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All eukaryotic organisms store excess lipid in intracellular lipid droplets. These dynamic structures are
associated with and regulated by numerous proteins. Perilipin 2, an abundant protein on most lipid drop-
lets, promotes neutral lipid accumulation in lipid droplets. However, the mechanism by which perilipin 2
binds to and remains anchored on the lipid droplet surface is unknown. Here we identify features of the
lipid droplet surface that influence perilipin 2 localization. We show that perilipin 2 binding to the lipid
droplet surface requires both hydrophobic and electrostatic interactions. Reagents that disrupt these
interactions also decrease binding. Moreover, perilipin 2 binding does not depend on other lipid
droplet-associated proteins but is influenced by the lipid composition of the surface. Perilipin 2 binds
to synthetic vesicles composed of dioleoylphosphatidylcholine, a phospholipid with unsaturated acyl
chains. Decreasing the temperature of the binding reaction, or introducing phospholipids with saturated
acyl chains, decreases binding. We therefore demonstrate a role for surface lipids and acyl chain packing
in perilipin 2 binding to lipid droplets. The ability of the lipid droplet phospholipid composition to impact
protein binding may link changes in nutrient availability to lipid droplet homeostasis.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction a monolayer of amphipathic lipids [1]. Proteins that associate with
The ability to esterify cholesterol or fatty acids and store these
neutral lipids in cytosolic lipid droplets is characteristic of all
eukaryotic organisms [1]. In mammals, lipid droplets are most
abundant in adipose tissue. The triacylglycerol-rich lipid droplets
of adipocytes provide large energy stores in the form of esterified
fatty acids that are exported to other tissues for metabolism
through b-oxidation. Lipid droplets in steroidogenic cells of the
adrenal cortex, testes, and ovaries supply cholesteryl esters for ste-
roid hormone synthesis. The role of lipid droplets in other tissues is
equally important. Lipid droplets serve as local energy depots or
lipid reservoirs for membrane homeostasis. Furthermore, lipid
droplets protect cells from lipotoxicity by sequestering toxic lipid
species from apoptotic pathways [2,3].

Each lipid droplet consists of a neutral lipid core (primarily tri-
acylglycerol and/or cholesteryl ester) separated from the cytosol by
the surface of lipid droplets are in close proximity to the underly-
ing hydrophobic lipid and may interact with this lipid directly.
Perilipin 2 (previously known as adipocyte differentiation-related
protein, or ADRP) is a prominent lipid droplet protein that coats
the surface of lipid droplets in all mammalian cells, except mature
white adipocytes where a similar protein, perilipin 1, is found [4,5].
Perilipin 2 prevents lipase association with the surface of lipid
droplets and slows triacylglycerol turnover [6]. Consequently, the
level of perilipin 2 expression is intimately tied to lipid droplet
accumulation [7–9].

It is currently unknown how perilipin 2 interacts with the lipid
droplet surface. Efforts to identify targeting domains within the
protein have found multiple sequences that may facilitate its local-
ization [10–12]. In our study, we take a different approach. We
identify features of the lipid droplet surface that mediate perilipin
2 binding. We show that perilipin 2 does not require other lipid
droplet proteins to bind with lipid droplets. Instead, perilipin 2
interacts directly with the amphipathic lipid at the lipid droplet
surface. We show that physicochemical features of the lipid drop-
let surface, including hydrophobicity, electrostatic forces, lipid
composition, and lipid packing play a substantial role in perilipin
2 binding. Our findings demonstrate the importance of the lipid
droplet surface composition in mediating the binding of specific
proteins and suggest a model for protein–lipid droplet interactions.
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2. Materials and methods

2.1. Cell culture

Creation of the perilipin 2-overexpressing HEK293 cell line has
been described [6]. Perilipin 2-expressing and untransfected
HEK293 cells were cultured as reported [6]. Where indicated, cul-
ture medium was supplemented with 400 lM oleate (Nu-Check
Prep) complexed to BSA as described [13].
2.2. Immunoblotting

