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Abstract 

Botulinum Neurotoxin Serotype A (BoNT/A), responsible for most human botulism 

cases, inhibits neurotransmitter release by cleaving the target protein SNAP-25. 

Previous literature demonstrated that BoNT/A mediated cleavage of a small subset of 

the SNAP-25 pool, resulting in SNAP-25 (1–197) fragments, is sufficient to block exo-

cytosis. SNAP-25 (1–197) potentially competes against intact SNAP-25 for SNARE 

complexes and blocks neurotransmission through a dominant-negative mechanism. 

However, how a tiny fraction of cleaved SNAP-25 efficiently outcompetes a large pool 

of intact SNAP-25 remains unknown. Here, we examined the importance of SNAP-

25 phosphorylation at Ser187 residue, located in the C-terminus SNARE domain, in 

the context of BoNT action. Our results demonstrated that Ser187-phosphorylated 

SNAP-25 can be efficiently cleaved in cells. Importantly, BoNT/A-cleaved SNAP-25 

fragments in neuronal and non-neuronal cells are heavily phosphorylated at Ser187 

and localized on the cell membrane. SNAP-25 (1–197) binds to syntaxin-1A, and the 

interaction is enhanced by Ser187 phosphorylation. We also found that SNAP-25 

(1–197) survives longer than the BoNT/A enzymatic component itself in cells. Molec-

ular modeling suggested that SNAP-25 (1–197), phosphorylated or not, forms stable 

SNARE complexes; however, Ser187 phosphorylation induces local changes in sur-

face electrostatic potential and dynamics of the complex. This study characterizes the 

molecular mechanism underlying the dominant-negative effect of SNAP-25 (1–197) 
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on neurotransmission. This research could have implications for the future develop-

ment of BoNT/A inhibitors and the generation of new BoNT/A clinical formulations by 

regulating the abundance of Ser187 phosphorylation in cleaved SNAP-25 fragments.

Author summary

Botulinum Neurotoxins (BoNT) are bacterial toxins causing botulism disease. 
BoNT/A mediated cleavage of a minority of the SNAP-25 is sufficient to block 
neurotransmission. Our work here uncovers the molecular mechanism un-
derlying the dominant negative effect of BoNT/A cleaved SNAP-25, SNAP-25 
(1–197), on neuroexocytosis. We report that SNAP-25 (1–197) fragments are 
efficiently phosphorylated at the Ser187 residue in cells. SNAP-25 (1–197) has 
a long half-life in the cytosol, during which efficient Ser187 phosphorylation can 
contribute to exocytosis inhibition by providing a competitive advantage over WT 
SNAP-25 for SNARE complex formation. This study highlights Ser187 phosphor-
ylation of SNAP-25 (1–197) as a potential therapeutic target for modulating the 
biological effects of BoNT/A, offering implications for biodefense and the devel-
opment of novel BoNT/A formulations.

Introduction

Botulinum neurotoxins (BoNTs) are highly toxic and potentially lethal molecules that 
cause botulism disease through selective mechanisms of action [1]. BoNTs block 
exocytosis at neuromuscular junctions, and there are no approved therapeutics to 
neutralize them once they are settled in neurons [2]. When administered in localized, 
small doses, these toxins are highly useful therapeutics with expanding cosmetic and 
clinical applications [3]. However, BoNTs are Category A bioterror agents, and there 
are concerns regarding accidents in clinics, highlighting the importance of better 
understanding the intoxication and recovery mechanisms [4]. Human botulism is 
caused by serotypes/A,/B,/E, and/F [5], and BoNT/A is responsible for most cases 
[6]. Serotypes/A and/E target the same protein, SNAP-25, in cells but with strikingly 
different outcomes [7]. The toxic effect of BoNT/E is limited to days, while BoNT/A 
effects could last months [8]. Such differences have been attributed to differences in 
the longevity of the enzymatic components (light chains; LC) of/A and/E [9]. However, 
it has long been suggested that SNAP-25 fragments generated by the toxin might 
also contribute to the observed toxicity differences through a dominant-negative 
mechanism as long as they persist in the cytoplasm [10–12].

Multiple groups have demonstrated that BoNT/A-mediated cleavage of only a tiny 
fraction of SNAP-25 is sufficient to cause significant inhibition of neuroexocytosis 
[10,13–17]. For example, BoNT/A-mediated truncation of less than 3% of total SNAP-
25 was observed to inhibit synaptic activity in neurons by over 70% [18]. On the con-
trary, BoNT/E-mediated cleavage of SNAP-25 levels correlates well with exocytosis 
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inhibition [13,14]. SNAP-25 cleaved by BoNT/A (SNAP-25 (1–197)), but not that of BoNT/E (SNAP-25 (1–180)), has been 
proposed to function as a dominant-negative to inhibit neurotransmission [10–12]. Several lines of evidence support this 
notion. First, functional SNARE complex formation and exocytosis require intact SNAP-25 [19,20], and unlike BoNT/E-
truncated SNAP-25, BoNT/A-truncated SNAP-25 can still form stable SNARE complexes [16,21]. Second, the presence of 
SNAP-25 (1–197) alone, independently from the presence of the toxin, is sufficient to inhibit exocytosis [22–24]; however, 
SNAP-25 (1–180) does not inhibit exocytosis [23]. Third, co-administration of BoNT/A and E leads to short-term paraly-
sis, a typical effect of BoNT/E in humans [10,25], although data in rodent models provided conflicting results [26]. Fourth, 
SNAP-25 (1–197) has been observed to stay on plasma membranes, positioned appropriately for SNARE complex for-
mation, but inactivates complexes, inhibiting neurotransmitter release [13,27–29]. Taken together, SNAP-25 (1–197) may 
compete with intact SNAP-25 for SNARE complexes and thereby inhibit exocytosis [12–14]. However, how small amounts 
of cleaved SNAP-25 efficiently outcompete a large pool of intact SNAP-25 to extensively inhibit synaptic release remains 
unknown.

Phosphorylation is a crucial post-translational mechanism that tightly regulates neuronal SNARE protein functions 
[30,31]. SNAP-25 phosphorylation at Serine187, the only reported phosphorylation site in the SNARE domain at the 
C-terminus, has particularly important functional roles [32]. Studies utilizing a genetically modified mouse model in which 
the SNAP-25 Ser187 residue is replaced with alanine suggested that the phosphorylation has functional roles in vivo, 
as demonstrated by defects in serotonin and dopamine release [33], working memory [34], and basal synaptic transmis-
sion [35], as well as epilepsy-related seizures [36]. In vitro studies utilizing various cell lines suggested that the Ser187 
phosphorylation of SNAP-25 increases secretion [32,37–40]. However, these findings have been challenged, suggesting 
that Ser187 phosphorylation is not crucial for releasing neurotransmitters [41,42]. While its role in exocytosis is unclear, 
multiple groups have established that the Ser187 phosphorylation enhances syntaxin/SNAP-25 interaction, leading to 
enhanced SNARE complex assembly [38,40,43]. The SNARE domain of SNAP-25 in the C-terminus is crucial for BoNT/A 
binding, and BoNT-mediated truncation of 9 amino acids from this terminal is sufficient to inhibit neurotransmitter release. 
However, there are no direct reports evaluating the importance of Ser187 phosphorylation of WT SNAP-25 for toxin-
mediated cleavage and its potential functional roles in the cleaved fragment.

