
Full Terms & Conditions of access and use can be found at
https://informahealthcare.com/action/journalInformation?journalCode=imbc20

Molecular Membrane Biology

ISSN: 0968-7688 (Print) 1464-5203 (Online) Journal homepage: informahealthcare.com/journals/imbc20

Spatial organization of palmitoyl acyl transferases
governs substrate localization and function

Julie M. Philippe & Paul M. Jenkins

To cite this article: Julie M. Philippe & Paul M. Jenkins (2019) Spatial organization of palmitoyl
acyl transferases governs substrate localization and function, Molecular Membrane Biology,
35:1, 60-75, DOI: 10.1080/09687688.2019.1710274

To link to this article:  https://doi.org/10.1080/09687688.2019.1710274

© 2020 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Published online: 22 Jan 2020.

Submit your article to this journal 

Article views: 3074

View related articles 

View Crossmark data

Citing articles: 11 View citing articles 

https://informahealthcare.com/action/journalInformation?journalCode=imbc20
https://informahealthcare.com/journals/imbc20?src=pdf
https://informahealthcare.com/action/showCitFormats?doi=10.1080/09687688.2019.1710274
https://doi.org/10.1080/09687688.2019.1710274
https://informahealthcare.com/action/authorSubmission?journalCode=imbc20&show=instructions&src=pdf
https://informahealthcare.com/action/authorSubmission?journalCode=imbc20&show=instructions&src=pdf
https://informahealthcare.com/doi/mlt/10.1080/09687688.2019.1710274?src=pdf
https://informahealthcare.com/doi/mlt/10.1080/09687688.2019.1710274?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/09687688.2019.1710274&domain=pdf&date_stamp=22 Jan 2020
http://crossmark.crossref.org/dialog/?doi=10.1080/09687688.2019.1710274&domain=pdf&date_stamp=22 Jan 2020
https://informahealthcare.com/doi/citedby/10.1080/09687688.2019.1710274?src=pdf
https://informahealthcare.com/doi/citedby/10.1080/09687688.2019.1710274?src=pdf


REVIEW ARTICLE

Spatial organization of palmitoyl acyl transferases governs substrate
localization and function

Julie M. Philippea and Paul M. Jenkinsa,b

aDepartment of Pharmacology, University of Michigan Medical School, Ann Arbor, MI, USA; bDepartment of Psychiatry, University of
Michigan Medical School, Ann Arbor, MI, USA

ABSTRACT
Protein palmitoylation is a critical posttranslational modification that regulates protein traffick-
ing, localization, stability, sorting and function. In mammals, addition of this lipid modification
onto proteins is mediated by a family of 23 palmitoyl acyl transferases (PATs). PATs often palmi-
toylate substrates in a promiscuous manner, precluding our understanding of how these
enzymes achieve specificity for their substrates. Despite generous efforts to identify consensus
motifs defining PAT-substrate specificity, it remains to be determined whether additional factors
beyond interaction motifs, such as local palmitoylation, participate in PAT-substrate selection. In
this review, we emphasize the role of local palmitoylation, in which substrates are palmitoylated
and trapped in the same subcellular compartments as their PATs, as a mechanism of enzyme-
substrate specificity. We focus here on non-Golgi-localized PATs, as physical proximity to their
substrates enables them to engage in local palmitoylation, compared to Golgi PATs, which often
direct trafficking of their substrates elsewhere. PAT subcellular localization may be an under-rec-
ognized, yet important determinant of PAT-substrate specificity that may work in conjunction or
completely independently of interaction motifs. We also discuss some current hypotheses about
protein motifs that contribute to localization of non-Golgi-localized PATs, important for the
downstream targeting of their substrates.
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Introduction

Lipid modifications facilitate sorting of both soluble
and transmembrane proteins to specialized membrane
domains (Fukata & Fukata, 2010; Linder & Deschenes,
2007). Normal signaling relies on the proper localiza-
tion of lipid-modified substrates to discrete microen-
vironments, necessary for the formation, maintenance,
and function of polarized cells (Fukata & Fukata, 2010;
Holland & Thomas, 2017; Linder & Deschenes, 2007).
For example, neurons rely heavily on the precise and
regulated localization of proteins within axonal and
dendritic membrane compartments. The polarized dis-
tribution of proteins within neuronal domains pro-
motes axonal growth, anterograde and retrograde
signaling, synaptic transmission and proper neuronal
excitability and synchronization. Similarly, cardiomyo-
cytes depend on the proper organization of specific
proteins along intercalated discs and T-tubules to
ensure normal cell-to-cell communication and cardiac
contractility. Epithelial cells rely on their polarized
membranes to enable the directional transport of

solutes, a process integral for their ability to absorb,
secrete and protect the intestinal lining. This asymmet-
rical, but precise organization of proteins within mem-
brane domains is critical for normal physiological
function of many diverse cell types, and more broadly
contributes to the formation and synchronization of
whole mammalian organs. Not surprisingly, many of
these neuronal, cardiac and epithelial proteins are lipi-
dated to achieve proper targeting to specialized
microdomains, necessary for downstream interactions
and function.

One type of lipid modification is S-palmitoylation,
which anchors proteins to specialized membrane
domains. S-palmitoylation is a reversible lipid modifica-
tion, acting as a dynamic molecular “switch” to modu-
late protein functionality and physiological pathways
within the cell. S-palmitoylation is predominantly char-
acterized by the covalent addition of a 16-carbon fatty
acid, palmitate, onto cysteine residues of proteins. This
dynamic lipid modification is mediated by a large fam-
ily of 23 palmitoyl acyl transferases (PATs), which all
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share a core aspartate-histidine-histidine-cysteine
(zDHHC) motif within the active site of the enzyme,
located between transmembrane 2 and 3 (Mitchell
et al., 2006, 2010). The highly conserved zDHHC motif
is a cysteine rich (CR) domain, which consists of �50
amino acids, whose structure is a variant of the Cys4
zinc-finger-like metal ion binding site, followed by a
complex Cys–His region (Putilina et al., 1999; Rana
et al., 2019). This CR domain contains the catalytic site
of zDHHC proteins (Putilina et al., 1999). PATs have
four to six transmembrane domains, with the N- and
C-terminal regions and the zDHHC-CR domain ori-
ented toward the cytoplasm, as determined by the
transmembrane topology of the yeast PAT Akr1p
(Politis et al., 2005).

A diverse set of transmembrane and soluble pro-
teins are S-palmitoylated, to promote membrane tar-
geting, protein–protein interactions, protein folding
and stability, sorting and function (Blaskovic et al.,
2013; Fukata & Fukata, 2010; Guan & Fierke, 2011;
Iwanaga et al., 2009; Nadolski & Linder, 2007; Linder &
Deschenes, 2007). In fact, proteomics studies have esti-
mated that over 10% of the proteome is palmitoylated
(Blanc et al., 2015; Sanders et al., 2015). A number of
palmitoylated proteins have been associated with
numerous pathologies such as cancer, bacterial and
viral infections, neurodegenerative diseases, intellec-
tual disability, as well as neuropsychiatric diseases
(Greaves & Chamberlain, 2014; Masurel-Paulet et al.,
2014; Mukai et al., 2004, 2008; Raymond et al., 2007;
Sanders et al., 2015; Sobocinska et al., 2017; Sutton
et al., 2013; Woodin et al., 2001). Understanding basic
mechanisms underlying protein palmitoylation and
how palmitoylation mechanisms may become aberrant
in disease may shed light on disease etiology.

