
VIEWPOINT

Roles for the SNAP25 linker domain in the fusion
pore and a dynamic plasma membrane SNARE
“acceptor” complex
Ronald W. Holz and Mary A. Bittner

Central to the exocytotic release of hormones and neurotransmitters is the interaction of four SNARE motifs in proteins on
the secretory granule/synaptic vesicle membrane (synaptobrevin/VAMP, v-SNARE) and on the plasma membrane (syntaxin and
SNAP25, t-SNAREs). The interaction is thought to bring the opposing membranes together to enable fusion. An underlying
motivation for this Viewpoint is to synthesize from recent diverse studies possible new insights about these events. We focus
on a recent paper that demonstrates the importance of the linker region joining the two SNARE motifs of the neuronal t-SNARE
SNAP25 for maintaining rates of secretion with roles for distinct segments in speeding fusion pore expansion. Remarkably,
lipid-perturbing agents rescue a palmitoylation-deficient mutant whose phenotype includes slow fusion pore expansion,
suggesting that protein–protein interactions have a role not only in bringing together the granule or vesicle membrane with the
plasma membrane but also in orchestrating protein–lipid interactions leading to the fusion reaction. Unexpectedly,
biochemical investigations demonstrate the importance of the C-terminal domain of the linker in the formation of the plasma
membrane t-SNARE “acceptor” complex for synaptobrevin2. This insight, together with biophysical and optical studies from
other laboratories, suggests that the plasma membrane SNARE acceptor complex between SNAP25 and syntaxin and the
subsequent trans-SNARE complex with the v-SNARE synaptobrevin form within 100 ms before fusion.

Introduction
Most of the key proteins that regulate and initiate Ca2+-depen-
dent exocytosis have been identified, and for many their
structures and interactions in vitro have been painstakingly
investigated. Nevertheless, the detailed molecular interactions
and structural changes of proteins and lipids that occur as in-
dividual fusion events unfold have been difficult to study in situ
and are still poorly understood. An underlying motivation for
this Viewpoint is to synthesize from recent diverse studies
possible new insights about these events. It focuses on the un-
derappreciated functions of the SNAP25 linker in exocytosis.

Central to the exocytotic release of hormones and neuro-
transmitters is the interaction of four SNARE motifs in proteins
on the secretory granule/synaptic vesicle membrane (synapto-
brevin/VAMP, v-SNARE) and on the plasma membrane (syn-
taxin and SNAP25, t-SNAREs). The interaction is thought to
bring the opposing membranes together to enable fusion (Fig. 1).
The trigger for fusion is the binding of Ca2+ to synaptotagmin on
the granule membrane. Whereas synaptobrevin and syntaxin
each contain one SNARE motif, SNAP25 contains two SNARE
motifs (SN1 and SN2) that are joined by a palmitoylated linker in

the t-SNARE, SNAP25 (Fig. 2). The four SNARE motifs form a
stable four-helical bundle complex in vitro (Sutton et al., 1998)
that probably reflects a structure that forms after fusion when
the proteins are in the same membrane (cis conformation).

It has been known for some time that palmitoylation enables
binding of SNAP25 to the plasma membrane (Gonzalo et al.,
1999). Additional functions for the linker have also been dis-
covered. First, joining SN1 and SN2 together with a palmitoy-
lated linker facilitates the formation of membrane complexes
with syntaxin that bring the N termini of SN1 and SN2 close
together, as reflected by increased FRET in labeled probes (Fig. 3,
A and B; Wang et al., 2008). Second, the SNAP25 linker enables
fast exocytosis as revealed in two types of experiments. Sepa-
rating SN1 and SN2 reduces robust secretion in biochemical
experiments (Wang et al., 2008). Modifications of the linker
decrease fusion rates in high temporal resolution electrophysi-
ological experiments (Nagy et al., 2008).

The SNAP25 linker and fusion pore expansion
A recent important study by Shaaban et al. (2019) using single
cell, high temporal resolution electrophysiological recordings
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confirms the importance of the linked SNARE domains in exo-
cytosis and greatly expands our understanding of linker func-
tion. SNAP25 analogues differing only in the linker were
introduced by viral infection into chromaffin cells from SNAP25
knockout mice.

Full substitution of the linker domain with a flexible peptide
produced a nonfunctional SNAP25 mutant. A careful structure-
function investigation demonstrated important and different
functions for the N-terminal and C-terminal domains of the
linker. Compared with wild-type SNAP25, partial substitution of
segments at either end of the linker greatly reduced the amount
of primed secretion and slowed the rate of fusion. The N ter-
minus of the linker immediately adjacent to SN1 has four cys-
teine residues, which are sites for palmitoylation (Fig. 2). In this
study and in an earlier study (Nagy et al., 2008), amperometry
demonstrated that cysteine-to-serine mutations greatly pro-
longed the initial fusion pore expansion as measured by the
prespike foot, without significantly altering the main catecholamine
release spike. This is a beautiful result indicating that palmitoy-
lation not only causes plasma membrane binding but also spe-
cifically speeds expansion of the fusion pore. The location of the

palmitoylation sites is also critical since fusion pore expansion is
greatly slowed in mutants in which the palmitoylation sites
were relocated away from the wild-type position. The authors
postulated that if the membrane interactions of the N-terminal
domain of the linker are important for lipid intermediates in
fusion, then membrane-active agents might rescue the effects of
a N-terminal segment mutant without the palmitoylation sites.
Remarkably, intracellular application of the membrane-active
reagents methanol and oleic acid reduced or reversed the effects
of themutant protein. The authors suggest that the linker-mediated
lipid interaction directly regulates membrane curvature at the
initial fusion pore, thereby facilitating fusion pore expansion.

