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The functions of nervous and neuroendocrine systems rely on fast
and tightly regulated release of neurotransmitters stored in
secretory vesicles through SNARE-mediated exocytosis. Few pro-
teins, including tomosyn (STXBP5) and amisyn (STXBP6), were pro-
posed to negatively regulate exocytosis. Little is known about
amisyn, a 24-kDa brain-enriched protein with a SNARE motif. We
report here that full-length amisyn forms a stable SNARE complex
with syntaxin-1 and SNAP-25 through its C-terminal SNARE motif
and competes with synaptobrevin-2/VAMP2 for the SNARE-
complex assembly. Furthermore, amisyn contains an N-terminal pleck-
strin homology domain that mediates its transient association with
the plasmamembrane of neurosecretory cells by binding to phospho-
lipid PI(4,5)P2. However, unlike synaptrobrevin-2, the SNARE motif of
amisyn is not sufficient to account for the role of amisyn in exocyto-
sis: Both the pleckstrin homology domain and the SNARE motif are
needed for its inhibitory function. Mechanistically, amisyn interferes
with the priming of secretory vesicles and the sizes of releasable
vesicle pools, but not vesicle fusion properties. Our biochemical and
functional analyses of this vertebrate-specific protein unveil key as-
pects of negative regulation of exocytosis.
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The complex, highly controlled cascade of protein–protein and
lipid–protein interactions, Ca2+-triggered exocytosis, leads to

the externalization of secretory molecules and neurotransmitters.
The machinery mediating and regulating exocytosis has been
studied in detail over the past three decades. Numerous proteins
were identified and characterized, including the SNARE (soluble
N-ethylmaleimide-sensitive factor attachment protein receptor)
protein superfamily, central to the later steps of regulated exo-
cytosis and bilayer fusion. All members of the SNARE family have
a characteristic conserved homologous stretch of 60 to 70 amino
acids, referred to as a SNARE motif (1, 2).
Four SNARE motifs assemble spontaneously into a thermo-

stable, sodium dodecyl sulfate (SDS) and protease resistant coiled-
coil bundle termed the SNARE core complex (3, 4). Heptad re-
peats in components of the core complex form 16 conserved layers
of interacting amino acid side chains that are arranged perpendic-
ular to the axis of the complex. All layers except one contain hy-
drophobic amino acids; the unique central layer, termed the “0-
layer,” is hydrophilic and consists of three glutamine (Q) and one
arginine (R) residue that is stabilized by ionic interactions. Based
on this characteristic, SNARE proteins are classified into four
subfamilies: Qa, Qb, Qc, and R-SNAREs (4). Three or four SNARE
proteins bundle together to form a QaQbQcR complex; this ar-
rangement contributes to specific Q- and R-SNARE pairing.
Among the large number of SNARE proteins, the members of

the neuronal SNARE complex are most intensely studied. This

complex, first purified in Söllner et al. (5), comprises a minimal
fusion machinery consisting of three proteins: Syntaxin-1 (6),
synaptosome-associated protein of 25 kDa (SNAP-25) (7), and
synaptobrevin2/vesicle associated membrane protein 2 (VAMP2) (8,
9). Yet, fusion mediated by SNARE proteins alone is slow and
uncoordinated, which conflicts with the physiology of neuronal and
neuroendocrine cells that require fast, spatially coordinated secre-
tion. Consequently, accessory factors are needed to modulate the
SNARE-driven exocytosis, like synaptotagmins that sense the rise in
calcium (Ca2+) levels and Sec1/Munc18 proteins that are essential
for several exocytic steps (10, 11). Additional regulators bind to
SNARE complexes and to neuronal SNARE proteins: For exam-
ple, complexin, tomosyn (also known as syntaxin binding protein 5,
STXBP5) and amisyn (known as syntaxin binding protein 6,
STXBP6) to promote or interfere with the SNARE complex
formation (12–14).
Little is known about amisyn, a 24-kDa protein reported to contain

an uncharacterized N-terminal domain and a C-terminal SNARE
motif (14). This brain-enriched protein coimmunoprecipitated with
syntaxin-1a and syntaxin-4 (14). It was mostly cytosolic, but a
fraction of amisyn cosedimented with membranes (14, 15). Like
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tomosyn’s SNARE motif, the recombinant SNARE motif of
amisyn could form a ternary complex with the neuronal SNARE
proteins syntaxin-1a and SNAP-25 (14). Addition of the amisyn-
SNARE domain is reported to inhibit secretion from cultured
neuroendocrine PC12 cells (14). Amperometry-based experiments
revealed that overexpression of full-length amisyn in rat chro-
maffin cells had no effect on the basic characteristics of the am-
perometric spikes, but it reduced the number of spikes elicited,
and increased the lifetime of the prespike foot (15). Yet, the in-
hibition of secretion was independent of amisyn’s interaction with
syntaxin-1 (15), and the mechanisms of amisyn action in exocytosis
are not yet known.
Overexpression of amisyn also inhibited secretion from human

insulin-secreting β-cells (16). In addition, the cAMP-sensor
Epac2 is reported to restrict fusion pore expansion by acutely
recruiting amisyn and GTPase dynamin-1 to the exocytic site in
insulin-secreting β-cells (17). Of note, amisyn is linked to several
diseases, including diabetes (16, 17), autism (18, 19) and cancer
(20, 21). Consequently, this poorly studied protein necessitates
detailed characterization of its biochemical, structural, and
functional roles.
Here, we report that amisyn transiently associates with the

plasma membrane by binding phosphatidylinositol-4,5-bisphos-
phate [PI(4,5)P2] through its pleckstrin homology (PH) domain.
Full-length amisyn formed stable SNARE complexes with
syntaxin-1a and SNAP-25, yet both PH and SNARE domains
were needed to mediate its role in exocytosis. Elevated amisyn
levels resulted in a reduced number of fusion events in neuro-
endocrine cells, most likely since amisyn works as a vertebrate-
specific competitor of synaptobrevin-2, but they did not alter the
fusion pore properties.

Results
Amisyn Is a Conserved Vertebrate-Specific Protein that Forms a
Ternary SNARE Complex with Neuronal SNAP-25 and Syntaxin-1.
We first used the full-length coding region of human amisyn to
identify orthologs in the animal kingdom with moderate strin-
gency conditions (Methods): Orthologs of amisyn were identified
in all classes of vertebrates (SI Appendix, Table S1), but not in
other orders of animal kingdom, in agreement with Kloepper
et al. (22). The comparative protein sequences revealed that
amisyn is evolutionarily conserved (SI Appendix, Table S1).
Amisyn contains the SNARE motif at its C terminus (14),

while the structural and functional nature of the N-terminal re-
gion is unclear. We aligned the SNARE motifs of syntaxin-1,
SNAP-25, and synaptobrevin-2 with that of amisyn, and detected
the characteristic heptad repeats (layers −7 to +8) essential for
the putative amisyn–SNARE complex formation (SI Appendix,
Fig. S1A; layers −7 to +8 are shaded gray and SNARE motifs
are boxed). Notably, amisyn contains an R-SNARE motif like
synaptobrevin, implying that amisyn may participate in the
neuronal SNARE complex formation, possibly instead of
synaptobrevin-2.
Given a suggested role for the SNARE motif of amisyn in the

SNARE complex assembly (14), supported by the sequence
alignment (SI Appendix, Fig. S1A), we examined the biochemical
properties of full-length amisyn protein in the context of its in-
teractions with other neuronal SNAREs. Full-length amisyn was
reported as difficult to express heterologously and poorly soluble
(14). We confirmed that the full-length protein expresses poorly
under commonly used expression conditions, but it was never-
theless soluble. By subsequent optimization of the expression
conditions (Methods), we achieved high expression levels, and
succeeded to purify soluble amisyn protein (∼5 mg amisyn/L
medium). The amisyn R-SNARE motif (amisyn-SNARE) was
expressed and purified to even higher concentrations. Both pro-
teins were >95% pure, as assessed by SDS/polyacrylamide gel
electrophoresis (PAGE) (SI Appendix, Fig. S2). We noted, how-
ever, that both proteins were inactivated by freeze–thawing, and
were active only when kept at 4 °C for up to 3 to 4 d.