In this study, we utilized various immortalized cell lines as well as mouse and human embryonic stem cell (ESC)-derived 
motor neurons and determined that Ser187-phosphorylated SNAP-25 protein in cells is efficiently cleaved by BoNT/A. 
Importantly, our work demonstrated that BoNT/A-cleaved SNAP-25 fragments in both neuronal and non-neuronal cells 
are heavily phosphorylated at Ser187 compared to wild-type (WT) SNAP-25. SNAP-25 (1–197) appears to be a better 
substrate for Ser187 phosphorylation, and we did not observe a similar effect on the other main SNAP-25 phosphorylation 
residue, Thr138 [38,40,44], suggesting the observed effect is Ser187-specific. Membrane fraction analyses revealed mem-
brane localization of both WT SNAP-25 and SNAP-25 (1–197); however, membrane-localized SNAP-25 (1–197) exhibits far 
greater Ser187 phosphorylation. We also detected that cellular SNAP-25 (1–197) persists longer than BoNT/A LC. SNAP-
25 (1–197) binds to syntaxin-1A, and the interaction is enhanced by Ser187 phosphorylation. Molecular modeling identified 
that SNAP-25 (1–197), phosphorylated or not, still engages in forming stable SNARE complexes with no significant change. 
Phosphorylation at Ser187 in SNAP-25 (1–197), however, induces local changes in the electrostatic signature, rigidity, and 
dynamics of the complex, which likely play a role in the dominant-negative mechanism of exocytosis. This study is the first 
significant examination of the importance of SNAP-25 phosphorylation regarding BoNT/A action, and the results suggest 
Ser187 phosphorylation of SNAP-25 as a potential therapeutic target to modulate the biological effects of BoNT/A.

Results

BoNT/A holotoxin-cleaved SNAP-25 exhibits higher phosphorylation levels of Ser187

We sought to determine SNAP-25 phosphorylation on Ser187 in cultured PC12, SH-SY5Y, and HEK293 cells before 
and after BoNT/A holotoxin intoxications. Additionally, we assayed mESC and hESC-derived motor neurons, as BoNT/A 
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naturally targets motor neurons [45]. Our data shows that SNAP-25 (1–197) exhibits higher Ser187 phosphorylation levels 
in SH-SY5Y cells compared to uncleaved (intact; WT) SNAP-25 (Fig 1A). We quantified pSNAP-25 Ser187 levels in 
PC12 cells, and SNAP-25 (1–197) exhibits statistically significantly higher Ser187 phosphorylation (Fig 1A). HEK293 cells 
did not exhibit detectable endogenous SNAP-25 and served as a control within the same experimental set-up (Fig 1A). 
SNAP-25 (1–197) in mESC-derived motor neurons also exhibited statistically significantly higher Ser187 phosphorylation 
as compared to non-treated condition (Fig 1B). Both Toosendanin and Bafilomycin are well-established BoNT/A-mediated 
SNAP-25 cleavage inhibitors and served as controls. Further, we transiently transfected SNAP-25 in HEK293 cells and 
intoxicated the cells with BoNT/A holotoxin, and the results demonstrate that SNAP-25 (1–197) generated by BoNT/A 
cleavage is heavily phosphorylated at Ser187 residue (Fig 1C). To explore this phenomenon in physiologically rele-
vant human neurons, we generated hESC-derived motor neurons, and our data demonstrated statistically significantly 
increased Ser187 phosphorylation of SNAP-25 (1–197) (Fig 1D). Overall, we demonstrated that SNAP-25 (1–197) frag-
ments are heavily phosphorylated at Ser187 residue, compared to WT SNAP-25, in multiple cell-based analyses.

Phosphorylation at the Ser187 residue does not inhibit SNAP-25 cleavage by BoNT/A in cells

We next sought to determine whether Ser187-phosphorylated SNAP-25 protein gets cleaved less efficiently in cells. To 
do so, we have utilized a PMA chase experiment to induce Ser187 phosphorylation in mESC-derived motor neurons and 
collected cells at various time points. PMA is a well-known activator of the PKC pathway and has been shown to induce 
Ser187 phosphorylation of SNAP-25 [46,47]. We treated the cells with PMA for 30 minutes before intoxication and then 
intoxicated with 500 pM BoNT/A holotoxin. 60 minutes after intoxication, there was no BoNT/A-mediated cleavage, but 
a robust increase in Ser187 phosphorylation was evident, suggesting that Ser187 phosphorylation was achieved before 
the toxin’s proteolytic activity began. With increased time points, it was clear that Ser187-phosphorylated SNAP-25 can 
be efficiently cleaved (120 min time point) (Fig 2A). Interestingly, with further time points, consistent with Fig 1, cleaved 
SNAP-25 exhibits higher Ser187 phosphorylation. We quantified % SNAP-25 cleavage in the presence and absence 
of PMA treatment at the indicated time course experiments, utilizing the data from 3 independent experiments, and the 
results indicate that there is no statistically significant difference between conditions with/without PMA at specific time 
points (Fig 2A, graph). We then tested these observations in HEK293 cells transfected with plasmids encoding SNAP-
25 and BoNT/A LC. PMA treatment led to a significant increase in Ser187 phosphorylation, and BoNT/A LC transfection 
in PMA-treated conditions resulted in the cleavage of all the SNAP-25 (Fig 2B). Similar to Fig 2A, BoNT/A LC-cleaved 
SNAP-25 also exhibited significantly higher Ser187 phosphorylation levels. Additionally, we transfected plasmids encod-
ing BoNT/A LC, WT SNAP-25, Ser187A (non-phosphorylatable), and Ser187D (a phosphomimetic variant) SNAP-25 in 
HEK293 cells and found that regardless of Ser187 phosphorylation or modification status, BoNT/A-mediated cleavage is 
not affected (Fig 2C). Collectively, the data suggest that Ser187-phosphorylated SNAP-25 can be efficiently cleaved in 
cells.

