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SNARE (Soluble NSF(N-ethylmaleimide-sensitive factor) Attachment Receptor) complex is a trimeric supramo-
lecular organization of SNAP25, syntaxin, and VAMP which mediates fusion of synaptic vesicles with the pre-
synaptic plasma membrane. The functioning of this entire protein assembly is dependent on its tetrahelical
coiled coil structure alongside its interaction with a large spectrum of regulatory proteins like synaptotagmin,
complexin, intersectin, etc. Defects arising in SNARE complex assembly due to mutations or faulty post-trans-
lational modifications are associated to severe synaptopathies like Schizophrenia and also proteopathies like
Alzheimer's disease. The review primarily focuses on SNAP25, which is the prime contributor in the complex
assembly. It is conceptualized that the network of protein interactions of this helical protein assists as a cha-
peroning system for attaining functional structure. Additionally, the innate disordered nature of SNAP25 and its
amyloidogenic propensities have been highlighted employing computational methods. The intrinsic nature of
SNAP25 is anticipated to form higher-order aggregates due to its cysteine rich domain, which is also a target for
several post-translational modifications. Furthermore, the aberrations in the structure and expression profile of
the protein display common patterns in the pathogenesis of a diverse synaptopathies and proteopathies. This
work of SNARE literature aims to provide a new comprehensive outlook and research directions towards SNARE
complex and presents SNAP25 as a common neuropathological hallmark which can be a diagnostic or ther-

apeutic target.

1. Introduction

Supramolecular assemblies of proteins, as an evolutionary innova-
tion, are distributed across the biological system to execute complex
functions. One such magnificent protein assembly is the neuronal
SNARE (Soluble NSF(N-ethylmaleimide-sensitive factor) Attachment
REceptor) complex (with ring complexes ranging from 15 to 300 nm in
diameter) which plays a central and fundamental role in neuronal
signaling (Cho et al., 2005). The assembly is regulated by an intricate
network of protein-protein interactions and can be considered as an
upshot of complex protein folding and organization. SNARE proteins
constitute a large clade with homologous members distributed across
yeasts and mammalian cells (Advani et al., 1998; Burri and Lithgow,
2004). Their principal function in the synaptic event is to mediate
neuron-neuron communication by a process where Synaptic Vesicles
(SVs) fuse with the presynaptic plasma membrane (PM) in a Ca?*

* Corresponding author.

triggered mechanism leading to neurotransmitter release (illustrated in
Fig. 1) (Chen et al., 1999). Therefore, the importance of this hydro-
phobic supramolecular assembly lies in driving neuronal signaling and
proper functioning of the overall psycho-physiological system. Anomaly
in the expression and core structure of SNARE proteins and subsequent
destabilization of the same, implicate in a number of aberrant neuro-
logical conditions like Schizophrenia (SCZ), Bipolar disorder (BD), At-
tention Deficit Hyperactivity Disorder (ADHD), and Autism Spectrum
Disorder (ASD) etc. (Cupertino et al., 2016; McNew et al., 2000; S6llner
et al., 1993).

The minimal core of SNARE complex (illustrated in Fig. 1) as
identified by Fasshauer et al. consists of three alpha-helical proteins,
namely, (i) SNAP25 (synaptosomal-associated protein 25), a pre-
synaptic PM-anchored protein, (ii) syntaxin, a presynaptic PM-integral
protein, and (iii) synaptobrevin (Sb) or VAMP (Vesicle Associated
Membrane Proteins), a vesicle-trans-membrane protein (Fasshauer
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Fig. 1. Neurotransmitter containing Synaptic Vesicle (SV) near the presynaptic plasma membrane (A); SNARE Complex formation between SV transmembrane
protein VAMP and plasma membrane proteins, SNAP25 and syntaxin (B); Ca®™ binds to synaptotagmin leading to membrane fusion and neurotransmitter release (C).

et al., 1998; McNew et al., 2000). The three dimensional (3D) organi-
zation of SNARE complex was found to be tetrahelical coiled-coil par-
allel bundle (Poirier et al., 1998), wherein, SNAP25 contributes two
alpha-helices and the other two helices are contributed by VAMP and
syntaxin, respectively (Sutton et al., 1998). Other than these core pro-
teins, interacting partners of SNARE complex or SNARE interactors like
N-ethylmaleimide sensitive factor (NSF), complexin, neurogulin, in-
tersectin, etc. play an important regulatory role in the entire neuro-
transmission process through a Ca2* triggered process (Chang et al.,
2018; Chen et al., 1999; Zhou et al., 2017). A comprehensive list of the
core components of SNARE complex and some of the regulating inter-
actors is enumerated in Table 1(a) and 1(b). The understanding of
SNARE complex is becoming increasingly complicated with ongoing
discoveries of interactors, which chaperone the 3D organization of this
exquisite molecular apparatus. Thus, SNARE complex has come up as a
sensitive supramolecular multimeric assembly and an intricate network
of protein interactions. Indeed, the disruption of this delicate system
severely implicates to synaptic dysfunction and neurodegeneration.

Of particular concern, the link between an irregularity introduced in
brain physiology at the molecular level and the distortion of the psy-
chological behaviour has yet not been elucidated well. We, therefore
believe, a review portraying a molecular view of SNARE constituents
and the implication of their aberrant organization in neuropathology is
essential. SNAP25, the principle contributor to the structural organi-
zation of SNARE comple, is primarily focused in this review. The ab-
normal expression of SNAP25 in a number of neurological and neuro-
degenerative diseases is hypothesized that this helical protein might be
a common neuropathologcial marker. In this direction, the present
work attempts to identify a link between the intrinsic nature, ag-
gregation propensity and the structural aberration of SNAP25 in SNARE
complex assembly.

2. SNAP25: structure and function
2.1. Structure of SNAP25

SNAP25 was first identified by Oyler et al. and was found to be
differentially expressed in the neuronal subpopulations (Oyler et al.,
1989). Further, it was reported that it consists of two isoforms
(SNAP25a and SNAP25b), which arise due to alternative splicing of the
duplicated Exon 5. These isoforms were found to differ in 9 amino acids
out of 39 from the mutually exclusive Exon (5a and 5b) (Bark, 1993).
Interestingly, these SNAP25 isoforms are differentially expressed at
different stages of neurodevelopment, wherein, 25a is majorly ex-
pressed at the embryonic stage and 25 b at the postnatal life (Bark et al.,
1995). Subsequent discoveries confirmed that this developmental trend
is conserved in humans as well (Prescott and Chamberlain, 2011).
Structurally, SNAP25 (206 amino acids/25kDa) is a helical protein
which contributes two helices in the tetrahelical coiled coil structure of
SNARE complex (other two helices are contributed by syntaxin and
VAMP). Fig. 2(A) represents the truncated 3D structure of SNARE
complex (PDB code: 3RK2) showing the tetrahelical coiled coil orga-
nization (structural view in hydrophobicity scheme). As seen from the
figure, all SNARE proteins contain alternating hydrophobic and hy-
drophilic patches, which is indicative of intrinsic amyloidogenic pro-
pensity (Broome and Hecht, 2000). Fig. 2(B) represents the 3D structure
of SNAP25 generated using homology modelling in Phyre2 software
(Kelley et al., 2015). The generated 3D model showed that a large
portion of the protein is intrinsically disordered. This aspect of SNAP25
is also common to amyloid-f (Ap) and a-synuclein, which are asso-
ciated to the proteopathies, Alzheimer's and Parkinson's, respectively
(Choi et al., 2011). This provokes the speculation that SNAP25 might
also misfold and aggregate. Fig. 2(C) is the predicted secondary
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Fig. 2. Three-dimensional structure of the truncated SNARE complex (PDB: 3RK2) (A); 3D structure of SNAP25 alone generated by homology modelling (B);

Prediction of the disordered and secondary structure of SNAP25 (C).

structure of SNAP25 using Phyre2 software, which is found to be 32%
disordered and 75% helical. Hence, the computational studies per-
formed here presented SNAP25 as an intrinsically disordered and ag-
gregation prone protein.

Furthermore, the cysteine-rich domain is of particular importance,
because it is found to regulate the intracellular distribution of the
protein besides plasma membrane affixing (Greaves and Chamberlain,
2011). SNAP25 undergoes several post-translational modifications, out
of which, the addition of palmitic acid (palmitoylation) to its cysteine-
rich region (residues 84-92) results in the anchoring of SNAP25 at the
pre-synaptic PM (Veit et al., 1996). The Cys90 residue has been recently
found to be a target of S-guanylation (the addition of 8-nitro-cGMP to
thiol group). This was found to influence the assembly/disassembly of
SNARE complex by attenuating the interaction between complexin and
SNARE complex (Kishimoto et al., 2017). SNAP25 also undergoes
phosphorylation by the enzyme, Protein Kinase C (PKC), which mod-
ulates the Voltage-Gated Calcium Channels (VGCCs). This process ac-
celerated the exocytosis of neurotransmitters by recruiting secretory
vesicles to the presynaptic PM (Nagy et al., 2002; Pozzi et al., 2008). A
recent report by Katayama et al. on the phosphorylation of SNAP25 at
the ser 187 residue suggested that this event is crucial in regulating
neurotransmitter release and short-term plasticity (Katayama et al.,
2017). The residue, thr138, is yet another target of phosphorylation/
dephosphorylation by RhoA-activated Kinase (ROK) and Myosin Phos-
phatase (MP), which have been reported to modulate the interaction
between SNAP25 and syntaxin (Horvath et al., 2017). Additionally, the
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tyrosine residues of SNAP25 and Muncl8 (interactor of SNARE com-
plex) have been found to undergo 3-nitrosylation induced by perox-
ynitrite. The event influenced the intermolecular interaction between
SNAP25 and Munc18 (Di Stasi et al., 2002). Therefore, it is realized that
SNAP25 undergoes several structural modifications before and after
attaining its native helical structure for performing multifaceted tasks.
With this perspective, the following sections depict the functional role
of SNAP25 in the presynaptic and postsynaptic compartments.

2.2. Function of SNAP25

2.2.1. Role in presynaptic events

SNAP25 interacts with a number of synaptic proteins and forms
several complexes which cause conformational changes in SNARE as-
sembly and presynaptic PM dynamics. It has been already ascertained
that SNARE complex functions in an intricate network of protein-pro-
tein interactions. A recent study demonstrated that the interaction of
SNAP25 with Rabphillin-3A which is endowed with a C2 domain (a
common motif with synaptotagmin to sense Ca®*) promoted pre-
synaptic PM bending. Rabphillin-3A was found to interact with SNAP25
(at the same site as synaptotagmin) and also with Phosphatidyl-Inositol-
4,5-bis-Phosphate (PIP,) to attain a specific conformation. The resultant
complex was capable of interacting with the whole SNARE organization
and influence the presynaptic events significantly (Ferrer-Orta et al.,
2017). GBy (a Gjso-coupled G protein-coupled receptor) has also
emerged as a competitor of synaptotagmin for binding with SNAP25b
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and was found to inhibit Ca®* -triggered exocytosis in a concentration-
dependent manner (Zurawski et al., 2017). With this finding, it can be
concluded that GPy-SNARE interaction is undesirable. Also, SNARE
complex appears to be a highly complicated network as another study
demonstrated that eliminating Gpy-SNARE interaction resulted in
SNARE dysfunction (Zurawski et al., 2018). It indicated that SNARE-
G[3y interaction is also an essential component of the neurotransmission
process. We can therefore speculate that the aforementioned interaction
can be fitted into the established competitive and substrate inhibition
models. This point of view to analyze SNARE complex interaction with
other interactors might shed new insights, and a mathematical model of
SNARE complex interaction might arise as well.

