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Post-translational modifications (PTMs) such as phosphorylation and
ubiquitination are well-studied events with a recognized importance in
all aspects of cellular function. By contrast, protein S-acylation, although
a widespread PTM with important functions in most physiological systems,
has received far less attention. Perturbations in S-acylation are linked to various
disorders, including intellectual disability, cancer and diabetes, suggesting
that this less-studied modification is likely to be of considerable biological
importance. As an exemplar, in this review, we focus on the newly emerging
links between S-acylation and the hormone insulin. Specifically, we examine
how S-acylation regulates key components of the insulin secretion and
insulin response pathways. The proteins discussed highlight the diverse
array of proteins that are modified by S-acylation, including channels, trans-
porters, receptors and trafficking proteins and also illustrate the diverse
effects that S-acylation has on these proteins, from membrane binding and
micro-localization to regulation of protein sorting and protein interactions.

1. Introduction

S-acylation, the attachment of fatty acyl chains onto cysteine residues, is a
prominent post-translational modification (PTM) affecting a broad and diverse
collection of proteins [1-3]. This modification appears on thousands of eukaryotic
proteins and regulates many aspects of protein biology, including membrane
interaction, intracellular sorting and stability [1-3]. There is no defined consensus
motif for S-acylation, but modified cysteines are typically present adjacent to
other lipid chains (e.g. N-myristoyl or prenyl modifications), within hydrophobic
domains or in membrane-proximal regions of transmembrane proteins. Indeed,
membrane proximity is a fundamental requirement for cysteine S-acylation as
the zDHHC enzymes that mediate this process are all transmembrane proteins
with the catalytic site positioned at the membrane bilayer [4,5].

The study of S-acylation has accelerated over the last decade or so, stimu-
lated to a large extent by methodological breakthroughs. Although traditional
H-palmitate labelling is still an important research tool for the field [6], this
has been complemented by more recently developed techniques including
acyl-biotin exchange (ABE), acyl resin-assisted capture (acyl-RAC) and click
chemistry [2,7-11]. In addition to increased sensitivity, these newer techniques
also support the purification of S-acylated proteins, which has facilitated the
analysis of the S-acylated proteome from a range of different cell and tissue
types, and highlighted the diverse nature of S-acylated proteins [12,13].

S-acylation is distinguished from other lipid modifications of proteins, such as N-
myristoylation, prenylation and glypiation due to its reversibility [13,14]. Dynamic
S-acylation is regulated by the opposing activities of acyltransferase and thioesterase
enzymes. S-acyltransferases belong to the ZDHHC enzyme family and there are 23
distinct ZDHHC genes in humans encoding polytopic membrane proteins that con-
tain a conserved 51-amino acid cysteine-rich domain (CRD) within which there is a
highly conserved aspartate-histidine-histidine—cysteine (DHHC) motif [15-18].
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Table 1. S-acylated proteins in B-cells and insulin-responsive cells. The table highlights whether the proteins are TM (transmembrane) or soluble, the likely [JEI}

S-acylated cysteines, and the major zDHHC and thioesterase enzymes that are thought to control their S-acylation.

protein name protein type modified cysteines
Kir6.2 ™ (166
B2a soluble G, ¢
BK o subunit ™

S0-51 (53, (56

STREX (645, (646
GLP-1R ™ (438
SNAP25 soluble (85, (88, (90, (92
Syt-7 ™ (35, (38, (41
(lipR-59 soluble (534, (535
SNAP23 soluble (79, (80, (83, (85, (87
sortilin ™ (783
GLUT4 ™ Q2
IRAP ™ (103, (114

This DHHC tetrapeptide is the catalytic site of ZDHHC enzymes
and the cysteine residue reacts with acyl-CoA in the first step of
the enzymatic process to form an S-acylated intermediate,
which is followed by transfer of the acyl chain to a cysteine in
the substrate protein [19,20]; the first step in the reaction is com-
monly referred to as ‘autoacylation’ and the autoacylation
status of ZDHHC enzymes is often used as a proxy for enzyme
activity. Deacylation is also an enzyme-mediated process, and
the acyl protein thioesterases APT1 (encoded by the LYPLAI
gene) and APT2 (LYPLA?) are the best-characterized deacylation
enzymes [21], although more recent work has shown that mem-
bers of the ABHD family also mediate protein deacylation [22,23].
S-acylation turnover rates vary dramatically, with some proteins
displaying t;, values in the order of a few minutes and other
proteins displaying no detectable turnover during their lifetime,
presumably reflecting that they are not recognized by, or
accessible to, thioesterase enzymes [13].

The importance of S-acylation is underscored by the fact that
this PTM is essential for the functions of most physiological sys-
tems, and defects in the process are linked to many human
pathologies, including cancer, neurological disorders and dia-
betes [2]. In this review, we focus on the function of S-acylation
within the endocrine system, and specifically on its potential
role in insulin secretion from pancreatic B-cells and insulin
action in adipocytes and skeletal muscle. Our discussion
includes studies on S-acylation in other cell types where it can
potentially inform on processes occurring in p-cells and insu-
lin-responsive tissues. The main proteins that are discussed in
the review and their key properties are summarized in table 1.

2. Insulin secretion

Insulin is the most important hormone regulating glucose
metabolism in the body. Insulin is produced by B-cells in the pan-
creas, initially in the form of preproinsulin, which is translocated
across the membrane of the endoplasmic reticulum during its
biosynthesis [24]. Following cleavage of the signal peptide
(pre sequence), proinsulin begins its journey through the
secretory pathway and during this process is cleaved to generate
insulin (A and B chain joined by disulfide bonds) and

main zDHHC enzyme

thioesterase enzyme

ND APT1/2

ND ND
zDHH(23 APT1, Lyplall
ZDHHCT7 ABHD17a/c
ND ND
ZDHHCT7 ND

ND ND
zDHHCT7 ND
ZDHHCT7 ND

ND ND
ZDHH(7 ND

ND ND

C-peptide. Insulin is stored in a Zn**-stabilized hexameric state
in secretory granules that form at the Golgi. These granules
undergo fusion with the plasma membrane (or ‘exocytosis’) pri-
marily in response to a rise in the level of glucose in the blood
[24,25] (summarized in figure 1). Glucose-stimulated insulin
secretion occurs as a result of changes in metabolism and ion
fluxes in the p-cells. Specifically, increased glucose entry through
GLUT?2 leads to increased glucose phosphorylation by glucoki-
nase and a consequent rise in the ATP : ADP ratio as a result of
enhanced flux through glycolysis and the TCA cycle. This rise
in ATP: ADP causes the closure of ATP-gated potassium chan-
nels (K rp—see below). Decreased efflux of K* from the B-cells
contributes to membrane depolarization and the opening of vol-
tage-gated Ca* channels, the activity of which is also controlled
by other ion fluxes controlling membrane potential. The result-
ing Ca®* influx stimulates SNARE protein-dependent fusion of
insulin granules with the plasma membrane and secretion of
insulin from the B-cell [25]. Insulin secretion occurs in two
phases: the first phase has been proposed to occur due to the
rapid exocytosis of a ‘readily-releasable’ pool of granules,
whereas the second-phase insulin secretion may reflect the
recruitment of ‘newcomer’ granules to the membrane and their
subsequent exocytosis [25]. Several SNARE proteins are
involved in insulin granule exocytosis including syntaxin 1
and SNAP25 (plasma membrane SNARESs), and vesicle-associ-
ated membrane protein-2 (VAMP-2) on the insulin granule
membrane [25]. Additional SNAREs appear to function in gran-
ule exocytosis that contributes to second-phase insulin secretion,
including syntaxin-3/-4 and VAMPS [25]. Calcium-secretion
coupling involves members of the synaptotagmin protein
family, in particular synaptotagmin-7 [26] and synaptotagmin-
9125,27,28]. Many key proteins in insulin biosynthesis/secretion
are S-acylated and thus represent potential regulatory sites
(figure 2). Below, we explore some examples.

2.1. S-acylation and requlation of ion channels
controlling B-cell physiology and insulin secretion

S-acylation is a major determinant in the control of a diverse array
of ion channels [2]— from assembly through trafficking to the
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Figure 1. Glucose-stimulated insulin secretion in pancreatic B-cells. The steps in the pathway are indicated in the figure (steps 1-7).
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Figure 2. S-acylation of components of the glucose-stimulated insulin secretion pathway. The figure summarizes the key effects of S-acylation on mediating mem-
brane binding, trafficking and channel gating and modulation. S-acylation has also been suggested to mediate the association of SNAP25 with lipid rafts [29,30] and
although there is no evidence linking S-acylation and raft association of channels in B-cells, we speculate that S-acylated components of the insulin secretion

pathway might co-localize in defined microdomains to enhance the efficiency of signalling. VGCC, voltage-gated Ca®* channel.

plasma membrane and regulation of channel gating and modu-
lation by intracellular signalling cascades. While the full array of
ion channels that are S-acylated in p-cells remains to be deter-
mined, channels important for control of B-cell physiology and
insulin secretion, including Karp, voltage-gated Ca®* channels
and large conductance calcium- and voltage- activated (BK)
channels, are potently regulated by S-acylation (figure 2).

2.1.1. S-acylation of Kir6.2 affects Kurp channel activity

Functional Karp channels consists of four Kir6.x subunits,
which assemble together with 4 SUR subunits, and in

pancreatic B-cells these channels are composed of Kir6.2
and SURI1 subunits. A recent study using ABE assays on co-
transfected HEK293 cells suggested that Kir6.2 (but not
SUR1) is modified by S-acylation [31]. Similar experiments
performed in rat cardiomyocytes confirmed the S-acylation
of Kir6.2 and showed that this modification was enhanced
following incubation of the cells with either palmitate or a
combination of ML348 and ML349, selective inhibitors of
the thioesterases APT1 and APT2, respectively [31]. Electro-
physiological recordings of inside-out membrane patches
showed that treatment with palmitate or ML348/MIL349
promoted an increase in mean patch current and open time
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and decreased sensitivity to ATP; these effects were seen for
endogenous channels in rat cardiomyocytes and INS1 pan-
creatic B-cells, and in HEK293 cells transfected with Kir6.2
together with SURT or SUR2A [31]. Assuming that the effect
of these treatments reflects changes in the S-acylation of
Kir6.2, it is likely that S-acylation regulates the gating or the
modulation of K xrp activity as cell surface levels of the channel
were unaffected [31] (figure 2). Indeed, further analysis
suggested that palmitate and ML348/ML349 destabilized
the closed state of the channel and increased sensitivity
to phosphatidylinositol 4,5-bisphosphate (PIP2), which
promotes the channel transition from closed to open state [31].

Mutational analysis identified cysteine-166, which sits at
the cytosol-membrane interface, as one potential S-acylation
site in Kir6.2 [31]. Indeed, a Kir6.2 mutant with a cysteine-
166 to valine substitution did not exhibit changes in either
S-acylation or activity following cell treatment with palmi-
tate or ML348/ML349 [31]. Although the function and/or
localization of transmembrane proteins is often affected by
S-acylation, in most cases the mechanisms underlying the regu-
latory effects of this modification have not been defined. For
Kir6.2, structural modelling suggested that the S-acyl chain
attached to cysteine-166 on one monomer could form contact
with PIP2 that is associated with another Kir6.2 monomer,
altering the packing of transmembrane helices and increasing
the open state of the channel [31], and thus providing an
explanation for the observed functional effects of palmitate
and ML348/ML349 on Karp activity. The proposed effects of
S-acylation on cysteine-166 on channel open state probability
would be likely to inhibit insulin secretion, which requires
Karp closure to mediate membrane depolarization, and it
will be important to test this prediction in future work.

In addition to altering membrane packing of channel
helices, S-acylation might exert additional regulatory effects
on the Karp channel. Indeed, it is interesting to note
that although the C166 V mutant did not show enhanced
S-acylation in response to either palmitate or ML348/ML349,
the mutant channel was still S-acylated [31]. This suggests
that there may be additional (non-dynamic) S-acylated
cysteines in Kir6.2, which might exert other effects, for example,
on channel trafficking and micro-localization at the plasma
membrane. The modelling analysis performed by Yang et al.
[31] highlighted the potential interaction of the S-acyl chain
attached to cysteine-166 with PIP2 present on a different chan-
nel subunit. Similarly, the S-acyl chains (either at cysteine-166 or
other sites in the channel) might also mediate specific inter-
actions with membrane lipids, which could alter membrane
micro-localization, and this will be interesting to explore in
future work. Effects of S-acylation on protein interaction with
cholesterol-rich lipid-ordered domains at the plasma membrane
have been documented for a number of transmembrane pro-
teins, including the sodium—calcium exchanger NCX1, which
displays S-acylation-dependent accumulation in lipid-ordered
domains that is linked to transporter function [32].

A central aspect of the analysis of Kir6.2 cysteine-166
S-acylation is its sensitivity to cell treatment with palmitate
and ML348/ML349. To understand the importance of
S-acylation at this site for B-cell function it will therefore be
important to characterize the dynamic nature of cysteine-166
S-acylation and how, for example, it responds to glucose signal-
ling. Similarly, quantitative analysis of Karp S-acylation will
also be important to determine what fraction of the channel
is modified at this cysteine under steady-state conditions.

Analysis of the presence of S-acylation at other sites in Karp [ 4 |

will also be important to begin to support a comprehensive
analysis of the wider effects of S-acylation on Kurp biology.
Other key questions include the following. (i) Is APT1/APT2
activity sensitive to glucose signalling or other metabolic
changes that occur in B-cells? In this regard, it is interesting to
note that APT1 activity was reported to be downregulated in
human umbilical vein endothelial cells in hyperglycaemic con-
ditions and also in endothelial cells in db/db mice, which
display morbid obesity and chronic hyperglycaemia [33].
Thus, chronic hyperglycaemic conditions might mimic
ML348/ML349 treatment by blocking APT1 function, thereby
promoting enhanced S-acylation of K xrp and leading to defects
in insulin secretion. (ii) Are channel S-acylation kinetics
affected in type 2 diabetes, either through changes in APT1/
APT?2 (see above) or via changes in zZDHHC enzyme activity?
Here, it is also interesting to note that specific substrate recruit-
ment to zDHHCS is regulated by GlcNAcylation of this
enzyme [34], which is of interest given that this PTM has
been linked hyperglycaemia [35]. (iii) Does this modification
affect sensitivity to sulfonylureas? Indeed, it is interesting to
note that mutations at cysteine-166 are associated with neo-
natal diabetes further highlighting the potential clinical
relevance of Karp S-acylation [36].