Increased SNAP-25 phosphorylation in BoNT/A-treated cells is not due to the activation of PKC by BoNT/A 
holotoxin

Previous literature demonstrated that Ser187 phosphorylation of SNAP-25 is mediated by the kinase PKC [32], and there-
fore, we next asked whether PKC is activated due to BoNT/A holotoxin exposure. Among the PKC isoforms, nPKCε has 
been identified as the isoform mediating Ser187 phosphorylation of SNAP-25 [48]. To detect PKC activity changes, we 
utilized phospho-PKC (pan) (βII Ser660) antibody (Cell Signaling Technology, 9371, RRID: AB_2168219), which detects 
a number of PKC isoforms, including the epsilon isoform, a critical phosphorylation event for PKC activity [49]. We intox-
icated mESC-derived motor neurons with 500 pM BoNT/A holotoxin under various control and experimental conditions, 
such as BoNT/A inhibitors Toosendanin and Bafilomycin, and the PKC activator PMA. We did not observe an apparent 
change in PKC (pan) (βII Ser660) phosphorylation in toxin-treated conditions, though PMA-mediated PKC activation 
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[37,39] affected the PKC phosphorylation significantly (Fig 2D). Finally, we examined whether the observed Ser187 phos-
phorylation of SNAP-25 correlates with the BoNT/A concentration (Fig 2E). We evaluated the effects of increasing doses 
of BoNT exposure on the Ser187 phosphorylation of SNAP-25, and the results suggest that the proportions of pSNAP-25 
Ser187 levels and cleaved SNAP-25 correlate (Fig 2E). These results suggest that BoNT/A holotoxin does not directly 
induce Ser187 phosphorylation of SNAP-25, suggesting that PKC is not activated due to the toxin exposure. It is important 

Fig 1.  BoNT/A-cleaved SNAP-25 is heavily phosphorylated at the Ser187 residue. (A) SH-SY5Y cells, PC-12 cells, and HEK293 cells were treated 
with 10 nM BoNT/A holotoxin for 96 hours. Immunoblots, shown in lower and higher exposures, include two technical replicates for each condition 
and are representative of 3 independent biological replicates. The bar graph demonstrates the % of total pSNAP-25 Ser187 phosphorylation levels of 
PC-12 cells, normalized to total SNAP-25 levels. (B) mESC-derived motor neurons were treated with 500 pM BoNT/A for 4 hours, and Toosendanin and 
Bafilomycin were utilized as BoNT inhibitor controls. Representative blots of 3 independent experiments are shown. (C) HEK293 cells were transfected 
with WT SNAP-25 plasmid for 4 hours, followed by 10 nM BoNT/A holotoxin treatment for 72 hours. Western blot images are representative of 4 indepen-
dent biological replicates. (D) hESC-derived motor neurons were treated with 500 pM BoNT/A holotoxin for 4 hours, and Toosendanin was utilized as 
a BoNT/A inhibitor. The immunoblots are representative of 5 independent biological replicates. GAPDH and β-Actin served as loading controls. In all 
conditions, the extent of % pSNAP-25 Ser187 phosphorylation levels was measured, and normalized to total SNAP-25 levels. *: P ≤ 0.05; **: P ≤ 0.01; 
***: P ≤ 0.001.

https://doi.org/10.1371/journal.ppat.1013604.g001

https://doi.org/10.1371/journal.ppat.1013604.g001
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to note that BoNT/A LC transfection (as shown in Fig 2B) rather than holotoxin intoxication also leads to increased Ser187 
phosphorylation in the cleaved fragment, indicating both holotoxin intoxication and LC transfection lead to the same result 
in terms of SNAP-25 Ser187 phosphorylation. Overall, this data suggests that BoNT/A-mediated removal of 9 amino acids 
may better expose the Ser187 residue for basal PKC activity-mediated phosphorylation.

Fig 2.  Ser187 phosphorylated SNAP-25 is efficiently cleaved in cells. (A) mESC-derived motor neurons were treated with 1 µM PMA for 30 min 
and then intoxicated with 500 pM BoNT/A holotoxin. Cells were collected at the indicated time points, respectively to the intoxication start time point, 
processed, and subjected to western blotting. Representative blots include two technical replicates for each condition and are representative of 3 inde-
pendent biological replicates. The graph represents quantified % SNAP-25 cleavage in the presence and absence of PMA treatment at the indicated 
time points (B) HEK293 cells were transfected with WT SNAP-25 and/or YFP-tagged BoNT/A LC plasmids for 18 hours (n = 3). 1 µM PMA was supplied 
to PMA+ samples 1 hour following the transfection initiated. (C) WT SNAP-25, SNAP-25 S187A, and SNAP-25 S187D plasmids were individually or 
co-transfected with BoNT/A LC in HEK293 cells for 18 hours (n = 3). (D) mESC-derived motor neurons were treated with 500 pM BoNT/A holotoxin for 4 
hours (n = 3). Toosendanin and Bafilomycin, well-known BoNT inhibitors, and PKC activator PMA were used as controls and added to the culture 30 min 
before intoxication started. (E) mESC-derived motor neurons were treated with increasing concentrations of BoNT/A holotoxin (0.5 nM – 20 nM) for 4 
hours, and Toosendanin was supplied to the relevant sample 30 min before the intoxication (n = 3). At the end of each experiment, cell lysates were pre-
pared and subjected to immunoblotting. ns: non-significant; *: P ≤ 0.05; **: P ≤ 0.01; ***: P ≤ 0.001.

https://doi.org/10.1371/journal.ppat.1013604.g002

https://doi.org/10.1371/journal.ppat.1013604.g002
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SNAP-25 (1–197) fragment is a better substrate for Ser187 phosphorylation

Next, we explored whether SNAP-25 (1-197) gets more efficiently phosphorylated at Ser187 than WT SNAP-25 in cells. 
Our analyses involving HEK293 cells transfected with either WT SNAP-25 or SNAP-25 (1-197) suggest that SNAP-25 
(1-197) is more efficiently phosphorylated at Ser187 compared to WT SNAP-25 (Fig 3A). In a similar experimental set-up, 
we explored the effects of PMA treatment on the phosphorylation levels of Ser187 and Thr138, i.e., the second phosphor-
ylation residue of SNAP-25 with functional impact [38,40,44], in both WT SNAP-25 and SNAP-25 (1-197) in HEK293 cells. 
The data shows that PMA treatment leads to higher Ser187 and Thr138 phosphorylation, however, we have not detected 
a significant change in Thr138 phosphorylation levels between WT SNAP-25 and SNAP-25 (1-197) in PMA-treated and 
untreated conditions (Fig 3B). On the other hand, rates of Ser187 phosphorylation are statistically greater in SNAP-25 
(1-197) compared to WT SNAP-25, suggesting that the increased phosphorylation is Ser187-specific (Fig 3B). Although 
PKA has been identified as the main kinase phosphorylating Thr138 [50], PKC has been reported to also phosphory-
late Thr138, though Ser187 is the preferred PKC substrate [51]. Therefore, it is not surprising that PMA treatment led to 
elevated Thr138 phosphorylation of SNAP-25. Following, we explored the stability of Ser187 phosphorylation compared 
to Thr138 phosphorylation of endogenous SNAP-25 protein in PC12 cells, treated with or without PMA, at various time 
points (0.5, 6, 12, and 18 hours), and the data suggest that Ser187 phosphorylation persists longer than Thr138 phos-
phorylation (Fig 3C). Finally, we sought to compare Ser187 dephosphorylation level differences between WT SNAP-25 
and SNAP-25 (1-197). To do so, we utilized HEK293 cells transfected with either WT SNAP-25 or SNAP-25 (1-197) for 18 
hours, then treated with and without PMA, and collected the samples at various time points (up to 12 hours) (Fig 3D). Our 
results suggest that while WT SNAP-25 gets efficiently de-phosphorylated, Ser187 phosphorylation persists in SNAP-25 
(1-197) with relatively less de-phosphorylation. Due to transient transfection, both WT SNAP-25 and SNAP-25 (1-197) 
protein levels increase during experimental duration; however, Ser187 phosphorylation in SNAP-25 (1-197) correlates 
with increasing SNAP-25 (1-197) levels (Fig 3D), consistent with an increased preference for phosphorylation of Ser187 in 
SNAP-25 (1-197).