Groundbreaking studies identified seven yeast
zDHHC PATs and 23 mammalian zDHHC PATs, which
palmitoylate yeast and mammalian proteins, respect-
ively (Roth et al., 2006). Although some PATs exhibit
substrate specificity, the promiscuity and functional
redundancy amongst the yeast and mammalian PATs
have complicated our understanding of PAT-substrate
specificity. Studies in Saccharomyces cerevisiae identi-
fied Akr1 and Erf2p as PATs for casein kinase Yck2 and
small GTPase Ras2, respectively (Babu et al., 2004;
Bartels et al., 1999; Lobo et al., 2002; Roth et al., 2002),
representing important single enzyme-substrate pairs.
The yeast SNARE Tlg1 is palmitoylated by Swf1
(Valdez-Taubas & Pelham, 2005), while Pf4a was shown
to palmitoylate the yeast chitin synthase Chs3 (Lam
et al., 2006). In contrast, the guanine nucleotide-
binding protein alpha-2 subunit Gpa2 is capable of

being palmitoylated by four yeast proteins, Akr1, Pfa5,
Pfa3 and Erf2, suggesting significant functional redun-
dancy and substrate overlap between yeast PATs
(Ohno et al., 2012). Similarly, the yeast vacuolar fusion
factor Vac8 is palmitoylated predominantly by Pfa3
(Hou et al., 2005; Smotrys et al., 2005), but can also be
palmitoylated by Erf2, Pfa4, Pfa5 and Akr1 (Hou et al.,
2009). Individual deletion of Pfa3, Erf2, Pfa4, Pfa5 or
Akr1 in yeast does not affect Vac8 localization, which
is an important function of Vac8 palmitoylation. Only
simultaneous genetic deletion of all five yeast PATs
results in loss of Vac8 palmitoylation and mis-localiza-
tion of Vac8, highlighting the overlapping substrate
recognition by these yeast PATs (Hou et al., 2009).
Functional redundancy is also seen with mammalian
PATs, such that depletion of a single PAT often results
in residual levels of substrate palmitoylation. A com-
mon example is the scaffolding protein PSD95, whose
palmitoylation is mediated by zDHHC-2, -3, -7 and -15
to regulate AMPAR integration and stability at the
excitatory postsynaptic membrane (Fukata et al., 2004;
Jeyifous et al., 2016). A dominant-negative designed
against zDHHC2 and zDHHC15 inhibited only 40% of
PSD95 palmitoylation, suggesting that residual PSD95
palmitoylation is mediated by its remaining PATs
(Noritake et al., 2009). The stress-regulated exon
(STREX) splice variant of large conductance calcium-
and voltage-activated potassium (BK) channel is palmi-
toylated by zDHHC-3, -5, -7, -9 and -17 to govern
STREX plasma-membrane association and determine
channel regulation by protein kinase A phosphoryl-
ation (Tian et al., 2010). Silencing zDHHC-3, -5, -7, -9
and -17 individually by siRNA resulted in significant
reduction in STREX palmitoylation, but did not com-
pletely abolish STREX palmitoylation, highlighting PAT
functional redundancy (Tian et al., 2010). Similarly,
endothelial nitric oxide (eNOS), whose palmitoylation
is critical for its subcellular targeting and nitric oxide
production, is palmitoylated by zDHHC-2, -3, -7, -8 and
-21 (Fernandez-Hernando et al., 2006). Individual
knockdown of ZDHHC21 only reduces [H]3-palmitate
incorporation into eNOS by 60%, with the remaining
40% of eNOS palmitoylation accounted for by the
remaining zDHHC-2,-3,-7 and -8 (Fernandez-Hernando
et al., 2006). Lastly, the scaffolding protein ankyrin-G is
palmitoylated by zDHHC5 and zDHHC8 in a function-
ally redundant manner to achieve its specific targeting
and function at the lateral membrane of epithelial
cells (He et al., 2014). These examples highlight only a
few of many substrates palmitoylated by multiple
PATs (Greaves et al., 2008, 2010; Shmueli et al., 2010;
Tsutsumi et al., 2009). These data demonstrate the
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promiscuity of PATs in their palmitoylation of multiple
substrates, as well as the conserved functional redun-
dancy amongst both yeast and mammalian PATs.
Although PAT redundancy has been hypothesized to
be important for protein regulation at the level of
zDHHC activity, it has also complicated the identifica-
tion of specific substrate-enzyme pairs.

Elegant studies have shown that PAT enzymes
exhibit some substrate specificity (Gorleku et al., 2011;
Huang et al., 2009; Lemonidis et al., 2015, 2017;
Tsutsumi et al., 2009), but no consensus sequences
have been identified to accurately predict substrate
profiles for each PAT. How PATs recognize their
respective substrates remains a significant question in
the acylation field. There are, however, some estab-
lished characteristics shared amongst palmitoylated
cysteines that likely contribute to a PAT’s ability to
select its substrate: (a) myristoylation or prenylation
sites often flank the palmitoylated cysteine(s), (b) pal-
mitoylated cysteine(s) are often surrounded by basic
or hydrophobic amino acids and (c) palmitoylated
cysteine(s) are located in the cytoplasmic regions
between or near the transmembrane domains (Salaun
et al., 2010). Thus, regions surrounding the palmitoy-
lated cysteine play important roles for PAT recogni-
tion. This is highlighted by Nadolski & Linder (2009),
who showed that the yeast vacuolar fusion protein
Vac8, which possesses an SH4 domain containing the
three palmitoylated cysteines, is predominantly palmi-
toylated by Pfa3 in vitro. However, isolated SH4
domain from Vac8 tagged to a fluorescent protein
(SH4-GFP) is capable of being palmitoylated by all five
yeast PATs, consistent with a previous study by Hou
et al. (Hou et al., 2009; Nadolski & Linder, 2009). Thus,
the motif containing the palmitoylation site by itself,
in this case the SH4 domain, is often not sufficient to
confer PAT specificity. This highlights the importance
of considering the full protein sequence to identify
PAT recognition sequences, which may be distant
from the palmitoylated cysteine. For Vac8, it was
determined that the 11th armadillo repeat of Vac8
downstream of its SH4 domain contributes to the spe-
cific interaction between Pfa3 and Vac8 (Nadolski &
Linder, 2009). Given that PATs may need to interact
with their substrates at the catalytic CR domain as
well as a docking site further away from the active
site, it may be that full length proteins possess mul-
tiple contact sites that confer PAT specificity (Nadolski
& Linder, 2009). In contrast, the short fusion protein,
Vac8 SH4-GFP, likely only engages with the catalytic
DHHC motif present in all PATs, without requiring

interaction with any other contact site on the PAT in
order to be palmitoylated (Nadolski & Linder, 2009).

Neuronal substrates such as huntingtin also exhibit
distinct motifs that confer substrate-enzyme specificity.
The mammalian PATs, zDHHC13 and zDHHC17 contain
an N-terminal ankyrin repeat domain, which contrib-
utes significantly to their specificity for huntingtin. In
COS cells, overexpressed huntingtin is a substrate for
zDHHC17 and zDHHC13, but not for zDHHC3, a PAT
which lacks ankyrin repeats. A chimera in which the
ankyrin-repeat domain from zDHHC17 is fused to
zDHHC3 allows zDHHC3 to interact with huntingtin
and mediates huntingtin palmitoylation (Huang et al.,
2009). This suggests huntingtin relies on its binding to
ankyrin repeats for palmitoylation. Thus, residues dis-
tant from the palmitoylation motif can provide import-
ant context for enzyme-substrate specificity.