2.1.2. S-acylation affects the trafficking, activity and modulation
of voltage-gated Ca®* channels

Modulation of Karp activity by ATP leads to membrane
depolarization and the opening of voltage-gated Ca* channels
on the B-cell membrane, providing a cytosolic Ca** signal that
stimulates insulin granule exocytosis. Different classes of vol-
tage-gated Ca®" channels have been implicated in insulin
secretion. In mice, B-cell-specific depletion of the o;C pore-
forming subunit of Ca,1.2 L-type channels had a major effect
on glucose-stimulated first-phase insulin secretion in vivo
[37]. Human B-cells, on the other hand, appear to have a
more prominent role of P/Q (Ca,2.1) channels, which work
in concert with L-type and T-type (Ca,3) channels to promote
glucose-stimulated insulin secretion [38].

Functional voltage-gated Ca”®* channels consist of
hetero-oligomeric assemblies of the pore-forming a; subunit
together with the auxiliary B, a8 and y subunits [39]. The B
subunits are encoded by four different genes (CACNBI-
CACNB4) and the B2, subunit is unique in undergoing
S-acylation on two N-terminal cysteine residues (cysteine-3
and cysteine-4) [40]. The B2 subunit has been shown to be
highly expressed in human islets and two of the most abun-
dant transcripts corresponded to 2, [41]. Comparison of the
localization of wild-type and a cysteine-to-serine mutant
(C3S/C4S) of p2, in rat INS-1 B-cells highlighted the impor-
tance of S-acylation for plasma membrane targeting [41,42].
Furthermore, plasma membrane localization of the Ca,1.2
0,C subunit was also increased when co-expressed in COS-1
cells with wild-type B2a, compared with the S-acylation-null
mutant [41] (figure 2).

In addition to effects on membrane targeting, S-acylation
of the B2, subunit has also been reported to impact the
activity and modulation of different voltage-gated Ca** chan-
nels (figure 2). In the first study reporting S-acylation of B2,,
the electrophysiological analysis suggested that mutation of
the S-acylation sites led to a reduction in current carried by
04C in co-transfected tsA201 cells [40]. This occurred without



changes in charge movement, which suggested that similar
amounts of the channel were expressed at the plasma mem-
brane [40] (although it is unclear how this relates to the
subsequent observation of reduced plasma membrane target-
ing of the B2, S-acylation mutant [42]). The functional impact
of B2, S-acylation was further highlighted by a subsequent
study which suggested that all electrophysiological features
of B2, that distinguish this protein from the other p subunits
when expressed in Xenopus oocytes are lost when the S-acyla-
tion sites are mutated [43]. For example, a cysteine mutant
form of B2,, in contrast to the wild-type protein, was able
to support pre-pulse facilitation of a;C currents to a similar
level as other B subunits [43].

What are the mechanisms underlying the effects of
B2, S-acylation on functional properties of Ca** channels
(beyond membrane targeting)? Some potential insight into
this question came from studies investigating the modulation
of N-type (Ca,2.2) channels by Gg-coupled G protein-
coupled receptors (GqPCRs). There are several mechanisms
that have been proposed to underpin the slow modulation
of voltage-gated Ca®" channels by GqPCR activation, includ-
ing lipid modulation as a result of reduced PIP2 levels and/
or increased levels of arachidonic acid (AA). By using either
GqPCR agonists or direct application of AA to HEK-M1
cells, it was shown that the type of modulation (enhancement
or inhibition) elicited on N-type channels was dependent on
the specific p subunit that was present [44]. For all B subunits
other than B2,, channels were inhibited, whereas with p2, the
current was enhanced [44]. This difference was linked to
S-acylation of B2, because mutation of the S-acylation sites
switched channel enhancement to channel inhibition [44].
To explain these effects, the authors proposed that AA
(released following the actions of PLA;) binds to an inhibi-
tory site on the N-type channels and that access to this site
is blocked (or occupied) by S-acyl chains on the B2, subunit
[44]. In support of this model, deletion of two amino acids
in the o4B pore-forming subunit of N-type calcium channels
that alters the orientation of the o and p subunits with respect
to each other led to the S-acylated B2, subunit showing a
similar inhibitory effect as the other B subunits [44]. This
experiment supports the idea that the exact position of the
S-acyl chains in the Ca®* channel complex is important to
exert the unique regulatory effects of B2,. Another study
showed that mutation of the S-acylation sites in B2, increased
N-type Ca®* channel inhibition following PIP2 depletion
in HEK293 tsA-201 cell line, further showing a link bet-
ween S-acylation and lipid-mediated, voltage-independent
modulation of Ca®* channel activity [45]. These experiments
highlight a possible direct role for B2, S-acylation in regulat-
ing the activity of voltage-gated Ca®* channels via direct
interaction with regulatory sites in the o subunit.

The effects of B2, S-acylation on GqPCR regulation of Cav2.2
were also shown to extend to the voltage-dependent modulation
by GBy, this time with the B2, subunit-containing channels dis-
playing more pronounced inhibition than channels containing
B2y, B3 or a B2, mutant with substitution of the S-acylated
cysteines [46]. In addition to highlighting mechanisms under-
pinning cross-signalling between GPCRs and Ca®* channels
that might be relevant to B-cell function and insulin secretion,
these studies are interesting because they highlight the potential
of S-acylation of one subunit to modify the function of another
subunit within a protein complex via direct interactions with
modulatory domains. Indeed, this is reminiscent of the proposal

that S-acyl chains on one Kir6.2 subunit can interact with PIP2 [ 5 |

bound to another Kir6.2 subunit in the Karp channel complex
(see the section above on Kurp). Collectively, the existing data
on B2, subunit S-acylation highlight the importance of this
modification for trafficking of the subunit to the plasma
membrane, co-trafficking of the pore-forming subunit and
regulation/modulation of channel activity. Progress in this
area requires a detailed assessment of B2, subunit S-acylation
dynamics in B-cells and how manipulation of S-acylation affects
channel activity in this cell type. As with Krp, it will be interest-
ing to explore the potential effects of S-acylation on membrane
micro-localization of the B2, subunit and the Ca®* channel com-
plex. An intriguing possibility is that S-acylation of the Kxrpand
voltage-gated Ca?* channels promotes functional coupling of
these ion channels at the plasma membrane (figure 2).

2.1.3. BK channels are requlated by S-acylation and also play an
important role in glucose-stimulated insulin secretion

As glucose-induced insulin release is mediated through
changes in the electrical excitability of pancreatic B-cells,
mechanisms that control action potential amplitude and
repolarization are important determinants of calcium influx
and insulin exocytosis. In both human and mouse B-cells,
action potential amplitude and repolarization are regulated
by large conductance voltage- and calcium-activated (BK)
potassium channels [38,47-50]. BK channels are potent
determinants in regulating voltage-gated Ca®* influx and
exocytosis in many cell types; indeed, acute pharmacological
inhibition of BK channels has been reported to increase glu-
cose-stimulated insulin secretion in both human and mouse
islets [38,47,48]. It may thus seem surprising that mice with a
global genetic deletion of BK channels (BK™/") display
reduced, rather than improved, glucose tolerance [51]. Further-
more, although insulin secretion at basal glucose levels was
unaffected, at higher glucose concentrations (greater than
10 mmol 1I™") there was a reduced insulin release in isolated
islets from (BK™/7) mice [51]. However, genetic loss of BK
channels, or long-term pharmacological inhibition of BK chan-
nels, also results in significantly reduced p-cell viability and
increased susceptibility to oxidative stress and increased apop-
tosis [51]. Taken together, this may indicate BK channel activity
plays a dual role: in the short term (by allowing more Ca**-
entry) reduced BK channel activity stimulates insulin secretion
[38,47,48]; in the longer term, it leads to B-cell exhaustion and
B-cell death [51]. Thus, mechanisms that control either (i) the
number of functional BK channels or (ii) the intrinsic BK chan-
nel activity or regulation at the plasma membrane are likely to
be critical determinants of pancreatic -cell function.
S-acylation controls the trafficking, properties and regula-
tion of BK channels via multifactorial mechanisms through
S-acylation of both the pore-forming a-subunit as well as
regulatory subunits [52]. The pore-forming a-subunit of BK
channels, encoded by the single gene KCNMALI, is S-acylated
at two different sites with distinct functional consequences
(figure 2). Firstly, a conserved cluster of cysteine residues
(Cys 53 and Cys 56 in mouse [53-55]) in the intracellular
linker between transmembrane segments S0-S1 can control
cell surface delivery of BK channels as well as the interaction
with regulatory B-subunits [53-55]. S-acylation of the S0-S1
site by zZDHHC23 is required for efficient forward trafficking
of the pore-forming subunit alone to the plasma membrane.
Indeed, genetic knockdown of zDHHC23, or site-directed



mutagenesis of Cys53:56 to alanine results in reduced cell
surface expression and enhanced retention of the a-subunit
in the endoplasmic reticulum [53-55]. The S0-S1 site is de-
acylated by the thioesterases APT1 (Lyplal) and the related
APT1-like thioesterase (Lyplall) resulting in enhanced reten-
tion in the frans Golgi network [55,56]. Lyplall has been
associated with type 2 diabetes [57] including through use
of first-phase insulin secretion as a marker to identify candi-
date interacting SNPs [58]. BK channels that are de-acylated
in the S0-S1 loop also display reduced lateral mobility in
the plasma membrane [59] but do not affect the intrinsic cal-
cium- and voltage sensitivity of the channel encoded by the
a-subunit alone [54]. However, additional complexity arises
as in many tissues, including pancreas, BK channels assemble
with regulatory p-subunits and thus the functional outcome
of S0-S1 S-acylation in pancreatic B-cells is not known. For
example, assembly of the o-subunit with the Bl-subunit,
that is highly expressed in vascular smooth muscle cells,
overrides the deficit in cell surface delivery of the de-acylated
a-subunit but reduces the functional coupling between o- and
p1-subunit. Thus, while BK channels are efficiently delivered to
the cell surface, their activity is reduced as the normal effect of
the Bl-subunit to shift the voltage for half-maximal activity into
the more physiological range of negative potentials is attenu-
ated when the S0-S1 loop is de-acylated [53]. In addition,
the regulatory p4 subunit that is expressed in many endo-
crine tissue including the pancreas is itself S-acylated and the
S-acylated p4-subunit can enhance cell surface expression of
a-subunits by facilitating ER exit [60]. The role of S-acylation
in controlling BK channel properties determined by other
regulatory B or y-subunits is not known. For example, both
mouse and human B-cells display BK currents that show
rapid inactivation [38,47] that may result from assembly with
regulatory p2-subunits [61] and/or one of the recently ident-
ified members of the y-subunit family, LINGO1 [62]. An
important question that remains to be resolved is the molecular
composition of BK channels in pancreatic p-cells and the
extent to which the S0-S1 site and regulatory subunits may
be dynamically S-acylated.

Secondly, the o-subunit may also be S-acylated in an alter-
natively spliced insert encoded by the stress regulated exon
(STREX) located in the C-terminus of the channel between
the two RCK domains. Based on single-cell qRT-PCR analysis
the STREX splice variant appears to be the dominant splice var-
iant expressed in murine pancreatic p-cells [51] and is also
expressed in the human pancreas. The BK channel o-subunit
that lacks the STREX insert (ZERO variant) is also expressed
at lower levels in mouse B-cells; however, the relative contri-
bution of these different variants to B-cell physiology is
unknown [51]. An siRNA-based screen revealed the STREX
insert is S-acylated by multiple zDHHCs including the
plasma membrane localized zDHHC5 and Golgi located
zDHHC17, with zDHHC17 being the major z-DHHC control-
ling the STREX domain in HEK293 cells [63,64]. Conversely,
STREX is almost exclusively de-acylated by the plasma mem-
brane localized thioesterase ABHD17a (also by ABHD17¢ but
not the related ABHD17b) [56]. Thus, STREX is S-acylated
and de-acylated by distinct enzymes compared to those that
control S-acylation of the conserved S0-S1 domain. STREX is
S-acylated at a dicysteine motif (cysteine-645 and cysteine-646
in mouse) that allows the STREX domain to interact with the
plasma membrane. This S-acylation-dependent membrane
association is important for the enhanced apparent calcium

sensitivity of the STREX splice variant, compared to splice var- [ 6 |

iants that lack the STREX insert [63,64]. Importantly, STREX
variant channels are implicated in the control of action poten-
tial regulation and electrical bursting behaviour in a number
of endocrine cell types, including in the pituitary and adrenal
glands [65,66]. S-acylation of STREX has no effect on surface
delivery of BK channels but importantly determines the regu-
lation of BK channels by the AGC family of protein kinases
[63,67]. S-acylation of the STREX variant of BK channels is
required for protein kinase A (PKA) dependent inhibition of
the channel (in contrast to ZERO variant channels, which
lack STREX and are typically activated by PKA phosphoryl-
ation) [63,67]. Conversely, S-acylated STREX variants are
resistant to inhibition by protein kinase C (PKC) dependent
phosphorylation, whereas deacylation of the STREX domain
prevents PKA-mediated inhibition but now allows PKC depen-
dent inhibition [63,67]. Thus, the S-acylation status of STREX
acts as a switch to determine the direction of BK channel
regulation by the PKA and PKC signalling cascades. Thus,
activation of these important signalling pathways in B-cells
may differentially regulate BK channel activity depending on
the S-acylation status of the STREX insert. Intriguingly, the
major S-acylating and deacylating enzymes of the STREX
domain, zDHHC17 and ABHD17a, respectively, have both
been linked to control of B-cell function. RNAi mediated
knockdown of zDHHC17 or suppression of expression by
cytokine-mediated miR146a expression in mouse p-cells [68]
results in a similar phenotype to long-term BK channel loss
of function including attenuated glucose-stimulated insulin
secretion and apoptotic cell death [6]. Conversely, male mice
with genetic deletion of ABHD17a and ABHD17¢, but not
ABHD17b, are reported to have improved glucose tolerance
and males lacking ABHD17a also have decreased circulating
insulin levels (mousephenotype.org). Thus S-acylation-
dependent control of STREX variant function in B cells may
be an important determinant controlling electrical excitability
and insulin secretion.