Mutation studies in SNAP25 and its implication in the presynaptic
events was reported by Verderia et al., where SNAP25 silencing in the
glutamatergic neurons resulted in an increased presynaptic Ca®* level.
Furthermore, the crucial role of residues 180-197 in the modulation of
calcium dynamics was also recognized (Verderio et al., 2004). Previous
reports suggested that the C-terminus of SNAP25 interacts with sy-
naptotagmin (Syt1) which is essential for Ca>* dependent binding of
Sytl to SNARE Complex (Gerona et al., 2000). Additionally, C-terminal
zipping of SNAP25 was also found to trigger fusion pore opening and
bringing about conformational changes in SNARE complex (Fang et al.,
2008). Recently, a novel missense SNAP25b mutation (c.176G > C, p.
Arg59Pro) has been identified in two siblings affected by cerebral
ataxia leading to seizures. Interestingly, the mutation was inherited
from the father who remained unaffected (Fukuda et al., 2018). It was
an indication that the manifestation of an aberrant SNARE structure
leading to neurological debility not only depends upon the alteration in
the gene but on the protein folding mechanism. This might be a reason
for which the same mutation caused different expression in the father
and offsprings. Two SNAP25b mutations, 167T and 167N, revealed a
weakening of the zipping of SNAP25 C-terminus, which has been pre-
viously mentioned to take part in triggering fusion pore opening.
However, the mutations did not affect N-terminal assembly but desta-
bilized SNARE complex by impairing the folding of t-SNARE (i.e.
SNAP25b) (Rebane et al., 2017). Recent researches are turning towards
linking the misfolding of SNARE proteins with the dysfunction of
SNARE complex in neurological disorders.

2.2.2. Role in postsynaptic events

SNAP25 is an emerging role-player in the postsynaptic compart-
ments as well, with significant involvement in the regulation of spine
morphogenesis. Primarily it is attributed to the ability of SNAP25 to
bind with presynaptic PM and an adaptor protein, p140Cap. The latter
plays a key role in regulating the formation of spine and actin cytos-
keleton. Tomasoni et al. reported that SNAP25 allowed the spine-
forming molecular apparatus to be organized by the recruitment and
stabilization of p140Cap (Chin et al., 2000; Tomasoni et al., 2013). The
aberrant expression of SNAP25 has been linked to the disorganization
of the postsynaptic events. At low levels of SNAP25, the phenotypic
expression of dendritic spines was found to be immature and con-
sistently less functional. However, its overexpression led to an elevation
in the level of mature Postsynaptic Density Protein-95 (PSD-95). Pos-
sibly, SNAP25 influences the postsynaptic events through its interaction
with PSD-95, which appeared to regulate the molecular organization of
postsynaptic density (Chen et al., 2011; Repetto et al., 2014; Tomasoni
et al., 2013; Yang et al., 2015). Another report on similar lines showed
that the clustering of PSD-95 is indeed controlled by the cellular level of
SNAP25 through forming a complex with p140Cap and PSD-95. Acute
downregulation of SNAP25 in the CA1l hippocampal neurons of het-
erozygous mice exhibited distorted PSD-95 dynamics and reduced
density of dendritic spines (Fossati et al., 2015). It is to be understood
that SNAP25 regulates postsynaptic events through its interactions with
the proteins, PSD-95 and p140Cap. Therefore, exploration of the role of
these proteins is a background investigation of SNAP25 interactions in
postsynaptic compartment. Contextually, it has been recently
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demonstrated that the dendritic spines formed in the p140Cap knockout
mice were immature and filopodia-like. The aberration was found to
manifest in cognitive deficits, long-term depression (LTD) and long-
term potentiation (LTP).

SNAP25 is not only found to regulate spine morphogenesis but
various reports have also confirmed its participation in axonal growth
during the late elongation stages. It has been suggested that area-spe-
cific level of SNAP25 in the adult brain contributes to nerve terminal
plasticity (Osen-Sand et al., 1993). SNAP25 also influences the inter-
nalization of a separate class of postsynaptic receptors, the kainate re-
ceptors, and modulates postsynaptic plasticity (Selak et al., 2009).
Therefore, it is conclusive that the expression, folding and interactions
of SNAP25 are quintessential in normal brain physiology and anomaly
in any of these processes has serious neuropathological implications.
The following sections enlist the aberration of SNAP25 expression, or-
ganization and other interactions with common links across a diverse
spectrum of synaptopathies and neuropathies.

3. SNAP25, a common neuropathological hallmark

The aberration in site-specific SNAP25 expression is a hallmark in
several neurological disorders and has been confirmed in SCZ
(Thompson et al., 1998), BD (Etain et al., 2010), ADHD (Barr et al.,
2000), Major Depressive Disorder (MDD) (Kim et al., 2007), and ASD
etc. (Guerini et al., 2011). Interestingly, some symptoms like memory
dysfunction and dysregulation of circadian rhythm, which are mani-
fested in neurological disorders or synaptopathies are also shared by
neurodegenerative diseases or the proteopathies (Noda et al., 2003;
Wulff et al., 2010). The latter is associated to misfolding and aggrega-
tion of proteins (Das et al., 2017; Kabuta et al., 2006; Karmakar, 2017;
Pandey et al., 2012; Sakurai et al., 2008). In that light, SNAP25 can be
viewed as a nexus between synaptopathies and proteopathies. The
presence of multimeric SNAP25 aggregates in neurological disorders
(Ramos-Miguel et al., 2017) and the aberrant expression in a number of
neurodegenerative diseases (Brinkmalm et al., 2014; Greber et al.,
1999; Yun et al., 2013) is suggestive of the same.

3.1. Implication in neuropsychological disorders

The levels of axon-associated proteins, namely synaptotagmin, p-
tubulin, kinesin-1, and SNAP25 were found to be expressed in sig-
nificantly reduced levels in the prefrontal white matter of BD sufferers
(Shao et al., 2016). Actually, axonal density and axonal function have
been found to be disrupted in BD sufferers. Another study elucidated
the association of a SNAP25 promoter variant, 756039769, to the early
commencement of BD with a higher level of gene expression in the
human prefrontal cortex. The promoter variant was also found to have a
linkage to SCZ alongside exhibiting an aberrant ratio of snap25a/
snap25b (Houenou et al., 2017). A recent report demonstrated the ex-
pression of SCZ-like phenotypes in the SNAP25 conditional knockout
(cKO) mice. The extracellular glutamate level was found to be elevated
significantly in the cerebral cortex of dissected brains along with ele-
vated levels of syntaxin and VAMP in the cell membrane. This gluta-
matergic pathogenesis of SCZ in the presynaptic and postsynaptic
compartments was found to be associated with aberrant SNAP25 level
(Yang et al., 2017). A study associated the clinical phenotype of SCZ,
cognitive dysmetria, with the alteration of SNAP25 expression
(Mukaetova-Ladinska et al., 2002). Fig. 3(B) represents the decrease in
the levels of SNAP25 in the schizophrenic cerebellum as compared to
the normal (control of the study shown in Fig. 3(A)). Furthermore, the
postsynaptic levels of PSD-95 and N-Methyl-D-aspartic acid (NMDA)
receptors (important interactors of SNAP25) were significantly reduced
in the prefrontal cortex of SCZ sufferers (Catts et al., 2015).

The effect of prenatal stress (PS) on the psychophysiology of off-
spring has been well observed from a long time. I[lluminating the mo-
lecular mechanism of depressive behaviour induced by PS on rat
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Fig. 3. SNAP25 distribution in the normal cerebellum (A); Reduction of SNAP25 level in the schizophrenic cerebellum (B). Adapted with permission from

(Mukaetova-Ladinska et al., 2002).

offspring, Cao et al. demonstrated that the expressions of SNAP25,
syntaxin, and VAMP increases in PS leading to enhanced SNARE com-
plex formation. Furthermore, the expression of vGluT1 (Vesicular
Glutamate Transporter 1), a glutamate/proton exchanger, which reg-
ulates crucial activities in the glutamatergic synapse, was also elevated.
These aberrant expressions affirmed the notion that vesicular glutamate
transporters and subsequent glutamate release play key roles in the
depressive behaviour of rat offspring (Hewett et al., 2016; Martineau
et al., 2017; Jun Cao et al., 2018). Confirmation of this trend in humans
will be intriguing and requires further research.

The contribution of SNAP25 aberration in ASD has received con-
siderable attention. The cognitive deficits in ASD patients have been
attributed to the polymorphism of SNAP25 gene. The presence of the
allele, rs363050(G), was supposed to be responsible for the reduced
expression of SNAP25, which led to autistic symptoms along with
schizophrenic and epileptic symptoms in a mice model (Braida et al.,
2016). A recent study on Iranian population further revealed the drastic
consequence of SNAP25 Single Nucleotide Polymorphisms (SNPs) in
brain physiopathology leading to psychiatric disorders. A robust asso-
ciation of the SNAP25 allele, rs3746544 SNP, to the autistic behaviour
in ASD patients has been reported in the aforementioned study.
SNAP25 was presented as a susceptibility genetic factor involved in the
development of ASD (reza Safari et al., 2017). Another study performed
on a population of Korean children who were suffering from ADHD
revealed that SNAP25 polymorphism is associated to the inattention
phenotype (Kim et al., 2017a; Liu et al., 2017). These findings indicated
the possible role of SNAP25 polymorphism as a common hallmark of
psychiatric disorders. It can be hypothesized that the polymorphism of
SNAP25 gene translates into conformational variants which results in
altered protein-protein interactions. These conformational variants of
SNAP25 presumably interacts with other SNARE proteins either too
strongly or too weakly resulting in extremely unstable or extremely
stable SNARE complexes. Weak interactions of SNARE proteins result in
a destabilized SNARE assembly, whereas, extremely strong interactions
anomalously increase its stability which becomes resistant to dis-
assembly. Both of the events presumably introduce aberration in the
structural organization of SNARE complex altering its functional attri-
butes. A list of SNAP25 polymorphisms and their association with
several other neurological disorders are summarized in Table 2.