The SNAP25 linker and the formation of the plasmamembrane
prefusion acceptor complex, a possible late step that helps
initiate fusion
The C-terminal region of the linker adjacent to SN2 (in addition to
the N-terminal linker palmitoylation domain adjacent to SN1) is
necessary for rapid exocytosis (Nagy et al., 2008; Shaaban et al.,
2019). Importantly, there are compelling biochemical and struc-
tural data that support a role of this region in fusion. The
C-terminal linker segment (Fig. 2, yellow line) strongly facilitates
the in vitro binding of SN2 to the readily formed complexes of SN1
and syntaxin (Shaaban et al., 2019). It was independently found
that the linker–membrane interaction increases linker helical
content, which enables the C-terminal linker region to interact
with syntaxin (Jiang et al., 2019). These are critical findings. They
explain the ability of membrane-bound syntaxin to bring the N
termini of linked, but not separated, SN1 and SN2 into close
proximity, as detected with an intramolecular FRET construct of
SNAP25 (Fig. 3, A and B; Wang et al., 2008). This conformation of
the t-SNARE “acceptor” complex likely initiates interaction with
the v-SNARE, synaptobrevin2. In an experimental tour de force, it
was found using a similar intramolecular SNAP25 FRET construct
that FRET increased on average 100 ms before fusion at fusion
sites in chromaffin cells (Fig. 3 C; Zhao et al., 2013). Since the
in vitro experiments indicate that the FRET increase reflects for-
mation of the acceptor complex, the various experiments suggest
that the acceptor complex is dynamic and its formation is an important
late step required to initiate fusion. This concept is consistent with
the finding that granules continue to jitter as much as a 100 nm
(much greater than the ∼10 nm length of the tetrahelical SNARE
complex; Hanson et al., 1997) within 100 ms of fusion (Allersma
et al., 2006; Degtyar et al., 2007) and suggests that trans-SNARE
complexes form just milliseconds before fusion (Degtyar et al.,
2007; Jahn and Fasshauer, 2012). The key biochemical trigger of

Figure 1. Late steps in the fusion pathway. This figure is an adaptation of
Figure 9 from Shaaban et al. (2019). It adds the possibility that Ca2+/syn-
aptotagmin promotes formation of the acceptor complex as well as the fusion
pore. Figure 1 is reprinted with permission from eLife.

Figure 2. Schematic of the SNAP25. SNAP25
contributes two of the four SNARE motifs that
comprise the prototypical four-helical bundle in
neuronal SNARE proteins. The two motifs, SN1
and SN2, are joined by a linker sequence (light
blue and yellow line) with four N-terminal cys-
teines that are sites for palmitoylation. The
linker region is divided into N-terminal (blue) and

C-terminal (yellow) domains according to the constructs in Shaaban et al. (2019). SN2 contains the cleavage site for botulinum neurotoxin type E (BoNT E).
BoNT E was used in an earlier study to inactivate endogenous SNAP25 (Wang et al., 2008). Shaaban et al., (2019) demonstrate that the N- and C-terminal
domains have different roles in enabling the function of SNAP25 in exocytosis. The horizontal distances are to scale.
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the fusion event then would occur upstream of trans-SNARE
complex formation, as has been postulated (Jahn and Fasshauer,
2012). Complete N- to C-terminal zippering (Gao et al., 2012)
would have to start and finish within 100 ms of fusion.

The concept of a “primed” granule pool to account for fast fusion
events upon a Ca2+ stimulus is firmly imbedded in kineticmodels of
exocytosis (Voets, 2000). The above considerationsmake it unlikely
that the primed pool represents granules with stable, partially
zippered trans-SNARE complexes (Hua and Charlton, 1999; Xu
et al., 1999; Fasshauer and Margittai, 2004; Walter et al., 2010).
Instead, the primed pool may reflect a subset of granules closely
apposed to the plasma membrane that are properly engaged with
the numerous protein regulators (i.e., complexin, nSEC1, and
Munc13) and lipid regulators (i.e., plasma membrane PI-4,5-P2
[phosphatidylinositol 4,5-bisphosphate]) of fusion. If this is
correct, then Ca2+ and synaptotagmin may trigger fusion in part
by coupling to and perhaps catalyzing the formation of the
plasma membrane SNAP25/syntaxin acceptor complex (Fig. 1,
arrow a), thereby enabling rapid trans-SNARE complex forma-
tion (Fig. 1, step 2) and fusion (Fig. 1, steps 3 and 4). This notion
contrasts with a model in which Ca2+-bound synaptotagmin acts
to trigger fusion only after formation of a stable, partially zip-
pered trans-SNARE complex (Fig. 1, arrow b; Südhof, 2013).