Clearly understanding the role of S-acylation in control-
ling Krp, voltage-gated Ca®" channels and BK channels, as
well as other ion channels that control B-cell physiology in
both short and long-term control of insulin secretion and
B-cell viability is warranted.

A wide range of different GPCRs are expressed in pancreatic
islets and activation of many of these receptors can impact
insulin secretion [69]. There is a substantial literature from
diverse cell types on functional effects of S-acylation on a var-
iety of different GPCRs. As an exemplar of GPCR S-acylation
relevant to insulin secretion, we focus here on recent work
on the GLP-1 receptor (GLP-1R). This receptor is activated
by glucagon-like peptide 1 (GLP-1), an incretin hormone
released by L cells in the small intestine following a nutrient
load. Activation of the GLP-1R augments glucose-stimulated
insulin secretion, and GLP-1 mimetics and dipeptidyl pepti-
dase-4 inhibitors (which block degradation of GLP-1) are
used in the treatment of type 2 diabetes [70,71].

GLP-1R is internalized via endocytosis following agonist
stimulation and this process is important for the effects of
GLP-1 on insulin secretion. Recent work showed that the
distribution of GLP-1R at the plasma membrane is regulated
by S-acylation [72]. Following agonist binding, GLP-1R



displayed increased clustering as visualized by both EM /immu-
nogold labelling with nearest neighbour analysis and super-
resolution microscopy in MIN6B1 B-cells [72]. Furthermore,
FRET measurements between fluorescently labelled receptor
and the membrane probe NR12S, which undergoes blue-shifted
emission when present in liquid-ordered membranes, suggested
that this clustering occurs in (cholesterol-rich) lipid-ordered
domains [72]. Cholesterol depletion experiments, although lack-
ing in selectivity, suggested that GLP-1R endocytosis was linked
to its movement into these domains [72]. Importantly, agonist-
induced movement of GLP-1R was shown to correlate with its
increased S-acylation in MIN6B cells [72]. Furthermore, a con-
nection between S-acylation and receptor localization was
demonstrated through alanine substitution of the main S-acyla-
tion site in the receptor (cysteine-438), which led to delayed or
perturbed agonist-induced receptor clustering and internaliz-
ation, and a decrease in cAMP production, highlighting the
functional importance of S-acylation for GLP-1R signalling
[72]. Indeed, the C438 A mutant supported less insulin secretion
than the wild-type GLP-1R [72]. This exemplar highlights func-
tional regulation by S-acylation of a key GPCR expressed in
p-cells and how this PTM can affect receptor dynamics and
micro-localization at the plasma membrane. Given the large
number of GPCRs that can impact insulin signalling, the
functional impact of S-acylation on this family of proteins is
likely to have a diverse array of effects on insulin secretion in
pancreatic B-cells [73].

2.3. S-acylation of the insulin granule exocytosis
machinery

S-acylation also impacts proteins that are components of
the insulin secretion machinery downstream of Ca®* entry.
Plasma membrane association of the soluble SNARE protein
SNAP-25 in the HIT hamster p-cell line was blocked by substi-
tution of a quartet of S-acylated cysteines in a central CRD [74]
(figure 2). The functional importance of S-acylation was
revealed in experiments comparing the ability of toxin-
resistant wild-type and cysteine mutant SNAP25 to rescue
Ca**-stimulated secretion of human C-peptide in HIT cells trea-
ted with botulinum neurotoxin E (which cleaves endogenous
SNAP25) [74]. The quadruple cysteine-to-alanine mutant of
SNAP25 was only able to support approximately 10% of the
C-peptide secretion supported by SNAP-25 with an intact
CRD [74]. Several Golgi-localized zDHHC enzymes have been
shown to modify SNAP25, with a particularly prominent role
for zDHHC17, which interacts with a conserved substrate recog-
nition motif downstream of the S-acylated cysteines in SNAP25
[75-78]. In addition to regulating SNAP25 localization at the
p-cell plasma membrane, S-acylation of SNAP25 is likely to
have additional regulatory effects as studies in PC12 cells
suggested that the extent of S-acylation impacts membrane
micro-localization, plasma membrane-endosomal cycling and
exocytotic activity of this SNARE protein [29,30,79]. The poten-
tial impact of S-acylation on the association of this SNARE
protein with lipid-ordered domains is intriguing as S-acylation
might therefore provide a means to functionally cluster Karp,
voltage-gated Ca®" channels and the insulin granule fusion
machinery within defined plasma membrane domains to
enhance the efficiency of stimulus-secretion coupling.

The Ca”" sensor synaptotagmin-7 (syt-7) is a type I mem-
brane protein localized to insulin granules that is important
for calcium-secretion coupling [26]. Syt-7 is S-acylated on

three cysteine residues present in the TMD (cytosolic side) [ 7 |

and juxtamembrane region [80]. Although it is unclear how
S-acylation affects syt-7 in B-cells, work in other cell systems
has highlighted the importance of these lipid modifications
for intracellular sorting of syt-7. Outside of its function in
B-cell exocytosis, syt-7 has been implicated in lysosomal exocy-
tosis, a process that is important for plasma membrane repair
and for the uptake of particles by phagocytosis in macrophages
[81]. Experiments performed in bone marrow macrophages
from syt-7 knockout mice demonstrated that cysteine-to-
serine substitutions at the three S-acylation sites perturbed the
ability of syt-7 to rescue phagocytosis of zymosan particles in
these syt-7 null cells [82]. This loss of activity correlated with
mis-localization of the S-acylation-null mutant of syt-7 in a
galactosyltransferase 1-positive Golgi compartment and loss
of lysosomal targeting [82]. How does S-acylation regulate sort-
ing of syt-7 from the Golgi to lysosomes? A clue to this question
came from the observation that mis-localization of the lysoso-
mal tetraspanin CD63 (by disruption of a tyrosine-based
sorting signal) also caused mis-localization of co-expressed
syt-7. In this case, both the CD63 mutant and co-expressed
syt-7 were routed to the plasma membrane, implying that
CD63 regulates syt-7 sorting [82]. In support of this, the two
proteins were shown to co-immunoprecipitate from cells and
siRNA-mediated depletion of CD63 led to the accumulation
of syt-7 in the Golgi [82]. Thus, S-acylation of syt-7 appears to
promote either association with CD63 directly or indirectly
(e.g. via scaffold proteins or recruitment into CD63 microdo-
mains) to mediate the sorting of syt-7 to the lysosomal
compartment. These analyses in bone marrow macrophages
show that S-acylation of syt-7 is essential to allow it to exit the
Golgi, and it is possible, therefore, that post-Golgi sorting of
syt-7 in B-cells also depends on S-acylation. In this case, it will
be interesting to identify B-cell proteins that sort syt-7 into insu-
lin granules and also to understand how syt-7 evades CD63 to
prevent excessive routing to lysosomes in this cell type.

2.4. S-acylation of proteins involved in glucose-
stimulated insulin secretion highlights a broad
range of requlatory effects of this post-
translational modification

S-acylation exerts a variety of regulatory effects on modified
proteins, many of which are exemplified in the above analysis
of the glucose-stimulated insulin secretion pathway. The
examples given describe the potential roles of S-acylation in
promoting membrane binding, intracellular sorting, lateral
segregation (and possible co-segregation) in membranes and
protein—protein interactions (see summary in figure 2). The
challenge now is to develop a more comprehensive understand-
ing of how the components of this pathway are modified and
regulated within their native environment and how S-acylation
contributes to the overall efficiency and integration of glucose-
stimulated insulin secretion within the wider p-cell physiology.

3. Insulin signalling and GLUT4 vesicle
exocytosis

Following its release from pancreatic B-cells, insulin has wide-
ranging effects on metabolism [83]. Three key targets of
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does S-acylation regulate caveolar
association and endocytosis of IR?

does S-acylation co-cluster
components of the insulin
signalling (e.g. IR, ClipR59) and
IRV fusion (e.g. SNARESs)
pathways in raft-type domains?

syntaxin 4

‘ SNAP23

S-acylation mediates
membrane association
of SNAP23 and ClipR59

Figure 3. S-acylation of components of the insulin signalling and IRV exocytosis pathways. S-acylation mediates plasma membrane association of the SNARE protein
SNAP23 and ClipR59, which recruits phosphorylated (and active) PKB to the plasma membrane to enhance phosphorylation of key downstream targets such as
AS160, thus facilitating insulin-stimulated IRV fusion with the plasma membrane. The effects of S-acylation on the insulin receptor (IR) are not known but we
speculate that it may mediate association with caveolae to regulate IR endocytosis and lipid rafts to allow the coupling to other components of the insulin-stimu-

lated IRV exocytosis pathway such as SNAP23.

insulin action are hepatocytes, skeletal muscle and adipose
tissue. Hepatocytes respond to increased levels of circulating
insulin by repressing glucose producing pathways (gluconeo-
genesis and glycogen breakdown) and enhancing glycogen
biosynthesis. Skeletal muscle and adipocytes increase their
capacity for glucose uptake many-fold by moving the
GLUT4 glucose transporter protein from an intracellular sto-
rage depot to the cell surface. Enhanced glucose uptake as a
result of this redistribution of GLUT4 to the cell surface is fol-
lowed by increased glycogen and triglyceride biosynthesis in
skeletal muscle and adipocytes, respectively [83].

The physiological responses of hepatocytes, skeletal muscle
and adipocytes to increased insulin levels are linked to the acti-
vation of an intracellular signalling cascade that involves the
conversion of PIP2 to phosphatidylinositol 3,4,5-trisphosphate
(PIP3) in the inner leaflet of the plasma membrane and the sub-
sequent recruitment and activation of phosphoinositide-
dependent kinase I (PDK1) [84]. PDK1 activity is required for
the phosphorylation and activation of protein kinase B (PKB),
which plays a central role in driving downstream effects
on metabolic processes in these cells. The phosphorylation of
AS160 by PKB is thought to represent a key step in the insulin-
dependent translocation and SNARE-dependent fusion of insu-
lin-responsive vesicles (IRVs) containing GLUT4 with the
plasma membrane [85] (see figure 3). Our discussion will focus
on the effects of S-acylation on the insulin signalling pathway
leading to IRV exocytosis and on the sorting of the transporter
into the specialized GLUT4 storage compartment (GSC).

3.1. Phosphoinositide-dependent insulin signalling
pathway

Our discussion of the insulin response pathway begins with
the insulin receptor, which was reported to undergo S-

acylation over 30 years ago [86]. Studies in the HepG2
human hepatoma cell line demonstrated that the p subunit
incorporates radiolabel via a thioester linkage in cells incu-
bated with *H palmitic acid [86]. The modification was
stable, sensitive to a protein synthesis inhibitor (emetine)
and was also detected on the off precursor of the mature insu-
lin receptor [86]. These findings suggest that S-acylation of
the receptor occurs in the early secretory pathway (endoplas-
mic reticulum/Golgi) during biosynthesis of the receptor
[87], and that once at the plasma membrane there is no
further turnover of S-acylation in HepG2 cells. The role that
S-acylation plays in insulin receptor function is currently
unknown; however, studies on S-acylation of the EGF recep-
tor have identified effects of this modification on the
signalling activities of the receptor, for example by switching
receptor activity between PI3 K and MAPK signalling arms in
the presence of oncogenic K-Ras [88]. Thus, S-acylation might
also affect the signalling properties of the insulin receptor or
its biosynthetic trafficking to the plasma membrane (figure 3).
Another possibility is that S-acylation could also alter the
microlocalization of the insulin receptor (figure 3), which
could affect both the function and localization of the receptor.
Indeed, there are reports that the receptor localizes to caveo-
lae, cholesterol-rich domains at the plasma membrane, and
that this is linked to endocytosis of the receptor [89]. Thus,
it will be interesting to examine if S-acylation increases
the preference of the insulin receptor for a lipid-ordered
membrane environment and if this contributes to caveolar
association [90]. As a starting point, the relative association
of wild-type and S-acylation-null receptor with ordered and
disordered domains in giant plasma membrane vesicles
could be assessed [32].

There is no evidence that S-acylation occurs on the key
components of the classical PI3-kinase-dependent signalling
pathway downstream of the insulin receptor (i.e. insulin
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receptor substrate proteins, phosphoinositide 3-kinase, PDK1
or PKB). However, it has been shown that PKB signalling is
affected by S-acylation of the regulatory protein ClipR-59
[91]. ClipR-59 was shown to interact with the kinase
domain of PKB in a yeast 2-hybrid screen [91]. Further analy-
sis of ClipR-59 uncovered an important role in recruitment of
activated PKB to the plasma membrane and downstream sig-
nalling events in 3T3-L1 adipocytes. Knockdown of ClipR-59
reduced recruitment of activated (threonine-308 and serine-
473 phosphorylated) PKB to the plasma membrane following
insulin stimulation without affecting overall cellular PKB
phosphorylation [91]. Indeed, ClipR-59 was suggested to
interact selectively with phosphorylated PKB and alanine
substitution of threonine-308 and serine-473 blocked ClipR-
59-dependent recruitment of PKB to the plasma membrane
[91]. ClipR-59 also affected the phosphorylation of PKB sub-
strate proteins in 3T3-L1 adipocytes and, in particular, over-
expression of ClipR-59 enhanced, and depletion of ClipR-59
decreased, insulin-dependent phosphorylation of AS160 and
insulin-stimulated glucose transport [91]. The stimulatory
effect of ClipR-59 over-expression on insulin-stimulated glu-
cose transport was lost when the C-terminal 60 amino acids
containing the S-acylated cysteine-534 and cysteine-535
residues [92] was removed, highlighting the importance of
S-acylation for ClipR-59 regulation of PKB (figure 3). In the
case of ClipR-59 it seems, therefore, that S-acylation is impor-
tant to mediate membrane interaction of this soluble protein,
allowing it to recruit activated PKB to the plasma membrane
and thus directing the kinase activity of PKB towards specific
substrate proteins. zDHHC17 was identified as the main
enzyme responsible for S-acylation of ClipR-59, and depletion
of zDHHC17 perturbed both the recruitment of activated PKB
to the plasma membrane and insulin-stimulated GLUT4
plasma membrane translocation [93].