The other fundamental SNARE proteins, namely, syntaxin and
VAMP, are also associated with neurological disorders. These proteins
share no less responsibility than SNAP25 in destabilizing SNARE com-
plex and disrupting neuronal signaling. Syntaxin1B (a syntaxin isoform)
encoded by the Stx1B gene has been associated to epilepsy and febrile
seizures by affecting the glutamatergic and GABAergic neurons.
Introducing a mutation in the gene was found to form undersized sy-
naptic vesicles and increase motor cortex excitability in febrile seizures
and epilepsy (Schubert et al., 2014; Stefanou et al., 2017). A post-
translational ~modification of syntaxin, namely, serine 14

phosphorylation and C-terminal sumoylation, was found to lower the
protein-protein interaction between SNARE components resulting in a
misassembled SNARE complex (Cartier et al., 2015; Craig et al., 2015).
Coming to the role of VAMP or Sb, Koo et al. demonstrated that a large
vesicular VAMP pool is essential in maintaining the efficiency of neu-
rotransmission and reformation of SV. VAMP-specific adaptor protein
AP180 was found to preserve the vesicular pool of VAMP/Sb (Koo et al.,
2015). Ap180 has also been linked to established “synaptopathies” like
ASD and BD (Ben-David and Shifman, 2012; Goes et al., 2012). A VAMP
mutation, homozygous c.340delA frameshift, has been recently found
to be associated with the congenital myasthenic syndrome, a neuro-
muscular disease (Shen et al., 2017). Therefore, to briefly summarize
the involvement of syntaxin and VAMP, it can be stated that the core
structure of a functional SNARE complex is dependent on the interac-
tions of these proteins to SNAP25. Any defect arising in any of the four
helices of SNARE complex can modify its structure and function.

3.2. Implication in neurodegenerative diseases

Neurodegeneration is accompanied by an anomaly in synaptic
transmission, and it will be without surprise if SNAP25 which is a vital
component of the presynaptic and postsynaptic compartment emerge as
a role player. SNAP25 as a novel biomarker of neurodegeneration was
first presented by Brinkmalm et al. reporting elevated levels of the
protein in cerebrospinal fluid at the early onset of AD. Emphasis on the
synaptic biomarkers like SNAP25 was laid for the development of di-
agnosis, progression and therapeutic standing of neurodegenerative
diseases (Brinkmalm et al., 2014). On similar lines, increased levels of
SNAP25 have been found to be mirrored by the changes occurring in
Amyloid Precursor Protein (APP) and Amyloid-3 (AB) levels in AD
(Bailey and Lahiri, 2006). Therefore, a possible link between neuro-
degenerative pathways with synaptic defects can be very well specu-
lated. A recent study determined the aggregation propensity of SNAP25
employing SDS-PAGE, which revealed that the protein is capable of self-
assembling to ~480kDa aggregates. Furthermore, the hippocampal
sections of an AD patient revealed the presence of similar SNAP25
aggregates (Ramos-Miguel et al., 2018). Recently, elevated baseline
levels of SNAP25 (along with other synaptic proteins) has been pre-
sented as an indicator of amyloid-positivity and clinical status. The
level of these neuronal injury markers has been observed to undergo
longitudinal decrease at the late onset of AD (Sutphen et al., 2018). A
report outlined a link between diabetes and neurodegeneration in the
context of SNAP25- Caveolin 1 interaction leading to disruption in the
synaptic events (Braun and Madison, 2000; Cohen et al., 2003; Greaves
et al., 2009; Magga et al., 2002). In addition, amyloid fibrils interfere in
SNARE fusion process by disrupting the recycling and assembling of
SNARE constituent proteins (Garcia-Reitbock et al., 2010; Shen, 2010).
The AB42 peptide chain has been suggested to control neurotransmitter
release possibly by perturbing the formation of SNARE complex
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Table 2
SNAP25 polymorphism and their association with several neurological disorders.
SNP Locus Pathological symptom(s) mRNA/protein aberration Reference
156039769 Promoter BD episodes SNAP-25 level increases (Etain et al., 2010)
15363039 Intron 1 1Q changes in some patients, hyperactivity in autistic association impairment Transcription binding site Braida et al. (2016)
rs353016 Variation in IQ Gosso et al. (2006)
156108461 Intron 3 ADHD—regulation of attention and inhibition SNAP-25 level (Hawi et al., 2013{26)
Decreases
1$362990 Intron 4 ADHD with hyperactivity phenotype SNAP-25 level Hawi et al. (2013)
Decreases
153746544 3'UTR Hyperactivity, One copy of the SNAP-25 gene is Kim et al. (2017a)
rs1051312 Impulsivity Mutated (Ye et al., 2016)
May increase the N/D
Level of ADHD
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Fig. 4. The immunoreactivity of Dpl which takes place in aberrant neurites of AD senile plaques (highlighted with arrows) (A, C, D); Dpl immunoreaction was
abolished by its co-incubation with an antigenic peptide (sc-16862P) prior to immunohistochemistry (B); Co-localization (highlighted with long arrows) of Dpl
(brown precipitate) and SNAP25 (dark blue precipitate) in dystrophic neurites (C and D). Asterisks indicate the amyloid cores of neuritic plaques. Bars: (A,B) 25 pm;
(C,D) 10 um. Adapted with permission from (Ferrer et al., 2004). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

through its competitive affinity with synaptophysin. This particular
event has been found to implicate in the pathogenesis of AD (Russell
et al., 2012). Also, a decreased level of a SNARE interactor, Rabphilin
3A, has been found to be associated with A} burden in AD (Tan et al.,
2014). In vascular dementia (a related form of dementia in AD) the
temporal proteins including SNAP25 was found to be differentially
expressed and de-amidated causing synaptic decay (Gallart-Palau et al.,
2015). In light of that, Fig. 4 shows the findings of Ferrer et al., which
demonstrated the interaction of SNAP25 and Doppel (Dpl), a prion-like
glycosylphosphatidylinositol —anchored protein. Both of the proteins
were found to be associated with the dystrophic neurites of senile
plaques in AD (Ferrer et al., 2004). Thus, it can be very well observed
that a structural aberration of SNARE complex affects several brain
activities and manifests in cognitive impairment, dementia, and sei-
zures, etc.
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Coming to the role of SNAP25 in PD, a recent study reported the
depletion of SNAP25 along with syntaxin and munc-18 resulting in
massive cell death of cultured neurons even before the commencement
of synaptic events. A depletion of SNAP25 level along with syntaxin,
and munc-18 also manifested into abnormalities in golgi complex.
Therefore, the core SNARE proteins can indeed be viewed as mod-
ulators of a-synuclein neuropathy (Santos et al., 2017). Moreover, a
similar distribution profile of the vesicle-associated a-synuclein and
SNAP25 was found in familial PD. This was indicative of the involve-
ment of SNAP25 in the heredity of PD (Jensen et al., 1998). A mutation
in the Leucine-Rich Repeat Kinase 2 (LRRK2) gene, which is causative
of the autosomal-dominant familial PD, has been found to phosphor-
ylate snapin (a SNARE interactor) and inhibit its interaction with
SNAP25. Consequently, it was observed that SNARE assembly was af-
fected and the number of releasable vesicles had declined steeply (Yun
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et al.,, 2013). LRRK2 has also been revealed to phosphorylate NSF,
which increases its ATPase activity and thereby, SNARE complex dis-
assembly is upregulated (Belluzzi et al., 2016). Also, the aforesaid gene
has been found to regulate clathrin-mediated endocytosis of SVs and
regulate neurotransmission (Arranz et al., 2014). Thus, the disruption
of neurotransmission and cognitive deficits in PD can be linked to
SNARE complex components especially with SNAP25.

An association of the activity loss of SNAP25 and Rabphilin 3A with
some of the symptoms of Huntington's Disease (HD) was revealed in a
study by Smith et al. The down-regulation of these proteins was found
to affect neurotransmitter release in HD cortical neurons (Smith et al.,
2007). Intriguingly, a study demonstrated the interaction of SNAP25
and the Hungtington's protein (Htt) through co-immunoprecipitation in
mouse neurons and thereby, SNAP25 was reported as a genetic modifier
of HD neurodegeneration (Kaltenbach et al., 2007). Recent studies have
pointed towards the involvement of SNAP25 and SyntaxinlB in
Amyotrophic Lateral Sclerosis (ALS) or the motor neurone disease.
Strong deregulation of the pair was observed both at the mRNA and
protein levels causing impaired synaptic function. The SNAP25 reduc-
tion has been anticipated as the possible reason for glutamate ex-
citotoxicity and Ca®>* elevation in the dysfunction of glutamatergic
synapse (D'erchia et al., 2017). The alteration in the levels of SNAP25 in
ALS shared similar patterns as exhibited in AD, which suggests that
different proteopathies might share SNAP25 as a common marker
(Ikemoto et al., 2002). Hence, increasing number of findings on the
common alteration of SNAP25 expression and structural aberration in
different synaptopathies and proteopathies provokes a new perspective
to unify their pathogeneses.

4. Discussion

The goal of this review was to find a nexus between synaptopathies
and proteopathies in the context of a common synaptic marker,
SNAP25. The aggregation prone nature of SNAP25, according to com-
putational modelling, is intrinsic and shares similar patterns with well-
known amyloidogenic proteins. The aberration of SNAP25 structure
plays a crucial role in destabilizing its supramolecular organization in
SNARE complex and seriously implicates neural signaling. The struc-
tural and functional attributes of the protein is governed by some of its
most important post-translational modifications. Perhaps, an anomaly
in the post-translational modification alters the functional structure of
SNAP25 and increases its amyloidogenic propensity. Various reports in
this direction has highlighted that SNARE complex assembly is a fine
model for protein folding and protein interactions. The homotetrameric
aggregates of SNAP25, which have been reported in the autopsied or-
bitofrontal cortex of SCZ and MDD sufferers, validate the amyloido-
genic nature of SNAP25. The misfolded aggregates identified by Ramos-
Miguel et al. in the above study were found to be ~50 (homodimeric),
~75 (homotrimeric), and ~110 (homotetrameric) kDa. The tetrameric
aggregates were found to be a 7.2 fold greater in people with SCZ than
the control group. It was hypothesized that presynaptic overstimulation
resulted in biochemical stress on SNARE complex leading to the faulty
organization through SNAP25 misfolding (Ramos-Miguel et al., 2017).
Further, higher order aggregates of SNAP25 (~480kDa) were also
detected, and it was observed that SNAP25 can self-aggregate (Ramos-
Miguel et al., 2018). As already mentioned above, the helical protein is
an intrinsically disordered protein and might be amyloidogenic as well.
The amyloidogenicity of a protein is governed by its intrinsic amino
acid sequences. Therefore, we have attempted to locate the amyloido-
genic regions of SNAP25 using Foldamyloid software (Garbuzynskiy
et al., 2009). The results of this computational findings are marked bold
in the following FASTA sequence:

MAEDADMRNELEEMQRRADQLADESLESTRRMLQLVEESKD-
AGIRTLVMLDEQGEQLDRVEEGMNHINQDMKEAEKNLKDLGKCCGLF
ICPCNKLKSSDAYKKAWGNNQDGVVASQPARVVDEREQMAISGGFIR
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RVTNDARENEMDENLEQVSGIIGNLRHMALDMGNEIDTQNRQIDRIME-
KADSNKTRIDEANQRATKMLGSG

