amount of each adenovirus used was selected to assure 
comparable levels of expression of the different Plin A constructs, 
which was confi rmed by Western blots and densitometry. Twenty-
four hours after adenovirus transduction, cells were loaded with 
lipids using BSA-bound FA for 2 days. Subsequently, cells were 
washed and changed to DMEM +2% FA-free BSA and treated 
with/without the PKA activator forskolin (20 µM) to stimulate 
lipolysis. Glycerol released to the media was quantifi ed using an 
assay kit from Stanbio. 

 Immunoprecipitation and immunoblot analyses 
 Cells that overexpress HSL and Plin were harvested, and im-

munoblot analyses were performed as previously described ( 28 ). 
Total proteins were homogenized in TES (10 mM Tris, 1 mM 
EDTA, pH 7.4, with 8% sucrose) with 10 µg/ml leupeptin. Fol-
lowing centrifugation at 10,000  g , 20 µg of protein from tissue 
homogenates were subjected to SDS-PAGE and transferred to a 
nitrocellulose membrane. The membrane was incubated with 
rabbit anti-Plin or anti-Flag antibody (Sigma-Aldrich) and anti- � -
actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and 

( 11 ). Adipose triglyceride lipase (ATGL) ( 12–14 ) was 
identifi ed as an acylhydrolase that catalyzes the initial step 
of triacylglycerol (TAG) hydrolysis to diacylglycerol 
(DAG) but lacks DAG hydrolase activity. In combination, 
HSL and ATGL account for >95% of TAG hydrolase activ-
ity in murine adipose cells ( 15 ). Generation of ATGL null 
mice ( 16 ) and knockdown of endogenous ATGL in 
murine adipocytes ( 6, 17 ) have provided evidence that 
ATGL is the rate-limiting enzyme for the initiation of 
PKA-stimulated lipolysis in murine cells and that ATGL is 
predominantly responsible for the fi rst step of TAG 
hydrolysis and HSL primarily responsible for the hydroly-
sis of DAG. However, some data have suggested that ATGL 
is less important in human adipose cells and that HSL 
fulfi lls the function as the rate-limiting TAG hydrolase in 
human adipose cells ( 18, 19 ). Therefore, both HSL and 
nonHSL lipase(s), such as ATGL, are involved in the 
control of lipolysis. 

 Previous work from our laboratories, using model adi-
pocyte systems, has shown that the C-terminal domain of 
Plin is responsible for suppressing basal lipolysis mediated 
by non-HSL lipases, whereas sequences within the N-terminal 
domain suppress basal lipolysis mediated by HSL ( 8 ). 
Moreover, both the C-terminal and the N-terminal  domains 
enhance PKA-stimulated lipolysis by HSL, whereas only 
the C-terminal domain enhances PKA-stimulated lipolysis 
mediated by non-HSL lipases ( 8 ). PKA-stimulated lipolysis 
is paralleled by a translocation of HSL from the cytosol to 
the surface of the lipid droplet ( 20, 21 ), which is depen-
dent on the phosphorylation of HSL ( 22 ). Either no or 
only modest movement of ATGL to the lipid droplet is 
observed with PKA stimulation ( 12, 23 ). Whereas PKA-
mediated phosphorylation of Plin is required for stimu-
lated lipolysis, the translocation of HSL to the lipid droplet 
is dependent on Plin ( 7 ) but independent of phosphoryla-
tion of Plin ( 6 ). This dichotomy is partially explained by 
the importance of phosphorylation of Plin at Ser-517 to 
regulate ATGL and the initiation of lipolysis ( 24 ). The 
close cooperation of HSL and Plin in stimulated lipolysis 
and the involvement of both the N- and C-terminal domains 
of Plin in HSL-mediated lipolysis imply a potential physi-
cal interaction between Plin and HSL that affects lipolysis. 
Indeed, in support of this, we have shown that HSL could 
be cross-linked and coimmunoprecipitated with phosphor-
ylated Plin ( 6 ). Additionally, recent experiments using 
fl uorescence resonance energy transfer and bimolecular 
fl uorescence complementation suggest that HSL closely, if 
not directly, interacts with Plin ( 23 ). 