Intriguingly, zZDHHC17 may also play a role in insulin sig-
nalling in adipocytes through control of STREX variant BK
channels (discussed above), to regulate calcium homeostasis
[94], which is important for adipocyte maturation and physi-
ology [95]. In humans, genome-wide association studies have
identified BK channels as a susceptibility locus for obesity
with increased expression of mRNA encoding the pore-form-
ing o-subunit (KCNMAI) in white adipose tissue and
adipose tissue-derived cells [96]. Moreover, both global
Kcnmal deletion in mice, as well as inducible conditional gen-
etic deletion of Kcnmal in adult mouse adipocytes, prevents
excessive body weight gain and fat deposition in response to
a high-fat diet, revealing an important role for adipocyte BK
channels in controlling obesity [97]. Importantly, recent studies
in rats with a global deletion of BK channels reveal that loss of
BK channels attenuates insulin-induced calcium influx, glucose
uptake and triglyceride deposition in adipocytes [94]. Impor-
tantly, insulin-induced activation of BK channels and
subsequent calcium influx in adipocytes was PI3 K-dependent,
as it was prevented by the PI3 K inhibitor LY294002 but inde-
pendent of elevated calcium or PKB activity. mRNA for both
the ZERO and STREX variant of BK channels was expressed
in mature rat adipocytes, however, in HEK293 cells only
STREX variant channels were activated by insulin in a PI3 K-
dependent mechanism [94]. Thus, insulin-induced activation
of STREX is proposed to hyperpolarize adipocytes, that are
non-excitable, and promote calcium influx most likely through
members of the transient receptor family of voltage-indepen-
dent calcium channels [94,97]. As STREX is S-acylated by
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Figure 4. S-acylation of proteins involved in GLUT4 intracellular trafficking.
GLUT4 intracellular trafficking involves multiple compartments. Newly syn-
thesized GLUT4 can be delivered to the GLUT4 storage compartment (GSC)
directly from the ER-Golgi intermediate compartment (ERGIC) and from
there sorted into insulin-responsive vesicles (IRVs). Insulin stimulates the
delivery of IRVs to the cell surface (red arrow), resulting in increased
GLUT4 levels. GLUT4 is internalized from the cell surface into the endosomal
system, and can recycle back to the GSC/IRV compartment (yellow arrows).
Insulin-responsive aminopeptidase (IRAP) exhibits similar trafficking behav-
iour. Many of the proteins involved in key sorting steps in these inter-
related cycles are S-acylated, including sortilin and PI4 K. Importantly,
both GLUT4 and IRAP are S-acylated. The details of the recycling steps are
minimized in this model for clarity, and the precise locus of action of
some of the proteins is speculative.

zDHHCI17 this reveals the interesting possibility that S-acyla-
tion of STREX wvariant BK channels controls insulin-
dependent calcium influx and adipocyte physiology.

3.2. GLUT4 trafficking

GLUT4 intracellular trafficking is complex and involves
multiple inter-connecting pathways including endosomes
and the trans Golgi network and tubule-vesicular compart-
ments throughout the cell, collectively referred to as the
‘GSC’ [98,99]. GLUT4 is further sorted into ‘IRVs’ which traffic
from intracellular locations to the plasma membrane in
response to insulin [98] (figure 4). Understanding GLUT4 traf-
ficking is important as numerous studies have revealed
defective GLUT4 sorting/translocation in diseases such as
obesity and type 2 diabetes [100]. Below we will discuss a
few examples of key regulatory proteins which are subject to
S-acylation and place their role in the context of GLUT4 traffic.

The fusion of IRVs with the plasma membrane is
dependent on the SNARE proteins syntaxin-4, SNAP23
and VAMP2. SNAP23 is a close homologue of SNAP25 and
its membrane localization depends on the S-acylation of a clus-
ter of five cysteine residues [75,101,102]. Similar to SNAP25,
SNAP23 contains a consensus recognition site for z-DHHC17,
which is essential for membrane targeting, and presumably
S-acylation, of this protein [75]. In addition to promoting mem-
brane association, S-acylation also mediates the association
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of SNAP23 with a detergent-resistant membrane fraction
following treatment of cells with Triton X-100 [30], which
may indicate an underlying affinity for cholesterol-rich lipid-
ordered domains at the plasma membrane of adipocytes
[103]. The detergent-insolubility of SNAP23 in neuroendocrine
PC12 cells was shown to be modulated by the extent of
S-acylation and correlated with the ability of the protein to
support exocytosis [29,30]. Thus, S-acylation may affect the
function of SNAP23 in IRV fusion by increasing its partitioning
into lipid-ordered domains at the plasma membrane (figure 3).
It is also possible that this partitioning into specific plasma
membrane domains facilitates the functional coupling of
SNAP23 with other components of the signalling/trafficking
pathway, including the insulin receptor.

A proteomics analysis of 3T3-L1 adipocytes showed that, in
addition to SNAP23, S-acylation was also detected on other
proteins linked to GLUT4 trafficking and IRV exocytosis,
including Muncl8c, AS160, RAB14, KIF5B, Myolc, sortilin
and PI4KIIo [101]. At this stage, the functional significance of
S-acylation is unclear for most of these proteins and indeed
for some the stoichiometry of S-acylation was very low. How-
ever, a few examples are discussed below as exemplars of what
may turn out to be an important regulatory mechanism.

Sortilin mediates protein sorting between the Golgi and
endosomal system and traffics between these compartments,
with a prominent Golgi steady-state localization [104]. The
role of sortilin in GLUT4 traffic appears to involve the seques-
tration of GLUT4 from the endosomal system into IRVs
involving a complex of sortilin, CHC22 clathrin and Golgi-
localized y-ear-containing, ARF-binding protein-2 (GGA-2)
which assembles on the cytoplasmic surface of intracellular
vesicles (figure 4) [105,106]. Sortilin was shown to be S-acy-
lated on cysteine-783 in HeLa cells; inhibiting acylation
resulted in the accumulation of sortilin in endosomes, and
expression of a sortilin-cysteine783 > serine mutant led to
sortilin localizing to punctate AP3-positive endosomal struc-
tures in COS?7 cells, suggesting a possible deficit in retrograde
trafficking from endosomes to the Golgi [107]. The presence
of the S-acylation site adjacent to the GGA-2 interacting
domain of sortilin raises the intriguing possibility that this
modification may regulate the formation of complexes
involved in GLUT4 sorting in insulin-sensitive cells.

Trafficking of sortilin from the endosomal system to the
Golgi is mediated by interactions of the sortilin C-terminus
with the retromer complex [108]; a sortilin-cysteine783 >
serine mutant, in contrast to wild-type sortilin, did not co-pre-
cipitate the retromer subunit VPS26 in transfected HeLa cells
[107]. This has potential implications for GLUT4 trafficking,
as the lumenal Vps10 domain of sortilin binds to the lumenal
domain of GLUT4 and this is proposed to link GLUT4 to the
retromer complex bound to the sortilin C-terminus [109]. In
this way, GLUT4 is rescued from lysosomal degradation by sor-
tilin linking GLUT4 to the retromer sorting machinery. It is not
clear how S-acylation regulates the interaction of sortilin with
retromer but one possibility is that S-acylation targets sortilin
to a sub-domain of the endosomal system where retromer is
recruited [107] and thus may regulate GLUT4 sorting.

The ability to replenish IRVs during sustained insulin
stimulation is important [110,111], hence the ability to acceler-
ate sortilin-dependent sorting of internalized GLUT4 from the
endosomal system into IRVs and thus back to the plasma mem-
brane is a key facet of GLUT4 trafficking. This involves GLUT4
traffic through multiple compartments, including endosomes

and the trans Golgi network en route to IRVs (yellow arrows
in figure 4) [111]. How these routes are controlled remains
uncertain. Phosphoinositides and phosphoinositide kinases
play a key role in the regulation of membrane traffic. Phospha-
tidylinositol 4-kinase Type Ilo. (PI4KIlo) was identified as a
constituent of the GSC in both adipocytes [112] and skeletal
muscle [113] where it is thought to be localized to a subset of
GLUT4-positive vesicles defined by the presence of cellugyrin
and the absence of sortilin [114]. These GLUT4-positive, cellu-
gyrin-positive, sortilin-negative vesicles are thought to provide
a reservoir for replenishment of the IRVs during sustained
insulin action but may traffic directly to the plasma membrane
in the absence of insulin [115]. How this distinction is con-
trolled remains undefined but may involve the dynamic S-
acylation of PI4KIla. A further twist is provided by recent
work showing that S-acylation and ubiquitination play oppos-
ing roles in regulating the stability and turnover of sortilin:
non-S-acylated sortilin is ubiquitinated and internalized into
the lysosomal compartment via the ESCRT pathway for degra-
dation [116]. Since the sequestration of GLUT4 into IRVs is
dependent upon the level of sortilin [117], this may provide a
further means to fine-tune insulin action in key metabolic tis-
sues by balancing the re-delivery of internalized GLUT4 from
endosomes to the IRV.

The RabGAP protein AS160/TBC1D4 functions as a ‘brake’
on IRV exocytosis by retaining vesicles inside the cell (figure 3)
[118]. Activated PKB phosphorylates AS160/TBC1D4, releas-
ing this brake and allowing the movement of IRVs to the
plasma membrane. While there remains some debate regard-
ing which Rab isoform(s) are controlled via AS160/TBC1D4,
there is considerable interest in both Rabl0 and Rabl4 as
potential control points in GLUT4 traffic [118]. Rab10 directly
facilitates IRV translocation to and docking with the plasma
membrane [119]. Rab14 on the other hand mediates GLUT4
delivery to the PM via endosomal compartments containing
transferrin receptor (TfR) [120,121]. It is possible that S-acyla-
tion of AS160/TBC1D4 may dictate the specificity of Rab
activation. Alternatively, S-acylation of AS160 may serve to
delineate distinct AS160 pools in defined cellular locations;
recent work has revealed that AS160-dependent activation of
Rab10 may serve to control both GLUT4 mobilization from
the GSC and also the docking and fusion of IRVs with the
plasma membrane [122]. How this duality of function is con-
trolled remains presently unknown, but PTM of AS160 may
underpin this behaviour.

Two other ‘hits’ identified in the S-acylated proteome
analysis in 3T3-L1 adipocytes were GLUT4 and the insulin-
responsive aminopeptidase (IRAP) [101], which displays
tightly coordinated trafficking with GLUT4. A combination of
acyl-RAC and click chemistry experiments showed that
cysteine-223 is the major site in GLUT4 that undergoes
S-acylation in both 3T3-L1 adipocytes and HEK293 cells [123].
This cysteine is present at the cytosol-membrane interface of
TM6 of GLUT4 (the major cytosolic loop of GLUT4 is present
between TM6 and TM7). The Golgi-localized zDHHC?7 was
identified as the main S-acyltransferase mediating S-acylation
of GLUT4 [124]. When expressed in 3T3-L1 adipocytes (as
HA-GLUT4-GFP), a C223S mutant of GLUT4 failed to show
translocation to the plasma membrane in response to insulin
stimulation and it was suggested that there was a loss of tubu-
lovesicular localization of the mutant, suggesting a defect in
sorting to the insulin-responsive compartment [123]. Indeed,
confocal microscopy analysis of 3T3-L1 adipocytes suggested



that expression of the GLUT4 C223S mutant also altered the
localization of endogenous IRAP and inhibited translocation
of this protein to the plasma membrane following insulin stimu-
lation, and a similar effect was seen on co-expressed wild-type
GLUT4 [123]. These effects suggest that the formation of
the insulin-responsive IRV compartment is perturbed in cells
expressing the S-acylation-null mutant of GLUT4; however, it
will be important to undertake a more detailed electron
microscopy analysis of GLUT4 intracellular localization and
how this is affected by S-acylation.

IRAP S-acylation occurs on two cysteines at the cytosol
membrane interface of this type II membrane proteins [125].
IRAP is proposed to play a role as both cargo and a regulator
of the formation of the GSC/IRVs [98,126]. In part, this role is
mediated by the formation of a complex between IRAP, p115
and CHC22 clathrin which is thought to control a ‘Golgi
bypass’ route for GLUT4 trafficking which is particularly
well-developed in human cells [105]. The molecular basis of
the interactions between p115, IRAP and CHC22 remain to
be resolved, but the potential that dynamic S-acylation
could act to fine tune this pathway deserves attention.

Furthermore, S-acylation of GLUT4 and IRAP might
contribute to the coordinated sorting and trafficking of
these proteins, for example, by facilitating specific protein
or lipid interactions.

An important point to consider with respect to S-acylation
of GLUT4 and IRAP is the marked differences in their level of
S-acylation. A semi-quantitative analysis found that the level of
GLUT4 S-acylation under steady-state conditions in 3T3-L1
adipocytes was only around 12%, whereas IRAP S-acylation
was determined to be approximately 60% [125]. It will be
important to determine where in the cell this small fraction of
S-acylated GLUT4 is localized and how the S-acylated fraction
responds to insulin stimulation, compared with the non-
acylated pool of the protein. An interesting approach to
investigate these questions would be proximity ligation
assays using clickable fatty acid probes that could facilitate
selective visualization of the S-acylated pool of GLUT4 [127].

Given the emerging role of S-acylation in insulin secretion
and insulin signalling, it is not surprising that several S-acy-
lation and deacylation enzymes have been linked to these
pathways and are of interest in the context of diabetes. For
example, zDHHC17 emerged from a phenome-interactome
analysis as a type 1 diabetes candidate protein [68]. This
analysis involved combining a genome-wide linkage scan
dataset with information about protein—protein interactions
to prioritize candidate genes based on known interactions
of the encoded protein with proteins involved in diabetes.
Follow-up analysis uncovered an important role for
zDHHC17 in B-cell survival and insulin secretion [68].
Although the substrate network of zDHHC17 in pancreatic
pB-cells has not been defined, this work clearly establishes
zDHHC17 as an important S-acylation enzyme in this cell
type. Established targets of z-DHHC17 that might be linked
to the deficits in insulin secretion following depletion of
this enzyme include SNAP25, cysteine-string protein and
BK channels [76,128,129]. Interestingly, the phenotypes
associated with loss of zDHHC17 function (attenuated

glucose-stimulated insulin secretion and apoptotic cell [ 11 |

death) are similar to those seen with long-term BK channel
loss [51].