Foldamyloid identified four amyloidogenic regions which were (i)
RMLQL (31-35), (ii) RTLVML (45-50), (iii) CGLFIC (85-90) and (iv)
RHMAL (161-165). Out of the four regions, it can be noticed that the
third region, CGLFIC, is located in the cysteine-rich domain of SNAP25,
where it is palmitoylated leading to membrane anchoring. It can be
speculated in this direction that an aberration at this region might re-
sult in the non-adherence of SNAP25 to the PM. A possible link between
hydrophobicity, protein adsorption and protein aggregation at amphi-
philic self-assembled monolayers (SAMs) was demonstrated by Pandey
et al. (Pandey et al., 2012, 2013; Pandey and Pattanayek, 2011), which
can possibly explain the aggregation of this system. Surface adsorption
of a protein brings about changes in its secondary structure (Hasan
et al., 2018; Pandey, 2012; Pandey and Pattanayek, 2011, 2013a, b),
which in turn regulates its functionality. A recent report by the our
research group elaborated the mechanistic insights of BSA fibrillation
dependent on the interaction of Cu?* at several stoichiometric ratios
(Singh et al., 2017). In this direction, the cysteine-rich domain of
SNAP25 is very similar to many of the metalloproteases like me-
tallothionein and liver alcohol dehydrogenase, which is suggestive that
SNAP25 might also co-ordinate with metal ions (Berg, 1986; Oyler
et al.,, 1989). Possibly, the decreased levels of SNAP25 in the zinc-
transporter 3 knock-out mice is related to the binding of SNAP25 with
zinc but further extensive research is required to establish the notion.
Interestingly, it has been reported decades ago that synaptotagmin
undergoes oligomerization in a Ca®* dependent manner (Damer and
Creutz, 1996). Along these lines, SNAP25 aggregation might also be
responsible for its dynamic interaction with metal ions at the cysteine-
rich region, which is prone to aggregation. Additionally, the Cys90
residue which was found to regulate SNARE complex formation
through S-guanylation also lies in the amyloidogenic region, CGLFIC.
Perhaps, the post translational modifications at this region greatly in-
fluence SNAP2S5 structure and function. A fault in the post-translational
processing of SNAP25 can be anticipated to reflect in the folding pat-
terns of SNAP25. It is also known that the products of the proteolytic
cleavage of APP vary in their amyloidogenic propensity with AB42
being the most amyloidogenic one. In order to explore whether a pro-
teolytic product of SNAP25 can influence SNAP25 aggregation, a sec-
tion of SNAP25 from residues (71-103) containing the cysteine-rich
amyloidogenic domain was separately modelled using Phyre2. The
predicted secondary structure of the segment showed (3-sheet formation
at the cysteine-rich domain (shown in Fig. 5), which otherwise was not
predicted when the full sequence was modelled (shown in Fig. 2). This
is speculative of the sensitivity of the cysteine rich region to be a nu-
cleating site for SNAP25 aggregation.

Coming to the role of protein-protein interaction, Ramos-Miguel
et al. reported that abnormal SNARE protein interactions manifest in
the dysfunction of the complex in SCZ. In the study the core con-
stituents of SNARE complex (i.e. SNAP25, syntaxin, VAMP) were found
to anomalously interact like Munc-18, complexin, and synaptotagmin.
This resulted in the formation of abnormal heteromers of SNAP25-
VAMP with overexpression of 150 kDa heterotrimers and low expres-
sion of 70kDa heterodimers. Furthermore, significant upregulation of
200 kDa SNARE-complexin pentameric complex was observed along
with downregulation of complexin containing 550 kDa aggregates.
Abnormal increase in the binding of Munc-18 and complexin mani-
fested in the overexpressiion of SNARE complex (Ramos-Miguel et al.,
2015). An irregularity in the interaction of SNAP25 and synaptotagmin
in SCZ was also reported elsewhere suggesting that altered protein-
protein interactions in the synaptic events manifest in erratic brain
physiology through misfolded SNARE complexes (Barakauskas et al.,
2010; He et al., 2017). The varied interactions of the synaptic proteins
seem to chaperone the folding of SNARE complex and portray it to be a
chaperone-mediated folding system of extremely complex nature.

The interactions of SNARE complex proteins have been mostly
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Fig. 5. Prediction of the secondary structure of SNAP25 segment from residues 71-103 displaying B-sheet formation at the cysteine-rich amyloidogenic domain.

found to be disrupted with faulty post-translational modifications. Out
of which, phosphorylation of serine residues of SNAP25 and syntaxin
has been found to contribute to the maximum effect. In a report, deficits
of phosphoserine in syntaxin reduced binding affinity between SNAP25
and Munc-18, resulting in decreased formation of SNARE complex in
SCZ (Castillo et al., 2010). Conversely, dephosphorylation altered
SNARE complex size from 150 kDa to 200 kDa, which was found to be a
result of increased binding of complexin, Munc-18, and synaptotagmin
to SNARE complex (Ramos-Miguel et al., 2015). Presumably, anom-
alous elevation in the interactions of synaptic proteins leads to an
aberrant increase in the enthalpy of the system. This halts the dis-
assembly of SNARE complex, recycling of SNARE proteins and, subse-
quently leads to cellular accumulation.

Several chaperones have been reported which assist the folding of
SNARE complex into its functional structure. A chaperone complex of
Hsc70, SGT (Small Glutamine-rich Tetratricopeptide repeat protein)
and CSPa (cysteine-String Protein-a) has been reported to bind to the
monomers of SNAP25 and prevent its aggregation. The deletion of
CSPa gene has been found to produce aberrant conformers of SNAP25
subjected to ubiquitination, revealing that there are unique protein
folding and quality control mechanisms in the presynaptic compart-
ment (Sharma et al., 2011). One of the chaperones of SNARE complex
has been found to be a-Synuclein, which is a well-known pathological
hallmark of PD accompanied by cognitive deficits and dementia. A
study reported that a-Synuclein promotes SNARE complex formation
through its multimerization after membrane binding (Burré et al.,
2014). Furthermore, a-Synuclein has been also found to promote
SNARE complex-mediated SV docking and membrane fusion by inter-
acting with VAMP (Hawk et al., 2018). However, its overexpression was
observed to redistribute and misregulate the constituents of SNARE
complex. It appeared that the chaperoning effect of a-Synuclein was
dependent on the optimum expression of the protein (Bridi and Hirth,
2018). Lower interactions of SNAP25/syntaxin and complexin-2 (a
complexin isoform) were linked to dementia and cognitive impairment
in PD. The above interaction was coupled with the overexpression of a-
Synuclein, which affected the dopaminergic neurons (Honer et al.,
2012; Pavia-Collado et al., 2018). Therefore, it appears that the pa-
thogenesis of the synaptopathies and proteopathies share common
aberration in protein-protein interactions, faulty post-translational
modification and structural malformation. In summary, the proper
folding of SNARE complex is the prime essential factor in maintaining
healthy physiology of the brain. Indeed, a disturbed or depressed mind
is a manifestation of the physiological dysfunctions as prefigured dec-
ades ago by Anukulchandra (Chakravarty, 1965). SNARE physiology
has a prime involvement in the overall psycho-physical health and
SNAP25 is presented as a neuropathological hall mark for therapeutic
and diagnostic inventions.

204

5. Conclusions

Based on the evolution of SNARE research till date, it can be com-
prehended that the prime essentiality in maintaining healthy phy-
siology of the brain is the proper functioning of SNARE complex. The
nexus between protein interactions of this complex, protein folding
mechanisms and stoichiometric metal ion interactions to neurophy-
siology are evident. Although, the fundamental research on the nature
of SNARE complex is profuse, yet, there appears to be a lack in the
development of diagnosis and therapy for the associated synapto-
pathies. This review presents SNARE complex component, SNAP25, as a
potential biomarker and therapeutic target for a number of neuro-
pathological conditions. SNAP25 is a small 25kDa helical protein,
which is the prime contributor in the SNARE complex assembly. It is
shown that this protein is found to have aggregation prone (amyloi-
dogenic) regions. Numerous studies have reported the altered complex
assembly in case of neurological disorders. The aberrant structures of
SNAP25 are resulted due to any changes in those amyloidogenic regions
and are primarily recognized for the alteration in the complex as-
sembly. Furthermore, aggregation of this protein is established to cause
a diverse synaptopathies and proteopathies. The need of the hour is
extensive research focussing on the physiological aspects of the psy-
chiatric disorders to detect the onset, progress and further neuronal
deterioration. It is quite unfortunate that most observations on the
dysfunction of SNARE complex were done on the autopsied brains.
Therefore, a greater focus on SNARE complex-associated neu-
ropsychology is urgent, alongside the need of acceptance and positive
representation of the patients in the society. At a more humane level,
support and physical presence of family and friends, and awareness of
these disorders might save many lives from further deterioration. The
sufferers need to be understood in a way that these conditions are much
more physiological than they appear, to which there is little to select.
Hopefully, this review would present SNARE associated brain phy-
siology towards further research focussing on diagnosis and ther-
apeutics with a more humanistic motivation.

Acknowledgement

The authors wouldlike to thank the Department of Science and
Technology, Government of India for financial assistance (Sanction nos:
DST/INSPIRE/04/2014/002020, ECR/2016,/001027).

References

Advani, R.J., Bae, H.-R., Bock, J.B., Chao, D.S., Doung, Y.-C., Prekeris, R., Yoo, J.-S.,
Scheller, R.H., 1998. Seven novel mammalian SNARE proteins localize to distinct
membrane compartments. J. Biol. Chem. 273, 10317-10324.

Arranz, A.M., Delbroek, L., Van Kolen, K., Guimaraes, M.R., Mandemakers, W., Daneels,
G., Matta, S., Calafate, S., Shaban, H., Baatsen, P., 2014. LRRK2 functions in synaptic
vesicle endocytosis through a kinase-dependent mechanism. J. Cell Sci. 128,


http://refhub.elsevier.com/S0197-0186(18)30301-2/sref1
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref1
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref1
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref2
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref2
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref2

S. Karmakar et al.

541-552.

Bailey, J.A., Lahiri, D.K., 2006. Neuronal differentiation is accompanied by increased
levels of SNAP-25 protein in fetal rat primary cortical neurons. Ann. N. Y. Acad. Sci.
1086, 54-65.

Baker, K., Gordon, S.L., Grozeva, D., van Kogelenberg, M., Roberts, N.Y., Pike, M., Blair,
E., Hurles, M.E., Chong, W.K., Baldeweg, T., 2015. Identification of a human sy-
naptotagmin-1 mutation that perturbs synaptic vesicle cycling. J. Clin. Invest. 125,
1670-1678.

Barakauskas, V.E., Beasley, C.L., Barr, A.M., Ypsilanti, A.R., Li, H.-Y., Thornton, A.E.,
Wong, H., Rosokilja, G., Mann, J.J., Mancevski, B., 2010. A novel mechanism and
treatment target for presynaptic abnormalities in specific striatal regions in schizo-
phrenia. Neuropsychopharmacology 35, 1226.

Bark, 1.C., 1993. Structure of the chicken gene for SNAP-25 reveals duplicated exons
encoding distinct isoforms of the protein. J. Mol. Biol. 233, 67-76.

Bark, I.C., Hahn, K.M., Ryabinin, A.E., Wilson, M.C., 1995. Differential expression of
SNAP-25 protein isoforms during divergent vesicle fusion events of neural develop-
ment. Proc. Natl. Acad. Sci. 92, 1510-1514.

Barr, C., Feng, Y., Wigg, K., Bloom, S., Roberts, W., Malone, M., Schachar, R., Tannock, R.,
Kennedy, J., 2000. Identification of DNA variants in the SNAP-25 gene and linkage
study of these polymorphisms and attention-deficit hyperactivity disorder. Mol.
Psychiatr. 5, 405.

