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ABSTRACT
Soluble N-ethylmaleimide-sensitive factor attachment protein
receptors (SNAREs) are membrane-associated trafficking proteins
that confer identity to lipid membranes and facilitate membrane
fusion. These functions are achieved through the complexing of
Q-SNAREs with a specific cognate target R-SNARE, leading to the
fusion of their associated membranes. These SNARE complexes
then dissociate so that the Q-SNAREs and R-SNAREs can repeat
this cycle. Whilst the basic function of SNAREs has been long
appreciated, it is becoming increasingly clear that the cell can
control the localisation and function of SNARE proteins through
posttranslational modifications (PTMs), such as phosphorylation and
ubiquitylation. Whilst numerous proteomic methods have shown that
SNARE proteins are subject to these modifications, little is known
about how these modifications regulate SNARE function. However, it
is clear that these PTMs provide cells with an incredible functional
plasticity; SNARE PTMs enable cells to respond to an ever-changing
extracellular environment through the rerouting of membrane
traffic. In this Review, we summarise key findings regarding SNARE
regulation by PTMs and discuss how these modifications
reprogramme membrane trafficking pathways.
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Introduction
Membrane traffic between organelles is a carefully choreographed
process requiring the sculpting and transport of both vesicles
and tubules. Following transport, vesicles and tubules must
fuse with organelle membranes. Critical to these processes are the
soluble N-ethylmaleimide-sensitive factor attachment protein
receptors (SNAREs). Vesicles cannot fuse in the absence of
SNAREs (Weber et al., 1998), and there is increasing evidence that,
in addition to regulating membrane–membrane fusion, SNARE
interactions with non-SNARE proteins can regulate vesicle
biogenesis and mobilisation (Sneeggen et al., 2019). SNAREs
drive membrane fusion through the binding of R-SNAREs (which
are mostly localised to vesicles) to Q-SNAREs (on organelle
membranes). Typically, one R-SNARE on a vesicle will complex
with three Q-SNAREs (termed Qa, Qb and Qc; Dingjan et al.,
2018; Jahn and Scheller, 2006). The exception are soluble
N-ethylmaleimide-sensitive factor attachment protein (SNAP)
family SNARE proteins, which carry both Qb and Qc SNARE

motifs (Jahn and Scheller, 2006). Each set of Q-SNAREs is thought
to complex with a limited number of R-SNAREs, providing
membranes with a SNARE-associated identity (Dingjan et al.,
2018; Söllner et al., 1993). SNAREs are known to be loaded onto
their associated membranes by vesicle coat components (Matsuoka
et al., 1998). Following membrane fusion, SNARE complexes are
disassembled by the N-ethylmaleimide-sensitive factor (NSF)
protein (Block et al., 1988; Malhotra et al., 1988), along with the
cofactor α-SNAP (also known as NAPA; see Fig. 1 for a basic
overview of SNARE function). However, it is becoming clear that
SNARE proteins are extensively regulated via posttranslational
modifications (PTMs). This provides SNARE proteins with
functional fluidity; PTMs may alter the ability of SNARE
proteins to fuse membranes and can generate subfamilies of
SNARE-based vesicle identities. This may be critical for enabling
cells to adjust to an ever-changing environment. For instance, it is
already known that stimulation of epithelial cells with growth
factors or of immune cells with pathogenic stimuli requires rerouting
of membrane trafficking circuits (Francavilla et al., 2013; 2016;
Verboogen et al., 2019). Such events may also be (partially)
achieved by posttranslationally modifying SNARE proteins;
in fact, in dendritic cells this has been demonstrated (Nair-Gupta
et al., 2014) (see below). Thus, SNARE proteins, along with
phosphoinositides and Rab proteins, can be altered to generate vast
numbers of vesicular subclasses, both in basal conditions and in
response to environmental cues. Here, we will provide an overview
of the different PTMs known to reprogramme SNARE function. We
will focus on phosphorylation, ubiquitylation, SUMOylation,
palmitoylation, acetylation and O-GlcNAcylation, as these are
well understood. However, it is likely that a myriad of other PTMs
(for example, methylation) also regulate SNARE function. We will
give a comprehensive description of how these SNARE PTMs can
alter membrane traffic and will highlight outstanding questions or
challenges in the field (for a comprehensive list of SNARE PTMs
observed in high-throughput human and mouse datasets, mapped to
the human modification sites, see Table S1; Hornbeck et al., 2015).

SNARE regulation through phosphorylation
The addition of a relatively small phosphate group to serine,
threonine or tyrosine residues has long been known to reprogramme
the function of proteins (Ardito et al., 2017). Furthermore, the
small size (95 Da) and negative charge (−2 at physiological pH)
of a phosphate group have allowed the development of effective
phosphopeptide enrichment strategies, which, when combined with
mass spectrometry, enable the monitoring of global changes in
phosphorylation states under varying cellular conditions (Fílla and
Honys, 2012). SNARE proteins are also subject to regulation via
phosphorylation, although the underlying details of this process are
only just emerging. Indeed, several phosphoproteomic datasets
(Olsen et al., 2010; Matsuoka et al., 2007; Sharma et al., 2014) have
identified different SNARE phosphorylation sites under specific
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conditions, but many of their functions are obscure. However,
it is currently understood that SNARE phosphorylation can alter
both the fusogenic capacity of SNAREs, as well as the identity
they confer. Therefore, we will summarise key recent studies on
how phosphorylation rewires membrane traffic, providing (where
possible) the precise molecular explanation of how phosphorylation
achieves these ends.
In the context of immune cell biology, a critical role for