In addition to its essential function in B-cells, z-DHHC17
also appears to have a prominent role in insulin response
pathways. ClipR-59, which regulates plasma membrane
recruitment of activated PKB (figure 3), is also modified by
zDHHC17 [93]. Over-expression of zDHHC17 in 3T3-L1
adipocytes led to increased plasma membrane levels of phos-
phorylated PKB, GLUT4 and IRAP under both basal and
insulin-stimulated conditions compared with control cells
[93]. Furthermore, plasma membrane levels of all three pro-
teins in the presence of insulin were reduced in cells treated
with zDHHC17 shRNA [93]. These effects of ZDHHC17 over-
expression or knockdown may be linked to loss of ClipR-59
S-acylation and/or could also reflect effects on other targets
of this enzyme such as SNAP23 [75].

The zDHHC enzymes(s) mediating GLUT4 S-acylation
have been investigated using co-expression experiments in
HEK293T cells in which FLAG-GLUT4 was expressed with
23 mouse zDHHC enzymes. This analysis revealed that
GLUT4 S-acylation was increased by zDHHC2, zDHHCS3,
zDHHC?7 and zDHHC15 [124]. Further analysis indicated
that zDHHC?7 had a particularly high activity towards
GLUT4 in co-expression experiments and indeed shRNA-
mediated depletion of zDHHC? (but not zDHHC3) caused
a significant reduction in S-acylation of HA-GLUT4 in
CHO-IR cells [124]. The investigators therefore focused on
zDHHC? and showed that depletion of this enzyme in both
CHO-IR cells and 3T3-L1 adipocytes led to a reduction in
S-acylation of both exogenous and endogenous GLUT4,
respectively [124]. Furthermore, z-DHHC?7 depletion inhibited
the insulin-stimulated movement of GLUT4 and IRAP to the
plasma membrane in adipocytes (which is consistent with the
work described above on the GLUT4 C223S mutant) [124].
Nevertheless, it is important to note that in adipocytes,
knockdown of zDHHC? also led to a 40% reduction in
levels of IRAP S-acylation, and in CHO-IR cells depletion
of zDHHC3 inhibited plasma membrane translocation of
GLUT4 despite having minimal effect on the S-acylation of
this protein [124]. Thus, some caution is required when
interpreting the results of zDHHC knockdown experiments
and it is important to consider effects on the wider zDHHC
substrate network. However, phosphorylation of PKB
was unaffected in zDHHC7-depleted 3T3-L1 adipocytes,
suggesting that zDHHC? depletion does not perturb the
PI3 K insulin signalling pathway, at least [124].

Interestingly, GLUT4 S-acylation also showed a marked
reduction in adipocytes from epididymal tissue, skeletal
muscle and brown fat of zZDHHC7 knockout mice, whereas
S-acylation of GLUT4 in epididymal tissue was not affected
in zDHHC3 knockout mice [124]. There was also a corre-
sponding decrease in insulin-stimulated translocation of
GLUT4, IRAP and VAMP2 to the plasma membrane in
adipocytes from these zDHHC? knockout mice [124]. The
importance of zDHHC7 in the general context of insulin
action was underscored by the observation that the knockout
mice had increased fasting serum glucose levels and insulin
tolerance tests highlighted underlying insulin resistance
[124]. Furthermore, the knockout mice had elevated circulat-
ing levels of insulin. Protein S-acylation dynamics have been
previously shown to be affected by insulin treatment in
human umbilical vein endothelial cells (with 35 of 375 high



confidence S-acylated proteins showing altered S-acylation fol-
lowing insulin treatment) [130], and indeed a 10-min insulin
stimulation of 3T3-L1 adipocytes led to a 3-fold increase in
GLUT4 S-acylation [124]. This was accompanied by a cor-
responding 3-fold increase in autoacylation of zDHHC7
[124]. As autoacylation is often used as a measure of zZDHHC
enzyme activity [2], this led to the suggestion that insulin acti-
vates ZDHHC?, which then increases S-acylation of GLUT4. It
is unclear how insulin treatment leads to an elevation in
zDHHC?7 activity but it is worth noting that ZDHHC enzymes
are regulated by a variety of different PTMs [131] and indeed
zDHHC20 was shown to display increased tyrosine phos-
phorylation in insulin-stimulated 3T3-L1 adipocytes [132].
Thus, a similar phosphorylation event (or other PTM) could
underlie the effects of insulin on zDHHC?7 activity and
GLUT4 S-acylation. To understand this model and its func-
tional significance more completely it will be essential to gain
a better understanding of the precise intracellular localization
of zDHHC7—although the authors of the study suggested
zDHHC7 was localized to the trans Golgi network [124],
more recent work has suggested that this protein may be
associated with the cis Golgi compartment [133]. It is presently
unclear how dynamic changes in the activity of a cis Golgi
enzyme might affect GLUT4 other than altering the S-acylation
status of the newly synthesized protein. However, some recent
observations regarding an additional route of GLUT4 traffick-
ing are worthy of note in this context. Studies from the Brodksy
laboratory have shown that a novel clathrin isoform, CHC22,
expressed in humans but not (for example) rodents, plays
two roles in GLUT4 trafficking [105,134]. As alluded to
above, in complex with sortilin CHC22 is involved in the retro-
grade trafficking of GLUT4 from the endosomal system into the
GSC, a pathway prominent in rodent cells. However, CHC22
also acts in concert with IRAP and p115 to sort GLUT4 directly
from the endoplasmic reticulum Golgi intermediate com-
partment (ERGIC) into GSC/IRVs, bypassing the Golgi
complex, a pathway prominent in humans [105]. Hence, altera-
tions in zZDHHC?7 at the cis Golgi may turn out to have an effect
on GLUT4 traffic by modulating the relative contributions of
the two ‘routes’ taken by GLUT4 to reach the IRVs.

Although our understanding of the dynamics of protein S-
acylation of the key proteins discussed in this review is limited,
it is interesting to note that thioesterase enzymes that mediate
deacylation of BK channels have been linked to insulin
secretion and diabetes. Specifically, Lyplall has been associ-
ated with type 2 diabetes [57] including through the use of
first-phase insulin secretion as a marker to identify candidate
interacting SNPs [58], and male mice with genetic deletion of

ABHD17a and ABHD17c, but not ABHD17b, have improved
glucose tolerance, and males lacking ABHD17a also have
decreased circulating insulin levels (mousephenotype.org).

This review has highlighted key studies that reveal the
emerging importance of S-acylation in insulin secretion
and insulin response pathways. In particular, knockout and
depletion of zDHHC enzymes clearly demonstrate the
necessity of intact S-acylation pathways for efficient glucose-
stimulated insulin secretion in pancreatic p-cells and for insulin
regulation of GLUT4 in adipocytes. The targets of S-acylation
in these cells are diverse and the effects of this modification
on these proteins may be equally diverse. Our discussion has
sought to highlight common aspects of S-acylation-dependent
protein regulation. At one level, the effects of S-acylation are
likely to be protein-specific, for example, affecting protein or
membrane interactions. However, at another level, S-acylation
might prove to be a central regulator of these insulin pathways
by organizing pathway components to ensure their efficient
interactions and maximizing efficiency within and between
intracellular pathway networks, perhaps working in tandem
and/ or exhibiting cross-talk with phosphorylation and ubiqui-
tination to fine-tune key processes. Indeed, the central role
played by S-acylated proteins in the physiology of B-cells and
insulin-responsive tissues highlights this modification as a
potential new therapeutic target. Furthermore, changes in
this modification, for example in response to hyperglycaemia
or other homeostatic perturbations, may contribute to the
development of metabolic disorders such as insulin resistance
and type 2 diabetes. However, many questions remain to be
answered before the true potential of targeting S-acylation as
a therapeutic strategy can be realized. For example, what are
the key S-acylation enzymes and substrates that are linked to
insulin secretion and insulin action? How do S-acylation path-
ways respond to physiological and pathophysiological
metabolic changes? How does S-acylation affect the function
of specific proteins individually and as part of the wider signal-
ling network? The importance of phosphorylation in insulin
pathways has been studied for several decades; however,
S-acylation may yet turn out to be the Cinderella of PTMs.

This article has no additional data.

All authors contributed to researching and writing
this review.

We declare we have no competing interests.
We received no funding for this study.

Blaskovic S, Adibekian A, Blanc M, Van Der Goot GF.
2014 Mechanistic effects of protein palmitoylation
and the cellular consequences thereof. Chem. Phys.
Lipids 180, 44-52. (doi:10.1016/j.chemphyslip.
2014.02.001)

Chamberlain LH, Shipston MJ. 2015 The physiology
of protein S-acylation. Physiol. Rev. 95, 341-376.
(doi:10.1152/physrev.00032.2014)

Howie J, Wypijewski KJ, Plain F, Tulloch LB, Fraser NJ,
Fuller W. 2018 Greasing the wheels or a spanner in

the works? Regulation of the cardiac sodium pump by
palmitoylation. Crit. Rev. Biochem. Mol. Biol. 53,
175-191. (doi:10.1080/10409238.2018.1432560)
Rana MS, Kumar P, Lee (J, Verardi R, Rajashankar
KR, Banerjee A. 2018 Fatty acyl recognition and
transfer by an integral membrane S-acyltransferase.
Science 359, eaa06326. (doi:10.1126/science.
2206326)

Rana MS, Lee U, Banerjee A. 2019 The molecular
mechanism of DHHC protein acyltransferases.

Biochem. Soc. Trans. 47, 157-167. (doi:10.1042/
BST20180429)

Abrami L, Dallavilla T, Sandoz PA, Demir M,
Kunz B, Savoglidis G, Hatzimanikatis V,

Van Der Goot FG. 2017 Identification and
dynamics of the human ZDHHC16-ZDHHC6
palmitoylation cascade. Elife 6, €27826. (doi:10.
7554/elife.27826)

Gao X, Hannoush RN. 2018 A decade of click
chemistry in protein palmitoylation: impact on


http://dx.doi.org/10.1016/j.chemphyslip.2014.02.001
http://dx.doi.org/10.1016/j.chemphyslip.2014.02.001
http://dx.doi.org/10.1152/physrev.00032.2014
http://dx.doi.org/10.1080/10409238.2018.1432560
http://dx.doi.org/10.1126/science.aao6326
http://dx.doi.org/10.1126/science.aao6326
http://dx.doi.org/10.1042/BST20180429
http://dx.doi.org/10.1042/BST20180429
http://dx.doi.org/10.7554/eLife.27826
http://dx.doi.org/10.7554/eLife.27826

20.

21.

22.

discovery and new biology. Cell Chem. Biol. 25,
236-246. (doi:10.1016/j.chembiol.2017.12.002)
Yang W, Di Vizio D, Kirchner M, Steen H, Freeman
MR. 2010 Proteome scale characterization of human
S-acylated proteins in lipid raft-enriched and non-
raft membranes. Mol. Cell. Proteom. 9, 54-70.
(doi:10.1074/mcp.M800448-MCP200)

Yount JS, Zhang MM, Hang HC. 2011 Visualization
and identification of fatty acylated proteins using
chemical reporters. Curr. Protoc. Chem. Biol. 3,
65-79. (doi:10.1002/9780470559277.ch100225)
Yap MC et al. 2010 Rapid and selective detection of
fatty acylated proteins using omega-alkynyl-fatty
acids and click chemistry. J. Lipid Res. 51,
1566—1580. (doi:10.1194/jIr.D002790)

Heal WP, Wright MH, Thinon E, Tate EW. 2011
Multifunctional protein labeling via enzymatic
N-terminal tagging and elaboration by click
chemistry. Nat. Protoc. 7, 105-117. (doi:10.1038/
nprot.2011.425)

Kang R et al. 2008 Neural palmitoyl-proteomics
reveals dynamic synaptic palmitoylation. Nature
456, 904-909. (doi:10.1038/nature07605)

Martin BR, Wang C, Adibekian A, Tully SE, Cravatt
BF. 2011 Global profiling of dynamic protein
palmitoylation. Nat. Methods 9, 84-89. (doi:10.
1038/nmeth.1769)

Magee Al, Gutierrez L, Mckay IA, Marshall O, Hall
A. 1987 Dynamic fatty acylation of p21N-ras. EMBO
J. 6, 3353-3357. (doi:10.1002/j.1460-2075.1987.
th02656.x)

Fukata M, Fukata Y, Adesnik H, Nicoll RA, Bredt DS.
2004 Identification of PSD-95 palmitoylating
enzymes. Neuron 44, 987-996. (doi:10.1016/j.
neuron.2004.12.005)

Lobo S, Greentree WK, Linder ME, Deschenes RJ.
2002 Identification of a Ras palmitoyltransferase in
Saccharomyces cerevisiae. J. Biol. Chem. 2717,

41 268-41273. (doi:10.1074/jbc.M206573200)
Mitchell DA, Vasudevan A, Linder ME, Deschenes R.
2006 Protein palmitoylation by a family of DHHC
protein S-acyltransferases. J. Lipid Res. 47,
1118-1127. (doi:10.1194/j1r.R600007-JLR200)

Roth AF, Feng Y, Chen L, Davis NG. 2002 The yeast
DHHC cysteine-rich domain protein Akr1p is a
palmitoyl transferase. J. Cell Biol. 159, 23-28.
(doi:10.1083/jch.200206120)

Jennings BC, Linder ME. 2012 DHHC protein
S-acyltransferases use similar ping-pong kinetic
mechanisms but display different acyl-CoA
speificities. J. Biol. Chem. 287, 7236-7245. (doi:10.
1074/jbcM111.337246)

Mitchell DA, Mitchell G, Ling Y, Budde C, Deschenes
RJ. 2010 Mutational analysis of Saccharomyces
cerevisiae Erf2 reveals a two-step reaction
mechanism for protein palmitoylation by DHHC
enzymes. J. Biol. Chem. 285, 38 104-38 114.
(doi:10.1074/jbc.M110.169102)

Zeidman R, Jackson CS, Magee Al. 2009 Protein acyl
thioesterases (review). Mol. Membr. Biol. 26,
32-41. (doi:10.1080/09687680802629329)

Yokoi N, Fukata Y, Sekiya A, Murakami T, Kobayashi
K, Fukata M. 2016 Identification of PSD-95

23.

24,

25.

26.

2].

28.

29.

30.

32.

33.

34.

35.