Belluzzi, E., Gonnelli, A., Cirnaru, M.-D., Marte, A., Plotegher, N., Russo, 1., Civiero, L.,
Cogo, S., Carrion, M.P., Franchin, C., 2016. LRRK2 phosphorylates pre-synaptic N-
ethylmaleimide sensitive fusion (NSF) protein enhancing its ATPase activity and
SNARE complex disassembling rate. Mol. Neurodegener. 11, 1.

Ben-David, E., Shifman, S., 2012. Networks of neuronal genes affected by common and
rare variants in autism spectrum disorders. PLoS Genet. 8, e1002556.

Berg, J.M., 1986. Potential metal-binding domains in nucleic acid binding proteins.
Science 232, 485-487.

Bourassa, C.V., Meijer, I.A., Merner, N.D., Grewal, K.K., Stefanelli, M.G., Hodgkinson, K.,
Ives, E.J., Pryse-Phillips, W., Jog, M., Boycott, K., 2012. VAMP1 mutation causes
dominant hereditary spastic ataxia in Newfoundland families. Am. J. Hum. Genet. 91,
548-552.

Braida, D., Guerini, F., Ponzoni, L., Corradini, I., De Astis, S., Pattini, L., Bolognesi, E.,
Benfante, R., Fornasari, D., Chiappedi, M., 2016. Association between SNAP-25 gene
polymorphisms and cognition in autism: functional consequences and potential
therapeutic strategies. Transl. Psychiatry 5, e500.

Braun, J.E., Madison, D.V., 2000. A novel SNAP25-caveolin complex correlates with the
onset of persistent synaptic potentiation. J. Neurosci. 20, 5997-6006.

Bridi, J.C., Hirth, F., 2018. Mechanisms of a-synuclein induced synaptopathy in
Parkinson's disease. Front. Neurosci. 12, 80.

Brinkmalm, A., Brinkmalm, G., Honer, W.G., Frolich, L., Hausner, L., Minthon, L.,
Hansson, O., Wallin, A., Zetterberg, H., Blennow, K., 2014. SNAP-25 is a promising
novel cerebrospinal fluid biomarker for synapse degeneration in Alzheimer's disease.
Mol. Neurodegener. 9, 53.

Brinkmalm, A., Dumurgier, J., Brinkmalm, G., Hansson, O., Zetterberg, H., Bouaziz-Amar,
E., Hugon, J., Paquet, C., Blennow, K., 2016. The pre-synaptic vesicle protein sy-
naptotagmin is a novel biomarker for Alzheimer's disease. Alzheimer's Res. Ther. 8.

Broome, B.M., Hecht, M.H., 2000. Nature disfavors sequences of alternating polar and
non-polar amino acids: implications for amyloidogenesis1. J. Mol. Biol. 296,
961-968.

Brose, N., Rosenmund, C., Rettig, J., 2000. Regulation of transmitter release by Unc-13
and its homologues. Curr. Opin. Neurobiol. 10, 303-311.

Burré, J., Sharma, M., Siidhof, T.C., 2014. a-Synuclein assembles into higher-order
multimers upon membrane binding to promote SNARE complex formation. Proc.
Natl. Acad. Sci. 111, E4274-E4283.

Burri, L., Lithgow, T., 2004. A complete set of SNARESs in yeast. Traffic 5, 45-52.

Cartier, E., Hamilton, P.J., Belovich, A.N., Shekar, A., Campbell, N.G., Saunders, C.,
Andreassen, T.F., Gether, U., Veenstra-Vanderweele, J., Sutcliffe, J.S., 2015. Rare
autism-associated variants implicate syntaxin 1 (STX1 R26Q) phosphorylation and
the dopamine transporter (hDAT R51W) in dopamine neurotransmission and beha-
viors. EBioMedicine 2, 135-146.

Castillo, M.A., Ghose, S., Tamminga, C.A., Ulery-Reynolds, P.G., 2010. Deficits in syntaxin
1 phosphorylation in schizophrenia prefrontal cortex. Biol. Psychiatry 67, 208-216.

Catts, V.S., Derminio, D.S., Hahn, C.-G., Weickert, C.S., 2015. Postsynaptic density levels
of the NMDA receptor NR1 subunit and PSD-95 protein in prefrontal cortex from
people with schizophrenia. NPJ Schizophr. 1, 15037.

Chakravarty, A., 1965. The Message-8. Satsang Publishing House, Satsang Deoghar
Jharkhand.

Chang, S., Trimbuch, T., Rosenmund, C., 2018. Synaptotagmin-1 drives synchronous Ca
2+ -triggered fusion by C 2 B-domain-mediated synaptic-vesicle-membrane attach-
ment. Nat. Neurosci. 21, 33.

Chen, X., Nelson, C.D., Li, X., Winters, C.A., Azzam, R., Sousa, A.A., Leapman, R.D.,
Gainer, H., Sheng, M., Reese, T.S., 2011. PSD-95 is required to sustain the molecular
organization of the postsynaptic density. J. Neurosci. 31, 6329-6338.

Chen, Y.A., Scales, S.J., Patel, S.M., Doung, Y.-C., Scheller, R.H., 1999. SNARE complex
formation is triggered by Ca2+ and drives membrane fusion. Cell 97, 165-174.
Chin, L.-S., Nugent, R.D., Raynor, M.C., Vavalle, J.P., Li, L., 2000. SNIP, a novel SNAP-25-
interacting protein implicated in regulated exocytosis. J. Biol. Chem. 275,

1191-1200.

Cho, W.J., Jeremic, A., Jena, B.P., 2005. Size of supramolecular SNARE complex: mem-
brane-directed self-assembly. J. Am. Chem. Soc. 127, 10156-10157.

Choi, U.B., McCann, J.J., Weninger, K.R., Bowen, M.E., 2011. Beyond the random coil:
stochastic conformational switching in intrinsically disordered proteins. Structure 19,
566-576.

Cohen, A.W., Razani, B., Wang, X.B., Combs, T.P., Williams, T.M., Scherer, P.E., Lisanti,

Neurochemistry International 122 (2019) 196-207

M.P., 2003. Caveolin-1-deficient mice show insulin resistance and defective insulin
receptor protein expression in adipose tissue. Am. J. Physiol. Cell Physiol. 285,
C222-C235.

Craig, T.J., Anderson, D., Evans, A.J., Girach, F., Henley, J.M., 2015. SUMOylation of
SyntaxinlA regulates presynaptic endocytosis. Sci. Rep. 5, 17669.

Cupertino, R.B., Kappel, D.B., Bandeira, C.E., Schuch, J.B., da Silva, B.S., Miiller, D., Bau,
C.H.D., Mota, N.R., 2016. SNARE complex in developmental psychiatry: neuro-
transmitter exocytosis and beyond. J. Neural. Transm. 123, 867-883.

D’erchia, A.M., Gallo, A., Manzari, C., Raho, S., Horner, D.S., Chiara, M., Valletti, A.,
Aiello, 1., Mastropasqua, F., Ciaccia, L., 2017. Massive transcriptome sequencing of
human spinal cord tissues provides new insights into motor neuron degeneration in
ALS. Sci. Rep. 7, 10046.

Damer, C.K., Creutz, C.E., 1996. Calcium-dependent self-association of synaptotagmin I.
J. Neurochem. 67, 1661-1668.

Das, T., Kolli, V., Karmakar, S., Sarkar, N., 2017. Functionalisation of poly-
vinylpyrrolidone on gold nanoparticles enhances its anti-amyloidogenic propensity
towards hen egg white lysozyme. Biomedicines 5, 19.

Di Stasi, A., Mallozzi, C., Macchia, G., Maura, G., Petrucci, T.C., Minetti, M., 2002.
Peroxynitrite affects exocytosis and SNARE complex formation and induces tyrosine
nitration of synaptic proteins. J. Neurochem. 82, 420-429.

Etain, B., Dumaine, A., Mathieu, F., Chevalier, F., Henry, C., Kahn, J.-P., Deshommes, J.,
Bellivier, F., Leboyer, M., Jamain, S., 2010. A SNAP25 promoter variant is associated
with early-onset bipolar disorder and a high expression level in brain. Mol. Psychiatr.
15, 748.

Fang, Q., Berberian, K., Gong, L.-W., Hafez, 1., Sprensen, J.B., Lindau, M., 2008. The role
of the C terminus of the SNARE protein SNAP-25 in fusion pore opening and a model
for fusion pore mechanics. Proc. Natl. Acad. Sci. 105, 15388-15392.

Fasshauer, D., Eliason, W.K., Briinger, A.T., Jahn, R., 1998. Identification of a minimal
core of the synaptic SNARE complex sufficient for reversible assembly and dis-
assembly. Biochemistry 37, 10354-10362.

Ferrer-Orta, C., Pérez-Sanchez, M.D., Coronado-Parra, T., Silva, C., L6pez-Martinez, D.,
Baltanas-Copado, J., Gémez-Fernandez, J.C., Corbalan-Garcia, S., Verdaguer, N.,
2017. Structural characterization of the Rabphilin-3A-SNAP25 interaction. Proc.
Natl. Acad. Sci. 114, E5343-E5351.

Ferrer, 1., Freixas, M., Blanco, R., Carmona, M., Puig, B., 2004. Selective PrP-like protein,
doppel immunoreactivity in dystrophic neurites of senile plaques in Alzheimer's
disease. Neuropathol. Appl. Neurobiol. 30, 329-337.

Fossati, G., Morini, R., Corradini, I., Antonucci, F., Trepte, P., Edry, E., Sharma, V.,
Papale, A., Pozzi, D., Defilippi, P., 2015. Reduced SNAP-25 increases PSD-95 mobility
and impairs spine morphogenesis. Cell Death Differ. 22, 1425.

Fukuda, H., Imagawa, E., Hamanaka, K., Fujita, A., Mitsuhashi, S., Miyatake, S.,
Mizuguchi, T., Takata, A., Miyake, N., Kramer, U., 2018. A novel missense SNAP25b
mutation in two affected siblings from an Israeli family showing seizures and cere-
bellar ataxia. J. Hum. Genet. 63, 673.

Gallart-Palau, X., Serra, A., Qian, J., Chen, C.P., Kalaria, R.N., Sze, S.K., 2015. Temporal
lobe proteins implicated in synaptic failure exhibit differential expression and dea-
midation in vascular dementia. Neurochem. Int. 80, 87-98.

Garbuzynskiy, S.0., Lobanov, M.Y., Galzitskaya, O.V., 2009. FoldAmyloid: a method of
prediction of amyloidogenic regions from protein sequence. Bioinformatics 26,
326-332.

Garcia-Reitbock, P., Anichtchik, O., Bellucci, A., Iovino, M., Ballini, C., Fineberg, E.,
Ghetti, B., Della Corte, L., Spano, P., Tofaris, G.K., 2010. SNARE protein redistribu-
tion and synaptic failure in a transgenic mouse model of Parkinson's disease. Brain
133, 2032-2044.

Gerona, R.R., Larsen, E.C., Kowalchyk, J.A., Martin, T.F., 2000. The C terminus of
SNAP25 is essential for Ca2 +-dependent binding of synaptotagmin to SNARE com-
plexes. J. Biol. Chem. 275, 6328-6336.