phosphorylation of the SNARE protein SNAP23 (a Q-SNARE)
in antigen cross-presentation in mouse bone marrow-derived
dendritic cells has been found (Nair-Gupta et al., 2014). Dendritic
cells are the interface between the innate and adaptive immune
systems; they phagocytose and digest pathogens before trafficking
pathogen-derived peptides (referred to as antigens) bound to major
histocompatibility complexes (MHCs) to the plasma membrane
(Patente et al., 2019). MHC-I (which mediates antigen presentation
to CD8-positive T cells in a process referred to as cross-
presentation) is stored in the endocytic recycling compartment
(ERC) in a Rab11a-dependent manner to be delivered to the
phagosome following the ingestion of microbial pathogens. Thus,

prior to encountering a pathogen, trafficking networks prime the cell
for a rapid response to ensure rapid antigen cross-presentation.
Indeed, in mice, myeloid differentiation primary response 88
(MyD88)-dependent toll-like receptor (TLR) signalling in response
to inflammatory cargo from bacterial pathogens induces SNAP23
phosphorylation on serine 95 (which is conserved in human
SNAP23) at the phagosome, triggering the trafficking of MHC-I to
the phagosome (Nair-Gupta et al., 2014). It is still unclear how this
phosphorylation enables cross-presentation, but it is possible that it
allows SNARE complex formation (likely between SNAP23
and VAMP8, but this remains unconfirmed). This seems to be a
likely explanation, as SNAP23 phosphorylation has been shown to
stabilise SNARE complexes in mast cells (Karim et al., 2013; Puri
and Roche, 2006; Suzuki and Verma, 2008). Thus, mouse dendritic
cells prime their trafficking machinery prior to encountering a
pathogen and utilise the phosphorylation of SNAP23 as a hair
trigger to rapidly initiate MHC-I shuttling to the phagosome (Nair-
Gupta et al., 2014).

Furthermore, all non-synaptic R-SNAREs (a subfamily of
R-SNAREs that are absent in neuronal synapses) have conserved
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Fig. 1. General model of SNARE-mediated
membrane fusion. (A) Vesicles with associated
R-SNAREs are trafficked to acceptor membranes
(such as the Golgi or plasma membrane), which
contain a Q SNARE cluster composed of a
Qa-SNARE, Qb-SNARE and Qc-SNARE. (B) N- to
C-terminal zippering is initiated between the
vesicular R-SNARE and the Q-SNARE complex.
(C) Zippering between the R-SNARE and
Q-SNAREs drives the fusion of the vesicular
membrane with the acceptor membrane, enabling
the content of the vesicle to pass across the
acceptor membrane. (D) The resulting cis-SNARE
complex is disassembled by NSF and α-SNAP in
an ATP-dependent manner. This provides the
free energy for future membrane fusion events.
A single SNARE complex is sufficient to drive
membrane–membrane fusion. Pi, phosphate.
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serines and threonines that potentially can be phosphorylated to
alter their fusogenic capacity (Malmersjö et al., 2016). These sites
are found inside the helical bundle that is formed when R-SNAREs
bind to Q-SNAREs. It has been further demonstrated that
introducing phosphomimetic mutations to the R-SNARE VAMP8
at one of three conserved residues (T47E, T53E or S54E – all
of which are conserved between mouse and human) can block
in vitro SNARE complex formation. Furthermore, in rat mast cells
expressing these VAMP8 mutants, vesicles can dock at the plasma
membrane, but they fail to fuse. Thus, although phosphorylated
VAMP8 might still be able to form a complex with its cognate
SNAREs (i.e. incomplete binding that does not promote
membrane–membrane fusion), the SNARE complex cannot fully
form and vesicle–membrane fusion is blocked by R-SNARE
phosphorylation (Fig. 2) (Malmersjö et al., 2016). This therefore
points towards a model whereby, in cells such as mast cells, VAMPs
may be phosphorylated to enable the accumulation of vesicles at the
plasma membrane that are primed for exocytosis, possibly by
dephosphorylation (Fig. 2A). This might allow cells to rapidly
release the content of these vesicles (such as histamine or heparin)
into the extracellular space when required (such as when
encountering a pathogen-bound IgE antibody; Galli and Tsai,
2012) (Fig. 2B). In line with this model, mutations located at the
C-terminal end of the SNARE region of VAMP2 still allow
formation of a trans-SNARE complex but impair membrane fusion,
because the complete cis-SNARE complex cannot form (Hernandez

et al., 2012). Hence, it might be expected that PTMs located at the
C-terminal end of the SNARE regions might enable membrane
tethering but stall fusion. In this case, removal of the PTM might
result in cis-SNARE complex formation and so trigger membrane
fusion. However, this mechanism still needs to be confirmed in vivo.

