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Protein palmitoylation, the thioester linkage of
fatty acyl moieties (typically, saturated 16C
palmitate) to cysteine, is a lipid modification
that serves both to tether proteins to membranes
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and to direct their localization to membrane
microdomains. Unlike the two other types of
lipid modification that also tether proteins
to cytosolic membrane surfaces, namely
prenylation and myristoylation, which remain
attached to the protein throughout its lifetime, a
distinguishing feature of palmitoylation is its
reversibility. This ‘At a Glance’ poster article
focuses on this one aspect of palmitoylation —
the dynamic regulation of membrane
association of proteins through the regulated
addition and removal of  palmitoyl
modifications. Other aspects of protein
palmitoylation are covered in a number of recent
reviews (Fukata et al., 2004; Nadolski and
Linder, 2007; Planey and Zacharias, 2009;
Zeidman et al., 2009).

The Ras proto-oncogene family members
H-Ras and N-Ras (hereafter referred to
as H/N-Ras) provide the best example of
proteins whose localization is dynamically
regulated by reversible palmitoylation (see
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2. Model for the role of palmitoylation in synaptic remodeling

1. Palmitoylation regulates the Ras trafficking cycle
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3. Palmitoylated Cdc42 isoform is required for synaptogenesis
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(Gnai); GAP43, growth-associated protein 43; H/N-Ras, Harvey rat sarcoma viral oncogene homolog
and neuroblastoma Ras viral oncogene homolog; Lck, lymphocyte-specific protein tyrosine kinase;
NMDA-R, N-methyl-D-aspartate receptor; PM, plasma membrane; PSD95, post-synaptic density.
protein 95; R7BP, regulator of G-protein signaling 7 binding protein; RGS?, regulator of G-protein
signaling-7; ZDHHG2, zinc finger, DHHC-type containing-2 (DHHC PAT),

Poster, panel 1). Palmitoylation at the Golgi
stabilizes the association of H/N-Ras with
membranes, thereby facilitating its vesicular
trafficking to the plasma membrane (PM).
There, depalmitoylation releases H/N-Ras into
the cytoplasm, allowing its return to the Golgi
for another round of palmitoylation. Because the
Golgi and the PM pools of H/N-Ras activate
different downstream signaling cascades
(Fehrenbacher et al., 2009), this regulation of
localization also regulates signaling.

Similar palmitoylation-driven protein cycling
between Golgi and PM has been documented for
several other signaling regulators, including the
heterotrimeric  G-protein subunit Gj, and
the non-receptor tyrosine kinase Fyn (Rocks
et al.,, 2010; Rocks et al., 2005) (see Poster,
panel 4). Nonetheless, it remains unclear how
widely the Ras paradigm applies. Below, we
focus on the Ras cycle as an example of how
palmitoylation and depalmitoylation act to
dynamically regulate protein localization. We

Palmitoylation and Depalmitoylation Dynamics at a Glance

4. Examples of reversibly palmitoylated proteins
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then describe recent findings suggesting that
dynamic changes in palmitoylation at the
synapse influence the local control of receptor
flow to and from synaptic membranes, and
might play a major role in synaptic plasticity.

Lipid tethers — one is not enough

The dynamic Ras cycle is driven in large part by
the striking differences in membrane avidity
afforded by one versus two lipid tethers
(Shahinian and Silvius, 1995). A single lipid
tether provides hydrophobicity for a strong
but kinetically unstable association with
membranes, with measurable membrane off-
rates of less than 1 minute. Consequently, a
protein with just a single lipid tether ‘jitters’ on
and off the bilayer, and is able to sample
multiple endomembrane systems within the
cell [e.g. endoplasmic reticulum (ER),
mitochondria; see Poster, panel 1]. The addition
of a second tether increases membrane off-rates
to many hours, which greatly stabilizes the
association of the protein with the membrane
and enables its productive transport by vesicular
trafficking.