Although there is clear evidence that PAT-substrate
specificity is partially governed by the amino acid
sequence flanking the palmitoylated cysteine
(Lemonidis et al., 2014, 2015, 2017; Plain et al., 2017),
some data argues a stochastic palmitoylation model,
in which palmitoylation is governed by the accessibil-
ity of cysteine residues of membrane proteins located
at a certain depth in the inner leaflet of the mem-
brane, rather than by the local sequence motif
(Rodenburg et al., 2017). The study demonstrates that
genetically introduced cysteine residues in membrane
proteins, even in prokaryotic membrane proteins,
which are not usually palmitoylated, undergo generic
palmitoylation so long as the cysteine residue is
accessible to the catalytic center of the PAT, suggesting
a lack of specificity for S-palmitoylation (Rodenburg
et al., 2017). Although this model has yet to be studied
in proteins in their native environment, it highlights the
complexity underlying PAT-substrate recognition and
palmitoylation dynamics that the acylation field is
attempting to unravel. Nevertheless, this study reveals
the importance of physical proximity between the PAT
and its substrate, which in itself may be its own con-
tributor of specificity.

A recent review by Ernst et al. (2019) demonstrated
the importance of accounting for the spatial context
of PATs, specifically PAT localization within distinct
Golgi domains, to better understand anterograde sort-
ing of specific substrates en route to the cell surface.
With this in mind, we investigate in this review the
possibility that PAT spatial context, or PAT subcellular
localization, governs substrate targeting following sub-
strate palmitoylation (Figure 1). We focus here on
non-Golgi-localized PATs, as the localization of their
substrates is often determined by the localization of

62 J. M. PHILIPPE AND P. M. JENKINS



their PATs (Figure 1). This hypothesis, known as local
palmitoylation, in which substrates are palmitoylated
and specifically targeted to the same subcellular com-
partments as that of their respective PATs, may be an
important determinant of specificity between non-
Golgi-localized PATs and their substrates (Fukata et al.,
2013; Noritake et al., 2009). PAT subcellular localization
and local palmitoylation of their substrates may be an
under-recognized, yet important predictor of substrate
profiles and localization.

Golgi-localized PATs promote the palmitoylation
and forward trafficking of substrates to the
plasma membrane

In their important study investigating the subcellular
localization of each individual zDHHC PAT by overex-
pression, Ohno et al. (2006) observed that the majority
of PATs localized exclusively to the Golgi. Canonically,
the Golgi is recognized as one of the main sorting
centers of the secretory pathway (Rocks et al., 2010).
Most palmitoylated substrates are first palmitoylated
at the Golgi and are subsequently trafficked to other
subcellular compartments, including the plasma mem-
brane (PM) (Figure 1). Recently, Ernst et al. (2018)
demonstrated that protein palmitoylation promotes

anterograde transport of proteins from the Golgi to
the PM. Addition of a palmitate onto proteins, medi-
ated by PATs, promotes proteins’ affinity for the highly
curved cisternal regions of the Golgi membrane lipid
bilayer, where transport occurs, thereby facilitating
vesicle budding, sorting and anterograde trafficking of
substrates to the PM (Ernst et al., 2018). An elegant
study by Rocks et al. (2005) highlighted the role of
Golgi-localized palmitoylation in directing anterograde
trafficking of Ras to the PM. Palmitoylation of farnesy-
lated HRas and NRas in the Golgi targets Ras to the
PM. Subsequent de-palmitoylation at the PM drives
retrograde trafficking of HRas and NRas back to the
Golgi, where Ras can be re-palmitoylated. These palmi-
toylation/depalmitoylation cycles tightly regulate Ras
localization and sorting, as well as fine-tune Ras-
dependent signaling (Rocks et al., 2005). Ras is palmi-
toylated by Golgi-localized zDHHC9-GCP16 (Swarthout
et al., 2005). The precise Golgi localization of zDHHC9
is likely beneficial for direct palmitoylation and subse-
quent stabilization of Ras at Golgi membranes, before
Ras is packaged and trafficked to the PM.

Additionally, palmitoylation of GABA-synthesizing
enzyme GAD65 is critical for proper trafficking of
GAD65 from Golgi membranes to presynaptic clusters
in axon termini (Kanaani et al., 2002). Although

Figure 1. Palmitoylation and subcellular trafficking. (a) Golgi-targeted zDHHC PATs mediate the palmitoylation of substrates for
substrate stabilization at Golgi membranes prior to their packaging into vesicles and forward-trafficking to the plasma membrane.
(b) Three main zDHHC PATs, zDHHC2, zDHHC5 and zDHHC8, are active PATs targeted to the plasma membrane (PM), while
zDHHC6 is an active PAT present on ER membranes. These non-Golgi PATs are appropriately positioned to palmitoylate substrates
locally, and govern substrate targeting to these same membranes. The precise localization of non-Golgi PATs is critical for the
proper non-Golgi-membrane localization of their substrates following palmitoylation, and may be an important predictor of PAT-
substrate specificity. Created with BioRender.com.
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palmitoylation is not necessary for membrane anchor-
ing of GAD65, palmitoylation promotes sorting of
GAD65 to the trans-Golgi network en route to axonal
pre-synaptic membranes (Kanaani et al., 2008). GAD65
palmitoylation is mediated by Golgi-localized
zDHHC17, a Golgi-PAT well positioned to palmitoylate
and stabilize GAD65 in the Golgi as it makes its way
to the presynaptic membrane surface (Rush et al.,
2012). Additionally, Golgi-localized PATs such as
zDHHC3, -7 and -17 have been shown to enhance
endomembrane association of SNARE proteins
SNAP25/23, to promote their trafficking to and func-
tion at the PM (Greaves et al., 2010). Given that Golgi
localization of Golgi PAT enzymes play a critical role
for Golgi-to-PM protein sorting, it is perhaps unsurpris-
ing that many zDHHC PATs reside in the Golgi (Ernst
et al., 2018; Globa & Bamji, 2017; Greaves &
Chamberlain, 2007; He et al., 2014; Ohno et al., 2006)
(Figure 1). However, in these cases, the majority of
their substrates are trafficked away from the subcellu-
lar compartment housing the Golgi PAT.

Plasma membrane PATs mediate local
palmitoylation and drive PM-localization of
their substrates

Many studies have demonstrated that active PATs also
exist in non-Golgi subcellular compartments, including
the PM (Brigidi et al., 2015; He et al., 2014; Howie
et al., 2014; Ohno et al., 2006; Thomas et al., 2012)
(Figure 1). In some cases, proteins are palmitoylated
first at the Golgi and further palmitoylated in post-
Golgi compartments for enhanced regulation and
signaling. In other cases, substrates bypass Golgi pal-
mitoylation and undergo palmitoylation in compart-
ments independent of the Golgi to achieve their final
destination (He et al., 2014). In either case, localization
of the relevant PAT seems to play an important role in
the ultimate localization of the target protein.