A role for STX17 phosphorylation in the regulation of autophagy
has been described in human cell lines and mouse bone marrow-
derived macrophages (Kumar et al., 2019). Typically, STX17 is
thought to be involved in membrane trafficking between the
endoplasmic reticulum (ER) and the Golgi (Muppirala et al., 2011).
However, the function of STX17 can be reprogrammed in order to
facilitate autophagy (Kumar et al., 2019), which is achieved through
TANK-binding kinase 1 (TBK1)-mediated phosphorylation at
serine 202 (Fig. 3A) (within the target SNARE coiled-coil
homology motif, which is conserved between mouse and human).
This leads to STX17 recruitment to the Golgi (Fig. 3B). Upon
induction of autophagy by starvation, phosphorylation of STX17
results in its departure from the Golgi and drives the formation
of the pre-autophagosomal structure (PAS), permitting the
assembly of autophagosomes (Fig. 3C). How the precise location
of autophagosome assembly is dictated is unknown; however, there
is strong evidence that this occurs at an ER–mitochondrial contact
site (Hamasaki et al., 2013). The assembly of the mammalian
PAS is achieved through the interaction of phosphorylated STX17
with ATG13 and FIP200 (also known as RB1CC1), which in turn
recruit ULK1. Autophagy is blocked in STX17-knockout cells,
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Fig. 2. Model for mast cell
degranulation through VAMP8
dephosphorylation. (A) Under
non-inflammatory conditions, mast
cells maintain vesicles at the plasma
membrane that are filled with exocytic
cargoes. Although docked, these
vesicles are unable to fuse because
phosphorylation of VAMP8 blocks its
complex formation with STX3.
(B) Following inflammatory
stimulation, VAMP8 is
dephosphorylated by a phosphatase,
enabling its interaction with STX3 at
the plasma membrane; this drives
vesicle fusion and release of vesicular
content to further trigger the
immunological response.
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and this can be rescued by the overexpression of wild-type STX17
or the phosphomimetic mutant STX17 S202E, but not
by the phosphodead mutant STX17 S202A, demonstrating
that phosphorylation of STX17 at serine 202 is essential
for autophagy. In summary, STX17 can be shuttled between
biosynthetic and autophagic trafficking pathways through the
dynamic phosphorylation and dephosphorylation of serine 202
(Hamasaki et al., 2013).
Two recent studies have identified conserved phosphorylation

events on the R-SNARE YKT6 (Pradhipa Karuna et al., 2020;
McGrath et al., 2021). YKT6 is an unusual SNARE, because it is
extensively regulated through palmitoylation, geranylgeranylation
and farnesylation. YKT6 has been described as a regulator of ER-
to-Golgi traffic. The first of these recent studies now demonstrates
that phosphorylation is a central regulator of YKT6-dependent

ER-to-Golgi traffic and that, conversely, dephosphorylation can
reprogramme the YKT6 interactome in order to drive autophagy.
Specifically, a role for YKT6 phosphorylation in driving YKT6
opening and recruitment to membranes in general has been shown
(YKT6 is normally found in a closed cytosolic form) (Pradhipa
Karuna et al., 2020). Here, four phosphorylation sites (including
serine 174) are shown to be conserved between Drosophila and
humans. Expression of phosphomimetic or phosphodead (all four
serines converted) YKT6 mutants in YKT6−/−Drosophila points to
a physiological role for these sites, as wild-type YKT6 and the
phosphodead mutant reverse the lethal phenotype caused by the
knockout, whereas the phosphomimetic mutant fails to reverse it.
The authors further show that phosphorylation of these serines
drives an open conformation and reprogrammes the interactome of
YKT6 (as described using mass spectrometry); however, the overall
consequences of this are yet to be defined (Pradhipa Karuna et al.,
2020).

The second study examines serine 174 of YKT6 (serine 176 in
the yeast orthologue Ykt6). Specifically, the authors also
demonstrate that this residue must be phosphorylated in order for
YKT6 to switch from a closed, cytosolic form to an open,
membrane-bound form (McGrath et al., 2021). They show that this
phosphorylation occurs in response to Ca2+ signalling and is
required for the role of YKT6 in trafficking along the secretory
pathway, from the ER and Golgi, in human cells. They also show
using mass spectrometry that the phosphodead (closed cytosolic)
variant of YKT6 interacts more strongly with the Q-SNAREs
SNAP29 and STX17 (SNAREs required for autophagy), compared
to the phosphomimetic mutant. Consistent with this, overexpression
of wild-type Ykt6 and an S176A Ykt6 mutant, but not a S176D
mutant, in yeast was protective against the toxic effects of misfolded
α-synuclein (a driver of Parkinson’s disease). This effect
presumably occurs because wild-type Ykt6 and the phosphodead
Ykt6 mutant can still interact with autophagy-associated SNAREs
to degrade misfolded α-synuclein, but the phosphomimetic
mutant cannot. However, this remains to be confirmed through
colocalisation experiments (McGrath et al., 2021). Based on these
data, it seems possible that phosphorylation of YKT6 at serine 174
is central to shuttling YKT6 between the secretory pathway and the
autophagy pathway, although more work will be required to verify
this. There are also many open questions regarding YKT6 regulation
that still need to be addressed.

Interestingly, a role for dephosphorylation of the Q-SNARE
VTI1b in enabling autophagy has also been recently described
(Chou et al., 2021). Using a genetic screen inDrosophila to discover
phosphatases regulating autophagy, the authors identified the
phosphatase Ptpmeg2, which is a homologue of mammalian
PTPN9. When PTPN9 was knocked down in mouse cells, the
number and size of autophagy related 16 like 1 (ATG16L1)-
carrying vesicles (required for autophagosome formation) were
found to be reduced. Q-SNARE VTI1b was shown to be a substrate
of PTPN9, which dephosphorylates tyrosines 112 and 115 of
VTI1b. Expression of the phosphomimetic Y112E Y115E VTI1b
mutant (which has both tyrosines converted to glutamic acids) was
found to block autophagy. Conversely, overexpression of the
phosphodead Y112F Y115F VTI1b mutant rescued the reduction in
number and size of ATG16L1-positive vesicles observed in PTPN9-
knockdown cells. Whilst the exact mechanism underpinning
autophagy initiation by VTI1b dephosphorylation is unclear, it
seems likely that the phosphate groups block interaction with
relevant R-SNAREs. Thus, VTI1b is constitutively phosphorylated
to block autophagy but can be reprogrammed by Ptpmeg2 in
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Fig. 3. Model of STX17 regulation during autophagy. (A) Constitutively
acetylated STX17 localised at the ER must be phosphorylated by TBK1 at
serine 202. (B) Phosphorylation of STX17 relocates it to the Golgi, from where
it can be recruited to the pre-autophagosomal structure (likely at an ER–
mitochondrial contact site). (C) At the pre-autophagosomal structure,
phosphorylated STX17 can recruit ATG13, FIP200 and ULK1, driving the
formation of an autophagosome. (D) HDAC2 deacetylates STX17 at the
autophagosomal membrane. (E) Deacetylated STX17 is able to form a
complex with VAMP8 and SNAP29, which drives autophagosomal maturation
through fusion of the autophagosome with lysosomes to ensure the
degradation of the autophagic cargo. Ac, acetyl group; Pi, phosphate.
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Drosophila, or by PTPN9 in mammals, to promote autophagy when
required (Chou et al., 2021).
In summary, SNARE phosphorylation events can promote and