Soon after their biosynthesis, but before
palmitoylation, H/N-Ras are first farnesylated on
their consensus C-terminal CaaX motif by
the soluble cytoplasmic farnesyl-transferase. The
attached farnesyl moiety allows H/N-Ras to
transiently interact with the membrane,
facilitating ~ subsequent ~ membrane-based
processing — that is, the proteolytic removal of
the C-terminal aaX tripeptide, followed by
carboxy-methylation on the new C terminus and,
finally, palmitoylation of proximal cysteines
(see Poster, panel 4). As with palmitoylation,
prenylation also involves attachment of prenyl
moieties (either the 15C farnesyl or the 20C
geranylgeranyl) to cysteine, but via a thioether,
as opposed to thioester, linkage. Prenylation is
not reversible. Thus, in the Ras cycle,
farnesylation remains in place throughout and
the cycle is driven solely by the changing
palmitoylation status. The palmitate addition
stabilizes the association of H/N-Ras with the
membrane, facilitating its vesicular transport
from the Golgi to the PM, whereas palmitate
removal allows H/N-Ras release from the PM
and return to the Golgi (see Poster, panel 1).

Gi, and Fyn, which also undergo
palmitoylation-driven Golgi-PM cycling, are
lipidated at their N termini by both
myristoylation and palmitoylation (see Poster,
panel 4). Like prenylation, myristoylation is a
static modification, whereas palmitoylation is
reversible and dynamic, facilitating Golgi—-PM
cycling similar to that seen for H/N-Ras (Rocks
et al., 2010; Rocks et al., 2005). Other proteins
showing palmitoyl cycling include the two
neuronal proteins PSD95, which functions to

scaffold glutamate receptors at post-synaptic
membranes, and GAP43, which functions in
axonal growth cone extension. These two
proteins differ from the other examples
discussed above (i.e. H/N-Ras, Gjq and Fyn)
in that they are neither prenylated nor
myristoylated, but instead rely solely on
palmitoylation at multiple cysteines for their
membrane tethering (see Poster, panel 4)
(Fukata and Fukata, 2010).

Palmitoylation enzymes — the DHHC
PATs

Palmitoylation occurs in a wide variety of
sequence contexts, within both soluble and
transmembrane proteins, thus complicating the
identification of consensus sequences. This
large substrate diversity is accommodated by a
large array of palmitoylation enzymes, the
recently identified family of DHHC protein
acyl-transferases (PATs) (Fukata et al., 2004;
Huang et al., 2004; Lobo et al., 2002; Roth et al.,
2002; Roth et al., 2006). Mammals express 23
distinct DHHC PATs, which together mediate
the bulk of protein palmitoylation within the
cell. Unlike the prenyl- and myristoyl-
transferases, which are soluble cytoplasmic
enzymes, the DHHC PATs are multi-pass
transmembrane proteins with four to six
predicted transmembrane domains (TMDs).
Their defining sequence element — the 50-
residue, zinc-finger-like DHHC cysteine-rich
domain, which is thought to comprise the core of
the active site — is displayed within a cytosolic
loop domain (see Poster, panel 1). The DHHC
PATs localize mainly to endomembrane
compartments (ER, Golgi, endosomes), but are
also found at the PM (Ohno et al., 2006).

Depalmitoylation enzymes — APT1

Only one enzyme has so far been definitively
shown to mediate protein depalmitoylation in
vivo — acyl-protein thioesterase-1 (APT1).
APT1 was initially identified by its in vitro
depalmitoylation activity towards the two
palmitoylated substrates Gj, and H-Ras
(Duncan and Gilman, 1998). Later work
expanded the list of in vitro APT1 substrates;
however, compelling support for an in vivo role
for APT1 in depalmitoylation was lacking until
fairly recently. First, an investigation of
neuronal micro RNAs (miRNAs) found that
control of hippocampal dendritic spine
morphogenesis is mediated by miRNA-138
downregulation of mRNA encoding APT1, with
APT1 being shown, in turn, to act upon
palmitoylated Goys (Siegel et al., 2009).
Subsequently, Dekker et al. developed a new
APT1-specific inhibitor, termed palmostatin-B,
which they used to interrupt the Ras acylation
cycle, thereby demonstrating that APTI

