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Perilipin 1 moves between the fat droplet
and the endoplasmic reticulum
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Perilipin 1, unlike the other perilipins, is thought to be restricted to the fat droplet. We reassessed its cellular distribution
using the fat droplet marker CGI-58 in OP9 and 3T3-L1 adipocyte lines and in brown adipose tissue (BAT). As expected,
we found perilipin 1 in the fat droplet-enriched floating fraction from centrifuged adipocyte or BAT homogenates.
However, about half of perilipin 1 was suspended in the cytosol/infranate or pelleted with cellular membranes. In these
fractionations, most of the fat droplet-associated protein CGI-58 was in the floating fraction. In BAT and OP9 adipocytes
about a third of perilipin 1 pellets, compared with a much smaller fraction of CGI-58. Co-imaging perilipin 1 and smooth
endoplasmic reticulum (ER) markers reveals both ER and fat droplet associated perilipin 1 in OP9 adipocytes. Consistent
with these observations, perilipin 1 overexpressed in COS7 cells mostly fractionates with cellular membranes and
imaging shows it on the ER. In 3T3-L1 adipocytes almost half of perilipin 1 floats, half is suspended as infranate and small
amounts pellet. Finally, driving rapid fat droplet synthesis in OP9 adipocytes increases the intensity of perilipin 1 on
fat droplets, while decreasing non-fat droplet immunolabeling. Confirming the morphological findings, fractionation
shows perilipin 1 moving from the pelleted to the floated fractions. In conclusion, this study documents an expanded

intracellular distribution for perilipin 1 and its movement from ER to fat droplet during lipid synthesis.

Introduction

When food is scarce, animals depend on stored fatty acids for
energy. These stores are in the form of fats (triacylglycerols and
other neutral lipids) surrounded by amphipathic lipids and pro-
teins. The amphipathic perilipins are found in animals which are
specialized to survive sporadic food availability and whose sur-
vival hinges on storing and protecting fat when food is available
and mobilizing fat when needed. Perilipin 1 was the first protein
shown to be on animal fat droplets.! In adipocytes, when fat is not
needed for energy, basally phosphorylated perilipin 1 coats the
fat, where it protects the energy stores by blocking fat hydrolysis.
When stored energy is needed, perilipin 1 is phosphorylated by
protein kinase A (PKA) and the hyper-phosphorylated perilipin
recruits and organizes the activation of the lipolytic machinery.?

The name perilipin describes the location of the protein at the
perimeter of fat droplets. In addition to perilipin 1, other proteins
with sequence similarity,’ encoded by four different genes (per-
ilipins 2, 3, 4 and 5), also can be peri-lipid.*” Protein sequence
and experimental data suggest that all five perilipins are trans-
lated on free ribosomes, and thus it is likely that all are at least
transiently cytosolic.® Perilipins have two motifs characteristic
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of amphipathic helices that reversibly bind lipid. The first is an
11-mer repeat found in many exchangeable lipid binding proteins
including perilipins, apolipoproteins and cytidylyltransferase.’
The second was discovered when the carboxyl 2/3 of perilipin
3 was crystallized and analysis of the crystal revealed a 4-helix
bundle.’® This same structure in lipoproteins can reversibly bind
lipid by splaying out on its surface or can be stably surrounded
by aqueous solution by folding its hydrophobic surfaces inward.
In contrast, oleosins use the plant ER translocation machinery
to embed and irreversibly anchor long hydrophobic domains
into cellular lipids. This results in oleosins being stably embed-
ded in fat (oil) droplets and protecting the structural integrity
of oil droplets in seeds during desiccation or freezing."! In con-
trast perilipins are reported to be targeted post-translationally to
membrane leaflets by both the composition of leaflet lipids'? and
the underlying lipids."”? As a result, and in contrast to oleosins,
intracellular membrane trafficking and changing nutriene-flux
control the heterogeneous and dynamic intracellular distribution
of the perilipins.””' Perilipins have been reported to link to a
host of cytosolic proteins and organelles.”>" Thus, it is proposed
that different perilipins link distinct lipid pools to specific cyto-