For example, two evolutionarily related and func-
tionally redundant zDHHC PATs, zDHHC5 and zDHHC8,
were shown to localize to the PM in HEK293T cells
and in polarized epithelial cells (He et al., 2014; Ohno
et al., 2006), and to synaptic membranes in neurons
(Brigidi et al., 2015; Thomas et al., 2012). In hippocam-
pal neurons, zDHHC8 was targeted to the synapse,
while zDHHC5 predominantly targeted to dendritic
shafts with occasional immunofluorescence signal
detected in dendritic spines (Thomas et al., 2012).
Although Thomas et al. (2012) observed zDHHC5 only
at dendritic shafts, Brigidi et al. (2015) have observed
zDHHC5 at postsynaptic membranes, likely due to

application of pharmacological agents that induce
changes in neuronal activity and result in relocaliza-
tion of zDHHC5 to different neuronal domains, as well
as different time-scales of detection. Nevertheless, the
unique localization of zDHHC5 and zDHHC8 within
neuronal dendritic domains likely contributes to the
localization of their substrates following palmitoyla-
tion. Indeed, GRIP1b, a known substrate of zDHHC5,
colocalizes with zDHHC5 in dendritic puncta in neu-
rons (Thomas et al., 2012). Importantly, GRIP1b palmi-
toylation and localization at dendritic shafts is
dependent on both expression as well as proper local-
ization of zDHHC5 at dendritic shafts (Thomas et al.,
2012). More specifically, zDHHC5-mediated palmitoyla-
tion of GRIP1b targets it to dendritic recycling endo-
somes (REs), where GRIP1b is able to bind to kinesin
motor protein KIF5 to mediate the proper trafficking
and recycling of GluA2 subunits of a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptors (AMPARs)
(Setou et al., 2002) (Figure 2). Real-time tracking of
zDHHC5 demonstrated that zDHHC5 moves on REs as
it cycles from dendritic shafts to dendritic spines to
palmitoylate its substrates (Brigidi et al., 2015), sug-
gesting zDHHC5 may be locally palmitoylating GRIP1b
at REs within dendritic shafts (Figure 2). Although
GRIP1b is predominantly palmitoylated by zDHHC5, it
can also be palmitoylated by zDHHC8, albeit to a
smaller degree since an shRNA specific to Zdhhc8 only
slightly reduced GRIP1b palmitoylation in neurons
(Thomas et al., 2012). Given that zDHHC8 is predomin-
antly localized to dendritic spines, while GRIP1b and
zDHHC5 are both predominantly localized to dendritic
shafts, including dendritic endosomes, zDHHC5 is judi-
ciously positioned to locally palmitoylate and drive
GRIP1b targeting.

Synaptically targeted zDHHC8 in the neuron is also
appropriately positioned to palmitoylate its synaptic
substrates in order to promote synaptic transmission
and plasticity. Some groups have reported that
zDHHC8 resides in vesicle-like clusters along the den-
dritic shafts in developing hippocampal neurons
(Mukai et al., 2004), while other groups only detect
zDHHC8 at dendritic spines (Thomas et al., 2012), per-
haps due to species differences or different culture
conditions. However, evidence demonstrating that
overexpression of zDHHC8 increases spine density and
spine stability supports zDHHC8 localization at den-
dritic spines, at least under overexpression conditions
(Moutin et al., 2017). Synaptically localized zDHHC8
enables the palmitoylation of the synaptic substrate
cdc42. Cdc42 localization in dendritic spines is
dependent on its palmitoylation, mediated by the
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synaptic PAT zDHHC8 (Moutin et al., 2017). The regula-
tor of GluA trafficking PICK1 is also a substrate of
zDHHC8. zDHHC8-mediated palmitoylation of PICK1
allows for proper cerebellar long-term depression
(LTD) induction, a process that occurs in dendritic
spines (Thomas et al., 2013). Synaptic targeting of
zDHHC8 must confer some specificity for its synaptic
substrates like PICK1, since zDHHC5, which is not pre-
dominantly localized to dendritic spines, did not medi-
ate the palmitoylation of PICK1, despite the presence
of the PDZ-binding motif in zDHHC5 and zDHHC8 and
the PDZ-containing domain in PICK1 (Thomas
et al., 2013).

zDHHC5 and zDHHC8 have been shown to be func-
tionally redundant in polarized epithelial cells, likely
due to their overlapping localization at the lateral
membrane. Ankyrin-G is a known substrate of both
zDHHC5 and zDHHC8 in polarized epithelial cells. Of
the 23 mammalian PATs, only zDHHC5 and zDHHC8
are specifically localized to the lateral membrane in
epithelial cells, where they palmitoylate ankyrin-G to

drive its targeting to the lateral membrane (He et al.,
2014). Proper lateral membrane targeting of ankyrin-G
is required for ankyrin-G’s ability to build this mem-
brane through recruitment and scaffolding of import-
ant binding partners, such as E-cadherin and bII-
spectrin (He et al., 2014, 2012; Jenkins et al., 2015).

Another zDHHC5 substrate which relies on local
palmitoylation is the sodium pump regulator phos-
pholemman (PLM). PLM is known to accelerate mas-
sive endocytosis (MEND), a process of massive cell
surface membrane endocytosis after calcium overload
and reperfusion of anoxic cardiac muscle (Lin et al.,
2013). PLM is a substrate of zDHHC5 (Howie et al.,
2014). PLM palmitoylation inhibits the sodium pump,
which has important implications for calcium homeo-
stasis and cardiac contractility (Tulloch et al., 2011).
Interestingly, both zDHHC5 and PLM associate by co-
immunoprecipitation and localize to caveolin-enriched
microdomains at the PM of rat ventricular cardiomyo-
cytes, supporting local palmitoylation of PLM by
zDHHC5 at the PM (Howie et al., 2014). Although

Figure 2. Neuronal activity-regulated translocation of zDHHC5 for local palmitoylation of its synaptic substrates. (1a) zDHHC5
cycles from the dendritic shaft to dendritic spines on recycling endosomes (REs) to palmitoylate GRIP1b. (1b) Palmitoylation of
GRIP1b by RE-localized zDHHC5 targets GRIP1b to REs to enable GRIP1b binding to KIF5, which mediates the proper trafficking
and stabilization of AMPAR GluA2 subunits to the PM (1c). (2a) Under basal conditions, zDHHC5 is stabilized at the postsynaptic
membrane through Fyn-mediated phosphorylation, which prevents its association with endocytic machinery. (2b) Upon increase in
neuronal activity, zDHHC5 translocates from the postsynaptic membrane to dendritic shafts on REs to recruit its substrates. (2c)
Once arrived at the shaft, zDHHC5 palmitoylates its substrate d-catenin. (2d) Palmitoylated d-catenin is trafficked to the postsynap-
tic membrane on REs with zDHHC5. (2e) Palmitoylation-dependent d-catenin recruitment at post-synaptic membranes binds and
stabilizes N-cadherin, leading to enhanced synaptic plasticity. Created with BioRender.com.
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zDHHC2 is also reported to be targeted to the cell sur-
face of cardiac myocytes, it did not associate with
PLM, which does not preclude the possibility that
zDHHC2 may be capable of palmitoylating PLM
(Howie et al., 2014). A study demonstrated coexpres-
sion of zDHHC5 and zDHHC2 in a human fibroblast-
derived cardiac myocyte cell line decreases sodium
pump currents, implying increased palmitoylation of
PLM, mediated by overexpressed zDHHC2 and
zDHHC5. In contrast, dual knockdown of zDHHC2 and
zDHHC5 resulted in a 90% increase in sodium pump
currents, likely contributed to by loss of PLM palmitoy-
lation as well as reduced MEND, which would recap-
itulate the ablated MEND phenotype observed in
zDHHC5-knockout hearts (Lin et al., 2013). These data
would suggest zDHHC2 may also be capable of palmi-
toylating PLM. This is supported by demonstration
that dual zDHHC2 and zDHHC5 expression as well as
dual knockdown resulted in a significantly greater
effect on sodium pump currents, compared to expres-
sion or knockdown of zDHHC5 alone (Lin et al., 2013).
The subcellular localization of the only two known

PM-localized zDHHC PATs in cardiac myocytes,
zDHHC2 and zDHHC5, is likely critical for specificity
towards PLM, whose final destination is also the PM.
PLM palmitoylation affects PLM function, but does not
affect its ability to associate with the cell surface
(Howie et al., 2014). Given that PLM is already cell-sur-
face localized prior to its palmitoylation, having a PM-
localized PAT like zDHHC5 or zDHHC2 in proximity to
mediate local PLM palmitoylation may be favorable.