 In this article, we provide additional evidence that HSL 
and Plin form a physical interacting complex and, using 
deletion constructs of Plin, we have located two separate 
regions within Plin, one within the N-terminal portion and 
one within the C-terminal portion, that are involved in the 
interaction with HSL. Furthermore, using coexpression of 
a Plin N-terminal fragment that can bind to HSL, yet does 
not localize to the lipid droplet (Plin 1-200), we show that 
the localization of Plin to the lipid droplet and its interac-
tion with HSL are required for hormone-stimulated, HSL-
mediated lipolysis. 
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 HSL interacts with an N-terminal region of Plin 
 To further characterize the interaction of HSL with Plin 

and to determine the role of the N terminus of Plin in the 
interaction with HSL, CHO cells that overexpress HSL (3F9) 
were transduced with adenovirus containing C-terminal 
deletions of Plin with a Flag tag. After treatment with for-
skolin, cells were lysed and HSL was immunoprecipitated 
with anti-HSL antibodies. The presence of Plin was de-
tected using anti-fl ag antibody after the immunoprecipi-
tated complex was separated on SDS-PAGE. As shown in 
  Fig. 3  , Plin 1-141  and Plin 1-200 were both expressed in the 
cells at similar levels ( Fig. 3A ). The anti-Flag antibodies 
recognize Plin 1-200 in the immune complexes, but Plin 
1-141 was not seen in the immune complexes ( Fig. 3B ). 
Therefore, HSL appears to interact with the N-terminal 
portion of Plin through a region involving amino acids be-
tween 141 and 200. To further confi rm the expression of 
the Plin constructs, we also used an anti-peptide antibody 
that can recognize the N-terminal portion of Plin to detect 
the expression and the presence of the C-terminal dele-
tions in the immunoprecipitated complexes. As shown in 
 Fig. 3C , Plin 1-141, Plin 1-200, and Plin 1-300 were all ex-
pressed at similar levels, and the anti-N-Plin antibody rec-
ognized Plin 1-200 and Plin1-300 in the immune complexes, 
but Plin 1-141 was not seen in the immune complexes ( Fig. 
3D ). As evidence that the interactions of Plin and HSL 
were not due to nonspecifi c immunoprecipitation,  � -actin 
was used as a control in cell lysates ( Fig. 3E ) and immu-
noprecipitated complexes ( Fig. 3F ). Equivalent amounts 
of  � -actin were seen in the cell lysates, but no  � -actin 
was observed in the anti-HSL precipitated immune com-
plexes. 

 HSL interacts with a C-terminal region of Plin 
 To examine whether the C-terminal region of Plin is in-

volved in the interaction with HSL, a series of N-terminal 
deletions of Plin was transduced into the 3F9 CHO cells 
that overexpress HSL, and the transduced cells were lysed 
and immunoprecipitated with anti-HSL antibodies to de-
tect potential interactions with HSL. The fi rst construct 
tested contained the complete C terminus (Plin 301-517) 

then with horseradish peroxidase-linked anti-rabbit IgG (Amer-
sham). The membranes were visualized with chemiluminescence 
reagent ECL (Amersham), exposed to Kodak XAR fi lm, and then 
analyzed by a Fluor-S multi-image analyzer (Bio-Rad). 

 Immunofl uorescence microscopy 
 Immunofl uorescence confocal microscopy was performed to 

determine the subcellular localization of Plin truncations as pre-
viously described ( 8 ). Plin was visualized with MSM antibody 
(full-length Plin) or PREK antibody (Plin truncations) followed 
by Alexa Fluor 637-conjugated goat anti-rabbit IgG (Molecular 
Probes, Eugene, OR). Bodipy 493/503 (Molecular Probes) was 
used at 10 µg/ml to visualize neutral lipid staining. 

 Statistical analysis 
 Results are expressed as the mean ± SD. Statistical signifi cance 

was tested using ANOVA with Bonferroni as post test with InStat 
(version 2.03; GraphPad Software, San Diego, CA) software for 
Macintosh. 

  RESULTS  

 HSL and Plin form a physical interaction 
 To test the hypothesis that HSL and Plin form a physical 

interaction, the ability of rat GST-HSL fusion protein, pro-
duced in a baculovirus expression system, to interact with 
[ 35 S]methionine-labeled, in vitro-translated, full-length 
Plin A was examined in an in vitro GST pull-down assay 
system. As shown in   Fig. 2  ,  GST-HSL fusion protein 
was able to pull down [ 35 S]methionine-labeled, in vitro-
translated Plin specifi cally, while control GST protein did 
not. Thus, Plin and HSL are capable of interacting in the 
absence of other cellular proteins, supporting a direct 
physical interaction. 