Protein–lipid interactions in exocytosis
The specific, position-dependent effect on fusion pore expansion
of palmitoyl groups in the linker domain in SNAP25 highlights
the importance of protein–lipid as well as protein–protein in-
teractions in the late steps of exocytosis. Numerous other
protein–lipid interactions have been elucidated among compo-
nents of the fusion complex. The first evidence for a specific role
of lipids in Ca2+-dependent exocytosis was the discovery of the
requirement for the highly negatively charged plasma mem-
brane phospholipid PI-4,5-P2 (Eberhard et al., 1990; Hay and
Martin, 1993; Hay et al., 1995; Holz et al., 2000; Milosevic
et al., 2005). Synaptotagmin, the Ca2+ sensor for exocytosis on
the secretory granule membrane, interacts through electrostatic
binding to plasma membrane PI-4,5-P2 (Bai et al., 2004). This
interaction is thought to bring the granule and plasma mem-
brane into close apposition, allowing subsequent interaction
with plasma membrane phosphatidyl serine to trigger fusion
(Zhang et al., 2010). A lipid-binding domain in syntaxin1A that
binds negatively charged lipids and cellular phospholipase D
(which produces the negatively charged phosphatidic acid) are
both necessary for normal fusion pore dynamics (Lam et al.,
2008). Flexibility in the transmembrane domain of synapto-
brevin enhances the fusion reaction and, importantly, also
speeds fusion pore expansion (Dhara et al., 2016). Although
there has been considerable progress in understanding the
structural basis of protein–protein interactions leading to for-
mation of the core fusion complex, we have little understanding
how these protein–protein interactions orchestrate the above
protein–lipid interactions necessary for normal exocytosis.

Summary
The domain in SNAP25 that links its two SNARE motifs can no
longer be considered a minor player in exocytosis as had been

Figure 3. A SNAP25 intramolecular FRET probe signals the formation of
the acceptor complex in the plasma membrane ∼100 ms before fusion.
(A) Rationale of the use of the SNAP25 FRET probe to examine structural
changes in SNAP25 upon interaction with syntaxin. Cerulean (Cer) and citrine
(Cit) were used as the donor and acceptor fluorophores in the experiments of
Wang et al. (2008). The orange rectangle in the N-terminal domain of the
linker reflects palmitoylated cysteines. CFP and Venus were used as the
donor and acceptor fluorophores in the experiments of Zhao et al. (2013). (B)
The SNAP25 FRET probe detects interaction with syntaxin in biological
membranes (Wang et al., 2008). HEK293T cells were transfected with a
plasmid encoding the SNAP-25 FRET probe alone or together with a plasmid
encoding syntaxin. Shown are the emission spectra of a suspended mem-
brane fraction excited at 435 nm. The increased emission at 526 nm upon
coexpression of syntaxin reflects a conformational change that brings the N
termini of SN1 and SN2 closer together. From Wang et al. (2008). (C) FRET
increases at the fusion site∼100ms before fusion pore formation (Zhao et al.,
2013). Chromaffin cells were infected with virus to express the SNAP25 FRET
probe. The time and location of fusion events in single cells were detected
using a four-electrode electrochemical array to measure catecholamine re-
lease from individual granules. Total internal reflection fluorescence mi-
croscopy was used to detect local FRET changes. FRET changes from many
hundreds of events were aligned to the beginning of the amperometric spike.
A method was devised to account for the random timing of shutter opening
relative to the fusion event. The timing of the half-maximal FRET change
(dashed horizontal line) reflects the average time of the FRET change relative
to fusion pore formation. It occurred 90 ms before amperometric spikes
without a prespike foot, and 120 ms before amperometric spikes with a
prespike foot. Fig. 3 is reprinted with permission from Proc. Natl. Acad. Sci.
USA.
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suggested by earlier work (Chen et al., 1999). This is highlighted
in the important study by Shaaban et al. (2019). The linker
participates in the formation of the t-SNARE receptor complex
with syntaxin (Jiang et al., 2019; Shaaban et al., 2019) is required
for robust secretion (Wang et al., 2008; Shaaban et al., 2019) and
functions to quicken fusion pore expansion and to control se-
cretion rates (Shaaban et al., 2019). Normal function requires
precise localization of the palmitoylated residues in the linker.
Furthermore, biochemical investigations demonstrate the im-
portance of the C-terminal domain of the linker in the formation
of the plasma membrane t-SNARE acceptor complex for syn-
aptobrevin2 (Jiang et al., 2019; Shaaban et al., 2019). This insight,
together with in vitro and in situ FRET measurements of fluo-
rescent SNAP25 (Wang et al., 2008; Zhao et al., 2013), raises the
possibility that the plasma membrane SNARE acceptor complex
forms ∼100 ms before fusion, thereby enabling engagement
with granule membrane synaptobrevin2 and other granule
membrane proteins to catalyze fusion.
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