SNAP-25 (1–197) is localized to the membrane, and the fragments are heavily phosphorylated at Ser187

We next set out to determine the subcellular distribution of SNAP-25 (1–197) and whether it differs from that of SNAP-
25. SNAP-25 participates in the SNARE complex on the membrane [52], and therefore we have evaluated whether the 
BoNT/A-cleaved fragment stays on the membrane using membrane extraction analyses in both HEK293 (Fig 4A) and 
PC12 cells (Fig 4B). HEK293 cells, co-transfected with WT SNAP-25 and SNAP-25 (1–197) constructs, were homoge-
nized, followed by membrane extraction, yielding the cytosolic and the soluble membrane fractions, which were analyzed 
by western blotting. While membrane protein Sortilin was enriched in membrane fractions, GAPDH was not present in 
the same fractions, suggesting successful fractionation. Data suggest that SNAP-25 (1–197) is localized on the mem-
brane similar to WT SNAP-25, regardless of PMA treatments (Fig 4A). These findings are consistent with previous work 
demonstrating that BoNT/A-cleaved SNAP-25 is localized on the plasma membrane [27]. However, importantly, when 
there are roughly equal amounts of WT SNAP-25 and SNAP-25 (1–197) on the membrane, Ser187 phosphorylation levels 
of SNAP-25 (1–197) fragments are greater compared to that of WT SNAP-25, which become more obvious upon PMA 
treatments (Fig 4A, bar graph). We further evaluated the membrane localization of WT SNAP-25 and SNAP-25 (1–197) 
in PC12 cells, which endogenously express WT SNAP-25. We transfected the BoNT/A LC plasmid into PC12 cells and 
sought to achieve a minimal SNAP-25 cleavage, yielding low levels of SNAP-25 (1–197), as compared to large fractions 
of WT SNAP-25, to try to mimic conditions in which a tiny fraction of cleaved SNAP-25 leads to near complete synaptic 
inhibition [10,13–17]. Enrichment of membrane proteins syntaxin-1A and absence of GAPDH in membrane fractions sug-
gest successful fractionation (Fig 4B). Our data demonstrated that SNAP-25 (1–197) is present in membrane fractions in 
both PMA-treated and untreated conditions, despite comparatively less SNAP-25 (1–197) as compared to WT SNAP-25 
in cells (Fig 4B, total lysate conditions). Similar to the results obtained in HEK293 cells (Fig 4A), the data demonstrate that 
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Fig 3.  SNAP-25 (1-197) is a better substrate for Ser187 phosphorylation. HEK293 cells were transfected with either WT SNAP-25 or SNAP-25 
(1-197) for 18h, and treated without (A) (n = 4), and with (B) (n = 4) PMA, to determine SNAP-25 Ser187 phosphorylation levels via western blotting. 
PMA was supplied to the cells 1 hour following the transfection initiated. Data was normalized to respective loading controls, WT SNAP-25 or 
SNAP-25 (1-197). (C) To measure the stability of Ser187 phosphorylation as compared to that of Thr138, PC12 cells were treated with 1 µM PMA, 
and samples were collected at the indicated time points (0.5h - 18h) following the PMA treatment, and were analyzed with immunoblotting (n = 3). 
(D) HEK293 cells were transfected with either WT SNAP-25 or SNAP-25 (1-197) for 18h and treated with 1 µM PMA. The samples were collected at 
indicated time points (0.5h – 12h) following the PMA treatment and subjected to western blotting (n = 3). ns: non-significant; *: P ≤ 0.05; **: P ≤ 0.01; 
***: P ≤ 0.001.

https://doi.org/10.1371/journal.ppat.1013604.g003

https://doi.org/10.1371/journal.ppat.1013604.g003
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Fig 4.  SNAP-25 (1-197) localizes to the membrane and is heavily phosphorylated at Ser187. (A) Subcellular distribution of SNAP25 and SNAP-25 
(1-197) was analyzed by cell fractionation. HEK293 cells were co-transfected with WT SNAP-25 and SNAP-25 (1-197) and treated with and without 1 µM 
PMA for 1.5 hours. Cells were homogenized, followed by membrane extraction. The total lysate, as well as the soluble membrane and the cytosolic frac-
tions, were analyzed by western blotting with the indicated antibodies. Data representative of 3 independent experiments. The bar graph demonstrates 
% pSNAP-25 Ser187 levels on the membrane upon PMA treatment, normalized to respective loading controls, WT SNAP-25 or SNAP-25 (1-197). 
(B) PC12 cells, which endogenously express SNAP-25, were transfected with BoNT/A LC in conditions to achieve a low-level SNAP-25 cleavage and 
treated with and without 1 µM PMA for 1.5 hours. The total lysate, the soluble membrane, cytosol, and non-soluble fractions were subjected to western 
blotting with the indicated antibodies. Representative blots of 3 independent experiments are shown. % pSNAP-25 Ser187 levels on the membrane 
upon PMA treatment were calculated upon normalization to respective loading controls, WT SNAP-25 or SNAP-25 (1-197), which is presented in the 
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membrane-localized WT SNAP-25 and SNAP-25 (1–197) are both Ser187 phosphorylated; however, Ser187 phosphory-
lation levels of SNAP-25 (1–197) fragments are greater compared to that of WT SNAP-25 (Fig 4B). We have also included 
non-soluble fractions in our analyses to measure WT SNAP-25 and SNAP-25 (1–197) levels remaining in the insoluble 
fractions during membrane extraction. Although most SNAP-25 present in a cell is localized on the cell membrane, SNAP-
25 can also be present in recycling endosomes and the trans-Golgi network compartments [53]. For example, it has been 
shown that about 20% of SNAP-25 is located in a perinuclear recycling endosome-trans-Golgi network [54]. Our data 
demonstrated that WT SNAP-25 was more abundant than SNAP-25 (1–197) in the insoluble fractions. Overall, our data 
suggest that both in HEK293 and PC12 cells, SNAP-25 (1–197) is localized on the membrane, and the Ser187 phosphor-
ylation of the membrane-localized SNAP-25 (1–197) is greater than that of WT SNAP-25.