Perilipin 2 was resolved by SDS–PAGE and probed with anti-
perilipin 2 rabbit polyclonal antibodies (Novus Biologicals) and
peroxidase-conjugated secondary antibodies (Sigma). Blots were
subsequently incubated with Supersignal West Femto chemilumi-
nescence reagent (Fisher Scientific) or Opti-4CN colorimetric
reagent (Bio-Rad) and imaged with film (Kodak X OMAT) or a
FotoDyne FOTO/Analyst Luminary/FX workstation.
2.3. Lipid droplet isolation

Eight confluent 10 cm plates of perilipin 2-expressing or
untransfected HEK293 cells were supplemented with 400 lM
oleate overnight. Cells were scraped into cold PBS, pelleted, and
resuspended in HEPES buffer (10 mM HEPES, 5 mM EDTA, pH 7.4,
1 lg/mL pepstatin, 1 lg/mL leupeptin, 100 lg/ml PMSF). Cell
suspensions were incubated 10 min on ice and homogenized with
a 25 g needle. The homogenate was adjusted to 20% sucrose,
overlaid with HEPES buffer, and centrifuged at 280,000g, 4 �C, for
60 min. Lipid droplets were harvested in the floating fraction.
2.4. Disruption of electrostatic and hydrophobic interactions

Isolated lipid droplets were centrifuged with 100 mM sodium
carbonate (as in [14]) or 60 mM MgSO4 following the same proto-
col. Alternatively, isolated lipid droplets were resuspended in
NP-40 buffer (150 mM NaCl, 1% NP-40, 50 mM TrisHCl [pH 8], as
in [15]), adjusted to 20% sucrose, and incubated on ice for
30 min. Lipid droplets were collected after centrifugation at
26,000g, 4 �C, for 30 min. Perilipin 2 was detected in lipid droplet
fractions by immunoblotting. Following treatment, lipid droplets
were stained with 1 mg/mL BODIPY 493/503 (Invitrogen) and
visualized with an Olympus BX40 fluorescence microscope.
2.5. Proteolysis of lipid droplet proteins

Isolated lipid droplets were incubated with 1 mg/ml proteinase
K for 1 h at 37 �C. Five mM PMSF was added to halt each reaction.
Samples were adjusted to 25% sucrose, overlaid with 10% sucrose
and centrifuged at 26,000g, 4 �C, for 30 min. Equivalent volumes
of untreated and proteinase K-treated lipid droplets were resolved
on 11% SDS–polyacrylamide gels and proteins were visualized by
silver staining.
2.6. Isolation of perilipin 2-enriched cytosol

Eight 10 cm plates of perilipin 2-expressing HEK293 cells were
cultured and lysed as described for lipid droplet isolations. The
homogenate was adjusted to 10% sucrose, overlaid with HEPES
buffer, and centrifuged at 280,000g, 4 �C, for 3 h. The void volume,
corresponding to the cytosol, was collected with a 22 g needle.
2.7. Preparation of lipid vesicles

For temperature dependent experiments, 10–13 lmol of diol-
eoylphosphatidylcholine dissolved in chloroform (DOPC, Avanti
Polar Lipids) were dried under nitrogen, dissolved in chloroform,
and dried again under nitrogen for a minimum of 60 min. Follow-
ing 10 min at 70 �C, prewarmed HEPES buffer was added, and sam-
ples were incubated at 70 �C for 10 min. Lipid films were hydrated
on a shaking platform at 50 �C for 1 h. Large unilamellar vesicles
(LUVs) were formed by 5–10 freeze/thaw cycles in an ethanol/
dry ice bath.

For measurements of phospholipid packing and binding to
DOPC and palmitoyloleoylphosphatidylcholine (POPC) vesicles,
30 lmol aliquots of DOPC or POPC (Avanti Polar Lipids) were trans-
ferred to a round bottom flask and dried under vacuum at 60 �C,
resuspended in chloroform:methanol (2:1), and dried again under
vacuum at 60 �C for at least 45 min. Prewarmed HEPES buffer was
added, and lipid films were hydrated on a rocking platform at 50 �C
overnight. LUVs were formed by ten freeze/thaw cycles in an eth-
anol/dry ice bath. Vesicle suspensions were extruded through a
0.1 lm filter (Avanti Polar Lipids) using a thermobarrel extruder.
The phospholipid content of the extruded vesicles was determined
as described by Ames and Dubin [16].