block SNARE-driven membrane fusion, as well as reprogramme
SNARE interactomes. Thus, kinases and phosphatases can act as
interfaces between extracellular stimuli and SNARE proteins to
redirect membrane traffic, achieving a diverse array of cellular
outcomes, including antigen cross-presentation, autophagy and
exocytosis.

SNARE ubiquitylation and SUMOylation
Ubiquitylation
Ubiquitylation, originally identified as a label for proteasomal
degradation, is now appreciated as a complex PTM that is capable of
regulating a wide variety of cellular events, including membrane
traffic (Kliza and Husnjak, 2020). During ubiquitylation, a ubiquitin
molecule is transferred from an E2 ubiquitin-conjugating enzyme to
a target protein via an E3 ubiquitin ligase (Kliza and Husnjak,
2020). Ubiquitin monomers are very small (76 residues) and can
readily be identified through a number of proteomic techniques, and
several SNARE ubiquitylation events have been identified.
Although the function of many of these ubiquitylations remains
elusive, a few key studies have shed light on how they can
reprogramme SNARE function.
A role for ubiquitylation of the Q-SNARE STX5 in the p97

(VCP)-dependent pathway of mitotic Golgi fragmentation has been
identified (Huang et al., 2016). During interphase, the Golgi
structure is maintained by fusion events driven by a complex
between STX5 and the R-SNARE BET1 (Fig. 4A). A search for
substrates of the E3 ubiquitin ligase HACE1 with known roles in
Golgi fragmentation during mitosis identified STX5 as a mitotic
ubiquitylation target (at K270 in the short isoform, K325 in the long
isoform – present in both mouse and humans). Monoubiquitylation
of STX5 at K270 blocks its interaction with BET1, driving Golgi
fragmentation (because fusion reactions can no longer occur)
(Fig. 4B). This ubiquitylation also enables STX5 to recruit p47 (also
known as NSFL1C), the adaptor for both p97 (a protein that further
drives Golgi fragmentation) and the deubiquitylase VCIP135 (also
known as VCPIP1) (Fig. 4C). However, during mitosis, VCIP135 is
kept inactive by a mitosis-dependent phosphorylation event, and as
cells progress to late mitosis, VCIP135 is dephosphorylated and
able to deubiquitylate STX5, enabling re-formation of the Golgi
(Fig. 4D,E) (Huang, et al., 2016). This study not only shows how
STX5 function is rewired in mitosis, as compared to interphase, by
altering its fusogenic ability, but also points to an interplay between
deubiquitylases and phosphatases that ultimately determines STX5
function.
Ubiquitylation also plays a role in the endocytic recycling of

SNAREs. In the yeast Saccharomyces cerevisiae, the SNARE Snc1
(an R-SNARE required for fusion of exocytic vesicles formed at the
Golgi) is polyubiquitylated on K63, and this polyubiquitylation is
required for endocytic recycling of Snc1 (Xu et al., 2017). The
ubiquitylation of Snc1 had already been known (Chen et al., 2011),
but to determine its function, the deubiquitylase UL36 from
herpes simplex virus was fused to GFP-tagged Snc1, which blocked
Snc1 recycling and drove its accumulation on Tlg1-positive
endosomes (Xu et al., 2017). Furthermore, the authors identified
Tul1 and Pib1 as the E3 ubiquitin ligases responsible. In addition,
polyubiquitylation was shown to drive an interaction between Snc1
and COPI coat proteins (normally found on the Golgi, but also
observed on Tlg1-positive endosomes), specifically between the
polyubiquitin group and the WD40 repeat propeller domains of the

β′-COP subunit (also known as Sec27; Xu et al., 2017). This
interaction is essential for the endocytic recycling of Snc1 to the
plasma membrane (via the Golgi). Thus, the polyubiquitylation of
Snc1 is required for its recycling to the Golgi to enable further
rounds of exocytosis. This ubiquitylation–deubiquitylation cycle
therefore allows the cell to control the subcellular location of
Snc1, perhaps in response to extracellular stimuli. However, this
mechanism does not appear to be conserved in humans, as the
ubiquitylation site is not conserved in VAMP2, the closest human
orthologue of yeast Snc1 (38% sequence identity).