mediates in vivo release of H/N-Ras from the
PM (Dekker et al., 2010). Finally, Rocks et al.
demonstrated depalmitoylation activity to be
widely distributed throughout the cell, which
they suggest provides a means for redirecting
palmitoylated  proteins that might be
mislocalized to different cellular compartments
back into the Golgi-PM cycling loop (Rocks
et al., 2010). Interestingly, a recent proteomic
analysis of cellular palmitoylation suggests that
APT1 itself is likely to be palmitoylated,
perhaps providing a means for it to access its
membrane-localized substrates (Yang et al.,
2010).

In addition to APT1, mammals express two
other APT1 homologs: APT2 (66% identify to
APT1) and APTL1 (33% identity). More distant
APT1 relatives are found within the large ov/f3-
hydrolase family, which includes proteases,
lipases and other proteins with poorly defined
function. It will be interesting to see whether
other depalmitoylation enzymes emerge from
among these related proteins.

Dynamic palmitoylation at the
synapse

Palmitoylation might also prove to be an
important regulator of synaptic plasticity, a
process whereby altered synaptic activity results
in changes in synaptic size, strength,
morphology and protein content. These changes
are exerted locally, with the protein content of
individual synapses being altered both through
local translation of dendritic mRNAs and
through local regulation of membrane
trafficking. Dendrites contain satellite elements
of the neuronal endomembrane system (e.g. ER
and Golgi outposts; see Poster, panel 2), which
might participate in this localized trafficking at
synapse level (Hanus and Ehlers, 2008).

Many synaptic proteins are palmitoylated,
suggesting that palmitoylation and
depalmitoylation play a major role in regulating
protein traffic to and from synaptic membranes
(Fukata and Fukata, 2010; Huang and
El-Husseini, 2005; Kang et al., 2008). Examples
of pre-synaptic palmitoylated proteins include
the SNAREs and synaptotagmins, which
regulate the synaptic vesicle fusion events that
release neurotransmitter into the synaptic cleft.
The collection of post-synaptic proteins that are
known to be palmitoylated includes the
receptors that receive and process the trans-
synaptic signals (e.g. the transmembrane
subunits of the AMPA- and NMDA-type
ionotropic glutamate receptors), the downstream
effector proteins (e.g. H/N-Ras and many other
small GTPases), as well as the scaffolding
proteins (e.g. PSD95, AKAP79 and SAP97) that
coordinate the elements of this signaling
apparatus at post-synaptic membranes.
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A well-studied example of how
palmitoylation and depalmitoylation might
regulate synaptic plasticity is provided by
PSD95, which scaffolds key signaling proteins,
such as the AMPA- and NMDA-type glutamate
receptors at the post-synaptic PM. Synapses that
strengthen and enlarge retain more PSD95 and
hence more glutamate receptors. PSD95 is N-
terminally palmitoylated (see Poster, panel 4)
and this palmitoylation is required for its
membrane  scaffolding  function. PSD95
palmitoylation shows a constitutive rate of
turnover that is enhanced by excitatory
stimulation of the synapse (e.g. glutamate).
Strong  excitatory stimulation accelerates
PSD95 depalmitoylation and reduces the
amount of PSD95 at the post-synaptic
membrane, thereby reducing synaptic strength
(El-Husseini Ael et al., 2002). Lowering
synaptic activity has the opposite consequence:
PSD95 palmitoylation and localization to the
post-synaptic PM are increased (Noritake et al.,
2009). The increased PSD95 palmitoylation
appears to be driven by local accumulation of
the PSD95-specific PAT, ZDHHC2, which
translocates into the dendritic spine upon
synaptic activity blockade (Noritake et al.,
2009). Thus, the palmitoylation-mediated
regulation of PSD95 function might involve a
Golgi—PM trafficking cycle similar to that of
H/N-Ras, but, in this case, with PSD95 cycling
between the post-synaptic density and local
Golgi outposts (see Poster, panel 2). Although
thus far little is known about Golgi outpost
function, this localized membrane system might
provide an efficient alternative to shuttling
proteins back and forth between the synapse and
the somatic Golgi compartment located in the
neuronal cell body (see Poster, panel 2).