In neurons, zDHHC2 localizes to mobile dendritic
vesicles, as well as the postsynaptic density (PSD)
(Fukata et al., 2013; Greaves et al., 2011; Jeyifous et al.,
2016; Noritake et al., 2009) (Figure 3). zDHHC2 palmi-
toylates PSD95, the critical scaffolding protein in the
excitatory post-synaptic density (PSD) and regulator of
synaptic strength and plasticity (Chen et al., 2011).
While Golgi-localized zDHHC3 and zDHHC15 palmitoy-
late PSD95 at the Golgi to promote its membrane traf-
ficking, it is PSD-residing zDHHC2 that palmitoylates
and targets PSD95 directly at the PSD, which is
required for PSD95-scaffolding of AMPARs and
NMDARs at the PSD (Jeyifous et al., 2016) (Figure 3).

Figure 3. RE- and PSD-localized zDHHC2 locally palmitoylates and targets synaptic substrates to REs and the PSD. (a) PSD95 is
constitutively palmitoylated by Golgi-localized zDHHC3 and zDHHC15, which promotes its forward trafficking to the PM. A thioes-
terase depalmitoylates PSD95 to drive its retrograde trafficking back to the Golgi. (b) Under conditions of decreased neuronal
activity, REs containing zDHHC2 deliver zDHHC2 to the PSD. PSD-localized zDHHC2 then interacts with PSD95 to palmitoylate and
target PSD95 to the PSD. (c) RE-localized zDHHC2 mediates the palmitoylation of AKAP79/150, to promote the proper delivery of
AMPARs at the post-synaptic membrane during LTP. Created with BioRender.com.
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Given that zDHHC2 is localized to the PSD and that
PSD95 must interact with zDHHC2 to be palmitoylated
(Jeyifous et al., 2016), PSD95 likely undergoes local
palmitoylation at the PSD. Fukata et al. (2013) also
demonstrated that zDHHC2 puncta co-localize with an
antibody that specifically recognizes palmitoylated
PDS95 at postsynaptic regions in cultured neurons,
providing additional rationale for local palmitoylation
of PSD95 at postsynaptic membranes, to generate
“PSD95 nanodomains.” These data highlight the
importance of proper zDHHC2 localization at the PSD
for proper PSD95 palmitoylation and localization at
the PSD, critical for the regulation of synaptic strength
and plasticity (Figure 3).

Plasma membrane PATs sense synaptic activity to
drive their localization and substrate localization
to specific subcellular compartments

If proper surface membrane targeting of non-Golgi
PATs determines their substrate’s localization, then
understanding how these PATs reach their sites of
physiological function may highlight how substrates
are selected and where substrates are localized. Some
mechanisms regulating the cellular targeting of non-
Golgi-associated PATs have been studied. One
observed mechanism is the activity-sensing abilities of
PATs, such as zDHHC2 and zDHHC5, which govern
their specific subcellular localization in response to
changing neuronal activity. Noritake et al. demon-
strated that zDHHC2 is activity-regulated in the brain:
zDHHC2 translocates near the plasma membrane on
dendritic vesicles upon decrease in neuronal activity,
to increase palmitoylation, localization, and function of
its synaptic substrates and maintain synaptic homeo-
stasis (El-Husseini et al., 2002; Noritake et al., 2009).
TIRF microscopy studies demonstrated zDHHC2 rapidly
approaches the postsynaptic membrane in response
to reduced neuronal activity by kynurenic acid or the
voltage-gated sodium channel blocker tetrodotoxin, to
increase the palmitoylation and synaptic accumulation
of PSD95 at the PSD (Noritake et al., 2009) (Figure 3).
Whether zDHHC2-containing vesicles fuse with the
membrane or remain intracellular in neurons is
unknown. In neuroendocrine PC12 cells, zDHHC2
cycles from REs to the plasma membrane.
Fluorescence recovery after photo-bleaching (FRAP)
analysis of PC12 cells expressing HA-tagged zDHHC2
shows that zDHHC2 integrates into the plasma mem-
brane, to regulate PSD95 palmitoylation at the PSD
(Greaves et al., 2011). This is not due to increased
enzymatic zDHHC2 activity, but rather from dynamic

cycling of zDHHC2 between the PM and Rab11-REs
(Greaves et al., 2011). Thus, translocation of zDHHC2
between different subcellular compartments in
response to activity is not restricted to neuronal cells,
and likely contributes to mechanisms of local
palmitoylation.

Given that zDHHC2 targeting to the plasma mem-
brane has important implications for PSD95 palmitoy-
lation, PSD formation and integrity, and synaptic
strengthening, it would be expected that zDHHC2 tar-
geting to REs would also have important physiological
significance. Indeed, zDHHC2 localization at REs ena-
bles zDHHC2-mediated palmitoylation and localization
of A-kinase anchoring protein (AKAP79/150) in REs
(Gold et al., 2011; Sanderson et al., 2012; Sanderson &
Dell’Acqua, 2011) (Figure 3). During long-term synaptic
potentiation (LTP), or synapse strengthening, REs
within dendritic spines carry synaptic cargo, such as
AMPA receptors, and deliver them at synapses
through RE exocytosis (Park et al., 2006; Park, 2004)
(Figure 3). AKAP79/150 facilitates LTP/LTD signaling by
regulating the phosphorylation, exocytosis, trafficking,
and activity of AMPARs within REs (Jurado et al., 2010;
Keith et al., 2012; Sanderson & Dell’Acqua, 2011; Smith
et al., 2006; Tavalin et al., 2002). zDHHC2-mediated
palmitoylation of AKAP79/150 is required for its func-
tion in regulating dendritic RE exocytosis of AMPA
receptors and AMPA receptor-dependent synaptic
potentiation (Woolfrey et al., 2015) (Figure 3).
Consistent with local palmitoylation, zDHHC2 colocal-
izes with AKAP79/150 in dendritic REs of cultured hip-
pocampal neurons, revealing that zDHHC2 is well
positioned to palmitoylate AKAP79/150 in this specific
compartment (Woolfrey et al., 2015). AMPARs them-
selves are palmitoylated (Hayashi et al., 2005). Thus
far, only Golgi-localized zDHHC3 has been shown to
mediate palmitoylation of AMPA receptor subunits
(Hayashi et al., 2005). Whether zDHHC2 can palmitoy-
late AMPA receptors remains to be determined. Given
that AMPARs and zDHHC2 cycle between the PM and
REs, it may be that AMPA receptors cycle in conjunc-
tion with zDHHC2 cycling, in response to LTD/LTP, to
regulate synaptic transmission.