A further example of the regulation of SNARE localisation is
ubiquitylation of the Q-SNARE STX3 in a conserved polybasic
domain, which is required for the retrieval of STX3 from the
basolateral domain of polarised epithelial cells (Giovannone et al.,
2017). Using human cell lines, it has been demonstrated that this
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Fig. 4. Monoubiquitylation of STX5 is important for Golgi assembly and
disassembly. (A) During interphase, STX5 and BET1 maintain Golgi stack
structure through undergoing continuous fusion reactions. (B) During mitosis,
STX5 is monoubiquitylated at lysine 270 by HACE1, which blocks the
interaction with BET1, resulting in fragmentation of the Golgi membrane as
fusion cannot take place. (C) Recruitment of p97 and p47 to ubiquitylated
STX5 further drives Golgi fragmentation. p97 and p47 also recruit the
deubiquitylase VCIP135 in a phosphorylated (inactive) state, which primes the
p97–p47–STX5 complex for disassembly. (D) Dephosphorylation of VCIP135
upon mitotic exit activates its deubiquitylase activity, enabling deubiquitylation
of STX5. (E) Removal of ubiquitin from lysine 270 in STX5 leads to the
dissociation of p97, p47 and VCIP135 from STX5, which allows STX5 to
interact with BET1, resulting in re-formation of the interphase Golgi structure.
Pi, phosphate; Ub, ubiquitin.
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ubiquitination can likely occur on any of the five C-terminal lysines
found in STX3. In Madin–Darby canine kidney (MDCK) cells, this
ubiquitylation directs STX3 and associated cargoes (such as the
known exosomal cargo GPRC5B) into the endolysosomal system,
which ultimately leads to their sequestration into intraluminal
vesicles that are subsequently secreted as exosomes. Finally,
experiments in the human foreskin fibroblast cell line BJ1
show that human cytomegalovirus (replication of which is
dependent on STX3) hijacks this pathway, as cells expressing a
nonubiquitylatable mutant (in which the five lysines are converted
into arginines) produce fewer virus particles when infected
(Giovannone et al., 2017). Although the exact underlying
mechanism is unclear, this study nevertheless suggests that the
ubiquitylation of STX3 is integrated into the epithelial polarity
programme (as in MDCKs) and is used in cells with a mesenchymal
polarity (such as BJ1 cells). Therefore, it will be interesting for
future studies to examine whether ubiquitylation of STX3 is front–
rear polarised in mesenchymal cells.

SUMOylation
SUMOylation is a PTM analogous to ubiquitylation and plays an
important role in a wide range of cellular processes. SUMOylation
involves the conjugation of a small ubiquitin-like modifier (SUMO)
to lysine residues in target proteins (Henley et al., 2014; Wilkinson
and Henley, 2010). SUMOylation has been characterised as a major
regulator of numerous functions, including trafficking, synapse
formation (Shalizi et al., 2006) synaptic plasticity (Chamberlain
et al., 2012; Craig et al., 2012) as well as transcription and even
chromosome segregation (Wilkinson and Henley, 2010). As with
ubiquitylation, SUMOylation can regulate membrane traffic
through modifying SNARE proteins, although the details of this
are just emerging.
SUMOylation of the neuronal Q-SNARE STX1A regulates

neurotransmitter release from the presynaptic terminal of rat neurons
(Craig et al., 2016). During exocytosis at the presynaptic terminal,
SNARE proteins including STX1A provide the mechanical force
required for membrane fusion. Here, the authors demonstrate that
STX1A is SUMOylated on lysines 252, 253 and 256 (which are
conserved between rat and human), an event that is dependent on
activation of the neuron. Preventing STX1A SUMOylation through
mutagenesis of these residues leads to an increase in the rate of
vesicle endocytosis, but the rate of exocytosis is unaffected. Thus,
SUMOylation of STX1A acts as a molecular switch that coordinates
the balance between endocytosis and exocytosis. Based on this, the
authors propose that non-SUMOylated and SUMOylated STX1A
form two distinct functional pools, with non-SUMOylated STX1A
suggested to be involved in SNARE complex formation and
membrane fusion, whereas SUMOylated STX1A dissociates from
its cognate SNAREs and regulates vesicle endocytosis (Craig et al.,
2016). These results demonstrate that the rapid membrane
trafficking events that accompany neuronal activation are in part
dependent on SNARE PTMs.
SUMOylation of STX1A has also been shown to regulate

multiple steps of insulin secretion in a rat pancreatic β cell line
(INS-1E; Davey et al., 2019). Specific inhibition of STX1A
SUMOylation (using the same STX1A mutant as in Craig et al.,
2016: STX1A K252R K253R K256R) leads to an increase in
glucose-stimulated insulin secretion (GSIS). Thus, SUMOylation of
STX1A acts as a brake on GSIS (Davey, et al., 2019). The
underlying mechanism is unclear, but it is likely that SUMOylation
blocks the formation of fusogenic SNARE complexes at the plasma
membrane, preventing the exocytosis of insulin. This is in contrast

to neurons, in which exocytosis is not blocked by STX1A
SUMOylation per se. Thus, SUMOylation of STX1A is a critical
regulatory node that might enable pancreatic β cells to dynamically
modulate insulin secretion in accordance with the blood glucose
concentration. It is unclear, however, why this SUMOylation event
has different effects in neurons compared to pancreatic β cells; it is
likely that SUMOylation alters trafficking in accordancewith tissue-
specific expression patterns of trafficking machinery.

In summary, both ubiquitylation and SUMOylation can redirect
membrane traffic through modifying SNAREs. Furthermore, in
contrast to phosphorylation (an ‘on–off’ modification), it is
tempting to speculate that conjugated ubiquitin or SUMO
groups might be further modified in additional ubiquitylation or
SUMOylation steps. This suggests that ubiquitin or SUMO groups
could potentially reprogramme SNARE function in a rheostat-like
manner. This would allow for the dynamic modification of SNARE
proteins, giving rise to specific new ubiquitylation and
SUMOylation patterns (a ubiquitin and SUMO pattern code akin
to the histone acetylation code; Prakash and Fournier, 2017) in
response to an ever-changing extracellular environment.