Analysis by circular dichroism spectroscopy revealed the
change in the secondary structure when syntaxin-1a and SNAP-
25a were added to the purified SNARE motif of amisyn (SI
Appendix, Fig. S1B). Specifically, the characteristic α-helical
spectrum showed minima at 208 and 222 nm. The structural
change occurred after the addition of the SNARE motif of
amisyn: Similar observations were made with the SNARE motif
of synaptobrevin-2 (23), and the SNARE motif of tomosyn (24,
25). Our data further revealed that the SNARE motif of amisyn
interacted with syntaxin-1a and SNAP-25a to form an SDS-
resistant ternary complex (SI Appendix, Fig. S1C), as originally
reported (14). Also, the full-length amisyn protein formed a
stable, SDS-resistant ternary complex with the neuronal
Q-SNAREs in vitro (SI Appendix, Fig. S1D; note that the com-
plexes dissociated after heating at 95 °C).
Detailed characterization of amisyn-containing SNARE com-

plex formation was performed by a comprehensive set of fluo-
rescence anisotropy experiments using recombinant purified
SNARE proteins (Methods). First, fluorescence anisotropy
spectra of syntaxin-1a (syx11−288OG; 1 μM) revealed that its in-
teraction with full-length amisyn (1 μM) occurred only in the
presence of SNAP-25a (1.5 μM) (Fig. 1A). Second, fluorescence
anisotropy spectra of synaptobrevin-1 (syb1−96OG) showed that
full-length amisyn protein (0.25 μM to 2 μM) competes for the
SNARE complex formation in the presence of SNAP-25a
(1.5 μM) and syntaxin-1a (1 μM) in a concentration-dependent
manner (Fig. 1B). Third, when the cysteine residue at position
210 of amisyn’s C terminus was labeled with Oregon green dye
(amisyn-SNARE210OG), we observed unchanged fluorescence
anisotropy spectra of amisyn-SNARE210OG after addition of
Q-SNARE motifs of SNAP-25a (1.5 μM) or syntaxin-1a (1 μM)
(Fig. 1C). In contrast, a robust increase in fluorescence anisot-
ropy was observed when both SNAP-25a and syntaxin-1a were
present (Fig. 1C). Similarly, the fluorescence anisotropy of
syntaxin-1a, labeled at position 197 with Oregon green (syx1-
H3197OG, ∼0.5 μM), did not change after the addition of the
SNARE motif of amisyn (amisyn-SNARE, 1 μM) (Fig. 1D). Yet,
an increase in anisotropy was evident when both amisyn-SNARE
(1 μM) and SNAP-25a (1 μM) were added to syntaxin-1a197OG

(Fig. 1D). From the complex-forming and fluorescence anisot-
ropy experiments, we concluded that full-length amisyn can form
stable ternary complexes with syntaxin-1 and SNAP-25.
Taken together, our observations conclusively show that full-

length amisyn interacts with syntaxin-1 and SNAP-25, two key
neuronal Q-SNAREs, through its SNARE domain. Further-
more, amisyn interacts with the Q-SNARE proteins in a similar
manner as synaptobrevin-2 (Fig. 1 A–D) and the SNARE motif
of tomosyn (25). We thus propose that amisyn, with the arginine
residue in the central layer position (SI Appendix, Fig. S1A), is a
competitor of synaptobrevin-2 for a ternary SNARE complex
formation (SI Appendix, Fig. S1E).

Amisyn Inhibits Liposome Fusion In Vitro. A common approach to
investigate the function of a SNARE protein is by reconstituting
complementary SNARE proteins into liposomes and examining
liposomal fusion by Förster resonance energy transfer (FRET)
between two fluorophore-labeled lipid analogs (26, 27). We used
an established liposome-based fusion assay (28) to examine if
exogenously added amisyn interferes with liposome fusion. Ad-
dition of purified full-length amisyn inhibited liposome fusion
(Fig. 1E), and the effect was concentration-dependent (Fig. 1F).
The lack of a detectable transmembrane domain in amisyn im-
plied that the amisyn-containing SNARE complex was “fusion-
inactive,” supporting the hypothesis that amisyn acts as a nega-
tive regulator of exocytosis.

Amisyn Interacts with the Plasma Membrane through an N-Terminal
PH Domain. We started studying the subcellular distribution of
native amisyn protein by an affinity-purified, custom-made polyclonal
antibody (Methods). This antibody could specifically recognize
amisyn, both native and recombinant forms (SI Appendix, Fig. S3),
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and was thus used to investigate the distribution of amisyn in the
mouse brain subcellular fractions. Notably, in the mouse brain,
amisyn was conspicuously absent from supernatant fractions S3,
LS1, and LS2, but was enriched in synaptosomal membranes
(LP1) and in crude synaptosomal vesicles (LP2) (Fig. 1G and SI
Appendix, Fig. S1F). The evident implication is that the majority
of amisyn associates with the membranes in nerve terminals of
mouse brains. These data are in agreement with refs. 14 and 15,
who reported that a fraction of amisyn is membrane-bound.
We next cloned human amisyn (amino acids 1 to 210) fused to

enhanced green fluorescent protein (EGFP) and expressed this
construct in pheochromocytoma PC12 cells, neuroendocrine
cells isolated from rat adrenal medulla. We noted, besides cy-
tosolic localization, the significant association of amisyn-EGFP
with the plasma membrane (Fig. 2 A and B). The stable binding

of amisyn to the plasma membrane was also seen by an in vitro
assay in which cultured cells are unroofed by a single sonication
pulse, exposing the inner leaflet of the plasma membrane to the
extracellular environment (29, 30), as shown in Fig. 2 H–J. In
summary, amisyn was found to associate considerably with the
plasma membrane in living cells and isolated membrane frac-
tions despite the absence of membrane anchor sequences. Of
note, the N-terminal part of amisyn remains to be explored for as
yet unknown functions. This part of amisyn protein showed se-
quence homology (∼32%) to Sec3-like protein, and we noted
that Sec3 contains a PH domain implicated in tethering. Fur-
thermore, homology was noted with the Caenorhabditis elegans
homolog Uso1p, also known as a tethering protein. We conse-
quently scrutinized the uncharacterized N-terminal domain of
amisyn for potential lipid-binding sequences and activity.
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Fig. 1. Amisyn forms SNARE complex with
syntaxin-1 and SNAP-25 and inhibits liposome
fusion in vitro. (A) Fluorescence anisotropy of
syntaxin-1 (syx11−288OG; 1 μM) revealed in-
teraction with full-length amisyn (ami-FL; 1 μM)
in the presence of SNAP-25 (1.5 μM) (red), versus
SNAP-25 (gray), and amisyn alone (black trace).
(B) Fluorescence anisotropy of synaptobrevin-2
(syn21−96OG) revealed interaction with syntaxin-
1 in the presence of SNAP-25 (1.5 μM) and full-
length amisyn (0.5, 1, or 2 μM). Competition
between amisyn and synaptobrevin-2 is demon-
strated by decrease in anisotropy upon adding
amisyn in a concentration-dependent manner.
(C) Anisotropy of the SNARE motif of amisyn
(100 nM), labeled at cysteine-210 with Oregon
green-488, did not change by addition of the
H3-syntaxin-1a (syx1, 1 μM) or SNAP-25 (SNAP25;
1.5 μM). In contrast, increased anisotropy was
observed when both syx1 and SNAP-25 were
added. (D) Anisotropy of H3-syntaxin-1a (syx1),
labeled at position 197 with Oregon green-488
(syx1197OG), did not change by addition of the
SNARE motif of amisyn (Ami-SN). Increased an-
isotropy was evident when both ami-SN and
SNAP-25 (SNAP25) were added to syx1197OG. (E)
In the presence of amisyn, liposome fusion is
severely impaired. Schematic representation of
the liposome fusion assay is shown above the
graph. Donor liposomes contain Syb-2 (1–116)
and two fluorophores, nitrobenzoxadiazole
(NBD) and Rhodamine, coupled to lipids, thereby
quenching their fluorescence. Acceptor lipo-
somes containΔN ternary complexes of SNAP-25,
syntaxin-1a, and a C-terminal fragment of Syb-2.
When donor (200 nM) and acceptor (200 nM) li-
posomes are mixed, they fuse due to trans-SNARE
complex formation, which allows de-quenching of
the NBD fluorescence and kinetic and quantitative
measurements of the fusion process. Amisyn
caused less dequenching, indicative of inhibition
of the fusion process. (F) Inhibition of liposome
fusion by amisyn is concentration-dependent.
Monitoring of NBD-dequenching fluorescence
after mixing liposomes revealed that higher con-
centrations of amisyn blocked liposome fusion
more efficiently. Soluble synaptobrevin-2, which
competes with synaptobrevin-2 on the liposomes
for the SNARE complex formation, was added as a
control. (G) Fractionation of mouse brain to de-
fine the subcellular distribution of amisyn. See
also SI Appendix, Fig. S1F. Abbreviations: H,
mouse brain homogenate; P1, 1,400 × g pellet; S1,
supernatant, further centrifuged (13,800 × g, 10
min) to yield pellet P2: crude synaptosomes. P2 was lysed and centrifuged (32,800 × g, 20 min) to yield pellet LP1: crude synaptic plasma membranes and supernatant
LS2: synaptic vesicles and synaptosomal cytosol. S2: crude cytosol further centrifuged (165,000 × g, 1 h) to obtain P3: membranes and S3: cytosol. Fraction LS1 was
centrifuged (165,000 × g, 1 h) to yield pellet containing crude synaptic vesicles (LP2) and supernatant containing synaptosomal cytosol (LS2). SPM contains isolated
synaptic membranes after sucrose gradient centrifugation. Amisyn was predominantly found in membrane fractions.
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First, we modeled the N-terminal domain of amisyn using the
yeast exocyst subunit Sec3p (PDB ID code 3A58) as a template
(Fig. 2 C and D). The 89 residues of the amisyn N-terminal
domain (68% coverage) was modeled using the protein thread-
ing method with 99.7% confidence (Methods). As evidenced by
the structural alignment with the template structure (rmsd 0.56 Å),
as well as with the PH domain from the exchange factor ARNO in
mouse (PDB ID code 1U27, rmsd 2.23 Å), the N-terminal amisyn
sequence represented a typical PH domain, with a distinct fold
consisting of an antiparallel β-sheet followed by an α-helix. In
addition, the molecular docking simulation revealed a potential
binding site for PI(4,5)P2, with the highlighted lysine residues (K64
and K66) located at the putative PI(4,5)P2 binding site. In analogy
with homologous proteins where the N-terminal domains is flex-
ibly linked to the SNARE domain, we refer to a 17-residue stretch
between the putative N-terminal PH domain and C-terminal
SNARE domain in amisyn as a linker region (Fig. 2E).
To experimentally verify the predicted PH-domain in amisyn,