solic machinery according to cell type and metabolic state.?*
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Figure 1. Most of the ectopically expressed perilipin 1 in COS7 is found on the ER. COS7 were cotransfected with cDNAs that express perilipin 1 and
AGPAT2-HA. Then cells were cultured in standard media or media supplemented with 900 .M of the fatty acid oleate for 18 h. (A) Shows cells stained
with the guinea pig antiserum against perilipin 1 (1:5,000) and the mouse monoclonal antibody against HA (2 g/ml) revealing the ER marker AGPAT2.
Note DAPI stained blue nucleus of untransfected cell in the lower right corner of untreated merged panel where no red or green signals are observed.
Bar = 10 wm. (B) Shows four fractionations. Fractionations 1 and 2 show cells supplemented with fatty acid and fractionations 3 and 4 show untreated
cells. Equal percents of each fraction (pelleted, soluble, or floated) were immunoblotted and probed with guinea pig antiserum against perilipin 1 at
1:10,000, guinea pig anti perilipin 2 at 1:1,000, rabbit anti calnexin at 500 ng/ml and anti LDH (lactate dehydrogenase) was diluted 1:5,000.

To date, most studies report perilipin 1 as only coating fat
droplets,' and thus it is used as a fat droplet marker protein.?
The presumption that perilipin 1 is a fat droplet marker, together
with the lack of other fat droplet marker proteins, previously
caused us to dismiss non-fat droplet perilipin 1 as contamination.
Since other perilipins were found in soluble fractions and on the
ER>7121 and supported by the recent identification of other spe-
cific fat droplet marker proteins,'”* we reexamined the distribu-
tion of perilipin 1 using the fat droplet protein marker CGI-58,
hypothesizing that like other perilipins, it also extends beyond
the fat/cytosol interface. In this work we show that perilipin 1
staining overlaps with smooth ER markers and that in adipo-
cytes perilipin 1 fractionates about equally between floating,
pelleting and soluble fractions, whereas CGI-58 is concentrated
in the floating fractions. The data reveal that in addition to the
previously identified pool of perilipin 1 coating fat droplets, there
are ER and soluble pools of the protein that are influenced by
nutritional changes.

Results

Evidence that perilipin 1 can coat the smooth ER. The ER is
the main site of glycerol acylation to triacylglycerol (TAG) and
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cholesteryl ester (CE) formation, and for fat droplet emergence.*
Further, there are multiple lines of evidence for bidirectional traf-
fic between the ER and fat droplets.'** Perilipins 2, 3, 4 and 5
partition to the ER with various treatments (Fig. $2)."? These data
led us to hypothesize that perilipin 1 also coats the cytosolic leaflet
of the ER under basal conditions. To test this we co-transfected
COS7 cells with perilipin 1 and the ER marker acyl-glycerol-
3-phosphate acyltransferase 2 (AGPAT?2). The results show that
perilipin 1 almost completely co-localized with the ER marker
(Fig. 1A). This ectopically expressed perilipin 1 is still capable
of binding fat droplets however, since when fat droplet forma-
tion is driven by fatty acid supplementation, the perilipin 1 anti-
body labels an ER-fat droplet continuum in COS7 cells (Fig. 1A
and B). The same ER-fat droplet perilipin 1 staining is seen in
COS7 transfected with only perilipin 1 (data not shown) indicat-
ing it is not related to AGPAT2 expression. Interestingly, given
perilipin s association with lipid, its staining is more similar to
the lipid synthetic enzyme AGPAT?2 than to the ER marker PDI
which processes proteins entering the secretory pathway (Fig. S1).
Fractionation of COS7 cells (Fig. 1B) confirms that there is more
perilipin 1 in the pelleted material than can be accounted for by
fat droplet contamination evaluated by the fat droplet marker per-
ilipin 2. These data indicate that perilipin 1 (Fig. 1) and perilipin
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AGPAT2-HA, and then immunolabeled for endogenous perilipin 1 and HA.

described in Figure 1.

