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Lipid droplet meets a mitochondrial protein

to regulate adipocyte lipolysis
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In response to adrenergic stimulation, adipocytes undergo
protein kinase A (PKA)-stimulated lipolysis. A key PKA
target in this context is perilipin 1, a major regulator of
lipolysis on lipid droplets (LDs). A study published
in this issue of The EMBO Journal (Pidoux et al, 2011)
identifies optic atrophy 1 (OPA1), a protein that regulates
mitochondrial dynamics, as perilipin 1 interaction partner
and the A-kinase anchoring protein (AKAP) on LDs that is
involved in the induction of stimulated lipolysis.

The discovery of perilipin 1 (plinl, formerly called perili-
pin) in adipocytes (Greenberg et al, 1991) marked the first
description of an LD-associated protein and advanced
the concept that neutral lipids are stored within well-
delineated intracellular organelles. Our understanding of
these organelles has developed and, importantly, the critical
role of LD metabolism in normal and pathological states has
become increasingly evident (Greenberg et al, 2011).
Adipocytes robustly respond to catecholamines by increasing
intracellular cAMP levels and activating cyclic-AMP-
dependent PKA to stimulate lipolysis. Plinl is dramatically
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hyperphosphorylated by PKA activation in parallel with
lipolytic stimulation (Greenberg et al, 1991) and is localized
at the surface of intracellular LDs.

Maximal activation of adipocyte lipolysis (Figure 1)
requires the protein CGI-58 (ABHD-5) and three lipases,
adipose tissue triglyceride lipase (ATGL), hormone-sensitive
lipase (HSL) and monoglyceride lipase (MGL). In the absence
of PKA activation, CGI-58 binds to plinl and is sequestered
at the surface of the LD. Activation of PKA promotes the
release of CGI-58 from plinl, allowing it to bind ATGL and
increase ATGL’s activity to hydrolyze triacylglycerol (Lass
et al, 2006; Granneman et al, 2007). The majority of HSL is
located in the cytoplasm. With PKA activation HSL is phos-
phorylated, translocates to the LD and binds to phosphory-
lated plinl where it hydrolyzes primarily diacylglycerol
(DAG) produced by ATGLs actions (Miyoshi et al, 2006).
MGL is thought to be constitutively active and completes the
lipolytic reaction. In this scenario, plinl acts as a relay
station/scaffold to orchestrate the trafficking of proteins
and regulate lipolysis.
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Figure 1 Acting via OPA1, catecholamines phosphorylate plinl, releasing CGI-58, which binds and activates ATGL, hydrolyzing triacylglycerol
to DAG. Catecholamines also phosphorylate HSL, leading to its translocation and binding to phosphorylated plinl and hydrolysis of DAG. MGL

hydrolyzes and releases the remaining fatty acid and glycerol.

©2011 European Molecular Biology Organization

The EMBO Journal VOL 30 | NO 21 ] 2011

4337


mailto:andrew.greenberg@tufts.edu
http://dx.doi.org/10.1038/emboj.2011.371
http://www.embojournal.org

LD meets a mitochondrial protein to regulate adipocyte lipolysis
AS Greenberg et al

The different subcellular localizations of HSL and
plinl raise the question of how PKA activation can
regulate proteins in different subcellular compartments. A
likely explanation lies in separate AKAPs in different sub-
cellular compartments. AKAPs act to tether and
regulate activation of PKA subunits. Depending upon the
AKAP, they can bind to a single or to both types of
PKA R subunit pools, type I or type II. It was suggested that
there is a cytoplasmic AKAP that regulates HSL activation
(Nomura et al, 2002); however, the presence of a
specific AKAP on LDs has not been convincingly demon-
strated until now.