we attempted to prepare amisyn crystals, but failed to obtain
suitably diffracting crystals. Thus, we experimentally approached
our prediction that the PH-domain of amisyn was responsible for
its membrane interactions. We prepared a mutated amisyn with the
lysine residues predicted to interact with PI(4,5)P2 based on mo-
lecular docking and analogy with phospholipase C-ɗ1 and Sec3p as
PI(4,5)P2-binding proteins (31). We constructed and expressed
several mutants, including the quadruple amisyn mutant: K30A,
K32A, K64D, K66D, denoted AADD-amisyn (Fig. 2E). In trans-
fected PC12 cells, we noted that the expressed AADD-amisyn
failed to locate at the plasma membrane (Fig. 2 F and G).
Moreover, plasma membrane sheets from transfected PC12 cells
expressing either WT amisyn-EGFP or AADD-amisyn-EGFP
confirmed that WT amisyn was bound to the plasma membrane,
while the AADD-amisyn was not (Fig. 2 H–J).
Next, we expressed and purified WT and AADD-amisyn heter-

ologously. The mutant showed similar circular dichroism spectra
and gel-filtration profile as WT amisyn (SI Appendix, Fig. S2),
suggesting that the mutations did not alter the local and the overall
protein fold. Upon incubation with the freshly prepared PC12
plasma membrane sheets, only recombinant WT amisyn-EGFP,
and not AADD-amisyn-EGFP, bound to the isolated membranes
(Fig. 3 A–C). Notably, fluorescently labeled amisyn was bound to
membranes in a nonuniform punctate pattern (Fig. 3 B, Upper).
The plasma membrane sheets generated from PC12 cells expressing
amisyn-EGFP also showed nonuniform pattern (Fig. 2 I, Upper).
We concluded from the combined experiments that amisyn inter-
acts with membranes through its N-terminal PH domain.
Finally, we used a liposome-based assay fusion assay (as shown

in Fig. 1 E and F) to examine whether AADD-amisyn or the
SNARE domain of amisyn alone can alter liposome fusion.
Addition of either AADD amisyn mutant, or the SNARE do-
main of amisyn, had a negative effect on liposome fusion, yet
neither had an effect as potent as the inhibition observed with
full-length WT amisyn (Fig. 3 D and E; a mean of three in-
dependent experiments is shown in Fig. 3F).

PI(4,5)P2 Controls Amisyn Binding to Membranes in Living PC12 Cells.
We next performed the series of ex vivo and in vitro experiments
to explore if amisyn interaction with membranes by its PH-
domain is PI(4,5)P2-dependent. First, we elevated the levels of
PI(4,5)P2 in the inner leaflet of the plasma membrane of PC12
cells by transfection and expression of PI4P5KIɣ (29). The result
revealed that the vast majority of amisyn, coexpressed in PC12
cells with mRFP-PI4P5KIɣ, became associated with the plasma
membrane (Fig. 4 A and B). In addition, more amisyn was bound
to plasma membrane sheets isolated from amisyn-EGFP/mRFP-
PI4P5KIɣ coexpressing PC12 cells (Fig. 4 C and D). Next, we
reduced the PI(4,5)P2 levels in PC12 cells by transfection with the
membrane-targeted 5′-phosphatase domain of synaptojanin-1
(IPP-CAAX) (29). Thereby, the amisyn-EGFP coexpressed with
mRFP-IPP-CAAX was no longer associated with the plasma mem-
brane (Fig. 4 E and F). Moreover, less amisyn was detected on plasma

membrane sheets from amisyn-EGFP/mRFP-IPP-CAAX coexpress-
ing PC12 cells (Fig. 4 G and H). Taken together, by varying the
amount of PI(4,5)P2 in the inner leaflet of the plasma membrane in
both directions by well-established methods, we demonstrated corre-
lating alterations in plasma membrane-anchored amisyn.
To further test if binding of amysin to the membrane requires

PI(4,5)P2, we used purified recombinant full-length WT amisyn
in a cosedimentation assay and in a liposome-binding assay. We
prepared unilamellar liposomes composed of phosphatidylcholine
(PC), phosphatidylserine (PS), and phosphatidylethanolamine
(PE), supplemented with PI(4,5)P2, various phosphatidylinositol
phosphates (PIPs) or PC only as control. We assayed the ability of
amisyn to interact with the liposome’s outer membrane. First,
using cosedimentation assays (Fig. 5A) with different levels of
PI(4,5)P2 incorporated into the liposomes, we observed a close
positive correlation between PI(4,5)P2 levels and amisyn cosedi-
mentation (Fig. 5B). Remarkably, WT amisyn cosedimented with
PI(4,5)P2-containing liposomes, but not with liposomes without
PI(4,5)P2 (Fig. 5B), showing that amisyn interaction with the li-
posomal membrane is mediated by negatively charged PI(4,5)P2.
In contrast to WT amysin, amisyn AADD mutant did not cose-
dimented with PI(4,5)P2-containing liposomes (Fig. 5C). Using
the same assay, we observed that amisyn, in addition to binding
PI(4,5)P2-liposomes, could also bind to liposomes containing
PI(3,4)P2, PI(3,5)P2, or PI(3,4,5)P3, but not phosphatidylinositol
(PI), suggesting that PH domain of amisyn has high affinity but
low specificity for PIPs (SI Appendix, Fig. S4).
We next performed imaging-based membrane-binding exper-

iments using giant unilamellar vesicles (GUVs). Here, we tested
the binding of purified amisyn-EGFP fusion protein to fluo-
rescently labeled GUVs with different lipid compositions
(Methods). Amisyn was thereby found to bind only to PI(4,5)P2-
containing vesicles (Fig. 5D), because replacing PI(4,5)P2 with
PS or PC did not lead to any appreciable amisyn binding.