  Fig.   1.  Schematic diagrams of structural features of Plin A and 
Plin constructs. Full-length Plin A is 517 amino acids (aa). The 
PAT-1 region includes amino acids 17–111, amphipathic  � -strands 
are found between amino acids 111–182, hydrophobic sequences 
are amino acids 242–260, 320–342, and 349–364, the acidic region 
is amino acids 291–318, and putative TAG protection regions are 
amino acids 122–222 and 406–517. Truncations were made from 
the N and C termini of Pln A. The fi gure depicting structural fea-
tures of Plin was adapted from ( 31 ).   

  Fig.   2.  HSL and Plin form a physical interaction. Full-length Plin 
was in vitro translated with [ 35 S]methionine using the TNT tran-
scription/translation system (lane 1). Extracts (400  � g) of baculo-
virus overexpressing GST (lane 2) or GST-HSL fusion protein 
(GST-HSL, lane 3) were incubated with glutathione-agarose 
beads and with [ 35 S]methionine-labeled Plin as described in Ex-
perimental Procedures. Proteins that bound to the beads were 
eluted, separated on SDS/4–20% PAGE, and visualized using a 
PhosphorImager.   
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Plin 301-463 and Plin 301-480 in the immune complexes 
and total lysates, whereas Plin 301-405 was not detected in 
the immune complex. In a separate set of experiments, we 
tested the ability of HSL to interact with Plin 406-517. As 
shown in  Fig. 4D , anti-Flag antibody was able to detect Plin 
406-517 in the immune complex precipitated by anti-HSL 
antibodies. These results reveal that amino acids between 
406 and 480 within the C-terminal portion of Plin can also 
interact with HSL. 

 Functional signifi cance of the interaction of HSL 
with Plin 

 In view of the physical interaction of HSL with Plin, we 
hypothesized that the translocation of HSL to the lipid 
droplet occurs by virtue of an interaction with sequences in 
Plin and that the hydrophobic nature of Plin, with its lipid 
droplet-targeting domains directing Plin to be localized to 

and was detected using an antipeptide antibody that can 
recognize the C terminus of Plin (  Fig. 4A  , lane 1).  To de-
tect potential interactions with HSL, the transduced cells 
were lysed and immunoprecipitated with anti-HSL anti-
bodies, and the immune complexes were separated on 
SDS-PAGE and then immunoblotted with anti-Plin anti-
bodies (lane 2). As shown in  Fig. 4A , the C-terminal por-
tion of Plin is also present in the immune complex that 
was precipitated by anti-HSL antibodies. To further char-
acterize the interaction of HSL with the C-terminal region 
of Plin, the other N-terminal deletions of Plin containing 
a Flag tag were transduced into the 3F9 CHO cells that 
overexpress HSL. The transduced cells were lysed and im-
munoprecipitated with anti-HSL antibodies, and the im-
mune complexes were separated on SDS-PAGE and then 
immunoblotted with anti-Flag antibodies. Results are 
shown in  Fig. 4B and C . Anti-Flag antibodies recognize 