BoNT/A-cleaved SNAP-25 is detected in cultures longer than BoNT/A LC

A large body of literature concluded that long-lasting biological effects of BoNT/A depend on the stability of the 
BoNT/A enzymatic component [9]. For example, it has been suggested that BoNT/A LC can be biologically active for 
more than 10 months in culture [55] and in vivo rodent brains [56]. However, these studies concluded about the toxin’s 
presence using SNAP-25 cleavage as the readout, which does not distinguish whether the toxin’s enzymatic compo-
nent was indeed present after many months, or previously cleaved SNAP-25, SNAP-25 (1–197), survived. Although 
the longer half-life of BoNT/A compared to other serotypes has been well documented [25,57–60], whether the dura-
tion of the stability extends to many months is unclear. To characterize the temporal lifetime of cellular BoNT/A LC 
and SNAP-25 (1–197) proteins, we designed the experiments based on previously characterized mammalian cell 
line plasmid decay lifetimes post-transient transfection [61,62]. It was demonstrated that the half-life of 4 µg plasmids 
transfected to HEK293 cells using Lipofectamine 2000 is about 14 hours between days 1 and 2 post-transfection [61]. 
We transiently transfected 0.5 µg plasmids encoding YFP-tagged BoNT/A LC, WT-SNAP-25, or SNAP-25 (1–197) 
to HEK293 cells using Turbofect, collected cell lysates at various time points, and performed western blot analyses. 
BoNT/A LC was not detected after 5 days, while both WT SNAP-25 and SNAP-25 (1–197) proteins were still pres-
ent in cultures at the latest time point tested (Day 20) (Fig 4C). To further explore this phenomenon, we transiently 
transfected PC12 cells, which endogenously express SNAP-25, with BoNT/A LC to generate BoNT/A-cleaved SNAP-
25, collected samples at various time points, and detected BoNT/A LC and SNAP-25 (1–197) via western blots. Our 
results demonstrated that SNAP-25 (1–197), although at lower levels, was still detectable on Day 23, and BoNT/A LC 
protein was not detected after Day 10 (Fig 4D). Collectively, these data suggest that SNAP-25 (1–197) persists longer 
than BoNT/A LC in cells, which may have a role in the prolonged effects of BoNT/A-mediated poisoning (further dis-
cussed in the Discussion section).

BoNT/A-cleaved SNAP-25 fragment binds to syntaxin-1A, and the interaction is enhanced by Ser187 
phosphorylation

SNARE proteins are typically maintained in inactive conformations in cells to prevent untimely neurotransmitter release 
[63]. Switching to active conformation requires, as a first step, physical interaction of syntaxin-1A with SNAP-25, allowing 

bar graph. (C) BoNT/A - cleaved SNAP-25 is detected in HEK293 cells longer than BoNT/A LC. HEK293 cells were transiently transfected with plasmids 
encoding YFP-tagged BoNT/A LC (n = 4), WT SNAP-25 (n = 3), or SNAP-25 (1-197) (n = 3), and cell lysates were collected at the indicated time points 
and analyzed with western blotting with the specified antibodies. Western blot band quantification results were normalized to loading controls (β-Actin) 
that were reprobed in each blot, and the results are presented as mean ± SD. (D) SNAP-25 (1-197) persists longer than BoNT/A LC in PC12 cells. PC12 
cells were transiently transfected with YFP-tagged BoNT/A LC, samples were collected at the indicated time points, and subjected to immunoblotting. 
BoNT/A LC (detected by GFP) levels were determined upon normalization to the loading control. % SNAP-25 (1-197) compared to total SNAP-25 was 
calculated by measuring the intensities of SNAP-25 WT and SNAP-25 (1-197) bands in each time point. The statistical significance shown in the bar 
graphs represents the comparison of protein levels at each time point to the Day 1 level. ns: non-significant; *: P ≤ 0.05; **: P ≤ 0.01; ***: P ≤ 0.001.

https://doi.org/10.1371/journal.ppat.1013604.g004

https://doi.org/10.1371/journal.ppat.1013604.g004
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SNARE motif associations between these two proteins [64]. PMA-induced enhancement of SNAP-25 phosphorylation 
has been demonstrated to increase SNARE protein interactions as determined by immunoprecipitation [40]. Therefore, 
we have evaluated whether SNAP-25 (1–197) interacts with syntaxin-1A directly and whether Ser187 phosphorylation of 
the fragment impacts any such potential interaction. First, we transfected HA-tagged SNAP-25 (1–197) into PC12 cells, 
which endogenously express WT-SNAP-25 and syntaxin-1A, and conducted immunoprecipitation with anti-HA or IgG 
control antibodies. We PMA-treated cells to induce Ser187 phosphorylation of SNAP-25. We observed that SNAP-25 
(1–197) interacts with syntaxin-1A, and importantly, PMA treatment enhances the SNAP-25 (1–197)-syntaxin-1A interac-
tion (Fig 5A). Our results are consistent with previous literature suggesting that BoNT/A-cleaved SNAP-25 can interact 
with syntaxin-1A, and SNAP-25 phosphorylation at Ser187, only reported phosphorylation site in the SNARE domain at 
the C-terminus [65], enhances SNAP-25-syntaxin-1A interaction [38,40,43]. To further test our findings, we have trans-
fected BoNT/A LC plasmid into PC12 cells to achieve SNAP-25 cleavage, conducted immunoprecipitation using mono-
clonal anti-SNAP-25 antibodies, and explored syntaxin-1A pull-down with western blotting (Fig 5B). This approach is 
challenging because, while syntaxin-1A (~33kDa) can be easily detected with specific antibodies in western blot analy-
ses, light chain IgG band (~25 kDa) resulting from the IP can potentially hinder the SNAP-25 signal (~25 kDa) when the 
same blots were reprobed for SNAP-25. However, previous literature demonstrated that the SNAP-25 band can be sep-
arated from the IgG light chain band when immunoprecipitated samples are subjected to western blotting [66]. Similarly, 
we resolved the SNAP-25 signal, which was reprobed to each syntaxin-1A blot, and quantified syntaxin-1A pull down in 
each condition. The results suggested that SNAP-25 (1–197) interacts with syntaxin-1A, and that its level is higher than 
that of WT SNAP-25 -syntaxin-1A interaction. Overall, our data indicate that higher Ser187 phosphorylation provides a 
competitive advantage for SNAP-25 (1–197) over WT SNAP-25 for syntaxin-1A interaction and thereby SNARE complex 
participation.