Stimulation of PC12 Cells Recruited Amisyn-EGFP to the Plasma
Membrane. Depolarization of neurosecretory chromaffin cells
was shown to increase PI(4,5)P2 levels rapidly and transiently
(32). Therefore, we analyzed whether more amisyn was bound to
the plasma membranes of stimulated PC12 cells, depolarized by
addition of 59 mM KCl. Fractionation of the stimulated cells
(Methods) revealed more amisyn to be present in the plasma
membrane fractions compared to nondepolarized cells (Fig. 6A;
quantification shown, Right). PC12 cells stimulated by either
nicotine or ionomycin, which both increase cytosolic Ca2+ levels,
provoked a similar increase in amisyn membrane binding (Fig.
6B). Finally, plasma membrane sheets prepared from KCl-
stimulated amisyn-EGFP–expressing PC12 cells contained more
amisyn-EGFP than plasma membrane sheets prepared from
nondepolarized amisyn-EGFP–expressing cells (Fig. 6 C and D).
The kinetics of amisyn recruitment to the plasma membrane

upon depolarization was analyzed in a series of live-imaging ex-
periments with PC12 cells expressing amisyn-EGFP. We noted the
rapid rearrangement of amisyn distribution in PC12 cells expressing
amisyn-EGFP, concomitantly with the elevation in plasma
membrane-bound amisyn, almost immediately upon the addition of
KCl (Fig. 6 E and F). The association of amisyn with the plasma
membrane was transient, as the majority of amisyn dissociated from
the membrane and returned to cytosol within 6 min after stimula-
tion. We concluded that depolarization recruited amisyn-EGFP to
the plasma membrane of PC12 cells, rapidly and transiently.
Upon stimulation/depolarization, the levels of intracellular

calcium ions also increase rapidly and transiently. To address
whether recruitment of amisyn to the plasma membrane was
mediated by an increase in calcium concentration, we incubated
plasma membrane sheets (isolated from nondepolarized PC12
cells) with recombinant amisyn-EGFP protein and various con-
centrations of calcium ions in the specified buffers (prepared as
described in ref. 30). Imaging revealed that similar amounts of
amisyn-EGFP became bound to the membranes regardless of the
calcium ion concentration, and even in the complete absence of
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externally added Ca2+ (Fig. 6 G and H). We also examined the
PI(4,5)P2 levels in the plasma membrane upon stimulation of
PC12 cells. Using recombinant EGFP-PH-PLCɗ1 as a specific
PI(4,5)P2-probe and plasma membrane sheet assay (29), we de-
tected elevated PI(4,5)P2 levels in the isolated plasma membranes
of stimulated PC12 cells (Fig. 6 I and J). When the same experi-
ment was done with PC12 cells 5 min poststimulation, the dif-
ference in PI(4,5)P2 levels was no longer observed (Fig. 6K).
These PC12 cell-based data are in agreement with a previous re-
port showing increased levels of PI4P and PI(4,5)P2 in whole-cell
lysates prepared from chromaffin cells (32). Given a correlation
between rapid and transient amisyn recruitment and a transient
increase in the plasmalemmal PI(4,5)P2 levels, we concluded that
the recruitment and binding of amisyn to the plasma membrane is
mediated, at least in part, by PI(4,5)P2 concentrations in the inner
leaflet of the plasma membrane, and not by calcium ions.

Addition of Amisyn, but Not Amisyn’s SNARE Domain, Reduced Secretion
of Adrenal Chromaffin Cells. PC12 cells were instrumental for the
characterization of membrane binding of amisyn, while for physi-
ological studies primary chromaffin cells from adrenal medulla that
also secrete adrenaline and noradrenaline were preferred. The se-
cretion in adrenal chromaffin cells has been well characterized,
which make these cells an ideal system to study the effects of
amisyn on releasable vesicle pools and release kinetics (33).
First, we attempted to express amisyn from an internal ri-

bosome entry site-EGFP construct in bovine adrenal chromaffin
cells using Semliki Forest virus. We noticed that the infected
chromaffin cells became stressed, were detaching from the glass
coverslips, and eventually died. We therefore opted for acute di-
rect delivery of the recombinant amisyn protein through the patch
pipette. Purified amisyn (5 μM) was included in the pipette solu-
tion, and each cell was loaded for at least 90 s before combined
electrophysiological and electrochemical experiments were per-
formed. As a control, purified EGFP (5 μM) was included into the
pipette solution, and each cell was loaded and recorded, like the
experiments with amisyn. This approach allowed the acute studies
of amisyn function in the fast-secreting primary chromaffin cells.
In addition to purified amisyn, chromaffin cells were loaded via
the patch pipette with the photolabile Ca2+ chelator nitrophenyl-
EGTA and with two Ca2+-sensitive dyes that enabled accurate
Ca2+ measurements during the whole-cell patch-clamp experi-
ments (29, 34). Flash photo-release of caged calcium increases the
intracellular calcium ion concentration, [Ca2+]i, resulting in robust
secretion that was assayed by the increase in membrane capaci-
tance measurements. Notably, exocytosis of chromaffin cells
loaded with full-length amisyn protein was strongly inhibited
compared to control cells loaded with EGFP, as measured by the
lesser increase in capacitance (Fig. 7A). Acute amisyn addition
robustly reduced both an exocytotic burst (secretion during the
first second after stimulation) and a sustained component of re-
lease (secretion during the next 4 s). A second flash stimulation,
applied to the same cells after 90-s recovery, also triggered a
smaller response in amisyn-loaded cells compared to control (SI
Appendix, Fig. S5A).

Fig. 2. Amisyn binds to membranes by its N-terminal PH-domain. (A)
Amisyn-EGFP distribution in PC12 cells revealing amisyn enrichment at the
plasma membrane. Cells were fixed and imaged 20 h posttransfection. An
identical result was observed in six independent experiments. (B) The fluo-
rescence intensity line profile according to the white line in A. (C) Model of
the N-terminal domain of amisyn that assembles into a PH-like domain. The
essential Lysine residues (K64 and K66) are marked in blue. (D) Alignment of
the identified PH domain of amisyn (red) with that of PLCɗ1 (blue) as tem-
plate. (E) Schematic representation of amisyn with the PH and SNARE do-
mains separated by the 17-amino acid linker sequence. The mutant AADD-

amisyn protein contained four point-mutations in the PH domain: K30A,
K32A, K64D, K66D. (F) The mutant AADD-amisyn failed to bind to the
plasma membrane. Representative confocal image of AADD amisyn-EGFP
expressed in PC12 cells. Cells were fixed and imaged 20 h posttransfection.
The experiment was repeated three times. (G) The fluorescence intensity
profiles of PC12 cells expressing WT amisyn-EGFP (green trace) and AADD
amisyn-EGFP (red trace; from the white line in F). (H) Schematic of isolated
PC12 plasma membrane sheet preparation by sonication. (I) Isolated mem-
brane sheets from PC12 cells expressing either WT or AADD amisyn-EGFP
(indicated by the captions on the left). Representative images are shown of
the membranes (Left) and the associated fluorescence (Right). (J) Quantifi-
cation of the fluorescence signals (as shown in I) of WT and AADD amisyn-
EGFP. Three independent experiments, WT (31 cells) and AADD (33 cells).
Unpaired two-sided t test, mean ± SEM, ***P < 0.001.
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We complemented the membrane capacitance measurements,
showing the net change in exocytotic and endocytotic activity, with
simultaneous recordings by carbon fiber amperometry. The ampero-
metric data provide a direct measure of catecholamine release, not
influenced by endocytosis. The observed net (cumulative) ampero-
metric signal in amisyn-loaded cells revealed a strong decrease in the
number of fused catecholamine-filled secretory vesicles (Fig. 7A and
SI Appendix, Fig. S5 A, Lower; quantified in panels Fig. 7F and SI
Appendix, Fig. S5F). These results are consistent with an earlier study
that shows a smaller cumulative number of exocytic events by
amperometry in chromaffin cells expressing amisyn (15), and with the
membrane capacitance measurements described in the previous sec-
tion. Furthermore, these data are also in agreement with another
study where the reduction in secretion in insulin-secreting β-cells
expressing amisyn was reported (16). Taken together, our data
demonstrate that increasing the levels of amisyn caused a signif-
icant decrease in secretory vesicle secretion, and that this decrease
is attributable to a smaller number of fused secretory vesicles.
Remarkably, the inclusion of purified recombinant SNARE do-

main of amisyn (5 μM) into the pipette solution did not affect se-
cretion robustly, except the sustained component of release (Fig. 7A).
This became even more obvious by the second stimulation, applied
90 s later (SI Appendix, Fig. S5A). The same result was obtained from
amperometry measurements during the first and second stimulation
(Fig. 7A and SI Appendix, Fig. S5 A, Lower; quantified in panels
Fig. 7F and SI Appendix, Fig. S5F). These data match results obtained
with the liposome fusion assay (Fig. 3 D–F). Nonetheless, this was a
surprising observation since the SNARE domain of amisyn was
previously shown to inhibit exocytosis of noradrenaline in cracked
PC12 cells (14), and to form a SNARE complex with soluble SNAP-
25 and syntaxin-1 (Fig. 1) (14). In conclusion, when injected into live
chromaffin cells, only full-length amisyn with both PH and SNARE
domains could potently inhibit exocytosis.