SNARE palmitoylation, acetylation and O-GlcNAcylation
Palmitoylation
S-palmitoylation is the attachment of palmitate, a 16-carbon
saturated fatty acid chain, to cysteine residues of target proteins
by thioester linkages (typically by palmitoyltransferases) and is
frequently involved in membrane association and protein sorting
(Linder and Deschenes, 2007). In fact, numerous SNAREs –
including SNAP23, SNAP25, STX7 and STX11 – have to be
palmitoylated to exert their function (Dingjan et al., 2018).
However, it is becoming clear that other SNAREs can be
transiently palmitoylated in order to switch functions.

In yeast, Swf1 has been identified as the palmitoyltransferase
responsible for palmitoylating the SNAREs Snc1, Syn8 and Tlg1 at
cysteine residues close to or within their transmembrane domains
(Valdez-Taubas and Pelham, 2005). The authors initially identified
Swf1 through immunoblotting for Snc1 expressed in yeast strains
deficient for different members of the DHCC-CDR family of
putative palmitoyltransferases. Furthermore, palmitoyl-deficient
Tlg1 was found to be missorted and degraded owing to targeting
of unpalmitoylated Tlg1 by the ubiquitin ligase Tul1, which leads to
the sorting of Tlg1 into multivesicular bodies that are ultimately
degraded in the vacuolar compartment. These findings indicate
that palmitoylation is necessary for proper SNARE targeting and
maintenance. It is unknown whether this mechanism is conserved in
humans, although this might be the case as the human orthologues
of Snc1, Syn8 and Tlg1 – VAMP2, STX8 and STX10, respectively
– all contain cysteine residues within their transmembrane helices or
in their membrane-juxtaposed linker regions (Bateman et al., 2021).
Palmitoylation may therefore act as a form of quality control or as a
way to supress a trafficking circuit that is dependent on these
SNAREs.

Another example of how S-palmitoylation affects SNARE
functions concerns STX7 and STX8 (He and Linder, 2009). Both
STX7 and STX8 function within the endosomal trafficking network
but have been suggested to have distinct trafficking functions
(Prekeris et al., 1999). However, there are many questions with
regards to their precise function. In HeLa cells, palmitoylation
occurs at cysteine 239 and cysteine 214 of STX7 and STX8,
respectively (both of which are conserved between mouse and
human) (He and Linder, 2009). Furthermore, STX7 and STX8
palmitoylation display differential sensitivity to brefeldin A (BFA; a
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fungal metabolite that blocks transport through the secretory
pathway); BFA substantially inhibits palmitoylation of STX7,
whereas that of palmitoylation STX8 is only slightly decreased.
Based on these observations, the authors suggest that palmitoylation
of STX7 and STX8 occurs on different subcellular compartments –
presumably post- and pre-Golgi. Interestingly, palmitoylation does
not affect STX7 or STX8 turnover rates. Furthermore, abolishing
palmitoylation does not influence the steady-state localisation of
STX8 at late endosomes, whereas palmitoylation is important
shuttling STX7 between the plasma membrane and endosomes (He
and Linder, 2009). Although the implications of these results are
unclear for STX8, these results suggest that the subcellular location
of STX7can be determined through dynamic palmitoylation and
depalmitoylation events, providing another potential interface
between cell signalling events and the trafficking machinery by
modifying trafficking circuits accordingly.
A role for palmitoylation in the control of STX19 at multiple

levels has been described (Ampah et al., 2018). In mammalian cells,
STX19 is palmitoylated on multiple cysteines within a conserved C-
terminal cysteine-rich domain by members of the zDHHC
acyltransferase family at the Golgi. These palmitoylations recruit
STX19 to tubular recycling endosomes and block its degradation by
the proteasome. Furthermore, palmitoylation of STX19 can drive
the repositioning of Rab8-positive vesicles from intracellular
organelles (the identities of which are not established in the
study) to the plasma membrane (Ampah et al., 2018). These results
suggest that rerouting of SNAREs can have far-reaching effects on
other aspects of membrane traffic by fundamentally reprogramming
cellular behaviour.
Finally, it has recently been shown that S-palmitoylation

of neuronal SNARE STX1A regulates the spontaneous exocytosis
of synaptic vesicles in murine cultured hippocampal neurons
(Vardar et al., 2022). STX1A is palmitoylated at cysteine residues
271 and 272 located in its transmembrane domain (both of which
are conserved in human) (Kang et al., 2008). The conversion
of these residues to valines (a palmitoylation-dead mutant) results in
a decreased spontaneous vesicle fusion (Vardar et al., 2022).
Moreover, the authors report that palmitoylation depends on the
presence of a basic lysine residue at position 260 (located in the
juxtamembrane linker; also conserved in human). Introduction
of lysine and cysteine residues at corresponding sites of STX3
(which does not have these sites) induces its palmitoylation and
enhances spontaneous vesicle fusion (Vardar et al., 2022). Thus,
palmitoylation can increase the fusogenic capacity of SNAREs.