Figure 2. A portion of endogenous perilipin 1 is found on the ER in OP9 adipocytes. (A) OP9 adipocytes were transfected to express the ER marker

droplets and the flat processes are obvious (Bar = 10 wm). (B) Shows untreated OP9 adipocytes in fractionations 1 and 2 and adipocytes treated with
500 .M OAG and 20 M RHC80267 for 30 min to increase intracellular DAG levels in fractionations 3 and 4. (C) Shows OP9 adipocyte fractionations.
Adipocytes were untreated, lipolytically stimulated, or given oleate to drive fat droplet genesis and storage. Treatments were done in triplicate and
nine separate dishes of adipocytes are represented. For (B and C), the pelleted, floated and soluble fractions were immunoblotted and probed with
rabbit antibodies against perilipin 3 at 400 ng/ml, caveolin-1 at 200 ng/ml or rabbit CGI-58 antisera diluted 1:2,000. Other antibody dilutions were as

This adipocyte was chosen because the ER is unobscured by large fat

2 (Fig. S2) can coat the ER. In previous work perilipins 3, 4, and
5 were shown on the ER."? Consistent with these findings, endog-
enous perilipin 1 coats the ER of cultured adipocytes lacking fat
droplets due to the ablation of fat synthesis genes.?® Thus, all five
perilipins can coat the smooth ER.

Similar to the data in COS cells expressing ectopic perilipin
1, a portion of endogenous perilipin 1 in OP9 adipocytes coats
the ER (Fig. 2A-C). Also, as previously seen, treatments with the
fatty acid oleate or increasing intracellular DAG (OAG + RHC)
redistributed perilipin 3 (Fig. 2B).>7!? The work presented here
is the first report that a lipolytic agonist (forskolin) partitions
perilipin 3 to the floating fraction (Fig. 3C). Immuno-imaging
lipolytic adipocytes also shows perilipin 3 on peripheral drop-
lets, similar to what is seen during fatty acid treatment (data not

shown). Consistent with these observations lipolytically induced
microdroplets are reported to be nascent fat droplets synthesized
from reesterified fatty acids.?”*®

These perilipin 3 perturbing conditions did not alter perilipin
1 distribution, suggesting that under most metabolic conditions
perilipin 1 coats the ER. Finally, perilipin 1 coating the ER is
likely not unique to OP9 adipocytes, because in brown adipose
tissue (BAT) it is similarly distributed across fractions (Fig. 4).
The observation that a greater fraction of perilipin 1 pellets as
compared with the fat droplet marker CGI-58 indicates that per-
ilipin 1 in the pelleted fraction is not attributable to fat droplet
contamination (Figs. 2—4). These findings provide the first evi-
dence that endogenous members of the perilipin family coat the
ER under standard culture conditions.
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In these fractionations, we found more perilipin 1 in solu-
ble fractions than is explainable by fat droplet contamination
(Figs. 1-5). It is possible that monomeric perilipin 1 assumes a
stable and soluble conformation. However, three considerations
favor perilipin 1 being part of a lipid containing particle. First,
it is difficult to imagine a stable conformation for perilipin 1
in aqueous solution. It anchors to fat droplets through multiple
long hydrophobic sequences.””?® Second, perilipin 1 instability
in the absence of TAG?® is consistent with the perilipin 1 in the
soluble fraction being associated with a small high density lipid
particle. Third, there is precedence for such perilipin coated par-
ticles, since perilipins 3 and 5 are reported to coat a high density
TAG-rich particle in the cytosol. These particles likely remain
in our soluble fraction.”® It is also possible that the perilipin 1
in the soluble fractions reflects heterogeneity of the ER mark-
ers (Fig. S1), and that perilipin 1 in these fractions is coating
vesiculated TAG-laden and calnexin-poor ER. Consistent with
this possibility, there is a small amount of ER contamination
(calnexin) of the soluble fractions (Figs. 1-5).