Goes, F., Hamshere, M.L., Seifuddin, F., Pirooznia, M., Belmonte-Mahon, P., Breuer, R.,
Schulze, T., Nothen, M., Cichon, S., Rietschel, M., 2012. Genome-wide association of
mood-incongruent psychotic bipolar disorder. Transl. Psychiatry 2, e180.

Gosso, M., De Geus, E., Van Belzen, M., Polderman, T., Heutink, P., Boomsma, D.,
Posthuma, D., 2006. The SNAP-25 gene is associated with cognitive ability: evidence
from a family-based study in two independent Dutch cohorts. Mol. Psychiatr. 11, 878.

Gray, L., Scarr, E., Dean, B., 2006. N-Ethylmaleimide sensitive factor in the cortex of
subjects with schizophrenia and bipolar I disorder. Neurosci. Lett. 391, 112-115.

Greaves, J., Chamberlain, L.H., 2011. Differential palmitoylation regulates intracellular
patterning of SNAP25. J. Cell Sci. 124, 1351-1360.

Greaves, J., Prescott, G.R., Fukata, Y., Fukata, M., Salaun, C., Chamberlain, L.H., 2009.
The hydrophobic cysteine-rich domain of SNAP25 couples with downstream residues
to mediate membrane interactions and recognition by DHHC palmitoyl transferases.
Mol. Biol. Cell 20, 1845-1854.

Greber, S., Lubec, G., Cairns, N., Fountoulakis, M., 1999. Decreased levels of synapto-
somal associated protein 25 in the brain of patients with Down syndrome and
Alzheimer's disease. Electrophoresis: Int. J. 20, 928-934.

Guerini, F.R., Bolognesi, E., Chiappedi, M., Manca, S., Ghezzo, A., Agliardi, C., Sotgiu, S.,
Usai, S., Matteoli, M., Clerici, M., 2011. SNAP-25 single nucleotide polymorphisms
are associated with hyperactivity in autism spectrum disorders. Pharmacol. Res. 64,
283-288.

GUERRERO, M.J.E., Hormaeche, 1., Uribarri, M., Masse, J., PALACIOS, J.E.M., 2012.
Exocytotic Machinery as a Target for the Development of New Drugs for
Schizophrenia. Therapeutic Targets, Modulation, Inhibition, and Activation, pp. 375.

Hasan, A., Saxena, V., Pandey, L.M., 2018. Surface functionalization of Ti6Al4V via self-
assembled monolayers for improved protein adsorption and fibroblast adhesion.
Langmuir 34, 3494-3506.

Hawi, Z., Matthews, N., Wagner, J., Wallace, R.H., Butler, T.J., Vance, A., Kent, L., Gill,
M., Bellgrove, M.A., 2013. DNA variation in the SNAP25 gene confers risk to ADHD


http://refhub.elsevier.com/S0197-0186(18)30301-2/sref2
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref3
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref3
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref3
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref4
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref4
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref4
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref4
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref5
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref5
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref5
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref5
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref6
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref6
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref7
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref7
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref7
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref8
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref8
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref8
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref8
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref9
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref9
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref9
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref9
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref10
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref10
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref11
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref11
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref12
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref12
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref12
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref12
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref13
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref13
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref13
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref13
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref14
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref14
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref15
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref15
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref16
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref16
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref16
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref16
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref17
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref17
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref17
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref18
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref18
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref18
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref19
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref19
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref20
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref20
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref20
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref21
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref22
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref22
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref22
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref22
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref22
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref23
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref23
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref24
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref24
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref24
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref25
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref25
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref26
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref26
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref26
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref27
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref27
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref27
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref28
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref28
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref29
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref29
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref29
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref30
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref30
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref31
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref31
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref31
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref32
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref32
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref32
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref32
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref33
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref33
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref34
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref34
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref34
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref35
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref35
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref35
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref35
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref36
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref36
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref37
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref37
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref37
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref38
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref38
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref38
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref39
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref39
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref39
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref39
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref40
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref40
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref40
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref41
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref41
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref41
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref42
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref42
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref42
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref42
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref43
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref43
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref43
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref44
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref44
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref44
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref45
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref45
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref45
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref45
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref46
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref46
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref46
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref47
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref47
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref47
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref48
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref48
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref48
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref48
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref49
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref49
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref49
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref50
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref50
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref50
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref51
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref51
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref51
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref52
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref52
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref53
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref53
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref54
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref54
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref54
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref54
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref55
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref55
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref55
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref56
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref56
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref56
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref56
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref57
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref57
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref57
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref58
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref58
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref58
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref59
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref59

S. Karmakar et al.

and is associated with reduced expression in prefrontal cortex. PloS One 8, €60274.

Hawk, B., Khounlo, R., Shin, Y.-K., Roche, J., 2018. Interaction between A-synuclein and
VAMP2 promotes SNARE-ependent vesicle docking and fusion. Biophys. J. 114 423a.

He, Y., Akumuo, R.C., Yang, Y., Hewett, S.J., 2017. Mice deficient in L-12/15 lipox-
ygenase show increased vulnerability to 3-nitropropionic acid neurotoxicity.
Neurosci. Lett. 643, 65-69.

Heron, S.E., Dibbens, L.M., 2013. Role of PRRT2 in common paroxysmal neurological
disorders: a gene with remarkable pleiotropy. J. Med. Genet. 50, 133-139.

Hewett, S.J., Shi, J., Gong, Y., Dhandapani, K., Pilbeam, C., Hewett, J.A., 2016.
Spontaneous glutamatergic synaptic activity regulates constitutive COX-2 expression
in neurons: opposing roles for the transcription factors CREB and Sp1. J. Biol. Chem.
291, 27279-27288.

Honer, W., Barr, A., Sawada, K., Thornton, A., Morris, M., Leurgans, S., Schneider, J.,
Bennett, D., 2012. Cognitive reserve, presynaptic proteins and dementia in the el-
derly. Transl. Psychiatry 2, e114.

Horvath, D., Tamas, L., Sipos, A., Darula, Z., Bécsi, B., Nagy, D., Ivéan, J., Erdddi, F.,
Lontay, B., 2017. Myosin phosphatase and RhoA-activated kinase modulate neuro-
transmitter release by regulating SNAP-25 of SNARE complex. PLoS One 12,
e0177046.

Houenou, J., Boisgontier, J., Henrion, A., d'Albis, M.-A., Dumaine, A., Linke, J., Wessa,
M., Daban, C., Hamdani, N., Delavest, M., 2017. A multilevel functional study of a
SNAP25 at-risk variant for bipolar disorder and schizophrenia. J. Neurosci. 37,
10389-10397.

Ikemoto, A., Nakamura, S., Akiguchi, I., Hirano, A., 2002. Differential expression between
synaptic vesicle proteins and presynaptic plasma membrane proteins in the anterior
horn of amyotrophic lateral sclerosis. Acta Neuropathol. 103, 179-187.

Ikin, A.F., Causevic, M., Pedrini, S., Benson, L.S., Buxbaum, J.D., Suzuki, T., Lovestone, S.,
Higashiyama, S., Mustelin, T., Burgoyne, R.D., 2007. Evidence against roles for
phorbol binding protein Munc13-1, ADAM adaptor Eve-1, or vesicle trafficking
phosphoproteins Munc18 or NSF as phospho-state-sensitive modulators of phorbol/
PKC-activated Alzheimer APP ectodomain shedding. Mol. Neurodegener. 2, 23.

Jensen, P.H., Nielsen, M.S., Jakes, R., Dotti, C.G., Goedert, M., 1998. Binding of a-sy-
nuclein to brain vesicles is abolished by familial Parkinson's disease mutation. J. Biol.
Chem. 273, 26292-26294.

Jun Cao, Y., Wang, Q., Xing, X., Zhang, Y., 2018. Involvement of SNARE complex in the
Hippocampus and prefrontal cortex of offspring with depression induced by prenatal
stress. J. Affect. Disord. 235, 374-383.

Kabuta, T., Suzuki, Y., Wada, K., 2006. Degradation of amyotrophic lateral sclerosis-
linked mutant Cu, Zn-superoxide dismutase proteins by macroautophagy and the
proteasome. J. Biol. Chem. 281, 30524-30533.

Kaltenbach, L.S., Romero, E., Becklin, R.R., Chettier, R., Bell, R., Phansalkar, A., Strand,
A., Torcassi, C., Savage, J., Hurlburt, A., 2007. Huntingtin interacting proteins are
genetic modifiers of neurodegeneration. PLoS Genet. 3, e82.

Karmakar, S., 2017. Studies on Effect of Proline Capped Gold Nanoparticles on Hen Egg
White Lysozyme (HEWL) and Cytochrome C (Cyt C) Amyloidogenesis.

Katayama, N., Yamamori, S., Fukaya, M., Kobayashi, S., Watanabe, M., Takahashi, M.,
Manabe, T., 2017. SNAP-25 phosphorylation at Ser187 regulates synaptic facilitation
and short-term plasticity in an age-dependent manner. Sci. Rep. 7, 7996.

Kelley, L.A., Mezulis, S., Yates, C.M., Wass, M.N., Sternberg, M.J., 2015. The Phyre2 web
portal for protein modeling, prediction and analysis. Nat. Protoc. 10, 845.

Kenar, A.N.IL, Ay, O.1., Herken, H., Erdal, M.E., 2014. Association of VAMP-2 and
Syntaxin 1A genes with adult attention deficit hyperactivity disorder. Psychiatr.
Invest. 11, 76-83.

Kim, E., Song, D.-H., Kim, N.-W., Sohn, I.-J., Cheon, K.-A., 2017a. The relationship be-
tween the SNAP-25 polymorphism and omission errors in Korean children with at-
tention deficit hyperactivity disorder. Clin. Psychopharmacol. Neurosci. 15, 222.

Kim, J., Biederman, J., Arbeitman, L., Fagerness, J., Doyle, A., Petty, C., Perlis, R., Purcell,
S., Smoller, J., Faraone, S., 2007. Investigation of variation in SNAP-25 and ADHD
and relationship to co-morbid major depressive disorder. Am. J. Med. Genet. Part B:
Neuropsychiatric Genetics 144, 781-790.

Kim, S.E., Kim, H.-N., Yun, Y.-J., Heo, S.G., Cho, J., Kwon, M.-J., Chang, Y., Ryu, S., Shin,
H., Shin, C., 2017b. Meta-analysis of genome-wide SNP-and pathway-based asso-
ciations for facets of neuroticism. J. Hum. Genet. 62, 903.

Kishimoto, Y., Kunieda, K., Kitamura, A., Kakihana, Y., Akaike, T., Ihara, H., 2017. 8-
Nitro-cGMP attenuates the interaction between SNARE complex and complexin
through S-guanylation of SNAP-25. ACS Chem. Neurosci. 9, 217-223.