PMA treatment exacerbates neurotransmitter release reduction under conditions of low-level SNAP-25 cleavage

To investigate whether enhanced phosphorylation of SNAP-25 influences neurotransmitter release, we conducted mass 
spectrometry-based analyses to analyze neurotransmitter release, particularly in conditions where only minimal SNAP-
25 cleavage was observed. As shown in Fig 5C a very low level of SNAP-25 cleavage was achieved, and we sought to 
measure dopamine levels released to the culture, as prior studies suggested that dopamine detection is more efficient 
and reliable in PC12 cells [67]. Our analyses revealed that a low level of SNAP-25 cleavage (~5%) led to a substantial 
reduction (~27%) in dopamine release (Fig 5D). This observation is consistent with previous reports demonstrating that 
even a small fraction of SNAP-25 (1–197) is sufficient to markedly inhibit neurotransmission [10,13–18], although the 
extent of inhibition may vary depending on the cell type and the specific assay employed. Importantly, PMA treatment 
further decreased neurotransmitter release when low levels of SNAP-25 cleavage were present (Fig 5C and 5D). In 
contrast, in the absence of SNAP-25 cleavage in normal cells, PMA treatment resulted in an aproximate 11% increase 
in dopamine release (Fig 5D). Although the precise mechanism by which PMA affects neuroexocytosis remains unclear, 
our observations are in agreement with earlier studies in PC12 cells demonstrating that 1µM PMA treatment enhances 
KCl-stimulated neuroexocytosis [68,69]. For example, PMA-mediated increases in neurotransmitter release ranging from 
approximately 20–40% have been reported in PC12 cells under high-K+ solution stimulation [40,51]. Taken together, 
our results suggest that the further reduction in dopamine release following PMA treatment under conditions of minimal 
SNAP-25 cleavage may be attributed to PMA-mediated phosphorylation of SNAP-25 (1–197). This provides a mecha-
nistic link between Ser187 phosphorylation of SNAP-25 (1–197) and its functional contribution to the dominant negative 
effect on neuroexocytosis.

To investigate whether SNAP-25 phosphorylation at Ser187 affects the thermal stability of SNARE complexes, we con-
ducted membrane extraction analyses similar to those shown in Fig 4 and assessed SNARE complexes under boiled and 
non-boiled conditions, upon PMA treatment, using western blotting (S2 Fig). Successful PMA treatment and membrane 
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extraction efficiency were confirmed (S2A Fig), and then total lysates, along with the soluble membrane and cytosolic 
fractions, were subjected to western blotting following thermal treatment at 95°C for 5 minutes or under non-boiled condi-
tions. The results indicate that SNARE complexes formed in the presence of PMA, leading to enhanced SNAP-25 Ser187 
phosphorylation, are not thermally stable (S2B Fig).

Fig 5.  SNAP-25 (1-197) binds to syntaxin-1A, and the interaction is enhanced by Ser187 phosphorylation. (A) PC12 cells were transfected with 
an HA-tagged SNAP-25 (1-197) plasmid and then treated with 1 µM PMA (a total of 1.5 hours). Immunoprecipitation (IP) was conducted using rabbit 
polyclonal anti-HA antibodies or normal rabbit IgGs. Input and IP samples were subjected to immunoblotting to detect the levels of the indicated markers. 
Blots are representative of 4 independent experiments. Syntaxin-1A band intensities were normalized to HA levels that were reprobed on the same IP 
blots. Syntaxin-1A intensity in the PMA-treated HA immunoprecipitates was compared to non-PMA-treated conditions. (B) PC12 cells were transfected 
with the BoNT/A LC plasmid, and 1 µM PMA treatment was conducted in the indicated samples (a total of 1.5 hours). Immunoprecipitation was carried 
out using mouse monoclonal anti-SNAP-25 or normal mouse IgGs. Western blotting was conducted to detect the levels of the indicated markers in both 
input and IP samples. Representative blots of 4 independent experiments are shown. Syntaxin-1A intensity normalized to SNAP-25 levels in each IP blot 
was quantified. ns: non-significant; *: P ≤ 0.05; **: P ≤ 0.01; ***: P ≤ 0.001. (C and D) PMA treatment further decreases neurotransmitter release when a 
low level of SNAP-25 cleavage is present. PC12 cells were transfected with 1 µg YFP-tagged BoNT/A LC and treated with and without 1 µM PMA. Dopa-
mine release was stimulated by high K+ solution treatment, and supernatant was analyzed via a triple quadruple LC-MS/MS system (Waters TQ-S Micro 
triple quadruple LC-MS/MS). (C) Cell lysates were collected following the high K+ solution treatment and subjected to immunoblotting. The percentage of 
cleaved SNAP-25 was calculated in each condition and presented in the bar graph. A separate, identical gel was run to assess PMA-mediated SNAP-25 
phosphorylation. β-Actin was used as a loading control. (D) Mass spectrometry analysis of dopamine release from PC12 cells. The bar graph demon-
strates the percentage of dopamine release relative to vehicle (DMSO) control. Data are representative of 3 independent experiments, and results are 
presented as mean ± SD. *: P ≤ 0.05; **: P ≤ 0.01; ***: P ≤ 0.001.

https://doi.org/10.1371/journal.ppat.1013604.g005

https://doi.org/10.1371/journal.ppat.1013604.g005


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013604  October 14, 2025 13 / 28

Molecular Modeling suggests that Ser187 phosphorylation changes the local dynamics and electrostatic 
signature of the SNARE complex while not affecting the overall binding ability of SNAP-25 to the complex

Finally, we performed molecular dynamics simulations of four variants of the SNAP-25 in the SNARE complex: WT 
SNAP-25, SNAP-25 (1–197), pSNAP-25 (Ser187), and pSNAP-25 (1–197) (Ser187) (i.e., BoNT/A-cleaved and 
Ser187-phosphorylated). It is important to note that our molecular modeling addressed the ternary SNARE complex 
and not earlier intermediates such as the syntaxin–SNAP-25 binary complex. In the absence of a high-resolution struc-
ture for this intermediate, modeling its behavior upon phosphorylation would require speculative assumptions and was 
therefore not attempted here. Our results are summarized in Fig 6. Overall, our simulations show no significant effect at 

Fig 6.  Molecular modeling suggests phosphorylation of Ser187 does not impact SNAP-25-SNARE complex binding, but changes its local dynam-
ics and electrostatic signature. The four panels summarize the results of molecular modeling on the SNARE complexes. (A) Focus on the local changes 
induced in the interaction pattern around Ser187 of SNAP-25 and the distribution of relevant inter-side chains distances along the simulations. (B) Binding 
energy is calculated for each fragment against the other three in the complex (1 vs 3) and for each pair of fragments individually (1 vs 1). The latter is given 
in a matrix representation with an averaged value and corresponding standard deviation for each considered SNARE complex. The residues included in 
the calculation of binding energy are highlighted in the upper part of the panel. (C) Focus on the local changes induced in the electrostatic potential around 
Ser187 of SNAP-25. (D) Free energy profiles for the unwinding process of a small peptide, representative of the sequence around Ser187 in SNAP-25.