Perilipin 1 moves between the ER and fat droplets. As pre-
viously seen in 3T3-L1 adipocytes, fatty acid with glucose and
insulin (FA/Glu/Ins) is more effective at driving accumulation of
perilipin 4 coated fat droplets than fatty acid alone.'" This mas-
sive accumulation of perilipin 4 coated fat droplets also is seen
in OP9 adipocytes (Fig. 5A). Treatment of OP9 cells with FA
in combination with glucose and insulin (FA/Glu/ins) changed
immunolabeling of both perilipin 1 and 4 from hazy reticular
to much more fat droplet focused (Fig. 5A). Perilipin 1 droplets
were more central as compared with the peripheral perilipin 4
droplets (Fig. 5A). A change in perilipin 1 distribution is also
seen by fractionation (Fig. 5B); the perilipin 1 signals, especially
evident with perilipin 1B, are stronger in the floated fractions
of the FA/Glu/insulin treated cells than in the parallel fractions
from untreated cells. There is also a corresponding loss from the
pelleted fraction after treatment (Fig. 5B). These data indicate
that like other perilipins, perilipin 1 moves between the outer
membrane leaflet of the ER and fat droplets (Figs. 1-5), albeit
under somewhat different control than perilipin 3 (Figs. 3 and 5).

Discussion

The perilipins are a family of proteins synthesized on free
ribosomes and largely composed of sequences associated with
amphipathic helices that reversibly bind lipid monolayers.5'%3
Under various conditions, proteins of the perilipin family have
been reported coating fat droplets, the ER, and in the cyto-
sol while perilipin 1 was assumed to be exclusively fat droplet
associated. Here we show that ectopic or endogenous perilipin
1, in addition to being highly concentrated on fat droplets, can
be found in cytosolic and membrane fractions in amounts not
attributable to fat droplet contamination. We further show that
a portion of perilipin 1 staining overlaps with the ER marker
AGPAT?2. Treatment with fatty acids, glucose and insulin, which
promotes fat droplet formation, recruits perilipin 1 to fat droplets
reducing reticular staining and the percent of perilipin 1 recov-
ered in the cellular pellet fraction.
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Figure 3. 3T3-L1 adipocytes have a large pool of soluble perilipin 1.
3T3-L1 adipocytes were fractionated and the fractions analyzed by im-
munoblotting as described in Figure 2.
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Figure 4. BAT has soluble and pelleting pools of perilipin 1. BAT was
fractionated and fractions were analyzed by immunoblotting as de-
scribed in the previous figures.

Almost all reports localize perilipin 1 on fat droplets, as
does this study. Why then do we find perilipin 1 on the ER and
cytosol while previous studies did not? A number of issues may
help explain this difference. Key tools were lacking in previ-
ous studies, notably the availability of a perilipin independent
fat droplet marker. In the present study CGI-58 served as such
a marker, allowing us to make a clearer distinction between fat
droplet and non-fat droplet structures. Further, having previously
treated perilipin 1 itself as a fat droplet marker, we attributed
any perilipin 1 recovered in non-fat droplet fractions to faulty
fractionation or detection. Given this bias, and the lack of a true
fat droplet marker and the frailties of chemiluminescence quanti-
fication of immunoblotted proteins, it is not surprising that non-
fat droplet perilipin 1 was previously unreported in fractionation
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Figure 5. During rapid fat droplet accumulation perilipin 1 moves onto fat droplets. (A) OP9 adipocytes were untreated or treated with 1.8 mM oleate,
25 mM glucose and 100 nM insulin (FA/Glu/Ins) as indicated. Bar = 10 um. Adipocytes were labeled with perilipin 1 antiserum (1:10,000) and perilipin 4
antibody at 1 pg/ml. (B) Four dishes of adipocytes were untreated and four dishes were FA/Glu/Ins treated. Each dish was fractioned, immunoblotted

and probed with the antibodies indicated. See previous figures for dilutions. The goat anti-CGI-58 was used at 1 p.g/ml.