  Fig.   3.  HSL interacts with an N-terminal region of Plin. CHO cells that overexpress HSL (3F9) were trans-
duced with adenovirus containing C-terminal deletions of Plin that expressed a Flag tag. After treatment 
with forskolin, cells were lysed and HSL was immunoprecipitated with anti-HSL antibodies. A: Total cell ex-
tracts of 3F9 cells that were transduced with Plin 1-141 (lanes 1 and 2), Plin 1-200 (lanes 3 and 4), and empty 
vector (lanes 5 and 6) were loaded on the gel, and the presence of Plin was detected using anti-Flag antibody. 
B: Anti-HSL immunoprecipitated complexes of 3F9 cells that were transduced with Plin 1-141 (lanes 1 and 
2), Plin 1-200 (lanes 3 and 4), and empty vector (lanes 5 and 6) were loaded on the gel, and the presence of 
Plin was detected using anti-Flag antibody. C: Total cell extracts of 3F9 cells transduced with Plin 1-141 (lane 
1), Plin 1-200 (lane 2), and Plin 1-300 (lane 3) were loaded on the gel, and the presence of Plin was detected 
using an antipeptide antibody that recognizes the N-terminal region of Plin. D: Anti-HSL immunoprecipi-
tated complexes of 3F9 cells transduced with Plin 1-141 (lane 1), Plin 1-200 (lane 2), and Plin 1-300 (lane 3) 
were loaded on the gel, and the presence of Plin was detected using an antipeptide antibody that recognizes 
the N-terminal region of Plin. E: Total cell extracts of 3F9 cells transfected with control vector (lane 1), Plin 
1-141 (lane 2), Plin 1-300 (lane 3), Plin 1-405 (lane 4), and full-length Plin (lane 5) were loaded on the gel 
and immunoblotted with anti- � -actin antibody. F: Complexes immunoprecipitated with anti-HSL antibodies 
of 3F9 cells transfected with control vector (lane 1), Plin 1-141 (lane 2), Plin 1-300 (lane 3), Plin 1-405 (lane 
4), and full-length Plin (lane 5) were loaded on the gel and immunoblotted with anti- � -actin antibody.   
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(  Fig. 5  ).  Neutral lipids were stained with Bodipy (red fl uo-
rescence). Plins were detected with specifi c antibodies di-
rected against the Flag tag (green fl uorescence). In contrast 
to full-length Plin, which was found in a ring-like pattern, 
Plin 301-405, Plin 301-463, and Plin 406-517 were all ex-
pressed in a diffuse cytoplasmic pattern without association 
with the lipid droplets. This suggests that sequences be-
tween 463 and 517 may be important for lipid targeting or 
may participate in lipid targeting since Plin 301-517 was 
previously shown to associate with lipid droplets ( 8 ) but are 
not by themselves suffi cient for lipid targeting since Plin 
406-517 does not associate with lipid droplets. 

 To examine the functional role of the interaction of HSL 
with Plin on lipolysis, we studied forskolin-stimulated lipoly-
sis in a reconstituted lipid-loaded cell system, which we have 
previously used to examine lipolysis ( 8 ), except we now sta-
bly overexpress HSL, named ACS1-FATP1-HSL cells. These 
cells were derived from ACS1-FATP1 cells by stably overex-
pressing rat HSL. For these sets of experiments, ACS1-
FATP1-HSL cells were transfected with either native Plin 
alone or with full-length Plin along with the different trun-
cated Plin mutants and loaded with TAG using BSA-bound 
FA. Subsequently, cells were treated with forskolin (20 µM) 
to stimulate lipolysis, followed by measurement of released 
glycerol. As shown in   Table 1  , cells  transfected with a full-
length construct of Plin, showed a 2-fold stimulation of li-
polysis in response to forskolin treatment. When full-length 
Plin was cointroduced in the cells with Plin 1-141, which 
does not associate with lipid droplets and does not interact 
with HSL, there was a trend for a reduction in forskolin-
stimulated lipolysis, but this did not reach statistical signifi -
cance. However, when full-length Plin was cointroduced in 
the cells with Plin 1-200, which does not associate with lipid 
droplets but does interact with HSL, there was a loss of es-
sentially all forskolin-stimulated lipolysis ( P  < 0.05). In con-
trast, cells expressing Plin 1-300 and Plin 1-405, which both 
associate with lipid droplets and interact with HSL, dis-
played normal forskolin-stimulated lipolysis. The results of 
coexpression of C-terminal and full-length Plin A constructs 
were less dramatic. Cells expressing full-length Plin along 
with Plin 301-517, which contains the entire C terminus of 
Plin and which associates with lipid droplets and interacts 
with HSL, displayed normal forskolin-stimulated lipolysis, 
whereas cells coexpressing full-length Plin along with Plin 
301-405, Plin 301-463, or Plin 406-517, which do not associ-
ate with lipid droplets, had variable, but no statistically sig-
nifi cant, effects on forskolin-stimulated lipolysis whether or 
not there was evidence for interaction with HSL in vitro. 
Thus, these results are consistent with the hypothesis that 
the translocation of HSL to the lipid droplet, in our model 
system, occurs by virtue of an interaction with sequences 
within the N-terminal region of Plin and Plin’s localization 
to the surface of lipid droplets. 