Another striking example of neuronal
palmitoyl regulation is provided by the two
splice variants of Cdc42. Cdc42 is a small
GTPase that, together with its kindred Rho
proteins (e.g. Racl, RhoA), directs cellular
and neuronal morphogenesis. The canonical
form, Cdc42-pren, tethers to membranes
through geranyl-geranylation of a C-terminal
CaaX motif (see Poster, panel 3). However,
brain-specific alternative splicing alters the
ten C-terminal amino acids, thus exchanging
the prenylation motif for a sequence that is
instead palmitoylated, yielding a second
isoform,  Cdc42-palm.  Although the
prenylated and palmitoylated isoforms are
both expressed in the developing neuron,
Cdc42-palm is uniquely required for the
extension of the dendritic filopodia, which
develop into the dendritic spines, the post-
synaptic half of the synapse (Kang et al., 2008)
(see Poster, panel 3). Thus, this switch from

stable prenylation to reversible palmitoylation
has a large effect on synaptogenesis.

In addition to the soluble, hydrophilic
proteins  discussed above, for  which
palmitoylation and depalmitoylation serve to
regulate membrane association, palmitoylation
also has been documented for a large number of
transmembrane proteins. For these proteins,
which are embedded within the membrane
bilayer through their hydrophobic trans-
membrane domains, palmitoylation might
influence localization by directing lateral in-
bilayer segregation into membrane micro-
domains. Alternatively, palmitoylation could
change the tilt of transmembrane segments
within ~ the  bilayer, thereby altering
conformation. Are palmitoylated trans-
membrane proteins also regulated by reversible
palmitoylation? Palmitoylation of the trans-
membrane subunits of post-synaptic AMPA-
and NMDA-type ionotropic glutamate receptors
has been suggested to regulate their trafficking
between the post-synaptic PM and endo-
membrane compartments (Fukata and Fukata,
2010; Hayashi et al., 2009). It remains unclear,
however, whether the palmitoylation of these
multisubunit ligand-regulated ion channels is, in
fact, reversible. Furthermore, for the nicotinic
acetylcholine receptor, another neuronal
ionotropic receptor, palmitoylation appears to
be required at the level of the ER for the
assembly of this multisubunit channel and its
subsequent delivery to the PM (Drisdel et al.,
2004). Indeed, a more general role for
palmitoylation in ER export and quality control
is suggested by the failed ER export of two other
transmembrane proteins, yeast chitin synthase
Chs3 and the mammalian Kv1.5 potassium
channel, that accompanies inhibition of their
palmitoylation (Lam et al., 2006; Zhang et al.,
2007).

Outstanding questions

Although work during the past decade has
resulted in major advances regarding both the
enzymology and cell biology of protein
palmitoylation and depalmitoylation, reversible
palmitoylation has so far been documented for a
surprisingly small number of proteins. Many
central questions remain. For example, does the
dynamic regulation of palmitoylation apply
widely or just to a limited subset of highly
regulated signaling proteins, such as H/N-Ras,
Gy, and PSD95? Are there other acyl-protein
thioesterases beyond APT1? What factors
regulate APT access to substrates? Finally, is
palmitoyl cycling regulated at the level of the
PAT or at the level of the APT, or both? With so
many questions remaining, the next decade
should be as fertile for discovery as the last.
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