studies. It is also worth noting that this omission may also reflect
the common use of 3T3-L1 cells for the earlier studies. We are
able to microscopically image perilipin 1 on OP9 adipocyte ER.
However, this is more difficult in 3T3-L1 adipocytes likely due
to two factors. First, OP9 adipocytes have large flat processes
with easily discernible ER, while 3T3-L1 adipocytes lack them
and the ER consists of a fine reticulum throughout the cytosol
of these thick cells. Second, the fractions show more perilipin
1 in the pelleted material from OP9 than from 3T3-L1 (Figs. 2
and 3), suggesting there is more ER perilipin 1 in OP9 adipo-
cytes. Previous morphologic localization of perilipin 1 used 3T3-
L1 adipocytes and the rabbit anti-perilipin 1 antibody, which
poorly binds ER perilipin 1 (Fig. S3).

Perilipin 1 is reported to be degraded in proteasomes.*® This
degradation requires entry into proteasomes, and because fat
droplets are larger than proteasomes, it is difficult to reconcile
this with perilipin 1 being constitutively bound to large fat
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droplets and being degraded at that location. However, protea-
somal degradation would be consistent with soluble perilipin 1 or
with perilipin 1 on smaller lipid particles.

Why is adipocyte perilipin 1 the only perilipin coating the ER
under physiological conditions while pharmacological treatments
were needed to recruit other perilipins to the ER? In many cell
types without perilipin 1, fat droplets are functionally connected
to the endoplasmic reticulum and presence of perilipin 1 may
highlight this link.'»* Many fat processing enzymes including
fatty acid elongating and desaturating enzymes,*** TAG lipase®®
and acylating enzymes®’ reside in the ER. Further, the unilocu-
lar fat droplet structure of primary white adipocytes minimizes
the fat droplet/cytosol interface. We speculate that in adipo-
cytes, which are specialized to flux fat, perilipin 1 coating the
ER increases the capacity to flux fat by expanding the fat/cytosol
interface. Consistent with this notion, perilipin 1 ablation in mice
lessens fatty acid release during hormone stimulated lipolysis.
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Materials and Methods

Reagents. 1-Oleoyl-2-acetyl-sn-glycerol (OAG) was from Cayman
Chemical (62600). Diacylglycerol lipase inhibitor RHC 80267
was from Tocris (1842) and bovine serum albumin (BSA) from
Equitech-Bio (BAHG66). TransIT®-LT1 Transfection reagent was
from Mirus (MIR 2300). Unless otherwise stated, reagents were
from Sigma-Aldrich. Oleic acid was solubilized with sodium
hydroxide and bound to BSA at a ratio of 5.5 oleate/BSA.

Cell culture. 3T3-L1 cells were cultured and differentiated as
described previously."* OP9 mouse stromal cells, which have the
potential to rapidly differentiate into adipocytes, were cultured as
described previously.*” For adipocytes, a clone of these cells was
used. This clone was differentiated by culturing in 3T3-L1 dif-
ferentiation media 1 with 0.9 mM oleate for 3 d, then returned
to OP9 media. Adipocytes were used 24 to 48 h after being
returned to OP9 media. COS7 and HelLa cells were cultured in
DMEM with 10% fetal bovine serum and antibiotic as described
previously.”*

Transfection of OP9, COS7 and HeLa cells. 7ransIT®-LT1
transfection reagent was used to transfect cells according to the
manufacturer’s protocol. Per 10 cm? plate area of OP9 cells, 2 pg
of DNA and 6 pul 7ransIT-LT1 were used and for HeLLaand COS7
cells 1 pg of DNA and 3 pl 7ransIT-LT1 were used. OP9 cells
were ~30% confluent and COS7 and HelLa were ~60% confluent
when transfected. OP9 adipocytes were electroporated using the
Lonza Nucleofector® II with solution V and program T-030.