36.

depalmitoylating enzymes. J. Neurosci. 36,
6431-6444. (doi:10.1523/INEUR0SCI.0419-16.2016)
Lin DT, Conibear E. 2015 ABHD17 proteins are novel
protein depalmitoylases that regulate N-Ras
palmitate turnover and subcellular localization. Elife
4, €11306. (doi:10.7554/eLife.11306)

Liu M, Weiss MA, Arunagiri A, Yong J, Rege N, Sun
J, Haataja L, Kaufman RJ, Arvan P. 2018
Biosynthesis, structure, and folding of the insulin
precursor protein. Diabetes Obes. Metab. 20(Suppl
2), 28-50. (doi:10.1111/dom.13378)

Omar-Hmeadi M, Idevall-Hagren O. In press. Insulin
granule biogenesis and exocytosis. Cell. Mol. Life Si.
(doi:10.1007/500018-020-03688-4)

Gustavsson N et al. 2008 Impaired insulin secretion
and glucose intolerance in synaptotagmin-7 null
mutant mice. Proc. Nat/ Acad. Sci. USA 105,
3992-3997. (doi:10.1073/pnas.0711700105)

lezzi M, Eliasson L, Fukuda M, Wollheim (B. 2005
Adenovirus-mediated silencing of synaptotagmin 9
inhibits Ca>*-dependent insulin secretion in islets.
FEBS Lett. 579, 5241-5246. (d0i:10.1016/j.febslet.
2005.08.047)

Gauthier BR, Wollheim (B. 2008 Synaptotagmins
bind calcium to release insulin. Am. J. Physiol.
Endocrinol. Metab 295, E1279-E1286. (doi:10.1152/
ajpendo.90568.2008)

Salaun C, Gould GW, Chamberlain LH. 2005 Lipid
raft association of SNARE proteins regulates
exocytosis in PC12 cells. J. Biol. Chem. 280,

19 449-19 453. (doi:10.1074/jbc.M501923200)
Salaun G, Gould GW, Chamberlain LH. 2005 The SNARE
proteins SNAP-25 and SNAP-23 display different
affinities for lipid rafts in PC12 cells. Regulation by
distinct cysteine-rich domains. J. Biol. Chem. 280,
1236-1240. (doi:10.1074/jbc.M410674200)

. Yang HQ, Martinez-Ortiz W, Hwang JI, Fan X, Cardozo

TJ, Coetzee WA. 2020 Palmitoylation of the KATP
channel Kir6.2 subunit promotes channel opening by
regulating PIP2 sensitivity. Proc. Nat/ Acad. Sci. USA
117,10 593-10 602. (doi:10.1073/pnas.1918088117)
Gok C, Plain F, Robertson AD, Howie J, Baillie GS,
Fraser NJ, Fuller W. 2020 Dynamic palmitoylation of
the sodium-calcium exchanger modulates its
structure, affinity for lipid-ordered domains, and
inhibition by XIP. Cell Rep. 31, 107697. (doi:10.
1016/j.celrep.2020.107697)

Wei X et al. 2020 Endothelial palmitoylation cycling
coordinates vessel remodeling in peripheral artery
disease. Circ. Res. 127, 249-265. (doi:10.1161/
C(IRCRESAHA.120.316752)

Plain F, Howie J, Kennedy J, Brown E, Shattock M),
Fraser NJ, Fuller W. 2020 Control of protein
palmitoylation by regulating substrate recruitment
to a zZDHHC-protein acyltransferase. Commun. Biol.
3, 411. (doi:10.1038/542003-020-01145-3)

Erickson JR et al. 2013 Diabetic hyperglycaemia
activates CaMKIl and arrhythmias by O-linked
glycosylation. Nature 502, 372-376. (doi:10.1038/
nature12537)

Nichols (G. 2006 KATP channels as molecular
sensors of cellular metabolism. Nature 440,
470-476. (doi:10.1038/nature04711)

37.

38.

39.

40.

4.

42.

43.

44.

45.

46.

47.

48.

49.

Schulla V et al. 2003 Impaired insulin secretion and n

glucose tolerance in beta cell-selective Ca(v)1.2
(a”* channel null mice. EMBO J. 22, 3844-3854.
(doi:10.1093/emboj/cdg389)

Braun M, Ramracheya R, Bengtsson M, Zhang Q,
Karanauskaite J, Partridge C, Johnson PR, Rorsman
P. 2008 Voltage-gated ion channels in human
pancreatic beta-cells: electrophysiological
characterization and role in insulin secretion.
Diabetes 57, 1618—1628. (doi:10.2337/db07-0991)
Dolphin AC. 2016 Voltage-gated calcium channels
and their auxiliary subunits: physiology and
pathophysiology and pharmacology. J. Physiol. 594,
5369-5390. (doi:10.1113/JP272262)

Chien AJ, Carr KM, Shirokov RE, Rios E, Hosey MM.
1996 Identification of palmitoylation sites within
the L-type calcium channel beta2a subunit and
effects on channel function. J. Biol. Chem. 271,
26 465-26 468. (d0i:10.1074/jbc.271.43.26465)
Kazim AS, Storm P, Zhang E, Renstrom E. 2017
Palmitoylation of Ca®* channel subunit CaVbeta2a
induces pancreatic beta-cell toxicity via Ca®*
overload. Biochem. Biophys. Res. Commun. 491,
740-746. (doi:10.1016/j.bbrc.2017.07.117)

Chien AJ, Gao T, Perez-Reyes E, Hosey MM. 1998
Membrane targeting of L-type calcium channels.
Role of palmitoylation in the subcellular localization
of the B2a subunit. J. Biol. Chem. 273,

23 590-23 597. (doi:10.1074/jbc.273.36.23590)

Qin N, Platano D, Olcese R, Costantin JL, Stefani E,
Birnbaumer L. 1998 Unique regulatory properties of
the type 2a Ga** channel beta subunit caused by
palmitoylation. Proc. Nat/ Acad. Sci. USA 95,
4690-4695. (doi:10.1073/pnas.95.8.4690)
Heneghan JF, Mitra-Ganguli T, Stanish LF, Liu L,
Zhao R, Rittenhouse AR. 2009 The Ca** channel
beta subunit determines whether stimulation of Gg-
coupled receptors enhances or inhibits N current.
J. Gen. Physiol. 134, 369—384. (doi:10.1085/jgp.
200910203)

Suh BC, Kim D-I, Falkenburger BH, Hille B. 2012
Membrane-localized beta-subunits alter the PIP2
regulation of high-voltage activated Ca®* channels.
Proc. Natl Acad. Sci. USA 109, 3161-3166. (doi:10.
1073/pnas.1121434109)

Keum D, Baek C, Kim D-I, Kweon H-J, Suh B-C. 2014
Voltage-dependent regulation of CaV2.2 channels
by Gg-coupled receptor is facilitated by membrane-
localized beta subunit. J. Gen. Physiol. 144,
297-309. (doi:10.1085/jgp.201411245)

Houamed KM, Sweet IR, Satin LS. 2010 BK channels
mediate a novel ionic mechanism that regulates
glucose-dependent electrical activity and insulin
secretion in mouse pancreatic beta-cells. J. Physiol.
588(Pt 18), 3511-3523. (doi:10.1113/jphysiol.2009.
184341)

Rorsman P, Braun M. 2013 Regulation of insulin
secretion in human pancreatic islets. Annu. Rev.
Physiol. 75, 155-179. (doi:10.1146/annurev-
physiol-030212-183754)

Jacobson DA, Mendez F, Thompson M, Torres J,
Cochet 0, Philipson LH. 2010 Calcium-activated and
voltage-gated potassium channels of the pancreatic


http://dx.doi.org/10.1016/j.chembiol.2017.12.002
http://dx.doi.org/10.1074/mcp.M800448-MCP200
http://dx.doi.org/10.1002/9780470559277.ch100225
http://dx.doi.org/10.1194/jlr.D002790
http://dx.doi.org/10.1038/nprot.2011.425
http://dx.doi.org/10.1038/nprot.2011.425
http://dx.doi.org/10.1038/nature07605
http://dx.doi.org/10.1038/nmeth.1769
http://dx.doi.org/10.1038/nmeth.1769
http://dx.doi.org/10.1002/j.1460-2075.1987.tb02656.x
http://dx.doi.org/10.1002/j.1460-2075.1987.tb02656.x
http://dx.doi.org/10.1016/j.neuron.2004.12.005
http://dx.doi.org/10.1016/j.neuron.2004.12.005
http://dx.doi.org/10.1074/jbc.M206573200
http://dx.doi.org/10.1194/jlr.R600007-JLR200
http://dx.doi.org/10.1083/jcb.200206120
http://dx.doi.org/10.1074/jbc.M111.337246
http://dx.doi.org/10.1074/jbc.M111.337246
http://dx.doi.org/10.1074/jbc.M110.169102
http://dx.doi.org/10.1080/09687680802629329
http://dx.doi.org/10.1523/JNEUROSCI.0419-16.2016
http://dx.doi.org/10.7554/eLife.11306
http://dx.doi.org/10.1111/dom.13378
http://dx.doi.org/10.1007/s00018-020-03688-4
http://dx.doi.org/10.1073/pnas.0711700105
http://dx.doi.org/10.1016/j.febslet.2005.08.047
http://dx.doi.org/10.1016/j.febslet.2005.08.047
http://dx.doi.org/10.1152/ajpendo.90568.2008
http://dx.doi.org/10.1152/ajpendo.90568.2008
http://dx.doi.org/10.1074/jbc.M501923200
http://dx.doi.org/10.1074/jbc.M410674200
http://dx.doi.org/10.1073/pnas.1918088117
http://dx.doi.org/10.1016/j.celrep.2020.107697
http://dx.doi.org/10.1016/j.celrep.2020.107697
http://dx.doi.org/10.1161/CIRCRESAHA.120.316752
http://dx.doi.org/10.1161/CIRCRESAHA.120.316752
http://dx.doi.org/10.1038/s42003-020-01145-3
http://dx.doi.org/10.1038/nature12537
http://dx.doi.org/10.1038/nature12537
http://dx.doi.org/10.1038/nature04711
http://dx.doi.org/10.1093/emboj/cdg389
http://dx.doi.org/10.2337/db07-0991
http://dx.doi.org/10.1113/JP272262
http://dx.doi.org/10.1074/jbc.271.43.26465
http://dx.doi.org/10.1016/j.bbrc.2017.07.117
http://dx.doi.org/10.1074/jbc.273.36.23590
http://dx.doi.org/10.1073/pnas.95.8.4690
http://dx.doi.org/10.1085/jgp.200910203
http://dx.doi.org/10.1085/jgp.200910203
http://dx.doi.org/10.1073/pnas.1121434109
http://dx.doi.org/10.1073/pnas.1121434109
http://dx.doi.org/10.1085/jgp.201411245
http://dx.doi.org/10.1113/jphysiol.2009.184341
http://dx.doi.org/10.1113/jphysiol.2009.184341
http://dx.doi.org/10.1146/annurev-physiol-030212-183754
http://dx.doi.org/10.1146/annurev-physiol-030212-183754

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

islet impart distinct and complementary roles
during secretagogue induced electrical responses.
J. Physiol. 588(Pt 18), 3525-3537. (doi:10.1113/
jphysiol.2010.190207)

Drews G, Krippeit-Drews P, Dufer M. 2010
Electrophysiology of islet cells. Adv. Exp. Med. Biol.
654, 115-163. (doi:10.1007/978-90-481-3271-3_7)
Dufer M et al. 2011 BK channels affect glucose
homeostasis and cell viability of murine pancreatic
beta cells. Diabetologia 54, 423—-432. (doi:10.1007/
500125-010-1936-0)

Shipston MJ, Tian L. 2016 Posttranscriptional and
posttranslational regulation of BK channels. Int. Rev.
Neurobiol. 128, 91-126. (doi:10.1016/bs.irn.2016.
02.012)

Duncan PJ, Bi D, Mcclafferty H, Chen L, Tian L,
Shipston MJ. 2019 S-acylation controls functional
coupling of BK channel pore-forming alpha-subunits
and betal-subunits. J. Biol. Chem. 294, 12 066
12 076. (doi:10.1074/jbc.RA119.009065)

Jeffries 0 et al. 2010 Palmitoylation of the SO-S1
linker regulates cell surface expression of voltage-
and calcum-activated potassium (BK) channels.

J. Biol. Chem. 285, 33 307-33 314. (d0i:10.1074/
jbcM110.153940)

Tian L, Mcclafferty H, Knaus H-G, Ruth P, Shipston
MJ. 2012 Distinct acyl protein transferases and
thioesterases control surface expression of
calcdum-activated potassium channels. J. Biol.
Chem. 287, 1471814 725. (doi:10.1074/jbc.M111.
335547)

McClafferty H, Runciman H, Shipston MJ. 2020 Site-
specific deacylation by ABHD17a controls BK
channel splice variant activity. J. Biol. Chem. 295,
16 487-16 496. (doi:10.1074/jbc.RA120.015349)
Yeung E, Qi L, Hu FB, Zhang C. 2011 Novel
abdominal adiposity genes and the risk of type 2
diabetes: findings from two prospective cohorts.
Int. J. Mol. Epidemiol. Genet. 2, 138-144.

Keaton JM et al. 2016 Genome-wide interaction
with insulin secretion loci reveals novel loci for type
2 diabetes in African Americans. PLoS ONE 11,
€0159977. (doi:10.1371/journal.pone.0159977)

Kim S, Lee B-C, Lee A-R, Won S, Park C-S. 2014
Effects of palmitoylation on the diffusional
movement of BKCa channels in live cells. FEBS Lett.
588, 713-719. (doi:10.1016/j.febslet.2014.01.014)
Chen L, Bi D, Tian L, Mcclafferty H, Steeb F, Ruth P,
Knaus HG, Shipston MJ. 2013 Palmitoylation of the
betad-subunit regulates surface expression of large
conductance calcium-activated potassium channel
splice variants. J. Biol. Chem. 288, 13 136-13 144.
(doi:10.1074/jbc.M113.461830)

Ohya S, Fujimori T, Kimura T, Yamamura H,
Imaizumi Y. 2010 Novel spliced variants of large-
conductance Ca**-activated K*-channel beta2-
subunit in human and rodent pancreas.

J. Pharmacol. Sci. 114, 198-205. (doi:10.1254/
jphs.10159FP)

Dudem S et al. 2020 LINGO1 is a regulatory subunit
of large conductance, Ca®*-activated potassium
channels. Proc. Nat/ Acad. Sci. USA 117, 2194-2200.
(doi:10.1073/pnas.1916715117)

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

Tian L et al. 2008 Palmitoylation gates
phosphorylation-dependent regulation of

BK potassium channels. Proc. Natl Acad. Sd.