2.8. In vitro binding assay

LUVs or isolated lipid droplets were combined with perilipin 2-
enriched cytosol and placed in an orbital mixer for 1 h at 37 �C
(unless otherwise noted). Samples were adjusted to 10% sucrose,
loaded into a centrifuge tube, overlaid with HEPES buffer and cen-
trifuged at 280,000g, 4 �C, for a minimum of 3 h. Lipid droplets (top
fraction) and void volumes (unbound protein) were collected with
a 22 g needle and perilipin 2 detected by immunoblotting.

2.9. Measurements of phospholipid packing

LUVs were labeled with 6-dodecanoyl-2-dimethylaminonaph-
thalene (Laurdan, Molecular Probes) at a probe:lipid ratio of
1:333 and a final Laurdan concentration of 0.3 lM. Immediately
after Laurdan addition, labeled vesicles were rigorously vortexed
for 3 min and placed on a shaking platform for 1 h in the dark.
Fluorescence spectra were acquired upon excitation at 360 nm
with an emission and excitation slit width of 3.5 nm and 7 nm,
respectively.

In other experiments, LUVs were titrated with 10 lg/mL mero-
cyanine 540 (MC540) in HEPES buffer. MC540 fluorescence spectra
were acquired with an emission slit width of 2.5 nm and excitation
slit width of 15 nm.

All fluorescence measurements were acquired in a Perkin-Elmer
Luminescence LS50B Spectrophotometer at a speed of
60 nm min�1.

2.10. Statistical analyses

Values are means ± SEM. Statistical analyses included the
Student t-test or the Wilcoxon signed-rank test where appropriate
(GraphPad Prism). Values with p < 0.05 were considered statisti-
cally significant.
3. Results

3.1. Perilipin 2 binds to lipid droplets in vitro

We developed an in vitro binding assay to explore how the lipids
and proteins on the lipid droplet surface allow perilipin 2 to
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recognize and bind to the lipid droplet. Many lipid droplet proteins,
including perilipin 2, are synthesized on free ribosomes and associ-
ate with lipid droplets post-translationally. We hypothesized that
perilipin 2 would be capable of binding to a suitable surface outside
of the cell as long as necessary co-factors were present.

Our binding assay required a surface of amphipathic lipid for
the protein to bind and a source of perilipin 2. Our initial experi-
ments used lipid droplets from untransfected HEK293 cells as the
recipient lipid surface. Endogenous perilipin 2 was not detected
on lipid droplets from HEK293 cells (Fig. 1A, lane 2), although
the presence of a floating white layer was visual confirmation of
lipid droplet isolation. This result is consistent with reports that
HEK293 cells express extremely low levels of endogenous perilipin
2 [6].We utilized cytosol from perilipin 2-overexpressing HEK293
cells as a source of perilipin 2 protein. While perilipin 2 is effi-
ciently targeted to lipid droplets in this engineered cell line, the
cytosol retains significant levels of soluble perilipin 2 [6].
lipid droplets   
perilipin 2            
  

Reaction  
components: 

perilipin 2 in  
floating fraction 

(B)        proteinase K − + 

perilipin 2 in  
floating fraction 

− + + (C)          proteinase K − 
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in void volume 
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Fig. 1. In vitro binding of perilipin 2 to lipid droplets does not require other lipid
droplet proteins. (A) Cytosolic perilipin 2 was incubated with isolated (perilipin-
free) lipid droplets. Following ultracentrifugation, lipid droplets with bound protein
were harvested from the top of each centrifuge tube. Unbound protein remained in
the void volume. Perilipin 2 in equivalent volumes of floating fractions (top blot) or
void volumes (bottom blot) was detected by immunoblotting. (B) SDS–PAGE and
silver staining of lipid droplet-associated proteins, from untreated (�) or proteinase
K-treated (+) lipid droplets. (C) Immunoblotting for perilipin 2 in floating fractions
(top blot) or void volumes (bottom blot) following binding to untreated (�) or
proteinase K-treated (+) lipid droplets.
To determine if perilipin 2 would bind to lipid droplets in vitro,
perilipin 2-enriched cytosol was incubated with lipid droplets iso-
lated from untransfected HEK293 cells. Lipid droplets were sepa-
rated from unbound perilipin 2 by ultracentrifugation and
perilipin 2 in both the floating (lipid droplet-bound) and void
(unbound) fractions was visualized by immunoblotting. Perilipin
2 was found in the floating fraction only when both perilipin 2-
enriched cytosol and lipid droplets were included in the binding
reaction (Fig. 1A, lane 1). Thus, the features of the lipid droplet that
allow perilipin 2 to recognize and bind to the lipid droplet surface
are retained in our in vitro assay. Subsequent experiments aimed to
identify the specific features of the lipid droplet surface that medi-
ate the interaction with perilipin 2.