Expression constructs. The HA-tagged Acyl-glycerol-3-
phosphate acyltransferase 2 (AGPAT2) and FLAG tagged-dia-
cylglycerol O-acyltransferase 1 (DGAT1) expression was driven
by constructs described previously.'**® The mouse perilipin 1A
coding sequence was inserted into the mammalian expression
vector pPCAGGS.*!

Antibodies. Affinity isolated rabbit antibodies against the
N-terminus of perilipin 3 and 4 were described previously.
The perilipin 1 antiserum was raised in rabbit against the 105
amino acid N-terminal peptide of perilipin 1* (used in Fig. S3)
and CGI-58 antiserum was raised in rabbits against recom-
binant CGI-58" (used in Figs. 2—-4) (gifts from Dr. Dawn
Brasaemle). Antigen-affinity purified CGI-58 antibody raised
in goat was purchased from Aviva Systems Biology Corp. (used
in Fig. 5) (OAEB01343). Guinea pig antisera against perilipin
1 and 2 were from Fitzgerald Industries (RDIPROGP29 and
RDIPROGP40, respectively). Mouse monoclonal antibody
against Protein Disulfide Isomerase and protein A isolated anti-
bodies from anti-calnexin rabbit antiserum were from Enzo Life
Sciences (SPA-891 and SPA-860 respectively). Antibodies anti-
gen-affinity isolated out of rabbit antiserum against the Influenza
Hemagglutinin (HA) epitope and anti-HA mouse ascites were
from Sigma (H9658 and H6908). Goat antigen-affinity isolated
anti-FLAG antibody was from Abcam (abl257). Secondary
antibodies for immunofluorescence microscopy were Alexa con-
jugated anti-IgG antibodies from Invitrogen. Lactate dehydroge-
nase (LDH) antibody was from Abcam Inc. (ab52488).
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FA/Glu/insulin treatment. Adipocyte media was replaced
with 1.8 mM oleate, 25 mM glucose and 100 nM insulin in
phosphate buffered saline and incubated at 37°C while rotating
at 120 rpm for 100 min.

Fractionation of brown adipose tissue (BAT), COS7 cells,
OP9 preadipocytes, OP9 adipocytes and 3T3-L1 adipocytes.
Cells and BAT were fractionated into pelleting, soluble and float-
ing fractions as described previously.” The experimental protocol
for mouse tissue harvesting was reviewed and approved by the
Washington University Animal Studies Committee. COS7 cells
and OP9 preadipocytes were disrupted by 5 passes through a 27
gauge needle. Adipocytes were disrupted by 5 passes through a
25 gauge needle. Floating, soluble and pelleted fractions were
brought to the same volume by weighing and addition of buffer,
and thus equal percentages of each fraction were analyzed. To
validate our cell disruption technique we compared with disrup-
tion using five passes through a Teflon pestle glass homogenizer
as previously described (Fig. S4).

Immunofluorescence microscopy. Cells were fixed and
stained as described previously.'? Slides were imaged on a Nikon
Eclipse TE2000-U microscope. Images were captured using a
Photometrics Coolsnap cf camera driven by MetaMorph version
6.216 software (Molecular Devices). For adipocytes, day 4 adipo-
cytes were trypsinized and replated at 50% original density into
6-well dishes with coverslips.

Thin layer chromatography (TLC). Two hundred microli-
ters of each cell fraction was extracted as described previously.?
The extracted material was resuspended in hexane:ether (1:1)
and spotted on Whatman Partisil LK6D Silica Gel TLC plates.
Lipids were resolved in hexane:ether:acetic acid (70:30:1.2) and
lipids were stained with molecular iodine.

Immunoblotting. SDS-PAGE, transfer to membranes and
probing of membranes were done as described previously.'?
Membranes were imaged using the LI-COR Odyssey system and
infrared fluorescing antibodies (LI-COR Biotechnology).
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