Specific zDHHC5 localization is also highly driven
by synaptic activity, which has important implications
for dynamic localization of its substrates. At baseline,
zDHHC5 resides in dendritic spines of cultured hippo-
campal neurons, but cycles between postsynaptic
membranes and dendritic shafts on REs in an activity-
dependent manner. Following a protocol of chemical
LTP (cLTP), zDHHC5 moves from spines to dendritic
shafts to recruit and palmitoylate d-catenin, before
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translocating and trafficking both itself and palmitoy-
lated d-catenin back into spines on REs (Brigidi et al.,
2015). Palmitoylation-dependent d-catenin recruitment
in spines is critical for insertion and stabilization of
AMPA receptors into the PSD and synaptic plasticity
(Brigidi et al., 2014, 2015) (Figure 2). Thus, activity-
driven translocation of zDHHC5 to dendritic shafts per-
mits the local palmitoylation of d-catenin in the den-
dritic shaft before both proteins cycle back into the
spine to enhance synaptic strength and plasticity. This
activity-dependent trafficking of zDHHC5 between
dendritic spines and shafts is thought to depend on
phosphorylation. Under baseline conditions, zDHHC5
is maintained at spine plasma membranes through
tyrosine phosphorylation by Fyn kinase within a YxxL
motif, thereby rendering zDHHC5 unable to associate
with the endocytosis machinery. Upon cLTP activation,
Fyn-mediated phosphorylation of zDHHC5 is inhibited
through loss of Fyn activation, thereby triggering
endocytosis of zDHHC5, and enabling its trafficking to
dendritic shafts (Brigidi et al., 2015). Thus, phosphoryl-
ation is an important regulator of zDHHC5 localization.

To date, there is no evidence demonstrating the
activity-sensing capacities of zDHHC8 nor its ability to
translocate according to changes in synaptic activity.
Perhaps the inability for zDHHC8 to cycle between
membrane compartments differentiates substrate spe-
cificity between zDHHC5 and zDHHC8. Although
zDHHC5 and zDHHC8 operate in a completely func-
tionally redundant manner in the context of ankyrin-G
palmitoylation in polarized epithelial cells (He et al.,
2014), they also exhibit distinct specificity for sub-
strates such as d-catenin, which is predominantly pal-
mitoylated by zDHHC5 (Brigidi et al., 2014, 2015). It is
possible that distinct substrate profiles (or lack thereof,
i.e., functional redundance) for zDHHC5 and zDHHC8
is a cell-type dependent process, depending on cell
excitability or polarity. We must keep in mind that
PAT identification for a substrate like phospholemman
involved co-immunoprecipitation of the substrate with
each individual PAT, which precluded identification of
zDHHC8 as a potential binding partner due to the dif-
ficulties associated with its solubilization. However,
PAT-substrate interactions are often transient; thus,
failure to coimmunoprecipitate a substrate with its
PAT does not rule out the possibility of the PAT-sub-
strate pair. In cases where only zDHHC5 was identified
as substrate-specific PAT, there may have been experi-
mental limitations or transient PAT-substrate interac-
tions that precluded the identification of zDHHC8 as
capable of palmitoylating that substrate. Nevertheless,

whether zDHHC8 can respond to activity needs to be
further investigated.

Plasma-membrane PATs contain localization
motifs that contribute to their PM subcellular
localization

Given that zDHHC2 cycles between the PM and endo-
somes (Figure 3), Salaun et al. looked for an existing
endocytic sorting signal within the C-terminus of
zDHHC2 that could account for zDHHC2’s ability to
cycle between PM and REs. The authors identified two
atypical, but distinct sequences within the C-terminus
of zDHHC2, N357P358 and SxxxL334L335, both of which
deviate from the canonical endocytic (Fx)NPxY/F and
D/ExxxLL signals, respectively. Both of these play a sig-
nificant role in zDHHC2 localization as mutation of
these individual endocytic sequences to alanine resi-
dues resulted in increased retention of mutant
zDHHC2 at the PM (Salaun et al., 2017). A few phos-
phorylation sites were also identified in zDHHC2, of
which serine-330 is located four amino acids upstream
of the dileucine sorting motif. Mutation of this residue
in zDHHC2 to an aspartate, to mimic constitutive
phosphorylation, results in zDHHC2 internalization and
reduces its presence at the PM, whereas mutation to
render it phosphorylation-deficient (S330A) results in
enhancement of zDHHC2 PM-association. Thus, phos-
phorylation is able to modulate the effects of the
endocytic dileucine motif, which appears to be
zDHHC2-specific. Additionally, Ser330 is part of an SQ
motif, whose phosphorylation appears to be regulated
by synaptic activity (Siddoway et al., 2014). That is,
synaptic activity would increase phosphorylation of
SQ-containing proteins, thereby “activating” the endo-
cytic motif and remove zDHHC2 from the plasma
membrane for internalization to REs. Thus, it is pos-
sible that phosphorylation dynamics at Ser-330, along
with other serine residues in proximity to the dileucine
endocytic motif at the C-terminus of zDHHC2, could
act to regulate the activity of the sorting motif and
thereby the localization of zDHHC2, in an activity-
dependent manner (Salaun et al., 2017). In fact, it has
been more broadly shown that synaptic strength itself
can be controlled by phosphorylation dynamics
(Woolfrey et al., 2015). Depending on whether neur-
onal activity-dependent phosphorylation dynamics do
in fact regulate the endocytic capacities of the sorting
signals within zDHHC2, or whether phosphorylation
on its own is sufficient to rapidly trigger the trafficking
of zDHHC2 from one compartment to the other, these
mechanisms could account for zDHHC2’s mobility
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between the PM and endosomes. It is worth mention-
ing that other zDHHCs contain phosphorylation sites;
as mentioned previously, zDHHC5 phosphorylation
regulates its PM-localization (Brigidi et al., 2015).
Phosphopeptides were identified in zDHHC8 in
response to b adrenergic receptor stimulation by mass
spectrometry (Lundby et al., 2013). Phosphorylation of
Golgi-localized zDHHC3 regulates its enzymatic activity
and plays a role in neuronal morphogenesis, although
it remains unclear whether zDHHC3 phosphorylation
regulates zDHHC3 localization (Lievens et al., 2016).

Given that clathrin adaptor proteins bind NPxY
motifs (Traub & Bonifacino, 2013), Salaun et al. (2017)
hypothesized the possibility that clathrin adaptor pro-
teins could recognize the atypical NP sorting motif
present in zDHHC2 to trigger zDHHC endocytosis,
which may or may not be regulated by phosphoryl-
ation of proximal serines. The mechanisms underlying
the exact role of phosphorylation for zDHHC2 traffick-
ing between PM and endosomes warrant further
investigation.

Further studies demonstrated that zDHHC2 enzym-
atic activity does not drive zDHHC2 localization at the
PM of PC12 cells, suggesting that enzyme activity is
not responsible for determining how zDHHC2 is tar-
geted to the PM (Greaves et al., 2011; Woolfrey et al.,
2015). Instead, the C-terminal domain of zDHHC2 has
been shown to regulate its PM association, given that
truncation of the entire C-terminal domain leads to
the enzyme redistributing to the ER. Truncating the C-
terminus of Golgi-localized zDHHC3, however, did not
lead to ER retention, suggesting that not all zDHHCs
depend on an intact C-terminal domain to exit the ER
(Greaves et al., 2011). Rather, this appears to be a
zDHHC2-specific phenomenon. Furthermore, zDHHC15,
which is homologous to zDHHC2, but is localized to
the Golgi, differs in the final half of its C-terminal tail,
compared to zDHHC2. The divergent C-terminal
sequence between zDHHC2 and zDHHC15 appears to
govern the localization, since swapping C-termini
reverses the subcellular localization pattern (Greaves
et al., 2011). Thus, for certain PATs like zDHHC2 and
zDHHC15, the C-terminus is a critical trafficking signal.