https://doi.org/10.1371/journal.ppat.1013604.g006

https://doi.org/10.1371/journal.ppat.1013604.g006
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the scale of the whole complex upon cleavage and/or phosphorylation. The backbone RMSD time series provided in S1 
Fig indicate that the structure of the complex remains the same in all cases and is very stable during the dynamics. The 
value of RMSD and the amplitude of fluctuations are slightly reduced upon phosphorylation. A careful look at the atomic 
scale reveals a few critical local changes in interaction patterns around the phosphorylation site, Ser187. Fig 6A shows a 
close-up view of the complex in the region around Ser187 of SNAP-25. The two helices in the foreground are the N- and 
C-terminal domains of SNAP-25. In the absence of phosphorylation, three positively charged side chains of C-ter SNAP-
25 (Arg180, Lys184, and Arg191) interact with two glutamates of N-ter SNAP-25 (Glu61 and Glu75). These interactions 
are very stable along the dynamics as demonstrated by the distance distributions in the right panel of Fig 6A. Ser187 
phosphorylation of SNAP-25 changes this interaction pattern as Lys184 and Arg191 now engage in intra-helix interaction 
with pSer187 (phosphorylated Ser187), thus breaking some links with the N-terminal part of SNAP-25. This observation 
is also valid in the complex with pSNAP-25 (1–197) (Ser187) but the interaction partner of Arg191 oscillates between 
Glu75 and pSer187. In Fig 6B, we observe that the interaction changes have an effect on the binding energy between 
fragments of the SNARE complex. The binding of syntaxin-1A to the other three helices is not affected by any change in 
C-ter SNAP-25, which is understandable considering that these two fragments do not interact directly with each other. 
VAMP2 binding is only affected by cleavage. About 15 kcal mol-1 of binding strength is lost when the C-ter part of SNAP-
25 is cleaved and phosphorylation has no effect on VAMP2 since Ser187 points towards the N-terminal part of SNAP-25. 
In the 1 vs 1 matrix representation of binding energy, we show the decomposition of the overall binding of each fragment 
to the others. The binding of VAMP2 to C-ter SNAP-25 is about -60 kcal mol-1 regardless of the phosphorylation state 
of Ser187, while it becomes about -45 kcal mol-1 upon cleavage. Comparing the binding of N-ter and C-ter SNAP-25 in 
the wild-type and cleaved complexes, we observe a similar trend, with about 10 kcal mol-1 decrease in binding strength. 
Comparing SNAP-25 and pSNAP-25 (Ser187) shows that phosphorylation has the same 10 kcal mol-1 effect as cleavage 
does. Interestingly, the two effects are not cumulative as SNAP-25 and pSNAP-25 (1–197)(Ser187) show only a 10 kcal 
mol-1 difference in binding energy between the two SNARE domains of SNAP-25. One significant difference between 
all variants considered in this work and pSNAP-25 (1–197) (Ser187) is in the magnitude of the standard deviation for 
the binding energy between the two SNAP-25 helices. While it is only a few units for all pairs of fragments, it reaches 
16 kcal mol-1 in the latter case, indicating that the complex with pSNAP-25 (1–197)(Ser187) shows a greater flexibility 
in its binding pattern compared to the other three. This is in line with the above report that Arg191 can change binding 
partners between Glu75 and pSer187 only in the case of a cleaved and phosphorylated SNAP-25. Comparing with the 
backbone RMSD time series (S1 Fig) confirms that this fluctuation is only due to side chains and not to a change in the 
overall structure of the complex. The change in interaction pattern induced by phosphorylation also affects the electro-
static potential on the surface in the region around Ser187, as demonstrated in Fig 6C. Therein, one can see that the two 
non-phosphorylated complexes have the same electrostatic signature, with a neutral or positive and rather rough surface 
around Ser187, while the pattern changes upon phosphorylation. In the latter case, the holes are closed and the neutral 
and positive regions disappear to give place to a more negative surface. Finally, we investigated the effect of phosphor-
ylation and the concurrent formation of strong interactions between pSer187 and neighboring residues on the stability 
of the helical secondary structure. As reported above, Lys184 and Arg191 only engage in interactions with Ser187 when 
the latter is phosphorylated. We simulated a short peptide reproducing the direct environment of Ser187 and measured 
the helical strength via umbrella sampling. Our strategy follows a similar approach to that of Park et al. [70]. When 
stretching the wild-type peptide (with canonical Ser187), the free energy profile is fairly flat up to a distance of 14.0 Å 
between the two end α-carbon atoms. When Ser187 is phosphorylated, however, its strong interaction with Lys184 and 
Arg191 significantly stabilizes the helical structure as the energy rises sharply when the distance is moved away from its 
minimum at 10.8 Å. The phosphorylation of Ser187 appears to significantly increase the helical strength of this portion of 
the sequence in C-ter SNAP-25.
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Discussion

This work provides mechanistic insights into how BoNT/A-cleaved SNAP-25 has a dominant-negative effect on neuroexo-
cytosis. SNAP-25 (1–197) has long been hypothesized to inhibit neurotransmitter release by competing with WT SNAP-
25 for SNARE complexes [10–12]. This hypothesis is supported by findings from multiple groups that BoNT/A-mediated 
truncation of only a very small fraction of the total SNAP-25 pool is sufficient to significantly inhibit neuroexocytosis. On 
the contrary, BoNT/E-mediated cleavage of SNAP-25 levels correlates well with the related inhibition of exocytosis. One 
hypothesis for this serotype difference is that BoNT/E-mediated cleavage products may not compete with WT SNAP-25 
to produce a dominant-negative effect. However, the molecular mechanisms underlying the potential dominant-negative 
roles of cleaved fragments were unknown. The C-terminal cleaved part of the SNAP-25 is important for proper neuroexo-
cytosis [19,20], as BoNT/A-truncated SNAP-25, SNAP-25 (1–197), inhibits neuroexocytosis [24]. It has been shown that 
BoNT/E-mediated SNAP-25 cleavage leads to the dissociation of syntaxin/SNAP-25 interaction, resulting in SNAP-25 
dissociating from the plasma membrane [71]. However, SNAP-25 (1–197) localizes to the membrane [27] (Fig 4), and the 
interaction between SNAP-25 and syntaxin-1A persists even after BoNT/A-mediated SNAP-25 cleavage and still forms 
stable SNARE complexes [28,29]. Considering the differences between BoNT/A and/E-generated SNAP-25 fragments, 
the SNAP-25 sequence between Ile181 and Gln197, which is present on BoNT/A-cleaved SNAP-25 but not in that of 
BoNT/E, is likely crucial for SNARE complex stability [29]. This region includes only one reported phosphorylation residue 
(Ser 187). Our findings demonstrate that Ser187 is heavily phosphorylated in SNAP-25 (1–197) fragments (Figs 1–4), 
whereas SNAP-25 (1–180) does not contain the residue. Importantly, Ser187-phosphorylated SNAP-25 (1–197) frag-
ments are membrane-associated (Fig 4), show enhanced co-immunoprecipitation with syntaxin-1A (Fig 5A and 5B), and 
form stable SNARE complexes (Fig 6). While our modeling did not support increased thermodynamic binding affinity, con-
sistent with the spatial separation between Ser187 and the syntaxin interface, the experimental data suggest that phos-
phorylation may alter early binding kinetics or complex dynamics. Together, these findings support the idea that SNAP-25 
(1–197), once phosphorylated, acts as a dominant-negative form not by preventing SNARE complex formation, but by cre-
ating functionally inert complexes that outcompete WT SNAP-25. As a result, neuroexocytosis is severely compromised, 
as SNAP-25 (1–197) participating SNAREs cannot complete neurotransmitter release [24] (Fig 7). These results align with 
previous findings that BoNT/A-mediated SNAP-25 cleavage does not affect SNARE formation but leads to vesicle docking 
defects at the plasma membrane, resulting in very drastic inhibition of vesicle fusion [17].