Acetylation
Acetylation was first described as a histone PTM (Allfrey et al.,
1964) and is probably best understood in context of genome
biology. Acetylation is achieved in the cell through the donation
of the acetyl group from acetyl-CoA to the α-amino group of
amino acids or the ɛ-amino group of lysines by acetyltransferases
(Narita et al., 2019). Furthermore, proteins can also undergo
acetylation of free cysteines (termed S-acetylation) by members
of the zDHHC acyltransferase family (Chamberlain and
Shipston, 2015). Whilst acetylation is best understood in the
context of histone modification, acetylation can also regulate
SNARE function.
Indeed, in mammalian cells, STX17 is constitutively acetylated,

and its deacetylation is required for STX17 to induce autophagy
(Shen et al., 2021) (Fig. 3A). Specifically, STX17 is constitutively
acetylated at lysines 219 and 223 (which are both conserved
between mouse and human) by CREBBP. In starved human

embryonic kidney (HEK) cells, or HEK cells treated with torin 1 (an
MTORC1 inhibitor), these acetylations are removed by histone
deacetylase 2 (HDAC2) (Fig. 3D). Intriguingly, HDAC2 is thought
to typically localise to the nucleus (although HDAC2 has previously
been observed in the cytosol; Hou et al., 2014; Milazzo et al., 2020;
Xu et al., 2019). Therefore, it is unclear in this context if STX17 has
to be shuttled into the nucleus (or at least to nuclear pores) in order to
be deacetylated, or if HDAC2 can shuttle out of the nucleus to
facilitate deacetylation. By generating acetyl-mimetic mutants of
STX17 (replacing lysines 219 and 223 with glutamines), the authors
demonstrate that deacetylation is not required for the recruitment of
STX17 to autophagosomes but is needed for STX17-mediated
autophagosome maturation (Fig. 3E). Specifically, loss of STX17
acetylation drives autophagosome–lysosome fusion through
complex formation with VAMP8 and SNAP29 and interaction
with the homotypic fusion and protein sorting (HOPS) complex (an
assembly of proteins known as a tethering factor that enables long-
range interactions between distinct membranous compartments;
Fig. 3E) (Shen et al., 2021). The role of this constitutive acetylation
outside of the context of autophagy is unclear; however, as in the
context of autophagy, this constitutive acetylation might give the
cell the ability to dynamically regulate STX17 function during
biosynthetic trafficking (for example, from the ER to the Golgi).

In summary, whilst SNARE palmitoylation and acetylation are
not as well studied as phosphorylation and ubiquitylation, it is clear
that these modifications alter the fusogenic capacity of SNAREs and
are capable of rerouting membrane traffic. Because they involve the
addition of hydrophobic moieties, palmitoylation and acetylation
are suited to promoting interactions between SNAREs and
hydrophobic pockets of interaction partners. Thus, palmitoylation
and acetylation confer SNAREs with biophysical properties that
cannot be conferred by phosphorylation, ubiquitylation or
SUMOylation. It will be interesting to see how the precise
structures of palmitoyl and acetyl groups are utilised by the cell to
promote specific SNARE–binding partner interactions.

O-GlcNAcylation
O-GlcNAcylation is a modification formed between serines and/or
threonines with an N-acetylglucosamine group, an amide derivative
of glucose (Yang and Qian, 2017; Zeidan and Hart, 2010). The
addition and removal of O-GlcNAc groups is mediated by O-
GlcNAc transferase (OGT) and O-GlcNAcase (OGA), respectively
(to date only one of each enzyme has been identified). However,
unlike other sugar-based modifications, O-GlcNAcylation cannot
be further modified and is rapidly turned over. Thus, as is the case
for phosphorylation, O-GlcNAcylation serves as a rapid on–off
switch (Zeidan and Hart, 2010), but unlike phosphorylation, O-
GlcNAc groups are uncharged. Thus, O-GlcNAcylation occupies a
parallel niche to phosphorylation in that it rapidly alters protein
function (including of SNAREs), but it does so without affecting
protein charge (unlike phosphorylation).

In the context of SNARE biology, O-GlcNAcylation is best
studied for SNAP29 and has been initially described as having a role
in the induction of autophagy (Guo et al., 2014). O-GlcNAcylation
has long been known to inhibit autophagy. Thus, to identify key
proteins that are regulated by O-GlcNAcylation, the authors
performed a genetic screen in Caenorhabditis elegans lacking
OGT-1, which have an increased number of autophagosomes, and
showed that the SNAREs SYX-17 (an orthologue of mammalian
STX17), SNAP-29 and VAMP-8 are all required for the observed
increase in autophagy. SNAP-29 was identified as the target, with
O-GlcNAcylation occurring on serine 2, serine 61, threonine 130
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and serine 153. Furthermore, these O-GlcNAcylations were found
to block the ability of SNAP-29 to form a complex with SYX-17
and VAMP-8, and they are lost as a result of starvation (a natural
autophagy inducer). These results are fascinating, as they imply
that SNAP-29 normally functions whilst O-GlcNAcylated and
that the loss of these O-GlcNAcylations might ensure the induction
of autophagy in response to starvation (Guo et al., 2014). Although
this is yet to be confirmed, the extended relevance of this
work is beginning to emerge. Specifically, follow-up work has
indicated that increased levels of O-GlcNAcylation (including
O-GlcNAcylation of SNAP29) in heart tissue simultaneously block
autophagy and exacerbate myocardial injury in a rat disease model
(Huang et al., 2018). Furthermore, there is strong evidence that the
toxic effects of arsenic are (in part) mediated by its effect on
enhancing SNAP29 O-GlcNAcylation to block autophagy (Dodson
et al., 2018).
In summary, O-GlcNAcylation is a key regulator of SNAP29

function and is likely to regulate other SNAREs. Furthermore, it is
intriguing to consider the fact that only a single OGT and OGA have
been identified, which suggests a more limited scope for the
regulation that this modification can provide. Presumably, there are
other as yet undiscovered OGTs and OGAs and/or more than one
way to regulate OGT and OGA (for example, through kinases or
ubiquitin ligases).