Polarized epithelial cells provide a feasible cell
model system to more thoroughly study the polarized
targeting of proteins, as they contain distinctly organ-
ized membrane domains with unique protein distribu-
tions. Interestingly, overexpressed HA-tagged zDHHC2
in polarized epithelial cells was not found to be PM-
associated, but rather localized to intracellular com-
partments (He et al., 2014), highlighting the cell-type-
specific targeting of PAT enzymes. In polarized

epithelial cells, zDHHC5 and zDHHC8 predominantly
localize to the lateral membrane, compared to
zDHHC14, which localizes non-specifically throughout
the plasma membrane. Unlike zDHHC2 which relies on
its intact C-terminus to drive its PM association in non-
polarized cells, the C-termini of zDHHC5 and zDHHC8
do not drive their lateral membrane-targeting in polar-
ized epithelial cells; replacing the C-terminal domain
of zDHHC5 with that of zDHHC14 did not abolish lat-
eral membrane localization of zDHHC5 in epithelial
cells (He et al., 2014). zDHHC5 and zDHHC8 have a
conserved AP2l-binding site or YDNL motif close to a
poly-proline SH3-motif as well as dileucine endocytic
motifs that can bind endocytosis machinery, such as
the clathrin adaptor proteins AP2 (Brigidi et al., 2015;
Traub & Bonifacino, 2013). As Brigidi et al. demon-
strated, the ability for zDHHC5 to interact with endo-
cytosis machinery highly influences its ability to cycle
between subcellular compartments to regulate synap-
tic plasticity, and likely affects its ability to locally pal-
mitoylate the substrates it gains access to as it cycles
through different subcellular compartments.

Interaction motifs may not be the sole contributor
to substrate-enzyme specificity

How non-Golgi PATs like zDHHC2, zDHHC5, or
zDHHC8 achieve specificity for their substrates remains
incompletely understood. zDHHC2 does not possess
any obvious substrate interaction motifs such as a
PDZ-binding motif that contribute to substrate recog-
nition (Woolfrey et al., 2015). zDHHC5 and zDHHC8 are
closely related and distinct from other zDHHC PAT
family members as they exhibit greatly extended and
disordered C-terminal tails, which in some cases has
proven important for substrate recognition (Fukata
et al., 2004; Ohno et al., 2006). Howie et al. (2014)
demonstrated that the zDHHC5 disordered C-terminal
tail is critical for zDHHC5 to bind to and mediate the
palmitoylation of PLM. This extended C-terminal tail
contains a PDZ-binding motif predicted to bind other
PDZ-containing domains, present in many proteins
largely involved in neuronal regulation, and synapse
formation and maintenance (Feng & Zhang, 2009;
Hata et al., 1998; Kim & Sheng, 2004). Most of the
mentioned zDHHC5 and zDHHC8 substrates contain
PDZ domains (Howie et al., 2014; Thomas et al., 2012;
Yuan et al., 2015), which in some instances explain the
ability for zDHHC5 and zDHHC8 to recognize and
palmitoylate substrates, like GRIP1b. However, if the
presence of PDZ-binding motifs or PDZ-containing
domains were the sole contributor to enzyme- substrate
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specificity, then all zDHHC PATs containing PDZ-bind-
ing motifs would likely be capable of palmitoylating all
PDZ-containing substrates. However, two other PATs
with PDZ-binding motifs, zDHHC3 and zDHHC7, are not
capable of palmitoylating any of the aforementioned
PDZ-containing, zDHHC5- or zDHHC8-specific substrates
like GRIP1b, d-catenin, and PLM. Interestingly, zDHHC3
and zDHHC7 localize to the Golgi (Ohno et al., 2006),
compared to plasma membrane targeted zDHHC5 and
zDHHC8, which palmitoylate substrates whose predom-
inant final destination is the PM. Thus, subcellular local-
ization of non-Golgi PATs likely contributes to substrate
recognition to drive specific substrate localization for
proper formation of PM microdomains.

ER-localized PAT zDHHC6 is also involved in local
palmitoylation of ER substrates

Although it is most commonly thought that palmitoy-
lation enhances protein affinity for specific microdo-
mains at the plasma membrane, palmitoylome
profiling has shown that ER membranes also contain
active PATs to palmitoylate proteins directly at the ER.
The major ER glycoprotein chaperone calnexin is pal-
mitoylated by ER-localized zDHHC6 in HeLa cells,
which targets calnexin to the perinuclear rough ER to
stabilize it for substrate capture (Lakkaraju et al.,
2012). The proper ER localization of calnexin is highly
dependent on its palmitoylation, concordant with the
necessity for calnexin’s palmitoyl transferase zDHHC6
to be localized to the ER to locally palmitoylate and
sort calnexin to its specific ER compartments. ER-local-
ized zDHHC6 was also shown to drive the palmitoyla-
tion and subsequent peripheral-ER localization of the
E3 ubiquitin ligase, gp78, critically involved in ER-asso-
ciated degradation pathways (Fairbank et al., 2012).
Lastly, Fredericks et al. showed that palmitoylation of
the inositol 1,4,5-triphosphate receptor (IP3R) by
zDHHC6 is critical for IP3R expression and localization
at the ER membrane of immune cells, important for
calcium release from the ER. IP3R is palmitoylated in a
manner dependent on zDHHC6 interacting with
another ER-localized selenium-containing protein, sele-
noprotein K. Both zDHHC6 and selenoprotein K associ-
ate through Src-homology 3 (SH3) binding domains
(Fredericks et al., 2014).

Interestingly, overexpression of zDHHC6 in immune
cells did not affect the palmitoylation of other palmi-
toylated ER substrates, such as the Wnt co-receptor
lipoprotein receptor-related protein 6 (LRP6) (Lakkaraju
et al., 2012). This suggests that zDHHC6 does not
mediate the palmitoylation of all ER palmitoylated

substrates, and that there must be other active
zDHHCs in the ER, such as zDHHC4, as suggested by
Gorleku et al (2011). LRP6 must exit the ER, a process
mediated by palmitoylation, and travel through the
Golgi before reaching the plasma membrane, where it
is able to mediate Wnt signaling (Abrami et al., 2008;
Perrody et al., 2016). Given that the functional import-
ance of LRP6 palmitoylation is to drive its sorting
away from the ER towards the plasma membrane for
further signaling, one could rationalize the recruitment
of a different PAT than zDHHC6 to mediate LRP6
palmitoylation, as zDHHC6 has shown to specifically
palmitoylate ER substrates that remain in the ER.
Additionally, whether palmitoylation of LRP6 actually
occurs in the ER, and whether the zDHHC that palmi-
toylates it is localized to the ER, remain unknown.
Abrami et al. (2008) reported that palmitoylation of
LRP6 may induce a tilt of the transmembrane domain,
in order to allow the protein to conform to the thin
lipid membrane of the ER; whether this differential
conformation changes PAT specificity remains
unknown given that no LRP6-specific PAT has yet
been identified.