In an accompanying article, Pidoux et al (2011) employed
an elegant strategy to discover the AKAP present on LDs
in adipocytes. Putative AKAP proteins were screened
by overlaying labelled RII onto a blot of purified LD proteins
in the presence and absence of a blocking peptide to AKAPs
to identify potential candidate bands by proteomic analysis.
In silico review of the proteomic screen yielded AKAP
sequences that identified the likely candidate protein as
OPAl. The observation that OPA1 was localized on the LD
was somewhat surprising as a mutated OPA protein was
identified as the major cause of autosomal dominant OPA, a
disease that results in blindness with loss of retinal ganglion
cells and atrophy of the optic nerve (Delettre et al, 2000),
and previously localized to the inner membrane of mitochon-
dria where it has an important role in mitochondrial fusion
and apoptosis (Frezza et al, 2006). However, modelling
of the OPA1 protein revealed a signature conformation of
AKAPs, containing an amphipathic helix with a clearly
defined hydrophobic and a separate negatively charged
polar face characteristic of AKAPs. Pidoux et al performed
a series of experiments that identified OPA1 as the putative
LD AKAP.

OPA1 expression increased with adipocyte differentiation
and confocal analysis revealed that most of the OPAl
isoforms were located on the LD with a lesser amount in
mitochondria. OPA1 was expressed in liver, skeletal muscle,
brown and white adipose tissue with several isoforms noted
in the different tissues. Of importance to the proposed role for
OPA1, the authors found that OPA1 co-immunoprecipitated
with plinl. Knockdown of OPA1 in adipocytes also reduced
plinl expression and further studies suggested that the
two proteins exist in a multimolecular complex. OPA1 knock-
down decreased stimulated lipolysis but these results were
confounded by the reduction in plinl expression. To
overcome this issue, the authors used shRNAi to reduce
OPAL1 in cultured adipocytes and then replaced the endogen-
ous OPA1 mRNA with OPA1 constructs that were not sensi-
tive to the actions of the shRNAi. A wild-type and mutated
OPA1, which could not bind the RI and RII subunits, were
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introduced into adipocytes in which the endogenous protein
had been reduced by shRNAi. Adipocytes expressing the
wild-type OPA1 demonstrated normal PKA-stimulated lipoly-
sis and plinl hyperphosphorylation. Importantly, the mu-
tated OPA1l blocked the actions of PKA to stimulate
lipolysis, without affecting cAMP levels. HSL was phosphory-
lated by PKA but there was no hyperphosphorylation of
plinl. In additional studies, the authors were able to demon-
strate that OPA1 could bind both type I and type II PKA
subunits using specific inhibitors, indicating that it is a
dual-specific AKAP.

The observation of a specific AKAP on the LD surface
provides an important step in understanding the regulation
of LD biology. The observations that a protein previously
identified in mitochondria was localized to the LD was
surprising and intriguing. Prior proteomic studies have
found mitochondrial proteins expressed on the LD, and, in
general, these proteins were thought to be contaminants. We
now need to reconsider the possible roles of such proteins.
An intriguing question is how do mitochondria and LDs
interact to regulate lipid metabolism. A recent paper suggests
that another member of the plin family, plin5, which is found
in oxidative tissue such as brown adipose tissue and skeletal,
and cardiac muscle, may recruit mitochondria to the LD
(Wang et al, 2011). The identification of OPA1 initiates a
new frontier in LD biology and also raises new questions. For
example, what happens when plinl is ectopically expressed
in non-adipocytes where it has been found to regulate
lipolysis? Does ectopically expressed plinl then recruit
OPAL1 to the LD? Are proteins recruited from the mitochondria
to the developing, nascent LD? What is the AKAP that
regulates PKA-stimulated phosphorylation of HSL? How
many AKAPs are there that influence LD homeostasis?
What is OPA1’s role in mitochondrial biology now that we
know it is an AKAP? The burgeoning field of LD biology still
has many unanswered questions; nonetheless, the identifica-
tion of the AKAP OPAl on the LD surface enhances our
understanding of the spatial and subcellular regulation of
triacylglycerol hydrolysis.
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