Amisyn Inhibited Exocytosis by Attenuating Secretory Vesicle
Docking/Priming and Fusion. Chromaffin cell secretion elicited by
flash photolysis stimulation consists of an exocytotic burst (comprising

of two pools of release-competent vesicles: The readily and slowly
releasable pools [RRP and SRP, respectively], corresponding to fast
[∼30 ms] and slow release [∼200 ms], respectively), followed by the
sustained phase that represents vesicle recruitment and subsequent
fusion (33–35). We analyzed which of these distinct phases of the
exocytotic burst was affected by acute addition of amisyn to de-
termine the vesicle pool sizes by the amplitudes of the exponential
fittings, and the fusion kinetics by the time constants of the expo-
nential fittings (29). The results revealed that the amplitudes (sizes)
of RRP in amisyn-loaded cells were reduced by about 80%, and that
SRP were similarly affected, compared to control cells (Fig. 7B). The
time constant of the vesicle release from RRP was not affected
(Fig. 7D). Of note, in most amisyn-loaded cells (24 of 38) the fast
component was absent, reducing the number of observations. The
time constant of the vesicle release from SRP was also not signifi-
cantly affected by acute addition of amisyn (Fig. 7E). The sustained
component of release, which measures the refilling of the RRP and
SRP pools, was reduced (Fig. 7C). Altogether, the results suggested
that acute amisyn addition substantially inhibited the docking/priming
and fusion of vesicles into the releasable pools but did not alter the
kinetics of vesicle fusion. The results obtained with a second stimu-
lation were almost identical to the first (SI Appendix, Fig. S5 B–E).
Notably, the inclusion of purified recombinant amisyn-SNARE

domain into the pipette solution did not significantly affect the
sizes of RRP and SRP, while the sustained component was re-
duced (Fig. 7 B and C, first stimulation, and SI Appendix, Fig. S5 B
and C, second stimulation). Kinetics of vesicle release from RRP
and SRP were not significantly affected either during first or
second stimulation (Fig. 7 D and E and SI Appendix, Fig. S5D and
E). These data, in addition to the liposome fusion assay data, show
that only the full-length amisyn protein can alter docking/priming
and fusion of secretory vesicles.

Amisyn Addition Reduced the Number of Fusion Events, but did Not
Affect Fusion Properties. To further explore the putative role of
amisyn in the regulation of the fusion pore stability, as reported
earlier (15, 17), we performed a thorough examination of single

Fig. 3. Recombinant amisyn binds to plasma mem-
branes in vitro. (A) Schematic of PC12 plasma mem-
brane sheet preparation by sonication and subsequent
immediate incubation with purified recombinant
amisyn protein. (B) Binding of recombinant WT and
AADD-amisyn to membranes from PC12 cells. The pu-
rified WT amisyn-EGFP (1 μM) or AADD amisyn-EGFP
(1 μM) were incubated with freshly prepared mem-
branes at room temperature. Images showWT but not
AADD-amisyn-EGFP bound to the membranes (visual-
ized by trimethylamine-diphenylhexatriene [TMA-
DPH]). (Scale bar, 5 μm.) (C) Quantitative analysis of
data as shown in B. Unpaired two-sided t test, At least
49 sheets/conditions from three experiments; mean ±
SEM, ***P < 0.001. (D) Representative experiment
showing full-length WT amisyn inhibiting liposome
fusion more efficiently than its SNARE domain. Fluo-
rescence dequenching of NBD fluorophore-labeled li-
posomes containing synaptobrevin-2 (Syb) after mixing
with liposomes containing the ΔN complex. Soluble
synaptobrevin-2 that competes with synaptobrevin-2 on
the liposomes for the SNARE complex formation was
added as a control. (E) Representative experiment
showing that WT amisyn inhibits liposome fusion more
efficiently than AADD amisyn mutant. Fluorescence
dequenching of NBD fluorophore-labeled liposomes
containing synaptobrevin-2 (Syb) after mixing with li-
posomes containing the ΔN complex. (F) Fluorescence
dequenching of NBD fluorophore labeled liposomes at
800s reveals that WT amisyn inhibits liposome fusion
more efficiently than its SNARE domain alone or AADD-
amisyn. Three independent experiments; mean ± SEM.
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amperomteric spikes in bovine adrenal chromaffin cells acutely
loaded with amisyn (5 μM) and SNARE domain of amisyn
(5 μM) (36). Representative amperometric traces for WT, ami-
syn, and amisyn-SNARE–loaded cells are shown in Fig. 7G.
Significant differences were observed in the number of detected
events per cell (Fig. 7I), in agreement with Constable et al. (15).
Single-spike charge (reflecting the amount of catecholamines
oxidized at the electrode) (Fig. 7H) and amplitude were not
changed (Fig. 7 J and K), as well as the kinetic features of single
spikes (Fig. 7 L–N). Amperometric spikes are often preceded by
a prespike foot that reflects catecholamine leakage through the
forming fusion pore (37). The prespike foot duration and its
amplitude were not altered in chromaffin cells loaded with
amisyn, or the amisyn-SNARE domain (Fig. 7 O–Q), suggesting

that amisyn and its SNARE domain do not alter fusion pore
stability when acutely added to adrenal chromaffin cells.
Altogether, our electrophysiological and electrochemical data

show that upon acute addition of recombinant proteins, only full-
length amisyn and not amisyn’s SNARE domain can strongly
inhibit exocytosis by attenuating secretory vesicle docking/prim-
ing and fusion, while the release time constants and fusion pore
properties remain unaffected.

Discussion
The intracellular mechanisms governing exocytosis are regulated
by numerous proteins, yet aspects of negative regulation of this
complex process are poorly understood. Amisyn has been implied
to play a role in several disorders, including diabetes, autism and
cancer, by way of its regulatory functions in exocytosis (15–17, 38).
Our research on this functionally largely unknown protein was
motivated by its inhibitory role in membrane fusion and a pres-
ence of the SNARE domain in amisyn. We first explored the
biochemical properties of full-length amisyn with respect to
SNARE complex formation in vitro. Such studies were required
since the SNARE domain of amisyn alone does not efficiently
inhibit exocytosis, unlike the SNARE domain of synaptobrevin-2.
We show that full-length amisyn forms a SNARE complex

with SNAP-25 and syntaxin-1 and may act as a vertebrate-
specific competitor of synaptobrevin-2. We refer to amisyn-
containing SNARE complex as “fusion-inactive” since amisyn
does not contain a distinct transmembrane sequence or recog-
nizable lipidation motifs. Nonetheless, we and others (14, 15)
have found it to be enriched at the membranes. Our subcellular
fractionations of mouse brain indicated that amisyn was largely
absent from the soluble fractions. It is still possible that amisyn is
indirectly attached to the plasma membrane through its in-
teraction partner syntaxin-1. However, we have not observed a
correlation between syntaxin-1a and amisyn levels associated
with the plasma membrane. In contrast, we observed that amisyn
association with the plasma membrane was dependent on the
membrane concentration of PI(4,5)P2 in vitro and ex vivo. This
dependence of amisyn on PI(4,5)P2, considerable sequence ho-
mology to yeast Sec3p that contains a PH-domain, and a review
by Barg and Guček (38), inspired us to explore whether the
N-terminal domain of amisyn contained a functional PH-
domain. We first attempted to obtain amisyn structure through
crystallography but had little success. Thus, we performed a se-
ries of mutagenesis-based experiments that led to the construction
of an AADDmutant incapable of PI(4,5)P2 binding. Altogether, it
was revealed that amisyn’s PH domain mediates its interaction
with the plasma membrane and is needed for its regulatory role in
vesicle priming and fusion. Indeed, intricate regulation of exo-
cytosis can be achieved by varying the levels and types of phos-
phatidylinositides, which, in turn, alter the nature and composition
of the recruited exocytic machinery (29, 39). The PH domain may
allow amisyn to act as a PI(4,5)P2-dependent effector, contributing
to the spatial and temporal regulation of exocytosis. Additional
research is needed to distinguish if amisyn’s PH domain is just a
recruiting device to create a high local concentration of the in-
hibitory SNARE motif or whether amisyn’s N-terminal domain
mediates more than membrane binding.
Of note, the N-terminal part of amisyn corresponds to the