  DISCUSSION  

 Plin is a lipid droplet-associated protein that is involved 
in the control of both basal and PKA-stimulated lipolysis. 
Plin expression, but not its phosphorylation, is necessary 

the surface of the lipid droplet, determines the fi nal desti-
nation of HSL. Therefore, we reasoned that a fragment of 
Plin, lacking the domains that target it to the lipid droplet 
and, therefore, localizes in the cytoplasm, but physically in-
teracts with HSL, might function as a dominant negative 
and prevent the translocation of HSL to the droplet and 
thus inhibit lipolysis. We have previously shown that, simi-
lar to full-length Plin, when Plin 1-300 is expressed in lipid-
containing cells, it forms a ring-like pattern localized to the 
perimeter of lipid droplets, whereas Plin 1-200 shows a dif-
fuse cytoplasmic pattern without association with lipid 
droplets ( 8 ). Thus, these constructs seemed to be appro-
priate for testing our hypothesis as related to sequences 
within the N terminus of Plin. For examining sequences 
within the C terminus of Plin, we have previously shown 
that Plin 301-517 also localizes to the perimeter of lipid 
droplets ( 8 ). In order to examine the ability of other trun-
cations of Plin to target to and associate with lipid droplets, 
we transduced ACS1-FATP cells, which stably overexpress 
ACS-1 and FATP1 ( 29 ) and which do not normally express 
HSL or Plin ( 25 ), with the C-terminal constructs. Trans-
duced cells were fi xed and prepared for confocal micros-
copy after incubation with FA for 48 h. Simultaneous 
fl uorescent detection of neutral lipids and Plin allowed us 
to correlate immunoreactivity with intracellular structures 

  Fig.   4.  HSL interacts with a C-terminal region of Plin. The ex-
perimental conditions are the same as described in  Fig. 3  except 
that an adenovirus containing C-terminal regions of Plin was used 
to transduce 3F9 cells. A: 3F9 cells were transduced with Plin 301-
517. Lane 1, total cell extracts were loaded on the gel; lane 2, anti-
HSL immunoprecipitated complexes were loaded on the gel. An 
antibody that recognizes the C-terminal region of Plin was used to 
detect the presence of Plin 301-517. B: Total cell extracts of 3F9 
cells that were transduced with Plin 301-405 (lane 1), Plin 301-463 
(lane 2), and Plin 301-485 (lane 3) were loaded on the gel, and the 
presence of Plin was detected using an anti-fl ag antibody. C: Anti-
HSL immunoprecipitated complexes of 3F9 cells that were trans-
duced with Plin 301-405 (lane 1), Plin 301-463 (lane 2), and Plin 
301-485 (lane 3) were loaded on the gel, and the presence of Plin 
was detected using an anti-Flag antibody. D: 3F9 cells were trans-
duced with Plin 406-517. Lane 1, total cell extracts were loaded on 
the gel; lane 2, anti-HSL immunoprecipitated complexes were 
loaded on the gel. An anti-Flag antibody was used to detect the 
presence of Plin.   
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(amino acids 301–517) of Plin A inhibits basal lipolysis via 
non-HSL lipase and promotes PKA-stimulated lipolysis by 
both HSL and non-HSL lipases ( 6, 8 ). These data have 
suggested a potential physical interaction between Plin 
and HSL that has been supported by the demonstration 
that HSL could be cross-linked and coimmunoprecipi-
tated with Plin ( 6 ) and by fl uorescence resonance energy 
transfer and bimolecular fl uorescence complementation 
studies that suggest that HSL closely, if not directly, inter-
acts with Plin ( 23 ). In our studies, we provide direct evi-
dence for a physical interaction of HSL with Plin A. Our 
studies demonstrate that HSL can form a physical interac-
tion with an N-terminal region located between amino ac-
ids 141 and 200 of Plin A, as well as with a C-terminal 
region located between amino acids 406 and 480. These 
sequences lie outside of the PAT-1 region, which displays 
sequence similarity with adipophilin and TIP47 ( 30 ) and 
do not overlap with the previously identifi ed hydrophobic 
and acidic regions, but the N-terminal interacting region 
does overlap with a region of amphipathic  � -strands ( 31 ) 
(see  Fig. 1  for a schematic representation of structural fea-
tures of Plin A). However, sequences that overlap with 

for maximal translocation of PKA-phosphorylated HSL ( 6, 
7 ). It has been reported that the N-terminal region (amino 
acids 1–300) of Plin A inhibits basal lipolysis and promotes 
PKA-stimulated lipolysis by HSL, whereas the C-terminal 

  Fig.   5.  Localization of C-terminal Plin mutants 
within cells. ACS1/FATP1 cells were transduced 
with adenoviruses expressing Plin or Plin trunca-
tions. After incubation with FA for 48 h, the cells 
were fi xed and neutral lipids (red) stained with 
Bodipy and Plin (green) detected with specifi c 
antibodies and Alexa Fluor.   