ER PATs contain localization motifs that
contribute to their ER targeting and substrate
specificity

Similar to PM PATs, how ER PATs reach the ER is not
completely established. ER-localized zDHHC6 contains
a dilysine-based ER localization motif located in its C-
terminus, conforming to the KKXX ER sorting motif
(Gorleku et al., 2011). The addition of this dilysine
based signal onto the C-terminus of zDHHC3, a Golgi-
localized PAT, was sufficient to relocalize zDHHC3 to
ER membranes. Interestingly, ER-localized zDHHC3
mutants retained their capacity to palmitoylate known
substrates of zDHHC3, SNAP25, and cysteine string
protein (CSP). However, a mutant CSP that mislocalizes
to the ER is only palmitoylated by an ER-localized
zDHHC3 mutant, and cannot be palmitoylated by
wild-type, Golgi-localized zDHHC3 (Gorleku et al.,
2011). Because the CSP mutant is no longer able to
localize to the Golgi and instead is relocalized to the
ER, Golgi-localized zDHHC3 is also not able to mediate
CSP mutant palmitoylation (Gorleku et al., 2011).
However, it is only when zDHHC3 is forced to an ER
membrane that it is able to enhance ER-localized CSP
mutant palmitoylation (Gorleku et al., 2011), consistent
with local palmitoylation.
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PAT localization in health and disease

Alterations in protein palmitoylation and aberrant PAT
activity have been associated with a wide range of
human diseases, including neurological, cardiovascular
and infectious diseases. Loss-of-function variants in
the Golgi-localized ZDHHC9 are linked to X-linked
intellectual disability (XLID) (Han et al., 2017; Masurel-
Paulet et al., 2014; Mitchell et al., 2014; Raymond
et al., 2007; Tzschach et al., 2015), sometimes with an
increased incidence of epilepsy (Baker et al., 2015).
zDHHC9 regulates of dendritic growth and inhibitory
synapse formation through the palmitoylation of the
two GTPases, Ras and TC10, with significant implica-
tions for maintaining excitatory/inhibitory (E/I) balance
in the brain (Shimell et al., 2019). Zdhhc9-knockout
mice have altered E/I balance and exhibit seizure-like
activity, which could contribute to XLID etiology.
(Shimell et al., 2019). Genome-wide association studies
have found deletions in the region of chromosome 11
that encodes ZDHHC5 in patients with bipolar disorder
and schizophrenia (Fallin et al., 2004; Schizophrenia
Working Group of the Psychiatric Genomics
Consortium, 2014). A de novo missense mutation in
ZDHHC5 has also been reported in schizophrenic
patients (Fromer et al., 2014). However, which schizo-
phrenic- and bipolar disorder-associated substrates
and pathways are altered as a result of alterations in
zDHHC5 currently remains unexplored. A number of
polymorphisms within the ZDHHC8 gene, specifically
those associated with the 22q11.2 chromosomal
microdeletion, are also highly linked to schizophrenia
(Mukai et al., 2004, 2008), but its substrate depend-
ence remains incompletely understood. In a 22q11.2
microdeletion mouse model, which lacks functional
Zdhhc8, Mukai et al observed decreased postsynaptic
PSD95 puncta, as well as decreased presynaptic
VGLUT1 puncta, leading to lower spine density and
glutamatergic synapses, which could be rescued by re-
introduction of enzymatically active zDHHC8 protein
(Mukai et al., 2008). As expected by the decreased
PSD95 puncta in this mouse model, PSD95, as well as
other substrates such as Cdc42, Rho GTPases and
Rac1, were found to be substrates of zDHHC8 (Mukai
et al., 2008, 2015). Another proteomic study also
observed reduced palmitoylation of the vesicular glu-
tamate transporter 1 (VGLUT1), the small GTPase Ras,
and myelin basic protein (MBP) in postmortem dorso-
lateral prefrontal cortices of schizophrenic patients,
suggesting that the loss of zDHHC8-mediated palmi-
toylation of these substrates may contribute to the
underlying mechanisms of schizophrenia (Pinner et al.,
2016). Given the data highlighted in this review, one

could predict that human-variant-driven loss of
zDHHC8 expression or mistargeting of zDHHC8 at
spines would result in loss of proper targeting of
PSD95, Cdc42 and PICK1 at dendritic spine mem-
branes, with severe consequences for the formation of
synaptic connections and neuronal connectivity,
potentially contributing to schizophrenia etiology.
Given the critical role of zDHHC5 and zDHHC8 in
mediating the palmitoylation of synaptic substrates
involved in important processes like synaptic traffick-
ing, transmission and plasticity, it will be important to
further investigate how broad dysfunction of these
synaptic PATs alter substrates’ capacities to localize to
and function at synaptic membranes, and how these
enzyme-substrate defects contribute to underlying
mechanisms of neuropsychiatric diseases. In light of
the role of zDHHC5-mediated palmitoylation of the
cardiac phosphoprotein PLM (Howie et al., 2014), it
would be unsurprising that mutations in ZDHHC5 may
also alter cardiac function through PLM’s ability to
modulate the cardiac sodium pump or through cur-
rently unidentified zDHHC5 cardiac substrates whose
plasma-membrane localization is indispensable for
function. In the future, investigating disease etiology
from the perspective of alterations in PAT expression,
localization, and function may provide insights into a
much wider set of dysregulated substrates that may
converge on one pathophysiological pathway.

Conclusions, current knowledge and
outstanding questions

Excluding Golgi-mediated palmitoylation in which a
substrate is palmitoylated at the Golgi by Golgi-local-
ized PATs before being trafficked to the plasma mem-
brane, many substrates are locally palmitoylated and
targeted to non-Golgi membranes by active PATs
residing at PM and ER membranes (non-Golgi PATs).
Thus, the precise regulation of substrate localization
and function at these PM and ER domains is often
highly dependent on the proper PM and ER localiza-
tion of their respective PATs. Despite improvements in
our understanding of PAT enzyme-substrate specificity
in recent years, consensus sequences that distinguish
which PATs palmitoylate which substrates remain elu-
sive. In this review, we highlight evidence showing
that non-Golgi-PAT-substrate specificity is not always
contingent on interaction motifs; interaction motifs
contribute to a PAT being able to bind and recognize
its substrate, but a previously unappreciated factor
such as local palmitoylation also appears to be an
important determinant of specificity. In fact, we

MOLECULAR MEMBRANE BIOLOGY 71



rationalize that for the PAT and its substrate to be
able to bind (through an interaction motif), they
would need to be in the same subcellular compart-
ment to engage in palmitoylation. In some cases, it
may be that both local palmitoylation and an inter-
action motif are involved in ensuring proper palmitoy-
lation of a substrate by a non-Golgi PAT. Although
interaction motifs like PDZ domains clearly play an
important role for PAT-substrate recognition, such as
zDHHC5 for GRIP1b, we also reviewed examples where
non-PDZ-containing substrates were specifically palmi-
toylated by PATs containing PDZ-binding motifs, such
as zDHHC5 and ankyrin-G, suggesting that interaction
motifs may not always drive PAT-substrate specificity.
Instead, it is worth considering the role of local palmi-
toylation for substrates like ankyrin-G, where palmitoy-
lation by lateral-membrane-localized zDHHC5 and
zDHHC8 are indispensable for ankyrin-G targeting to
lateral membranes of epithelial cells. No other PATs
are able to mediate the palmitoylation and localization
of ankyrin-G in epithelial cells, highlighting that prox-
imity between PATs and substrates within membrane
domains may be an important driver of specificity. A
better understanding of the role of local palmitoyla-
tion for substrate specificity, targeting, and function,
as well as its contributions alongside with or inde-
pendent of interaction motifs, may provide molecular
determinants to more effectively map PAT-substrate
profiles. An outstanding question that stems from the
local palmitoylation hypothesis is how soluble sub-
strates, like ankyrin-G, which do not go through the
Golgi for palmitoylation and only rely on PM palmitoy-
lation to reach the membrane, achieve proximity near
their respective non-Golgi, PM-associated PATs prior to
palmitoylation. Whether these substrates are locally
translated or somehow transported near their PAT
post-translationally is a question that remains to
be answered.
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