N-terminal domain of the exocyst component Sec3p. This yeast
protein is targeted to the budding tip through interactions with
PI(4,5)P2 and the small GTPase Rho/Cdc42. Consequently, Sec3
was used as a structural model and template, similar to the C.
elegans homolog of the tethering protein Uso1 (40), with un-
known structure and function. This connection of amisyn to the
exocyst complex is intriguing. We envisage that amisyn may have
taken over a part of the function of Sec3 (given the interaction of
the N-terminal domain of Sec3 with sso2/syntaxin) (41) and
could act in concert with other exocyst components as ExoC8,
and possibly Exo84. In addition, Kloepper et al. (22) proposed
that amisyn evolved with the vertebrates, likely containing the
SNARE-motif of tomosyn, the gene of which was possibly
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Fig. 4. PI(4,5)P2 levels control membrane binding of amisyn in PC12 cells. (A)
Representative confocal images of PC12 cells expressing either amisyn-EGFP
or mRFP-PI4P5KIγ, or both to increase PI(4,5)P2 in inner leaflet of membrane,
resulting in more amisyn associated with the plasma membrane. (B) Fluo-
rescence profile of amisyn-EGFP expressing cell through a white line in A. (C)
Plasma membrane sheets isolated from cotransfected PC12 cells as in A
contain more amisyn-EGFP. (D) Quantitation of amisyn-EGFP fluorescence on
the plasma membrane sheets isolated from transfected PC12 cells. At least
50 sheets/conditions, two independent experiments; mean ± SEM, unpaired
two-sided t test, ***P < 0.001. (E) Confocal images of PC12 cells expressing
either amisyn-EGFP or mRFP-IPP-CAAX or both, to decrease levels of PI(4,5)P2
in the inner leaflet of the plasma membranes, resulting in less amisyn-EGFP
bound to the plasma membrane. (F) Fluorescence profile through an amisyn-
EGFP–expressing cell through a white line in E. (G) Membrane sheets isolated
from cotransfected PC12 cells as in E contain less amisyn-EGFP. (H) Quanti-
tative determination of amisyn-EGFP fluorescence intensity on membrane
sheets from transfected PC12 cells. At least 50 sheets/conditions, three ex-
periments. Mean ± SEM, unpaired two-sided t test, ***P < 0.001.
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duplicated and evolved with a different N-terminal domain.
Tomosyn is evolutionarily very old; it belongs to the SNARE
repertoire of the last common ancestor of all eukaryotes. Despite
the fact that tomosyn and Lgl (a protein that likely arose from
tomosyn or a predecessor that lost its SNARE domain) are ac-
tive in different contexts, we speculate that amisyn is related to
tomosyn, and possibly Lgl. Like amisyn, Lgl and tomosyn regu-
late secretion of vesicles, presumably independently of calcium.

In any case, the role of amisyn in exocytosis goes beyond its
SNARE motif; the whole protein (including both the PH and
SNARE domains) was needed to block exocytosis efficiently, as
seen by in vitro liposome fusion assays, and electrophysiological
and electrochemical recordings in live chromaffin cells. Notably,
the inhibition of exocytosis by amisyn was directly proportional
to its concentration: The higher the levels, the more potent was
the exocytic block (high levels of amisyn were detrimental for the
cells). Mechanistically, we document that amisyn interfered with
the docking/priming and fusion of secretory vesicles, and with the
sizes of releasable pools. Fusion kinetics of releasable vesicle
pools (RRP and SRP) were not altered upon acute addition of
amisyn protein in chromaffin cells, nor were the single spike
features [only the number of detected spikes was lower, in
agreement with previous studies (15, 16)]. The only difference to
an earlier report (15) is that we do not detect a significant dif-
ference in foot duration and charge when amisyn was acutely
loaded into cells through the patch pipette. Yet, we do not ex-
clude that amisyn may affect fusion pore expansion under dif-
ferent conditions. In our study, the recombinant amisyn was
delivered acutely through a patch pipette, which may cause dif-
fusion of small molecules like cAMP (possibly also cAMP ef-
fector proteins, e.g., EPAC2) out of the cell and prevent
detecting the effect of amisyn on fusion pores, as reported pre-
viously (17). Furthermore, amisyn has a strong inhibitory effect
on exocytosis, making these experiments difficult; the number of
detected amperometic spikes was severely reduced and many
amisyn-loaded cells showed little or no secretion.
Based on available data, we designed a putative model of

amisyn’s role in exocytosis (Fig. 8). Amisyn’s enrichment in the
plasma membrane suggests that amisyn exerts its main functions
there. The R-SNARE motif of amisyn interacts with the Q-SNAREs
syntaxin-1 and SNAP-25 as effectively as synaptobrevin-2. In addi-
tion, amisyn acts primarily on the regulation of number of re-
leased vesicles from RRP, SRP, and during sustained secretion.
Therefore, one could envision that amisyn acts as a negative
regulator of SNARE complex assembly by competing with the
“fusion-active” synaptobrevin-2 for SNAP-25/syntaxin-1 bind-
ing (Fig. 8). Since amisyn does not contain any transmembrane do-
mains, it most likely forms a fusion-inactive SNARE complex, as
originally suggested (14). However, in contrast with the earlier study
(14), our model does not assume that amisyn holds SNAP-25/syn-
taxin-1 in a conformation ready for synaptobrevin-2 to replace it
before membrane fusion takes place. Instead, we propose that ami-
syn controls the number of fused vesicles and timing of exocytosis,
which may be important for brain development and autism, as well as
insulin-secreting β-cells and diabetes. Furthermore, amisyn interacts
with the plasma membrane in a PI(4,5)P2-dependent manner
through its N-terminal PH domain that may serve as the protein’s
recruiting device and, in turn, generate the required high local
concentrations of amisyn that are needed to outcompete the se-
cretory vesicle-anchored synaptobrevin-2. PI(4,5)P2-sensitive PH
domain is also able to provide temporal and spatial characteristics
needed for the regulation of exocytosis. Such a model could ele-
gantly explain key observations in amisyn’s studies, including de-
creased exocytosis efficiency (refs. 14–16 and this study) and
enhance our understanding of membrane fusion timing control.
Given the complexity of the exocytic machinery, it is not sur-

prising that regulatory proteins like amisyn are needed to balance
and control exocytosis, and are relevant for various diseases. Further
studies are needed to fully comprehend this overlooked protein.
Understanding amisyn both structurally and functionally is not only
fundamentally important for our knowledge of the physiology of
secretory and neuronal cells, but may also help to unravel
complex pathological processes, like in diabetes and autism.

Methods
Plasmids. Cloning of pEGFP(N1)-amisyn WT, pEGFP(N1)-amisyn-SNARE do-
main, pEGFP(N1)-amisyn AADD, pEGFP(N1)-amisyn PH domain, pGEX-6p1-
amisyn WT, pGEX-6p1-amisyn SNARE domain, pGEX-6p1-amisyn AADD, and
pGEX-6p1 amisyn PH domain are described in SI Appendix. All constructs
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Fig. 5. Liposome binding of amisyn is dependent on PI(4,5)P2. (A) Schematic
representation of a cosedimentation assay. (B) Representative cosedimenta-
tion of amisyn with liposomes depends on their PI(4,5)P2 content (shown in
captions over each lane). Representative SDS/PAGE gel (12%) shows that
PI(4,5)P2 levels in liposomes correlate with more amisyn bound to liposomes
cosedimenting in the pellets (P) relative to the supernatant (Sn). Three in-
dependent experiments were performed. (C) Representative cosedimentation
assay shows that AADD amisyn mutant does not bind well to PI(4,5)P2-con-
taining liposomes (2%). Representative SDS/PAGE gel (12%) of sedimentation
assay. P, pellet; Sn, supernatant; three independent experiments were per-
formed. (D) Recombinant amisyn-EGFP bound only to liposomes containing
PI(4,5)P2. Representative confocal images of liposomes without or containing
PI(4,5)P2 (captions on the left). Two experiments with independently purified
amisyn-EGFP were performed, each time with several technical replicates.
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were verified by control restriction enzyme digestions and by sequencing.
The following additional expression constructs were used: rat syntaxin1a H3
domain (amino acids 180 to 262) (4), rat syntaxin-1 with its transmembrane
region (amino acids 183 to 288) (42), rat SNAP-25a (amino acids 1 to 206) (4),
soluble rat synaptobrevin-2 (amino acids 1 to 96) (4), and synaptobrevin-2
with transmembrane domain (amino acids 1 to 116) (42). pEGFP-PH-PLCɗ1,
pmRFP-PI4P5KI and pmRFP-IPP1-CAAX (29), or empty pEGFP-N1 (Clontech) as
control, were used as indicated.