3.2. Perilipin 2 binding does not require other lipid droplet proteins

Many proteins associate with lipid droplets [17]. Some interact
directly with perilipin 2 [18,19]. To investigate whether such
proteins are necessary for perilipin 2 binding, lipid droplets were
isolated from untransfected HEK293 cells and treated with
proteinase K to degrade native lipid droplet-associated proteins
(Fig. 1B). Protein-depleted lipid droplets were mixed with perilipin
2-enriched cytosol and binding was examined with our in vitro
assay. Protein-depleted lipid droplets retained the ability to bind
perilipin 2 (Fig. 1C).

3.3. Perilipin 2 binds to DOPC vesicles in a temperature dependent
manner

Because perilipin 2 binding did not require other lipid droplet
proteins, we hypothesized that this protein interacts directly with
the phospholipids at the lipid droplet surface. To demonstrate that
amphipathic lipids are sufficient for binding perilipin 2, we
perilipin 2 

reaction temp: 37°C 22°C 4°C 

(A) 

(B)  * 

Fig. 2. Perilipin 2 binds to lipid membranes. Cytosolic perilipin 2 was incubated
with DOPC LUVs for 1 h at 37 �C, 22 �C, or 4 �C. LUVs were separated from unbound
protein by sucrose gradient centrifugation. (A) A representative Western blot of
perilipin 2 in the LUV (floating) fraction, with duplicate samples at each temper-
ature. (B) Ave. ± SEM from 3 (22 �C) or 7 (37 �C, 4 �C) experiments. Asterisk indicates
a statistically significant difference relative to 4 �C (p < 0.008, Wilcoxon signed-rank
test).
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adapted our in vitro assay to examine perilipin 2 binding to LUVs.
LUVs were synthesized from DOPC, an unsaturated phospholipid,
and incubated with perilipin 2-enriched cytosol. LUVs were sepa-
rated from unbound perilipin 2 by flotation through a sucrose gra-
dient and perilipin 2 in the floating fraction was detected by
immunoblotting. Perilipin 2 was found in LUV fractions when the
binding reaction was performed at 4 �C. However, vesicle-bound
perilipin 2 was nearly 4-fold more abundant when binding was
performed at 37 �C (Fig. 2).

3.4. Phospholipid packing modulates perilipin 2 association with lipid
droplets

Our observation that perilipin 2 binding to LUVs was influenced
by temperature, suggests that phospholipid fluidity or packing may
be involved in moderating the binding of perilipin 2 to the lipid
droplet. To test this hypothesis, we first prepared 100 nm diameter
LUVs with DOPC or POPC and assayed molecular packing in these
membranes using two fluorescent probes, Laurdan and MC540.
(A) 

(C) 

(E) 

* 

Fig. 3. Phospholipid composition influences perilipin 2 binding to LUVs. Laurdan or MC
packing. A representative scan of emitted Laurdan fluorescence (A) and the ratio of em
emitted MC540 fluorescence (C) and the intensity of MC540 fluorescence emitted at 590
(E) Cytosolic perilipin 2 was incubated with DOPC or POPC LUVs. SDS–PAGE and Western
from 4 experiments is shown (⁄p = 0.002, Wilcoxon signed-rank test).
Laurdan is a lipophilic naphthalene derivative that integrates
into the nonpolar environment of a phospholipid membrane. The
emission spectrum of Laurdan is dependent on the polarity of its
physical environment [20]. In loosely-packed bilayers where lipids
are hydrated, Laurdan emissions at 490 nm increase. Conversely,
few water molecules penetrate into densely-packed bilayers and
the emissions at 440 nm increase. We labeled DOPC and POPC
vesicles with Laurdan and observed the emission spectra
(Fig. 3A). Spectra were acquired at 22 �C, a temperature well above
the Tm for both lipids. Consistent with the membrane condensing
effects of saturated acyl chains, we observed an increase in
I440/I490 in POPC vesicles compared to DOPC vesicles (Fig. 3B).