Koo, S.J., Kochlamazashvili, G., Rost, B., Puchkov, D., Gimber, N., Lehmann, M., Tadeus,
G., Schmoranzer, J., Rosenmund, C., Haucke, V., 2015. Vesicular synaptobrevin/
VAMP2 levels guarded by AP180 control efficient neurotransmission. Neuron 88,
330-344.

Lenzen, C.U., Steinmann, D., Whiteheart, S.W., Weis, W.I., 1998. Crystal structure of the
hexamerization domain of N-ethylmaleimide-sensitive fusion protein. Cell 94,
525-536.

Li, M., Niu, F., Zhu, X., Wu, X., Shen, N., Peng, X., Liu, Y., 2015. PRRT2 mutant leads to
dysfunction of glutamate signaling. Int. J. Mol. Sci. 16, 9134-9151.

Liu, Y.-S., Dai, X., Wu, W., Yuan, F.-f., Gu, X., Chen, J.-G., Zhu, L.-Q., Wu, J., 2017. The
association of SNAP25 gene polymorphisms in attention deficit/hyperactivity dis-
order: a systematic review and meta-analysis. Mol. Neurobiol. 54, 2189-2200.

Magga, J.M., Kay, J.G., Davy, A., Poulton, N.P., Robbins, S.M., Braun, J.E., 2002. ATP
dependence of the SNARE/caveolin 1 interaction in the hippocampus. Biochem.
Biophys. Res. Commun. 291, 1232-1238.

Martineau, M., Guzman, R.E., Fahlke, C., Klingauf, J., 2017. VGLUT1 functions as a
glutamate/proton exchanger with chloride channel activity in hippocampal gluta-
matergic synapses. Nat. Commun. 8, 2279.

McNew, J.A., Parlati, F., Fukuda, R., Johnston, R.J., Paz, K., Paumet, F., Sollner, T.H.,
Rothman, J.E., 2000. Compartmental specificity of cellular membrane fusion encoded

206

Neurochemistry International 122 (2019) 196-207

in SNARE proteins. Nature 407, 153.

Moghaddam, H.S., Arabi, M.H., 2018. Synaptotagmin-11 Is a novel hotspot in the pa-
thogenesis of parkin-linked Parkinson's disease: new implications for clinical tar-
geting. Mov. Disord. 33 582-582.

Morris, G., Stubbs, B., Kohler, C.A., Walder, K., Slyepchenko, A., Berk, M., Carvalho, A.F.,
2018. The putative role of oxidative stress and inflammation in the pathophysiology
of sleep dysfunction across neuropsychiatric disorders: focus on chronic fatigue
syndrome, bipolar disorder and multiple sclerosis. Sleep Med. Rev. 41, 255-265.

Mukaetova-Ladinska, E., Hurt, J., Honer, W., Harrington, C.R., Wischik, C.M., 2002. Loss
of synaptic but not cytoskeletal proteins in the cerebellum of chronic schizophrenics.
Neurosci. Lett. 317, 161-165.

Nagy, G., Matti, U., Nehring, R.B., Binz, T., Rettig, J., Neher, E., Sgrensen, J.B., 2002.
Protein kinase C-dependent phosphorylation of synaptosome-associated protein of 25
kDa at Ser187 potentiates vesicle recruitment. J. Neurosci. 22, 9278-9286.

Noda, M., Yasuda, S., Okada, M., Higashida, H., Shimada, A., Iwata, N., Ozaki, N.,
Nishikawa, K., Shirasawa, S., Uchida, M., 2003. Recombinant human serotonin 5A
receptors stably expressed in C6 glioma cells couple to multiple signal transduction
pathways. J. Neurochem. 84, 222-232.

Osborne, L.R., Soder, S., Shi, X.-M., Pober, B., Costa, T., Scherer, S.W., Tsui, L.-C., 1997.
Hemizygous deletion of the syntaxin 1A gene in individuals with Williams syndrome.
Am. J. Hum. Genet. 61, 449.

Osen-Sand, A., Catsicas, M., Staple, J.K., Jones, K.A., Ayala, G., Knowles, J., Grenningloh,
G., Catsicas, S., 1993. Inhibition of axonal growth by SNAP-25 antisense oligonu-
cleotides in vitro and in vivo. Nature 364, 445.

Oyler, G.A., Higgins, G.A., Hart, R.A., Battenberg, E., Billingsley, M., Bloom, F.E., Wilson,
M.C., 1989. The identification of a novel synaptosomal-associated protein, SNAP-25,
differentially expressed by neuronal subpopulations. J. Cell Biol. 109, 3039-3052.

Pandey, L.M., 2012. Effect of Solid Surface with Self Assembled Monolayers on
Adsorption of Proteins.

Pandey, L.M., Le Denmat, S., Delabouglise, D., Bruckert, F., Pattanayek, S.K.,
Weidenhaupt, M., 2012. Surface chemistry at the nanometer scale influences insulin
aggregation. Colloids Surfaces B Biointerfaces 100, 69-76.

Pandey, L.M., Pattanayek, S.K., 2011. Hybrid surface from self-assembled layer and its
effect on protein adsorption. Appl. Surf. Sci. 257, 4731-4737.

Pandey, L.M., Pattanayek, S.K., 2013a. Properties of competitively adsorbed BSA and
fibrinogen from their mixture on mixed and hybrid surfaces. Appl. Surf. Sci. 264,
832-837.

Pandey, L.M., Pattanayek, S.K., 2013b. Relation between the wetting effect and the ad-
sorbed amount of water-soluble polymers or proteins at various interfaces. J. Chem.
Eng. Data 58, 3440-3446.

Pandey, L.M., Pattanayek, S.K., Delabouglise, D., 2013. Properties of adsorbed bovine
serum albumin and fibrinogen on self-assembled monolayers. J. Phys. Chem. C 117,
6151-6160.

Pavia-Collado, R., Alarcon-Aris, D., Ruiz-Bronchal, E., Artigas, F., Bortolozzi, A., 2018.
Impairment of learning and memory in mice overexpressing a-and y-synuclein in
dopaminergic neurons-implication in Parkinson's disease. Eur.
Neuropsychopharmacol 28, S38-S39.

Poirier, M.A., Xiao, W., Macosko, J.C., Chan, C., Shin, Y.-K., Bennett, M.K., 1998. The
synaptic SNARE complex is a parallel four-stranded helical bundle. Nat. Struct. Mol.
Biol. 5, 765.

Pozzi, D., Condliffe, S., Bozzi, Y., Chikhladze, M., Grumelli, C., Proux-Gillardeaux, V.,
Takahashi, M., Franceschetti, S., Verderio, C., Matteoli, M., 2008. Activity-dependent
phosphorylation of Ser187 is required for SNAP-25-negative modulation of neuronal
voltage-gated calcium channels. Proc. Natl. Acad. Sci. 105, 323-328.

Prescott, G.R., Chamberlain, L.H., 2011. Regional and developmental brain expression
patterns of SNAP25 splice variants. BMC Neurosci. 12, 35.

Ramos-Miguel, A., Barr, A., Dwork, A., Rosoklija, G., Mann, J., Honer, W., 2017. SA101.
Characterization of presynaptic SNAP-25 aggregates in human postmortem brain: a
novel pathologic index in schizophrenia? Schizophr. Bull. 43 S149-5149.

Ramos-Miguel, A., Beasley, C.L., Dwork, A.J., Mann, J.J., Rosoklija, G., Barr, A.M., Honer,
W.G., 2015. Increased SNARE protein-protein interactions in orbitofrontal and
anterior cingulate cortices in schizophrenia. Biol. Psychiatry 78, 361-373.

Ramos-Miguel, A., Jones, A.A., Sawada, K., Barr, A.M., Bayer, T.A., Falkai, P., Leurgans,
S.E., Schneider, J.A., Bennett, D.A., Honer, W.G., 2018. Frontotemporal dysregula-
tion of the SNARE protein interactome is associated with faster cognitive decline in
old age. Neurobiol. Dis. 114, 31-44.

Rebane, A.A., Wang, B., Ma, L., Qu, H., Coleman, J., Krishnakumar, S., Rothman, J.E.,
Zhang, Y., 2017. Two disease-causing SNAP-25b mutations selectively impair SNARE
c-terminal assembly. J. Mol. Biol. 430, 479-490.

Repetto, D., Camera, P., Melani, R., Morello, N., Russo, I., Calcagno, E., Tomasoni, R.,
Bianchi, F., Berto, G., Giustetto, M., 2014. p140Cap regulates memory and synaptic
plasticity through Src-mediated and citron-N-mediated actin reorganization. J.
Neurosci. 34, 1542-1553.

reza Safari, M., Omrani, M.D., Noroozi, R., Sayad, A., Sarrafzadeh, S., Komaki, A., Manjili,
F.A., Mazdeh, M., Ghaleiha, A., Taheri, M., 2017. Synaptosome-associated protein 25
(SNAP25) gene association analysis revealed risk variants for ASD, in Iranian popu-
lation. J. Mol. Neurosci. 61, 305-311.

Russell, C.L., Semerdjieva, S., Empson, R.M., Austen, B.M., Beesley, P.W., Alifragis, P.,
2012. Amyloid-P acts as a regulator of neurotransmitter release disrupting the in-
teraction between synaptophysin and VAMP2. PloS One 7, e43201.

Saitsu, H., Kato, M., Mizuguchi, T., Hamada, K., Osaka, H., Tohyama, J., Uruno, K.,
Kumada, S., Nishiyama, K., Nishimura, A., 2008. De novo mutations in the gene
encoding STXBP1 (MUNC18-1) cause early infantile epileptic encephalopathy. Nat.
Genet. 40, 782.

Sakurai, M., Sekiguchi, M., Zushida, K., Yamada, K., Nagamine, S., Kabuta, T., Wada, K.,
2008. Reduction in memory in passive avoidance learning, exploratory behaviour


http://refhub.elsevier.com/S0197-0186(18)30301-2/sref59
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref60
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref60
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref61
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref61
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref61
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref62
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref62
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref63
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref63
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref63
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref63
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref64
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref64
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref64
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref65
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref65
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref65
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref65
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref66
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref66
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref66
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref66
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref67
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref67
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref67
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref68
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref68
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref68
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref68
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref68
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref69
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref69
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref69
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref133
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref133
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref133
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref70
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref70
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref70
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref71
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref71
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref71
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref72
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref72
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref73
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref73
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref73
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref74
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref74
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref75
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref75
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref75
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref76
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref76
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref76
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref77
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref77
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref77
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref77
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref78
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref78
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref78
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref79
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref79
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref79
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref80
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref80
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref80
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref80
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref81
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref81
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref81
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref82
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref82
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref83
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref83
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref83
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref84
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref84
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref84
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref85
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref85
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref85
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref86
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref86
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref86
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref87
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref87
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref87
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref88
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref88
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref88
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref88
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref89
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref89
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref89
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref90
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref90
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref90
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref91
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref91
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref91
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref91
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref92
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref92
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref92
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref93
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref93
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref93
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref94
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref94
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref94
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref95
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref95
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref96
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref96
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref96
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref97
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref97
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref98
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref98
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref98
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref99
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref99
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref99
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref100
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref100
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref100
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref101
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref101
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref101
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref101
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref102
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref102
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref102
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref103
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref103
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref103
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref103
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref104
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref104
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref105
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref105
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref105
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref106
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref106
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref106
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref107
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref107
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref107
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref107
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref108
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref108
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref108
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref109
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref109
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref109
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref109
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref110
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref110
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref110
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref110
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref111
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref111
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref111
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref112
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref112
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref112
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref112
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref113
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref113

S. Karmakar et al.

and synaptic plasticity in mice with a spontaneous deletion in the ubiquitin
C-terminal hydrolase L1 gene. Eur. J. Neurosci. 27, 691-701.