Cell Culture, Cell Transfections, and Cell Stimulations. The neuroendocrine cell
line PC12 (ATCC CRL-1651) was maintained and propagated as detailed in SI
Appendix. PC12 cells (until passage 14) were transfected with plasmids
expressing amisyn-EGFP, mRFP-PI4P5KI, and mRFP-IPP1-CAAX (29). In some
experiments, EGFP expressed from pEGFP-N1 was used as a control. Cell
transfection was performed using Lipofectamine (ThermoFisher Scientific)

18 to 30 h before analysis. PC12 cells were either imaged live, used for
plasma membrane sheet preparations, or fixed in 3.7% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) for 30 min at room temperature
and further processed for confocal microscopy. Stimulation of PC12 cells was
achieved with 59 mM KCl (Sigma), nicotine (Merck, N0267), and ionomycin
(Merck, I0634) in Tyrode’s buffer (119 mM NaCl, 5 mM KCl, 25 mM Hepes
pH 7.4, 2 mM CaCl2, 1 mM MgCl2, 6 g/L glucose), as indicated. The primary
culture of bovine chromaffin cells was prepared as described previously (29),
and handled as described in SI Appendix.

Protein Expression, Purification, and Labeling. Due to the abundance of
nonpreferred arginine codons, the full-length amisyn could be expressed
only at very low levels under standard conditions. Thus, Escherichia coli
BL21-CodonPlus(DE3)-RIL (Stratagene; these cells contain plasmids that en-
code the nonpreferred tRNAs) or Rosetta (DE3) (Merck 70954-4) competent

Fig. 6. Stimulation recruits amisyn-EGFP to the
plasma membrane of PC12 cells. (A) Mem-
branes isolated from PC12 cells after stimula-
tion (59 mM KCl, 5 s) contain more amisyn-
EGFP, relative to membranes isolated from na-
ive cells. Na+/K+ ATPase is used as internal
loading control and membrane marker. (Left)
Representative Western blots from eight ex-
periments. (Right) Quantification. Mean ± SEM,
unpaired two-sided t test, *P < 0.1. (B) Repre-
sentative Western blot of membranes isolated
from naive PC12 cells and after stimulation as
shown in the captions (100 μM nicotine, 1 μM
ionomycin, 59 mM KCl, 5 s). Na+/K+ ATPase was
used as the internal loading control and mem-
brane marker. (C) Membrane sheets generated
from stimulated PC12 cells (59 mM KCl, 5 s)
contain more amisyn-EGFP than membrane
sheets from naive cells. (D) Fluorescence quan-
tified from samples as in C (n = 41 sheets/con-
ditions, 3 experiments). Mean ± SEM; unpaired
two-sided t test, *P < 0.1. (E) Representative
confocal images of PC12 cells before and after
stimulation (59 mM KCl) demonstrating that
stimulation recruited amisyn to plasma mem-
branes. (F) Time-course of amisyn-EGFP fluo-
rescence on the plasma membrane in living
PC12 cells stimulated with 59 mM KCl. Mean of
15 cells from 3 experiments ± SEM (G) Plasma
membrane sheets from naive PC12 cells were in-
cubated with recombinant amisyn-EGFP (3 μM)
and different calcium ion concentrations (cap-
tions). (Upper) TMA-DPH–stained isolated plasma
membranes; (Lower) isolated plasma membranes
with bound recombinant amisyn-EGFP. (H) Quan-
tification of amisyn fluorescence (as on samples in
G) revealed that recruitment of amisyn-EGFP to the
plasma membrane was not mediated by calcium
ions. At least 46 sheets/condition from 3 experi-
ments.Mean± SEM; one-way ANOVAwith Tukey’s
post hoc test; ns, not significant. (I) Plasma mem-
brane sheets isolated from stimulated PC12 cells
(59 mM KCl, 5 s) were incubated with recombinant
EGFP-PH-PLCɗ1 (3 μM) for 60 s, washed and fixed.
(Upper) TMA-DPH dye stains isolated plasma
membranes; (Lower) isolated plasma membranes
with bound recombinant EGFP-PH-PLCɗ1. (Scale
bar, 5 μm.) (J) Quantification of EGFP-PH-PLCɗ1
fluorescence (as on samples in I) revealed elevated
PI(4,5)P2 levels in the plasma membranes of stim-
ulated cells. At least 144 sheets/conditions from
3 experiments. Mean ± SEM; one-way ANOVA
with Tukey’s post hoc test, ***P < 0.001. (K)
Plasma membrane sheets were isolated from
PC12 cells 5 min poststimulation (59 mM KCl),
immediately incubated with recombinant EGFP-PH-PLCɗ1 (3 μM) for 60 s, washed and fixed. Quantification of EGFP-PH-PLCɗ1 fluorescence revealed no change in
the levels of PI(4,5)P2 in the plasma membranes between nonstimulated and stimulated cells. At least 144 sheets/conditions from 3 experiments. Mean ± SEM;
one-way ANOVA with Tukey’s post hoc test; ns, not significant.
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Fig. 7. Amisyn, but not amisyn-SNARE domain, reduced number of released vesicles but did not alter rates of vesicle fusion in bovine chromaffin cells. (A–F)
Exocytosis induced by UV-flash photolysis of caged calcium ions (stimulus #1, arrow) was reduced in amisyn-loaded chromaffin cells (red trace) compared to
control cells (black trace). Cells loaded with amisyn-SNARE protein (blue trace) did not differ significantly from control cells (with an exception of sustained
release): 42 control cells, (black); 38 amisyn-loaded cells (red); 38 amisyn-SNARE–loaded cells (blue) from 5 independent experiments. Kruskal–Wallis test with
Dunn’s multiple comparison test; ns, non significant; **P < 0.01, ***P < 0.001. (A, Top) Intracellular calcium level increase induced by flash photolysis (at t =
0.5 s). (Middle) Averaged traces of membrane capacitance changes upon Ca2+-induced exocytosis. (Bottom) Mean amperometric current (Iamp; left axis) and
cumulative charge (right axis). (B and C) Exponential fitting of the capacitance traces revealed changes in RRP and SRP size and sustained phase of release (C).
Note the marked reduction in exocytosed vesicles in amisyn-loaded cells. (D and E) Fusion kinetics of vesicles from RRP and SRP pools were not altered. (F)
Reduced detection of catecholamines in chromaffin cells loaded with amisyn by amperometry: Cumulative charge during 5 s after stimulation. (G–Q) Single-
spike amperometry analysis revealed problems in vesicle fusion, but no alterations in the stability of the fusion pore. (G) Exemplary traces from single-spike
amperometric recordings of control, amisyn WT, and amisyn-SNARE domain-injected adrenal chromaffin cells. (H) Schematic of analyzed amperometric spike
parameters. (I) Number of fusion events per cell was significantly reduced in chromaffin cells injected with full-length amisyn. Each spot in the dot plot
represents a mean from an analyzed cell. Four experiments and four independent cell preparations, total of control (20 cells), amisyn WT (18 cells), and
amisyn-SNARE domain (25 cells). Mean ± SEM. One-way ANOVA with Tukey’s post hoc test, *P < 0.05. (J–N) Single-spike amplitude (J), charge (K), and the
kinetics of single fusion events, such as duration at half-maximal amplitude (L), rise time (M), and decay time (N), were unchanged. For number of cells and
statistics, see I. (O–Q) The stability of the fusion pore was not altered, as revealed by unchanged foot amplitude (O), foot charge (P), and foot duration (Q).
Four experiments and four independent cell preparations, total of control (15 cells), amisyn WT (14 cells), and amisyn-SNARE domain (21 cells). Mean ± SEM.
One-way ANOVA with Tukey’s post hoc test, *P < 0.05.
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cells transformed with pGEX-6p1-amisyn constructs were grown in Luria-
Bertani medium (LB; tryptone, yeast extract, NaCl, 50 μg/mL ampicillin,
50 μg/mL chloramphenicol) to OD600 0.6 to 0.8 at 37 °C. Amisyn recombinant
protein (amisyn WT, amisyn-SNARE, and amisyn-AADD) expression was in-
duced by 10 μM isopropyl-1-thio-β-d-galacto-pyranoside (IPTG) and further
culturing for 12 h at 18 °C and 250 rpm. The cells were pelleted by centri-
fugation (54,000 × g), washed with ice-cold PBS, and resuspended in equil-
ibration buffer (150 mM NaCl, 50 mM Hepes, 2 mM EDTA, 2 mM DTT, pH 7.5)
containing 1 mM phenylmethylsulfonyl fluoride (PMSF). The cells were
subjected to cell fractionation (Fluidizer; Microfluidics). After centrifugation
(25,000 × g, 20 min), the supernatant was loaded to the glutathione column
(Protino Glutathione Agarose 4B column; Machery-Nagel; equilibration
buffer: 150 mM NaCl, 50 mM Hepes, 2 mM EDTA, 2 mM DTT, pH 7.5). GST-
amisyn was eluted with reduced glutathione (10 mM, in 50 mM Tris·HCl,
100 mM NaCl, pH 8.0). Next, the eluate was dialyzed before proteolytic
cleavage (PreScission, GE Healthcare Life) to remove the GST-tag by in-
cubation overnight at 4 °C. The eluate was again affinity-purified over the
glutathione column to obtain the pure recombinant amisyn protein, as
confirmed by SDS/PAGE analysis and Western blotting.