Conclusions and future directions
SNAREs are extremely well characterised in terms of their ability to
confer identity to membranes and drive fusogenic events. However,
it is clear that SNAREs can be modified through PTMs to modulate
trafficking events, highlighting the incredible plasticity of
membrane trafficking circuits. As proteomic technology continues
to improve, more SNARE PTMs will likely be identified. Indeed,
numerous SNARE PTMs have already been identified in high-
throughput studies, many of which have not been studied further
(see Table S1). For instance, the phosphorylation of STX4 at
tyrosine 115 has been identified in over 200 high-throughput
datasets, but its functional role is still unclear.
A number of technological challenges need to be addressed in

order to comprehensively understand these PTMs. Most crucial
among these is the difficulty in artificially controlling PTMs at a
precise spatiotemporal level. Numerous studies have utilised mutant
forms of SNAREs that cannot be posttranslationally modified.
However, although these mutants may block or mimic certain
SNARE PTMs, they may also interfere with other aspects of
SNARE behaviour; this could alter their subcellular localisation, for
instance. To that end, the use of optogenetics, for example, with
caged kinase inhibitors, may prove useful in more transiently
perturbing these often rapid molecular events. Indeed, in the cell
migration field, light-activated proteins are already well established
tools for precisely manipulating signalling events (Baarlink et al.,
2017 ; Niopek et al., 2016; Wu et al., 2011). Furthermore, the
precise function of specific SNARE PTMs may be difficult to
ascertain, as although mutagenesis makes it possible to inhibit
most PTMs, they typically do not permit biomimicry (with the
exceptions of phosphorylation and acetylation). Mimicry is critical
for elucidating PTMs as, arguably, blocking a molecular event
through mutagenesis is easier than inducing it. Furthermore,
different PTMs often target the same amino acid – for example,
lysines can be ubiquitylated, SUMOylated or methylated – so
mutating those residues may have a pleiotropic impact on the
SNARE protein. Therefore, the use of synthetic non-natural amino
acids may be required to study specific, more complex PTMs.

Indeed, efforts in both mammalian and bacterial systems have
already made use of synthetic amino acids to study PTMs (de la
Torre and Chin, 2021), including protein sulfation (Italia et al.,
2020) and acetylation (Neumann et al., 2008). Understanding of the
functional effects of PTMs together with better proteomics data may
also determine whether there are particular motifs that favour one
type of PTM over another. For example, a more comprehensive
overview of which SNAREs are modified under which conditions
might reveal that certain SNARE subsets are more prone to
phosphorylation, whereas others might be more susceptible to
ubiquitylation.

To gain an even deeper understanding of SNARE PTMS,
modelling and simulation approaches will be required. Biophysical
and computational modelling has long been used to understand
SNARE behaviour at a molecular level and is thus ideal for
understanding SNARE PTMs (van den Bogaart et al., 2011;
Risselada and Mayer, 2020). As discussed above, modifications in
regulatory motifs can both promote and decrease SNARE complex
formation by changing the conformation of the protein. Moreover,
PTMs that are located within the core of the α-helical coiled-coil
SNARE bundle can interfere with SNARE complex formation and
hence membrane fusion, as has previously been demonstrated for
VAMP8 (Malmersjö et al., 2016). Molecular dynamics simulations,
therefore, may be useful for understanding how the location of a PTM
along the SNARE affects membrane tethering and fusion.
Mathematical modelling will also be important for quantitatively
understanding how SNARE PTMs directly alter membrane
trafficking circuits and indirectly impact a myriad of other cellular
behaviours. Indeed, it is already known that altered trafficking
pathways can regulate numerous cellular behaviours, including cell
migration and stem cell differentiation (Derivery et al., 2015; Wilson
et al., 2018). Suchmodelling approaches have been proven extremely
successful for understanding both membrane traffic (Bezeljak et al.,
2020; Vagne et al., 2020) and cellular signalling (Byrne et al., 2016;
Hetmanski et al., 2016; Samaga et al., 2009), and thus may also be
highly valuable for understanding SNARE PTMs.

In addition to their roles in membrane fusion, alternative, non-
fusogenic functions for SNAREs have been described and will
likely continue to be discovered. In the context of trafficking, this
includes SNAREs that can tether membranes to each other, such as
SEC22B, which is reported to tether membrane–membrane contact
sites (Petkovic et al., 2014). However, the functions of SNAREs can
also extend beyond a role in membrane trafficking processes; for
instance, soluble STX3 can function as a transcription regulator
(Giovannone et al., 2018). Therefore, it is likely that PTMs also
regulate these alternative functions for SNARE proteins, or may
even trigger them.

Finally, it is important to mention that there are numerous
identified SNARE PTMs that are poorly understood, such as
monomethylation of STX2 at lysines 55, 71 and 125 (Cao et al.,
2013). As proteomics continues to improve, it is likely that many
more SNARE PTMs will be found, both those that are involved in
regulating membrane traffic, as well as novel ones. It will be
fascinating to learn about the novel biology such modifications
underpin, both at the cellular and whole-organism level, as well as
their implications for health and disease.
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Table S1. List of SNARE PTMs identified in high-throughput datasets. 

PTM information as displayed by PhosphoSitePlus (Hornbeck et al., 2015). The number of high-

throughput datasets in which each modification is found is shown in parentheses [minimum of three 

unless functional relevance has been published, as indicated by the associated PubMed ID (PMID)]. 
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