We also measured molecular packing with MC540. MC540
readily partitions into the hydrophobic environment at the surface
of a phospholipid vesicle. When MC540 binds membranes, its fluo-
rescence emission spectrum shifts from an aqueous maximum of
570–590 nm. This red shift is also accompanied by an increase in
quantum yield [21]. We observed a dramatic red shift in emission
maxima and increase in fluorescence yield when MC540 was
(B) 

(D) 

540 was incorporated into DOPC and POPC LUVs for measurements of acyl chain
itted Laurdan fluorescence at 440–490 nm (B) is shown. A representative scan of

nm following incubation with different amounts of DOPC or POPC vesicles is shown.
blotting detected perilipin 2 in the LUV (floating) fraction after binding. Ave. ± SEM
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titrated with DOPC vesicles. These spectral changes were less pro-
nounced with POPC vesicles (Fig. 3C and D). While a red shift did
occur, the quantum yield of MC540 in POPC bilayers was reduced
compared to equivalent amounts of DOPC vesicles. Taken together,
data from these fluorescence studies indicate that we have created
LUVs with differences in surface lipid packing.

To isolate the effects of changes in phospholipid packing on per-
ilipin 2 binding, we repeated our in vitro binding assay with
100 nm LUVs synthesized from DOPC or POPC. Following incuba-
tion with soluble perilipin 2, the LUVs were separated from
unbound perilipin 2 by flotation through a sucrose gradient. Perili-
pin 2 bound readily to LUVs composed of unsaturated DOPC. POPC
vesicles bound 60% less perilipin 2 (Fig. 3E). Based on measure-
ments of lipid packing in these LUVs (Fig. 3A–D), our findings sug-
gest that increasing the molecular packing of the lipids at the
phospholipid surface negatively impacts perilipin 2 binding.
3.5. Hydrophobic and electrostatic interactions mediate perilipin 2
binding to lipid droplets

Because of the relationship between perilipin 2 binding and
phospholipid packing, we hypothesize that nonpolar domains of
perilipin 2 interact directly with hydrophobic regions of surface
lipids. Notably, when we disrupt hydrophobic interactions with
NP-40 detergent, isolated lipid droplets lose their coating of perili-
pin 2 (Fig. 4A). While it is possible that treatment with a mild
detergent could solubilize the lipid droplet phospholipid mono-
layer, NP-40 did not alter lipid droplet size and structure in our
NP-40 
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MgSO4 
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lipid droplet 
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(A)  
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perilipin 2 
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Fig. 4. Hydrophobic and electrostatic interactions anchor perilipin 2 to lipid
droplets. (A) Lipid droplets were isolated from HEK293 cells modified to stably
express perilipin 2. Lipid droplets were mock-treated or treated with reagents that
disrupt hydrophobic interactions (1% NP-40) or electrostatic interactions (100 mM
Na2CO3 or 60 mM MgSO4). Perilipin 2 remaining on lipid droplets was detected by
immunoblotting. (B) Treatment of lipid droplets did not disrupt their morphology
as assessed by BODIPY 493/503 staining. Bars: 10 lm.
experiments (Fig. 4B). Moreover, similar experiments with NP-40
failed to dissociate histone H2B from lipid droplets, suggesting that
lipid droplets retain some lipid droplet-associated proteins follow-
ing incubation with NP-40 [15]. Surprisingly, our experiments also
show that disrupting electrostatic interactions with either alkaline
carbonate or magnesium sulfate reduced the amount of perilipin 2
on isolated lipid droplets without disrupting lipid droplet ultra-
structure (Fig. 4A and B). Together, these results suggest that per-
ilipin 2 localizes to the lipid droplet surface by a mechanism
involving both hydrophobic and electrostatic interactions.
4. Discussion

Lipid droplets are decorated with numerous proteins, which
impact lipid droplet structure and function [1,17]. Lipid droplet
proteins control lipid synthesis, initiate lipid droplet fusion and
promote lipid hydrolysis. Despite this intimate relationship
between protein targeting and lipid droplet metabolism, very little
is known about how specific proteins associate with lipid droplets.