EGFP-PH-PLCɗ1 was expressed and purified as in ref. 29. Unless otherwise
stated, proteins from other expression constructs were expressed through
the pET28a vector (Novagen) in E. coli BL 21 (DE3) competent cells (Merck),
purified, and labeled as described in SI Appendix.

Antibodies. Custom-made polyclonal amisyn antibody was generated against
full-length recombinant amisyn protein that was expressed and purified as
detailed above. The rabbit was immunized with 300 μg recombinant amisyn
emulsified in Freud’s adjuvant complete (Merck, F5881). Booster injections
(150 μg recombinant amisyn emulsified in Freud’s adjuvant) were given ev-
ery 2 to 3 wk for 4 mo. The blood was obtained from the rabbit’s ear veins
and processed to remove the blood cells. The serum with polyclonal anti-
amisyn antibody was then aliquoted, and stored at −80 °C. This antiamisyn
antibody (Aminchen #172) was affinity-purified, and its specificity was
characterized as described in SI Appendix. The list of commercial antibodies
and their dilutions is presented in SI Appendix.

DNA Sequence Analysis and Structural Modeling of Amisyn. We searched
available databases for possible homologs of amisyn using BLAST (43) against
the nonredundant dataset with default parameters. We restricted the search
to insects, molluscs, arachnids, crustaneans (all invertebrates), as well as all
vertebrates, and separately mammals and primates. Homologous protein
sequences (e-value < 10−5, and sequence coverage >70%) were collected
and multiple sequence alignments were performed using the T-Coffee
server (44).

Using the Phyre2 web portal for proteinmodeling, prediction, and analysis
with default parameters (45), the tertiary structure of the N-terminal domain
of amisyn and its SNARE motif were modeled. The N-terminal domain of 89
amino acids (68% of the query sequence) was modeled with 99.7% confi-
dence, using the tertiary structure of the yeast Sec3p exocyst subunit (PDB ID
code 3A58). The C-terminal domain, previously described as the SNARE

domain, was modeled on the tomosyn (PDB ID code 1URQ) as template. The
model was obtained with 99.8% confidence on a stretch of 58 amino acids
(94% of the query sequence).

The resulting PDB files of models of the N-terminal domain and the SNARE
domain of amisyn were used to perform structural alignments using the TM-
align server (46). The N-terminal domain was aligned with its template (PDB
ID code 3A58), as well as with several typical PH domains (e.g., PH domain
from the exchange factor ARNO) (Mus musculus, PDB ID code 1U27). The
SNARE domain was aligned with its template (PDB ID code 1URQ). PyMol
software was used for protein visualization.

Anisotropy Measurements. Anisotropy measurements were performed as
previously described (28) on a Fluorolog 3 spectrometer with magnetic stirrer
and built-in T-configuration equipped for polarization (Model FL322, Jobin
Yvon). The experimental details are described in SI Appendix.

GUV Preparation and GUV Assays. GUVs were prepared as described in
Tarasenko et al. (47), with lipid composition as indicted in SI Appendix. GUV
visualization experiments were carried out using the spinning-disk confocal
set-up (UltraVIEW VoX, Perkin-Elmer) with an inverted microscope (Nikon
Ti-E Eclipse) and a 14-bit electron-multiplying charge-coupled device camera
(C9100; Hamamatsu) using Volocity 6.3 software for image acquisition. The
experiments were carried out using a 250-μL borosilicate chamber (Lab-Tek).
To avoid disruption of the GUV on contact, the chamber was coated with
bovine serum albumin (BSA) and 50 μL GUVs (300 mM sucrose, 10 mm Hepes,
pH 7.4) were added to 150 μL 192 mM NaCl, 10 mM Hepes, pH 7.4. Osmo-
lality of GUV suspension and buffer was matched to that of the protein
solutions. Proteins were added to a final concentration of 2.2 mg/mL, and
solution was mixed by gently rotating the pipette tip.

For liposome sedimentation assays, freshly prepared liposomes (prepared
as described in SI Appendix) were incubated with 10 μM recombinant amisyn
for 20 min at 37 °C. The liposomes were then centrifuged for 1 h at
70,000 rpm (Sorvall RC-M120, rotor S120-AT3). Supernatant and pellet were
separated, analyzed by SDS/PAGE, and the gel was scanned (EPSON Perfec-
tion V700 Photo).

Liposome FusionAssays. Liposome fusionwas studied using a lipid dequenching
assay (27), as described in SI Appendix.

Isolation of Plasma Membranes from PC12 Cells. Crude PC12 cell membranes
were prepared as described in Sharma et al. (48) with minor modifications. Cell
were resuspended by pipetting in PBS containing 2 mM EDTA at room tem-
perture, and pelleted by centrifugation (300 × g, 5 min, 4 °C). The pellet was
resuspended in low ionic strength TEP buffer (20 mM Tris·HCl pH 7.4, 1 mM
EDTA) containing protease inhibitors (Roche) and homogenized with 20
strokes of a tight-fitting glass-glass homogenizer. Intact cells and nuclei were
removed by centrifugation (300 × g, 7 min). The supernatant was centrifuged
(50,000 × g, 30 min) and the pelleted membranes resuspended in TEP buffer.
Protein content was determined with the bicinchoninic acid method (BCA;

PIP2

SNAP25

amisyn

synaptobrevin-2

syntaxin-1A

X

Fig. 8. Model of role of amisyn in secretory vesicle
exocytosis. Amisyn acts as a negative regulator of
SNARE-complex assembly by competing with the
fusion-active synaptobrevin-2. Formation of the
SNARE complex drives membrane fusion, whereby
PI(4,5)P2 recruits amisyn to the plasma membrane to
compete with synaptobrevin-2 in formation of the
SNARE complex and vesicle exocytosis. Since amisyn
does not contain a transmembrane domain, it forms a
fusion-inactive SNARE complex.
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Pierce Chemical Co.) using BSA as the standard. Protein electrophoresis and
immunoblotting was performed as described in SI Appendix.

Live PC12 Cells and Plasma Membrane Sheet Experiments. Experiments with
live PC12 cells and plasma membrane sheets were performed and imaged as
described in SI Appendix. Plasma membrane sheet from stimulated PC12 cells
were generated 5 s after the cell stimulation started. Digital image analysis
of data shown in Figs. 3H, 4D, 5 D and H, and 7 D and H were performed
using ImageJ (49), as stated in the SI Appendix.

Electrophysiology and Electrochemistry. Capacitance and amperometric
measurements on bovine adrenal chromaffin cells were performed concur-
rently at room temperature (22–24 °C), and as described in SI Appendix.
Recombinant amisyn (5 μM) or SNARE-amisyn mutant (5 μM) was added to
the intracellular pipette solution (100 mM Cs-glutamate, 8 mM NaCl, 4 mM
CaCl2, 32 mM Cs-Hepes pH 7.25, 2 mM Mg-ATP, 0.3 mM GTP, 0.4 mM Fura4F,
and 0.4 mM Furaptra, 5 mM NPE, osmolarity ∼295 mOsm/kg), and kept cold
until injection into cells through the custom-made glass patch pipette (NPI
Electronic, GB150TF-8P, prepared with P-97 Flaming/Brown Micropipette
Puller, Sutter Instruments). Analysis of amperometric recordings were per-
formed by IGOR Pro (Wave Metrics) as in Mosharov and Sulzer (50).

Statistical Analysis. Unless otherwise stated, all statistical analysis was done
using Prism (GraphPad). Where indicated, nonparametric one-way ANOVA
tests were used with significance set at P < 0.05. Unpaired two-sided t tests
with Tukey’s correction were used for comparisons between specific groups.
Cumulative frequency distributions were compared using the Kolmogorov–
Smirnov test. Electrophysiological data were examined by the Kruskal–Wallis
test with Dunn’s multiple comparison test. Unless otherwise stated, data are
presented as mean ± SEM.

Data Availability. All datasets generated and analyzed during the study are
included in the main text, SI Appendix, and Dataset S1.
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