USA 105, 21 006-21011. (doi:10.1073/pnas.
0806700106)

Tian L, Mcclafferty H, Jeffries O, Shipston MJ. 2010
Multiple palmitoyltransferases are required for
palmitoylation-dependent regulation of large
conductance calcium- and voltage-activated
potassium channels. J. Biol. Chem. 285, 23 954—
23.962. (doi:10.1074/jbc.M110.137802)

Duncan PJ, Sengiil S, Tabak J, Ruth P, Bertram R,
Shipston MJ. 2014 Large conductance Ca®*
-activated K* channels (BK) promote secretagogue-
induced transition from spiking to bursting in
murine anterior pituitary corticotrophs. J. Physiol.
593, 1197-1211. (doi:10.1113/jphysiol.2015.
284471)

Xie J, McCobb DP. 1998 Control of alternative
splicing of potassium channels by stress hormones.
Science 280, 443—446. (doi:10.1126/science.280.
5362.443)

Zhou X, Wulfsen |, Korth M, Mcclafferty H, Lukowski
R, Shipston MJ, Ruth P, Dobrev D, Wieland T. 2012
Palmitoylation and membrane association of the
stress axis regulated insert (STREX) controls BK
channel regulation by protein kinase C. J. Biol.
Chem. 287, 32 161-32 171. (doi:10.1074/jbcM112.
386359)

Berchtold LA et al. 2011 Huntingtin-interacting
protein 14 is a type 1 diabetes candidate protein
regulating insulin secretion and beta-cell apoptosis.
Proc. Natl Acad. Sci. USA 108, E681-E688. (doi:10.
1073/pnas.1104384108)

Kowluru A. 2020 GP(Rs, G proteins, and their
impact on beta-cell function. Compr. Physiol. 10,
453-490. (doi:10.1002/cphy.c190028)

Deacon CF. 2020 Dipeptidyl peptidase 4 inhibitors in
the treatment of type 2 diabetes mellitus. Nat. Rev.
Endocrinol. 16, 642—653. (doi:10.1038/541574-020-
0399-8)

El Mouhayyar C, Riachy R, Khalil AB, Eid A, Azar S.
2020 SGLT2 inhibitors, GLP-1 agonists, and DPP-4
inhibitors in diabetes and microvascular
complications: a review. Int. J. Endocrinol. 2020,
1762164. (doi:10.1155/2020/1762164)
Buenaventura T et al. 2019 Agonist-induced
membrane nanodomain clustering drives GLP-1
receptor responses in pancreatic beta cells. PLoS
Biol. 17, €3000097. (doi:10.1371/journal.pbio.
3000097)

Patwardhan A, Cheng N, Trejo J. 2021 Post-
translational modifications of G protein-coupled
receptors control cellular signaling dynamics in
space and time. Pharmacol. Rev. 73, 120-151.
(doi:10.1124/pharmrev.120.000082)

Gonelle-Gispert C, Molinete M, Halban PA, Sadoul K.
2000 Membrane localization and biological activity
of SNAP-25 cysteine mutants in insulin-secreting
cells. J. Cell Sci. 113(Pt 18), 3197-3205.

Greaves J, Gorleku OA, Salaun C, Chamberlain LH.
2010 Palmitoylation of the SNAP25 protein family:
speificity and regulation by DHHC palmitoyl

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

transferases. J. Biol. Chem. 285, 24 629-24 638.
(doi:10.1074/jbc.M110.119289)

Greaves J, Prescott GR, Fukata Y, Fukata M, Salaun
C, Martin TFJ. 2009 The hydrophobic cysteine-rich
domain of SNAP25 couples with downstream
residues to mediate membrane interactions and
recognition by DHHC palmitoyl transferases. Mol.
Biol. Cell 20, 1845-1854. (d0i:10.1091/mbc.e08-09-
0944)

Lemonidis K, Macleod R, Baillie GS, Chamberlain LH.
2017 Peptide array-based screening reveals a large
number of proteins interacting with the ankyrin-
repeat domain of the zDHHC17 S-acyltransferase.
J. Biol. Chem. 292, 17 190—17 202. (doi:10.1074/
jbcM117.799650)

Lemonidis K, Sanchez-Perez MC, Chamberlain LH.
2015 Identification of a novel sequence motif
recognized by the ankyrin repeat domain of
zDHHC17/13 S-acyltransferases. J. Biol. Chem. 290,
21939-21950. (doi:10.1074/jbc.M115.657668)
Greaves J, Chamberlain LH. 2011 Differential
palmitoylation regulates intracellular patterning of
SNAP25. J. Cell Sci. 124(Pt 8), 1351-1360. (doi:10.
1242/j¢5.079095)

Kang R, Swayze R, Lise MF, Gerrow K, Mullard A,
Honer WG, El-Husseini A. 2004 Presynaptic
trafficking of synaptotagmin | is requlated by
protein palmitoylation. J. Biol. Chem. 279,

50 524-50 536. (doi:10.1074/jbc.M404981200)
(zibener C, Sherer NM, Becker SM, Pypaert M, Hui
E, Chapman ER, Mothes W, Andrews NW. 2006 Ca**
and synaptotagmin Vll-dependent delivery of
lysosomal membrane to nascent phagosomes. J. Cell
Biol. 174, 997-1007. (doi:10.1083/jch.200605004)
Flannery AR, Czibener C, Andrews NW. 2010
Palmitoylation-dependent association with (D63
targets the (a>* sensor synaptotagmin VIl to
lysosomes. J. Cell Biol. 191, 599-613. (doi:10.1083/
jcb.201003021)

Petersen MC, Shulman Gl. 2018 Mechanisms of
insulin action and insulin resistance. Physiol. Rev.
98, 2133-2223. (doi:10.1152/physrev.00063.2017)
Saltiel AR, Kahn CR. 2001 Insulin signalling and the
regulation of glucose and lipid metabolism. Nature
414, 799-806. (doi:10.1038/414799a)

Klip A, Sun Y, Chiu TT, Foley KP. 2014 Signal
transduction meets vesicle traffic: the software and
hardware of GLUT4 translocation. Am. J. Physiol. Cell
Physiol. 306, (879-(886. (doi:10.1152/ajpcell.
00069.2014)

Magee Al, Siddle K. 1988 Insulin and IGF-1
receptors contain covalently bound palmitic acid.
J. Cell Biochem. 37, 347-357. (doi:10.1002/jch.
240370403)

Hedo JA, Kahn (R, Hayashi M, Yamada KM, Kasuga
M. 1983 Biosynthesis and glycosylation of the
insulin receptor. Evidence for a single polypeptide
precursor of the two major subunits. J. Biol. Chem.
258, 10 02010 026. (doi:10.1016/50021-
9258(17)44600-X)

Kharbanda A, Walter DM, Gudiel AA, Schek N,
Feldser DM, Witze ES. 2020 Blocking EGFR
palmitoylation suppresses PI3 K signaling and


http://dx.doi.org/10.1113/jphysiol.2010.190207
http://dx.doi.org/10.1113/jphysiol.2010.190207
http://dx.doi.org/10.1007/978-90-481-3271-3_7
http://dx.doi.org/10.1007/s00125-010-1936-0
http://dx.doi.org/10.1007/s00125-010-1936-0
http://dx.doi.org/10.1016/bs.irn.2016.02.012
http://dx.doi.org/10.1016/bs.irn.2016.02.012
http://dx.doi.org/10.1074/jbc.RA119.009065
http://dx.doi.org/10.1074/jbc.M110.153940
http://dx.doi.org/10.1074/jbc.M110.153940
http://dx.doi.org/10.1074/jbc.M111.335547
http://dx.doi.org/10.1074/jbc.M111.335547
http://dx.doi.org/10.1074/jbc.RA120.015349
http://dx.doi.org/10.1371/journal.pone.0159977
http://dx.doi.org/10.1016/j.febslet.2014.01.014
http://dx.doi.org/10.1074/jbc.M113.461830
http://dx.doi.org/10.1254/jphs.10159FP
http://dx.doi.org/10.1254/jphs.10159FP
http://dx.doi.org/10.1073/pnas.1916715117
http://dx.doi.org/10.1073/pnas.0806700106
http://dx.doi.org/10.1073/pnas.0806700106
http://dx.doi.org/10.1074/jbc.M110.137802
http://dx.doi.org/10.1113/jphysiol.2015.284471
http://dx.doi.org/10.1113/jphysiol.2015.284471
http://dx.doi.org/10.1126/science.280.5362.443
http://dx.doi.org/10.1126/science.280.5362.443
http://dx.doi.org/10.1074/jbc.M112.386359
http://dx.doi.org/10.1074/jbc.M112.386359
http://dx.doi.org/10.1073/pnas.1104384108
http://dx.doi.org/10.1073/pnas.1104384108
http://dx.doi.org/10.1002/cphy.c190028
http://dx.doi.org/10.1038/s41574-020-0399-8
http://dx.doi.org/10.1038/s41574-020-0399-8
http://dx.doi.org/10.1155/2020/1762164
http://dx.doi.org/10.1371/journal.pbio.3000097
http://dx.doi.org/10.1371/journal.pbio.3000097
http://dx.doi.org/10.1124/pharmrev.120.000082
http://dx.doi.org/10.1074/jbc.M110.119289
http://dx.doi.org/10.1091/mbc.e08-09-0944
http://dx.doi.org/10.1091/mbc.e08-09-0944
http://dx.doi.org/10.1074/jbc.M117.799650
http://dx.doi.org/10.1074/jbc.M117.799650
http://dx.doi.org/10.1074/jbc.M115.657668
http://dx.doi.org/10.1242/jcs.079095
http://dx.doi.org/10.1242/jcs.079095
http://dx.doi.org/10.1074/jbc.M404981200
http://dx.doi.org/10.1083/jcb.200605004
http://dx.doi.org/10.1083/jcb.201003021
http://dx.doi.org/10.1083/jcb.201003021
http://dx.doi.org/10.1152/physrev.00063.2017
http://dx.doi.org/10.1038/414799a
http://dx.doi.org/10.1152/ajpcell.00069.2014
http://dx.doi.org/10.1152/ajpcell.00069.2014
http://dx.doi.org/10.1002/jcb.240370403
http://dx.doi.org/10.1002/jcb.240370403
http://dx.doi.org/10.1016/S0021-9258(17)44600-X
http://dx.doi.org/10.1016/S0021-9258(17)44600-X

89.

90.

9.

92.

93.

94.

9.

9.

97.

9.

9.

100.

101.

102.

103.

mutant KRAS lung tumorigenesis. Sci. Signal. 13,
eaax2364. (doi:10.1126/scisignal.aax2364)
Fagerholm S, Ortegren U, Karlsson M, Ruishalme I,
Strélfors P. 2009 Rapid insulin-dependent
endocytosis of the insulin receptor by caveolae in
primary adipocytes. PLoS ONE 4, €5985. (doi:10.
1371/journal.pone.0005985)

Lorent JH, Diaz-Rohrer B, Lin X, Spring K, Gorfe AA,
Levental KR, Levental I. 2017 Structural
determinants and functional consequences of
protein affinity for membrane rafts. Nat. Commun.
8, 1219. (doi:10.1038/s41467-017-01328-3)

Ding J, Du K. 2009 ClipR-59 interacts with Akt and
regulates Akt cellular compartmentalization. Mol. Cell.
Biol. 29, 1459-1471. (doi:10.1128/M(B.00754-08)
Lallemand-Breitenbach V, Quesnoit M, Braun V, EI
Marjou A, Poiis C, Goud B, Perez F. 2004 CLIPR-59 is
a lipid raft-associated protein containing a
cytoskeleton-associated protein glycine-rich domain
(CAP-Gly) that perturbs microtubule dynamics.

J. Biol. Chem. 279, 41168-41178. (d0i:10.1074/
jbc.M406482200)

Ren W, Sun Y, Du K. 2013 DHHC17 palmitoylates
ClipR-59 and modulates ClipR-59 association with
the plasma membrane. Mol. Cell. Biol. 33,
4255-4265. (doi:10.1128/M(B.00527-13)

Ren J, Cheng Y, Wen X, Liu P, Zhao F, Xin F, Wang
M, Huang H, Wang W. In press. BK¢, channel
participates in insulin-induced lipid deposition in
adipocytes by increasing intracellular calcium. J. Cell.
Physiol. (doi:10.1002/jcp.30266)

Zhai M, Yang D, Yi W, Sun W. 2020 Involvement of
calcdum channels in the regulation of adipogenesis.
Adipocyte 9, 132—141. (doi:10.1080/21623945.2020.
1738792)

Jiao H et al. 2011 Genome wide association

study identifies KCNMA1 contributing to human
obesity. BMC Med. Genom. 4, 51. (doi:10.1186/
1755-8794-4-51)

Illison J et al. 2016 Obesogenic and diabetogenic
effects of high-calorie nutrition require adipocyte BK
channels. Diabetes 65, 3621-3635. (doi:10.2337/
db16-0245)

Gould GW, Brodsky FM, Bryant NJ. 2020 Building
GLUT4 Vesicles: CHC22 Clathrin’s human touch.
Trends Cell Biol. 30, 705-719. (doi:10.1016/j.tch.
2020.05.007)

Kliip A, McGraw TE, James DE. 2019 Thirty sweet
years of GLUT4. J. Biol. Chem. 294, 11 36911 381.
(doi:10.1074/jbc.REV119.008351)

Bogan JS. 2012 Regulation of glucose transporter
translocation in health and diabetes. Annu. Rev.
Biochem. 81, 507-532. (doi:10.1146/annurev-
biochem-060109-094246)

Ren W, Jhala US, Du K. 2013 Proteomic analysis of
protein palmitoylation in adipocytes. Adipocyte 2,
17-28. (doi:10.4161/adip.22117)

Vogel K, Roche PA. 1999 SNAP-23 and SNAP-25 are
palmitoylated in vivo. Biochem. Biophys. Res.
Commun. 258, 407-410. (doi:10.1006/bbrc.1999.
0652)

Chamberlain LH, Gould GW. 2002 The vesicle- and
target-SNARE proteins that mediate Glut4 vesicle

104.

105.

106.

107.

108.

109.