We utilize perilipin 2 as a model lipid droplet protein to exam-
ine protein-lipid droplet interactions. While the three-dimensional
structure of perilipin 2 has not been solved, modeling suggests that
it belongs to a family of lipid droplet proteins with amphipathic
alpha helices [22]. Other proteins in this family include HCV core
protein, viperin, and CTP:phosphocholine cytidylyltransferase 1
(CCT1) (reviewed in [1]).

Our work aims to complement ongoing efforts to identify tar-
geting domains in lipid droplet-associated proteins. We report fea-
tures of the lipid droplet that modulate perilipin 2 binding.
Importantly, targeting is not reliant on other lipid droplet proteins.
We show perilipin 2 binds protein-depleted lipid droplets as well
as LUVs that lack proteins and the neutral lipid core. Though our
data show that perilipin 2 can bind lipid membranes directly, we
do not disregard a possible contribution from the neutral lipid core.
Indeed, we hypothesize more generally that perilipin 2 requires
access to a hydrophobic environment. Abrogation of perilipin 2
binding by detergent treatment of lipid droplets supports the
model where interactions between nonpolar domains of the pro-
tein and lipid droplet surface are necessary for binding. Addition-
ally, preference for hydrophobic environments offers a potential
explanation for the selective localization of perilipin 2 to lipid
droplets.

If perilipin 2 must access hydrophobic lipid domains to bind to
lipid droplets, then it is not surprising that surface lipid packing
influences perilipin 2 binding. We show that perilipin 2 binds best
to LUVs composed of unsaturated phospholipids. Decreasing tem-
perature or introducing saturated acyl chains, manipulations that
condense membranes, impairs perilipin 2 binding. The role of
phospholipid packing on protein binding to lipid droplet surfaces
in vivo is currently obscure. However, Storey et al. find perilipin 2
on a population of lipid droplets enriched in unsaturated fatty
acids that exhibit a highly fluid phospholipid monolayer [23]. Per-
ilipin 2 was largely excluded from a second population of lipid
droplets with increased surface lipid rigidity. Also, descriptions of
the phospholipid content of lipid droplets note more unsaturated
phospholipid relative to other cell membranes [24,25].

Accessibility of hydrophobic lipid may be a broader mechanism
for recruiting lipid droplet-associated proteins. CCT1, an enzyme in
the phosphatidylcholine synthesis pathway, is recruited to lipid
droplets during lipid droplet biogenesis at times when incorpora-
tion of neutral lipid is outpacing phospholipid synthesis [26]. Puta-
tive ‘‘gaps’’ in the lipid droplet surface may provide hydrophobic
surface to bind CCT1. This model of protein binding to exposed
hydrophobic lipid is reminiscent of models of exchangeable lipo-
protein binding to lipoprotein particles. The role of amphipathic
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alpha helices in mediating these interactions has been discussed
[27].

Multiple features of the lipid droplet likely influence protein
binding. The preference for specific surface phospholipids may
extend beyond those that impact surface lipid packing. Our data
suggest a role for electrostatic interactions, which may involve
interactions with specific phospholipids. While there is no current
data on the role that specific surface lipids may play in protein
binding to lipid droplets, there is evidence that diacylglycerol
may help recruit a similar protein, perilipin 3, to the ER membrane
[28].

We propose a model where the lipid content of the lipid droplet
surface influences protein binding. The significance of this model is
far-reaching. There is ample evidence that the lipid content of lipid
droplets responds to changes in the metabolic state of the cell
[29,30]. We suggest the lipid content of the lipid droplet recruits
specific proteins that promote lipid storage or hydrolysis, thus
linking nutrient abundance to lipid droplet metabolism.
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