 TABLE 1. Effects of Plin mutants on lipolysis 

Fold Stimulation

Plin-full + empty vector 1.99 ± 0.12
Plin-full + 1-141 1.42 ± 0.01
Plin-full + 1-200 1.07 ± 0.05*
Plin-full + 1-300 1.73 ± 0.39
Plin-full + 1-405 1.75 ± 0.25
Plin-full + 301-517 1.91 ± 0.25
Plin-full + 301-405 1.34 ± 0.43
Plin-full + 406-517 1.63 ± 0.34
Plin-full + 301-463 1.38 ± 0.34

ACS1-FATP1-HSL cells were transfected with full-length Plin along 
with either empty vector or the different truncated Plin mutants (as 
listed with the starting and the ending amino acids of the fragment) 
and loaded with TAG using BSA-bound FA. Subsequently, cells were 
treated with forskolin (20 µM) to stimulate lipolysis. Lipolysis is 
presented as fold stimulation of glycerol release after forskolin 
treatment compared with no forskolin treatment. Results are the 
summary of at least three sets of independent assays and are given as 
the mean ± SD. *,  P  < 0.05.

 at H
O

K
K

A
ID

O
 U

N
IV

E
R

S
IT

Y
, on O

ctober 4, 2017
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


2312 Journal of Lipid Research Volume 50, 2009

not entirely consistent with this conclusion, it is possible 
that the affi nity of HSL for interacting with N- and 
C-terminal regions of Plin might be different or that the 
small C-terminal fragments of Plin might have had non-
specifi c effects in the cells that we used as our model sys-
tem. The latter would be in agreement with previous 
studies showing that the N-terminal region of Plin A is in-
volved in HSL-mediated lipolysis, whereas the C-terminal 
region of Plin works with non-HSL lipases for stimulated 
lipolysis ( 8 ). It should be noted that neither CGI-58 nor 
ATGL is present in our reconstituted cell system and, thus, 
the contributions and any additional interactions with 
CGI-58 and ATGL would not be seen (data not shown). 
Nonetheless, when taken together, these results lend cre-
dence to the notion that the localization of Plin to the 
lipid droplet through its hydrophobic sequences is an im-
portant component of its ability to function as a scaffold 
for orchestrating lipolysis. 

 It has previously been reported that three hydrophobic 
sequences (amino acids 242–260, 320–342, and 349–364), 
along with an acidic region (amino acids 291–318) and 
N-terminal sequences predicted to form amphipathic 
 � -strands (see  Fig. 1 ), within Plin are involved in targeting 
and anchoring Plin A to the lipid droplet ( 31 ). Based on 
deletional experiments, it has been suggested that the fi rst 
two hydrophobic sequences are important for lipid drop-
let targeting, while the third has a weak contribution. In 
our work using Plin truncations, we observed that Plin 301-
517 targets to and associates with lipid droplets ( 8 ); how-
ever, in this report, Plin 301-406 and Plin 301-462 displayed 
diffuse cytoplasmic localization, failing to associate with 
lipid droplets. Therefore, at least in our cell model system, 
sequences within the C-terminal region of Plin can be im-
portant in targeting Plin to lipid droplets, yet these se-
quences alone are insuffi cient to associate with lipid 
droplets since Plin 406-517 also displayed diffuse cytoplas-
mic localization. 

 In summary, we have provided direct evidence for a 
physical interaction of HSL with Plin at two different re-
gions, one within the N-terminal region and one within 
the C-terminal region. An N-terminal construct, Plin 1-200, 
which does not associate with lipid droplets, but does in-
teract with HSL, can function as a dominant negative for 
PKA-stimulated lipolysis. The results are consistent with 
the notion that the translocation of HSL to the lipid drop-
let occurs by virtue of an interaction with sequences within 
the N-terminal region of Plin and Plin’s localization to the 
surface of lipid droplets.  
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