Santos, T.C., Wierda, K., Broeke, J.H., Toonen, R.F., Verhage, M., 2017. Early golgi ab-
normalities and neurodegeneration upon loss of presynaptic proteins munc18-1,
syntaxin-1, or SNAP-25. J. Neurosci. 37, 4525-4539.

Schubert, J., Siekierska, A., Langlois, M., May, P., Huneau, C., Becker, F., Muhle, H., Suls,
A., Lemke, J.R., De Kovel, C.G., 2014. Mutations in STX1B, encoding a presynaptic
protein, cause fever-associated epilepsy syndromes. Nat. Genet. 46, 1327.

Selak, S., Paternain, A.V., Aller, .M., Pico, E., Rivera, R., Lerma, J., 2009. A role for
SNAP25 in internalization of kainate receptors and synaptic plasticity. Neuron 63,
357-371.

Sevlever, D., Zou, F., Ma, L., Carrasquillo, S., Crump, M.G., Culley, O.J., Hunter, T.A.,
Bisceglio, G.D., Younkin, L., Allen, M., 2015. Genetically-controlled Vesicle-
Associated Membrane Protein 1 expression may contribute to Alzheimer's patho-
physiology and susceptibility. Mol. Neurodegener. 10, 18.

Shao, L., Golbaz, K., Honer, W.G., Beasley, C.L., 2016. Deficits in axon-associated proteins
in prefrontal white matter in bipolar disorder but not schizophrenia. Bipolar Disord.
18, 342-351.

Sharma, M., Burré, J., Siidhof, T.C., 2011. CSPa promotes SNARE-complex assembly by
chaperoning SNAP-25 during synaptic activity. Nat. Cell Biol. 13, 30.

Shen, J., 2010. Impaired neurotransmitter release in Alzheimer's and Parkinson's diseases.
Neurodegener. Dis. 7, 80-83.

Shen, X.-M., Selcen, D., Brengman, J., Engel, A.G., 2014. Mutant SNAP25B causes
myasthenia, cortical hyperexcitability, ataxia, and intellectual disability. Neurology
83, 2247-2255.

Shen, X.M., Scola, R.H., Lorenzoni, P.J., Kay, C.S., Werneck, L.C., Brengman, J., Selcen,
D., Engel, A.G., 2017. Novel synaptobrevin-1 mutation causes fatal congenital
myasthenic syndrome. Ann. Clin. Trans. Neurol. 4, 130-138.

Singh, A., Datta, P., Pandey, L.M., 2017. Deciphering the mechanistic insight into the
stoichiometric ratio dependent behavior of Cu (II) on BSA fibrillation. Int. J. Biol.
Macromol. 97, 662-670.

Smith, R., Klein, P., Koc-Schmitz, Y., Waldvogel, H.J., Faull, R.L., Brundin, P., Plomann,
M., Li, J.Y., 2007. Loss of SNAP-25 and rabphilin 3a in sensory-motor cortex in
Huntington's disease. J. Neurochem. 103, 115-123.

Sollner, T., Bennett, M.K., Whiteheart, S.W., Scheller, R.H., Rothman, J.E., 1993. A pro-
tein assembly-disassembly pathway in vitro that may correspond to sequential steps
of synaptic vesicle docking, activation, and fusion. Cell 75, 409-418.

Stefanou, M.-L., Desideri, D., Marquetand, J., Belardinelli, P., Zrenner, C., Lerche, H.,
Ziemann, U., 2017. Motor cortex excitability in seizure-free STX1B mutation carriers
with a history of epilepsy and febrile seizures. Clin. Neurophysiol. 128, 2503-2509.

Sutphen, C.L., McCue, L., Herries, E.M., Xiong, C., Ladenson, J.H., Holtzman, D.M., Fagan,
A.M., 2018. Longitudinal Decreases in Multiple Cerebrospinal Fluid Biomarkers of
Neuronal Injury in Symptomatic Late Onset Alzheimer's Disease. Alzheimer's &
Dementia.

Sutton, R.B., Fasshauer, D., Jahn, R., Brunger, A.T., 1998. Crystal structure of a SNARE
complex involved in synaptic exocytosis at 2.4 A resolution. Nature 395, 347.

Neurochemistry International 122 (2019) 196-207

Tan, M.G., Lee, C., Lee, J.H., Francis, P.T., Williams, R.J., Ramirez, M.J., Chen, C.P.,
Wong, P.T.-H., Lai, M.K., 2014. Decreased rabphilin 3A immunoreactivity in
Alzheimer's disease is associated with AP burden. Neurochem. Int. 64, 29-36.

Thompson, P.M., Sower, A.C., Perrone-Bizzozero, N.I., 1998. Altered levels of the sy-
naptosomal associated protein SNAP-25 in schizophrenia. Biol. Psychiatry 43,
239-243.

Tomasoni, R., Repetto, D., Morini, R., Elia, C., Gardoni, F., Di Luca, M., Turco, E.,
Defilippi, P., Matteoli, M., 2013. SNAP-25 regulates spine formation through post-
synaptic binding to p140Cap. Nat. Commun. 4, 2136.

Torres, V.I., Vallejo, D., Inestrosa, N.C., 2017. Emerging synaptic molecules as candidates
in the etiology of neurological disorders. Neural Plast. 2017 081758.

Veit, M., Sollner, T.H., Rothman, J.E., 1996. Multiple palmitoylation of synaptotagmin
and the t-SNARE SNAP-25. FEBS (Fed. Eur. Biochem. Soc.) Lett. 385, 119-123.

Verderio, C., Pozzi, D., Pravettoni, E., Inverardi, F., Schenk, U., Coco, S., Proux-
Gillardeaux, V., Galli, T., Rossetto, O., Frassoni, C., 2004. SNAP-25 modulation of
calcium dynamics underlies differences in GABAergic and glutamatergic respon-
siveness to depolarization. Neuron 41, 599-610.

Wulff, K., Gatti, S., Wettstein, J.G., Foster, R.G., 2010. Sleep and circadian rhythm dis-
ruption in psychiatric and neurodegenerative disease. Nat. Rev. Neurosci. 11, 589.

Yang, H., Zhang, M., Shi, J., Zhou, Y., Wan, Z., Wang, Y., Wan, Y., Li, J., Wang, Z., Fei, J.,
2017. Brain-specific SNAP-25 deletion leads to elevated extracellular glutamate level
and schizophrenia-like behavior in mice. Neural Plast. 2017.

Yang, Y., Wei, M., Xiong, Y., Du, X., Zhu, S., Yang, L., Zhang, C., Liu, J.-J., 2015.
Endophilin A1 regulates dendritic spine morphogenesis and stability through inter-
action with p140Cap. Cell Res. 25, 496.

Ye, C., Hu, Z., Wu, E., Yang, X., Buford, U.J., Guo, Z., Saveanu, R.V., 2016. Two SNAP-25
genetic variants in the binding site of multiple microRNAs and susceptibility of
ADHD: a meta-analysis. J. Psychiatr. Res. 81, 56-62.

Yun, H.J., Park, J., Ho, D.H., Kim, H., Kim, C.-H., Oh, H., Ga, L., Seo, H., Chang, S., Son, L.,
2013. LRRK2 phosphorylates Snapin and inhibits interaction of Snapin with SNAP-
25. Exp. Mol. Med. 45, e36.

Zhang, D., Sliwkowski, M.X., Mark, M., Frantz, G., Akita, R., Sun, Y., Hillan, K., Crowley,
C., Brush, J., Godowski, P.J., 1997. Neuregulin-3 (NRG3): a novel neural tissue-en-
riched protein that binds and activates ErbB4. Proc. Natl. Acad. Sci. 94, 9562-9567.

Zhou, Q., Zhou, P., Wang, A.L., Wu, D., Zhao, M., Siidhof, T.C., Brunger, A.T., 2017. The
primed SNARE-complexin-synaptotagmin complex for neuronal exocytosis. Nature
548, 420.

Zurawski, Z., Gray, A.D.T., Brady, L.J., Page, B., Church, E., Harris, N.A., Dohn, M.R.,
Yim, Y.Y., Hyde, K., Mortlock, D.P., 2018. Disabling Gy SNARE Interaction in
Transgenic Mice Disrupts GPCR-mediated Presynaptic Inhibition Leading to
Physiological and Behavioral Phenotypes. bioRxiv, 280347.

Zurawski, Z., Page, B., Chicka, M.C., Brindley, R.L., Wells, C.A., Preininger, A.M., Hyde,
K., Gilbert, J.A., Cruz-Rodriguez, O., Currie, K.P., 2017. GBy directly modulates ve-
sicle fusion by competing with synaptotagmin for binding to neuronal SNARE pro-
teins embedded in membranes. J. Biol. Chem. 292, 12165-12177.


http://refhub.elsevier.com/S0197-0186(18)30301-2/sref113
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref113
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref114
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref114
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref114
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref115
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref115
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref115
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref116
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref116
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref116
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref117
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref117
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref117
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref117
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref118
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref118
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref118
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref119
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref119
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref120
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref120
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref121
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref121
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref121
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref122
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref122
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref122
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref123
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref123
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref123
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref124
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref124
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref124
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref125
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref125
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref125
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref126
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref126
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref126
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref127
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref127
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref127
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref127
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref128
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref128
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref129
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref129
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref129
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref130
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref130
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref130
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref131
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref131
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref131
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref132
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref132
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref134
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref134
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref135
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref135
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref135
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref135
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref136
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref136
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref137
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref137
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref137
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref138
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref138
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref138
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref139
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref139
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref139
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref140
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref140
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref140
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref141
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref141
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref141
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref142
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref142
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref142
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref143
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref143
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref143
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref143
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref144
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref144
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref144
http://refhub.elsevier.com/S0197-0186(18)30301-2/sref144

	Neuronal SNARE complex: A protein folding system with intricate protein-protein interactions, and its common neuropathological hallmark, SNAP25
	Introduction
	SNAP25: structure and function
	Structure of SNAP25
	Function of SNAP25
	Role in presynaptic events
	Role in postsynaptic events


	SNAP25, a common neuropathological hallmark
	Implication in neuropsychological disorders
	Implication in neurodegenerative diseases

	Discussion
	Conclusions
	Acknowledgement
	References