10.

m.

M2

13.

4.

115.

fusion are localized in detergent-insoluble lipid rafts
present on distinct intracellular membranes. J. Biol.
Chem. 2717, 49 750-49 754. (doi:10.1074/jbc.
M206936200)

Nielsen MS, Madsen P, Christensen El, Nykjeer A,
Gliemann J, Kasper D, Pohlmann R, Petersen (M.
2001 The sortilin cytoplasmic tail conveys Golgi-
endosome transport and binds the VHS domain of
the GGA2 sorting protein. EMBO J. 20, 2180-2190.
(doi:10.1093/emboj/20.9.2180)

Camus SM et al. 2020 CHC22 clathrin mediates
traffic from early secretory compartments for human
GLUT4 pathway biogenesis. J. Cell Biol. 219,
€201812135. (doi:10.1083/jcb.201812135)

Shi J, Huang G, Kandror KV. 2008 Self-assembly of
Glut4 storage vesicles during differentiation of 3T3-
L1 adipocytes. J. Biol. Chem. 283, 30 311-30 321.
(doi:10.1074/jbc.M805182200)

McCormick PJ, Dumaresg-Doiron K, Pluviose A-S,
Pichette V, Tosato G, Lefrancois S. 2008
Palmitoylation controls recycling in lysosomal
sorting and trafficking. Traffic 9, 1984-1997.
(doi:10.1111/j.1600-0854.2008.00814.x)

Canuel M, Lefrancois S, Zeng J, Morales CR. 2008
AP-1 and retromer play opposite roles in the
trafficking of sortilin between the Golgi apparatus
and the lysosomes. Biochem. Biophys. Res. Commun.
366, 724-730. (doi:10.1016/j.bbrc.2007.12.015)
Pan X, Zaarur N, Singh M, Morin P, Brennwald P).
2017 Sortilin and retromer mediate retrograde
transport of Glut4 in 373-L1 adipocytes. Mol.

Biol. Cell 28, 1667—1675. (doi:10.1091/mbc.e16-
1-0777)

Zeigerer A, Lampson MA, Karylowski 0, Sabatini DD,
Adesnik M, Ren M, Lippincott-Schwartz J. 2002
GLUT4 retention in adipocytes requires two
intracellular insulin-requlated transport steps.

Mol. Biol. Cell 13, 2421-2435. (doi:10.1091/mbc.
e02-02-0071)

Karylowski O, Zeigerer A, Cohen A, Mcgraw TE.
2004 GLUT4 is retained by an intracellular cycle
of vesicle formation and fusion with endosomes.
Mol. Biol. Cell 15, 870-882. (doi:10.1091/mbc.e03-
07-0517)

Del Vecchio RL, Pilch PF. 1991 Phosphatidylinositol
4-kinase is a component of glucose transporter
(GLUT 4)-containing vesicles. J. Biol. Chem. 266,
13 278-13 283. (doi:10.1016/50021-9258(18)
98835-6)

Kristiansen S, Ramlal T, Klip A. 1998
Phosphatidylinositol 4-kinase, but not
phosphatidylinositol 3-kinase, is present in GLUT4-
containing vesicles isolated from rat skeletal muscle.
Biochem. J. 335(Pt 2), 351-356. (doi:10.1042/
bj3350351)

Xu Z, Huang G, Kandror KV. 2006
Phosphatidylinositol 4-kinase type llalpha is
targeted specifically to cellugyrin-positive glucose
transporter 4 vesicles. Mol. Endocrinol. 20,
2890-2897. (doi:10.1210/me.2006-0193)
Kioumourtzoglou D, Pryor PR, Gould GW, Bryant NJ.
2015 Alternative routes to the cell surface underpin
insulin-regulated membrane trafficking of GLUT4.

16.

n7.

18.

9.

120.

121

122.

123.

124.

125.

126.

127.

128.

129.

J. Cell Sci. 128, 2423-2429. (doi:10.1242/jcs.
166561)

Dumaresg-Doiron K, Jules F, Lefrancois S. 2013
Sortilin turnover is mediated by ubiquitination.
Biochem. Biophys. Res. Commun. 433, 90-95.
(doi:10.1016/j.bbrc.2013.02.059)

Shi J, Kandror KV. 2005 Sortilin is essential and
sufficient for the formation of Glut4 storage vesicles
in 3T3-L1 adipocytes. Dev. Cell 9, 99-108. (doi:10.
1016/j.devcel.2005.04.004)

Mafakheri S, Chadt A, Al-Hasani H. 2018 Regulation
of RabGAPs involved in insulin action. Biochem. Soc.
Trans. 46, 683—690. (doi:10.1042/BST20170479)
Chen Y et al. 2012 Rab10 and myosin-Va mediate
insulin-stimulated GLUT4 storage vesicle
translocation in adipocytes. J. Cell Biol. 198,
545-560. (doi:10.1083/j¢b.201111091)

Reed SE, Hodgson LR, Song S, May MT, Kelly EE,
Mccaffrey MW, Mastick CC, Verkade P, Tavare JM.
2013 A role for Rab14 in the endocytic trafficking of
GLUT4 in 3T3-L1 adipocytes. J. Cell Sci. 126(Pt 9),
1931-1941. (doi:10.1242/jcs.104307)

Brewer PD, Habtemichael EN, Romenskaia I, Coster
ACF, Mastick CC. 2016 Rab14 limits the sorting of
Glut4 from endosomes into insulin-sensitive
regulated secretory compartments in adipocytes.
Biochem. J. 473, 1315-1327. (do0i:10.1042/
B(J20160020)

Brumfield A, Chaudhary N, Molle D, Wen J,
Graumann J, Linstedt A. 2021 Insulin-promoted
mobilization of GLUT4 from a perinuclear storage
site requires RAB10. Mol. Biol. Cell 32, 57-73.
(doi:10.1091/mbc.E20-06-0356)

Ren W, Sun Y, Du K. 2015 Glut4 palmitoylation at
(ys223 plays a critical role in Glut4 membrane
trafficking. Biochem. Biophys. Res. Commun. 460,
709-714. (doi:10.1016/j.bbrc.2015.03.094)

Du K, Murakami S, Sun Y, Kilpatrick CL, Luscher B.
2017 DHHC7 palmitoylates glucose transporter 4
(Glutd) and regulates Glut4 membrane
translocation. J. Biol. Chem. 292, 2979-2991.
(doi:10.1074/jbc.M116.747139)

Werno MW, Chamberlain LH. 2015 S-acylation of
the insulin-responsive aminopeptidase (IRAP):
quantitative analysis and identification of modified
cysteines. Sci. Rep. 5, 12413. (doi:10.1038/
srep12413)

Pan X, Meriin A, Huang G, Martin TFJ. 2019 Insulin-
responsive amino peptidase follows the Glut4
pathway but is dispensable for the formation and
translocation of insulin-responsive vesicles. Mol.
Biol. Cell 30, 1536—1543. (doi:10.1091/mbc.E18-
12-0792)

Gao X, Hannoush RN. 2016 Visualizing Wnt
palmitoylation in single cells. Methods Mol. Biol.
1481, 1-9. (doi:10.1007/978-1-4939-6393-5_1)
Greaves J, Salaun C, Fukata Y, Fukata M,
Chamberlain LH. 2008 Palmitoylation and
membrane interactions of the neuroprotective
chaperone cysteine-string protein. J. Biol. Chem.
283, 25 014-25 026. (doi:10.1074/jbc.M802140200)
Zhang H, Kelley WL, Chamberlain LH, Burgoyne RD,
Wollheim (B, Lang J. 1998 Cysteine-string proteins


http://dx.doi.org/10.1126/scisignal.aax2364
http://dx.doi.org/10.1371/journal.pone.0005985
http://dx.doi.org/10.1371/journal.pone.0005985
http://dx.doi.org/10.1038/s41467-017-01328-3
http://dx.doi.org/10.1128/MCB.00754-08
http://dx.doi.org/10.1074/jbc.M406482200
http://dx.doi.org/10.1074/jbc.M406482200
http://dx.doi.org/10.1128/MCB.00527-13
http://dx.doi.org/10.1002/jcp.30266
http://dx.doi.org/10.1080/21623945.2020.1738792
http://dx.doi.org/10.1080/21623945.2020.1738792
http://dx.doi.org/10.1186/1755-8794-4-51
http://dx.doi.org/10.1186/1755-8794-4-51
http://dx.doi.org/10.2337/db16-0245
http://dx.doi.org/10.2337/db16-0245
http://dx.doi.org/10.1016/j.tcb.2020.05.007
http://dx.doi.org/10.1016/j.tcb.2020.05.007
http://dx.doi.org/10.1074/jbc.REV119.008351
http://dx.doi.org/10.1146/annurev-biochem-060109-094246
http://dx.doi.org/10.1146/annurev-biochem-060109-094246
http://dx.doi.org/10.4161/adip.22117
http://dx.doi.org/10.1006/bbrc.1999.0652
http://dx.doi.org/10.1006/bbrc.1999.0652
http://dx.doi.org/10.1074/jbc.M206936200
http://dx.doi.org/10.1074/jbc.M206936200
http://dx.doi.org/10.1093/emboj/20.9.2180
http://dx.doi.org/10.1083/jcb.201812135
http://dx.doi.org/10.1074/jbc.M805182200
http://dx.doi.org/10.1111/j.1600-0854.2008.00814.x
http://dx.doi.org/10.1016/j.bbrc.2007.12.015
http://dx.doi.org/10.1091/mbc.e16-11-0777
http://dx.doi.org/10.1091/mbc.e16-11-0777
http://dx.doi.org/10.1091/mbc.e02-02-0071
http://dx.doi.org/10.1091/mbc.e02-02-0071
http://dx.doi.org/10.1091/mbc.e03-07-0517
http://dx.doi.org/10.1091/mbc.e03-07-0517
http://dx.doi.org/10.1016/S0021-9258(18)98835-6
http://dx.doi.org/10.1016/S0021-9258(18)98835-6
http://dx.doi.org/10.1042/bj3350351
http://dx.doi.org/10.1042/bj3350351
http://dx.doi.org/10.1210/me.2006-0193
http://dx.doi.org/10.1242/jcs.166561
http://dx.doi.org/10.1242/jcs.166561
http://dx.doi.org/10.1016/j.bbrc.2013.02.059
http://dx.doi.org/10.1016/j.devcel.2005.04.004
http://dx.doi.org/10.1016/j.devcel.2005.04.004
http://dx.doi.org/10.1042/BST20170479
http://dx.doi.org/10.1083/jcb.201111091
http://dx.doi.org/10.1242/jcs.104307
http://dx.doi.org/10.1042/BCJ20160020
http://dx.doi.org/10.1042/BCJ20160020
http://dx.doi.org/10.1091/mbc.E20-06-0356
http://dx.doi.org/10.1016/j.bbrc.2015.03.094
http://dx.doi.org/10.1074/jbc.M116.747139
http://dx.doi.org/10.1038/srep12413
http://dx.doi.org/10.1038/srep12413
http://dx.doi.org/10.1091/mbc.E18-12-0792
http://dx.doi.org/10.1091/mbc.E18-12-0792
http://dx.doi.org/10.1007/978-1-4939-6393-5_1
http://dx.doi.org/10.1074/jbc.M802140200

130.

regulate exocytosis of insulin independent

from transmembrane ion fluxes. FEBS Lett.

437, 267-272. (doi:10.1016/50014-
5793(98)01233-2)

Wei X, Song H, Semenkovich CF. 2014 Insulin-
regulated protein palmitoylation impacts
endothelial cell function. Arterioscler. Thromb. Vasc.
Biol. 34, 346-354. (doi:10.1161/ATVBAHA.113.
302848)

131.

132.

Imuda F, Chamberlain LH. 2020 Regulatory
effects of post-translational modifications on
ZDHHC S-acyltransferases. J. Biol. Chem.

295, 14 640—14 652. (doi:10.1074/jbc.
REV120.014717)

Schmelzle K, Kane S, Gridley S, Lienhard GE, White
FM. 2006 Temporal dynamics of tyrosine
phosphorylation in insulin signaling. Diabetes 55,
2171-2179. (doi:10.2337/db06-0148)

133.

134,

Ernst AM et al. 2018 S-palmitoylation sorts
membrane cargo for anterograde transport in the
Golgi. Dev. Cell 47, 479-493.¢7. (d0i:10.1016/].
devcel.2018.10.024)

Vassilopoulos S, Esk C, Hoshino S, Funke BH, Chen
C-Y, Plocik AM, Wright WE, Kucherlapati R, Brodsky
FM. 2009 A role for the CHC22 clathrin heavy-chain
isoform in human glucose metabolism. Science 324,
1192-1196. (doi:10.1126/science.1171529)

qosi/[euinof/bio-buiysijgndAranosjefos

L100LT :LL ‘foIg uadp


http://dx.doi.org/10.1016/S0014-5793(98)01233-2
http://dx.doi.org/10.1016/S0014-5793(98)01233-2
http://dx.doi.org/10.1161/ATVBAHA.113.302848
http://dx.doi.org/10.1161/ATVBAHA.113.302848
http://dx.doi.org/10.1074/jbc.REV120.014717
http://dx.doi.org/10.1074/jbc.REV120.014717
http://dx.doi.org/10.2337/db06-0148
http://dx.doi.org/10.1016/j.devcel.2018.10.024
http://dx.doi.org/10.1016/j.devcel.2018.10.024
http://dx.doi.org/10.1126/science.1171529

	Regulatory effects of protein S-acylation on insulin secretion and insulin action
	Introduction
	Insulin secretion
	S-acylation and regulation of ion channels controlling β-cell physiology and insulin secretion
	S-acylation of Kir6.2 affects KATP channel activity
	S-acylation affects the trafficking, activity and modulation of voltage-gated Ca2+ channels
	BK channels are regulated by S-acylation and also play an important role in glucose-stimulated insulin secretion

	S-acylation of G protein-coupled receptors
	S-acylation of the insulin granule exocytosis machinery
	S-acylation of proteins involved in glucose-stimulated insulin secretion highlights a broad range of regulatory effects of this post-translational modification

	Insulin signalling and GLUT4 vesicle exocytosis
	Phosphoinositide-dependent insulin signalling pathway
	GLUT4 trafficking

	S-acylation enzymes linked to insulin secretion and insulin action
	Conclusion and future perspective
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	References