Previous research demonstrated that BoNT/A-mediated inhibition of neuroexocytosis lasts the longest compared to 
other human botulism-causing serotypes [58,72,73], though the underlying molecular mechanisms are not well under-
stood. For example, BoNT/A intoxication can exhibit effects for several months, while the biological effects of BoNT/E last 
only a few weeks in humans [25,57,58]. A commonly accepted hypothesis regarding the long-lasting effects of BoNT/A 
is that the duration of the BoNT/A-mediated paralysis solely depends on the cytosolic lifetime of the BoNT/A LC [9]. This 
hypothesis was supported by findings that BoNT/A LC avoids proteasomal degradation, despite efficient ubiquitination, 
via the dominant function of VCIP135 deubiquitinase, while BoNT/E LC is efficiently ubiquitinated and degraded in cells 
[59,60]. Nonetheless, whether BoNT/A LC can evade degradation in cells for many months is unclear. BoNT/A-cleaved 
SNAP-25 has been previously detected in primary rat spinal cord neurons for at least 10 months [55]. Similarly, cleaved 
SNAP-25 was shown to be detectable after 12 months in rat brains injected with 1 ng of BoNT/A [56]. However, the read-
out in these studies was SNAP-25 truncation, and it is unclear whether the toxin remained intact and active for such a long 
time or whether previously cleaved SNAP-25 survived. A second hypothesis suggests that a small fraction of total SNAP-
25 may be actively involved in neuroexocytosis, and cleavage of such a pool by BoNT/A inhibits neurotransmission. How-
ever, this hypothesis does not explain the correlation between BoNT/E-mediated cleavage and exocytosis inhibition, as all 
the SNAP-25 appears accessible to BoNT/E [13,14]. A third hypothesis suggests that the persistence of BoNT/A-cleaved 
SNAP-25, independent from the continuous presence of BoNT/A, occurs through a dominant-negative mechanism of 
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action [10–12]. SNAP-25 (1–197) has been observed to be present in cultures for more than multiple months [55,72], 
and SNAP-25 (1–197) is more stable than SNAP-25 (1–180) [10]. Our findings from this study support this hypothesis 
and suggest that Ser187-phosphorylated SNAP-25 (1–197) may interfere with normal functions of WT SNAP-25 in a 
dominant-negative manner, and that this interference may be critical for the observed prolonged effects of BoNT/A.

While our work here mainly addresses the intra-complex effect of SNAP-25 (1–197), it is important to recognize that 
alternative or concurrent mechanisms may exist. Specifically, the altered electrostatics and conformational dynamics intro-
duced by Ser187 phosphorylation of SNAP-25(1–197) may affect interactions beyond the core SNARE complex. In par-
ticular, such modifications could lead to sequesteration of SNARE-associated proteins or interfere with accessory factors 
involved in vesicle docking and priming. Such hetero-complex disruptions may amplify the functional blockade and help 
explain the disproportionate impact of a relatively small pool of cleaved SNAP-25 molecules on neurotransmitter release. 
A radial SNARE supercomplex model, emphasizing the spatial arrangement of SNARE motifs to form a larger octameric 
ring, has been proposed with experimental evidence in Drosophila [11,12,74], which may be the potential underlying 
mechanism of the dominant negative effect of SNAP-25 (1–197). However, direct experimental evidence demonstrating 
the incorporation of cleaved SNAP-25 acting as a dominant-negative factor within an octomeric SNARE super complex in 
mammals is currently lacking [75]. Although there is no consensus on the precise number of SNAREs per vesicle required 
for facilitating neurotransmission, previous work suggested that as few as one to three SNARE complexes can suffice 
for membrane fusion [76–82]. Nonetheless, higher-order assemblies, including hexameric SNARE complexes, have also 
been reported in mammalian neuroexocytosis [83–85], which can potentially form symmetric, ring-like structures [86,87]. 
This raises the possibility that cleaved SNAP-25 may impair the cooperative function of multiple SNARE complexes. 
Importantly, this mechanism is not mutually exclusive with impairment at the level of individual complexes, and both pro-
cesses may co-exist and jointly account for the observed functional consequences. Future work should elucidate whether 
pSNAP (1–197) (Ser187), when incorporated into individual SNARE complexes, perturbs the organization and dynamics 
of higher-order SNARE assemblies.

We determined that BoNT/A-cleaved SNAP-25 survives longer than the BoNT/A LC protein in cells. Long-lasting 
BoNT/A effects have been primarily correlated to the long half-life of the BoNT/A LC itself; however, time course 

Fig 7.  Proposed model of the mechanism underlying the dominant negative effect of BoNT/A cleaved SNAP-25 on neurotransmitter release. 
(1) BoNT/A LC cleaves SNAP-25; (2) Cleaved fragment, SNAP-25 (1-197), stays on the membrane; (3) SNAP-25 (1-197) gets efficiently phosphorylated 
at Ser187 residue; (4) Ser187 phosphorylation provides a competitive advantage for SNAP-25 (1-197) for syntaxin-1A binding over WT SNAP-25, which 
can lead to a dominant-negative effect.

https://doi.org/10.1371/journal.ppat.1013604.g007

https://doi.org/10.1371/journal.ppat.1013604.g007
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experiments revealed that BoNT/A-cleaved SNAP-25 was detectable in cells at least 23 days after (the latest time point 
tested in PC12 cells), while BoNT/A LC was not detected after 10 days (Fig 4C and 4D). Previous work suggested that 
the SNAP-25 protein has a relatively short half-life. For example, SNAP-25 half-life was calculated to be about 10 hours 
in PC12 cells [88] and 35 hours in in vitro-maturated rat primary neurons [89]. In the above studies, despite a substantial 
reduction, a detectable SNAP-25 level was still present in the latest time point tested. This observation is important, as 
previously discussed, because a fraction of SNAP-25 (1–197) can sufficiently inhibit exocytosis. It is important to note 
that BoNT/A LC versus SNAP-25 (1–197) longevity experiments in this study have several methodological limitations. 
First, the approach is based on overexpression of both proteins, without normalization for the initial number of molecules 
expressed, which may affect time-dependent comparisons of protein degradation. Second, the use of different antibodies 
for BoNT/A LC (GFP antibody was utilized) and SNAP-25 (1–197) introduces potential bias due to differences in epitope 
affinity and detection sensitivity. Third, although the relative levels of the proteins appear to be gone, BoNT/A LC enzyme 
may remain active below the detection threshold of western blotting, continuing to cleave SNAP-25 even in the appar-
ent absence of detectable enzyme. Fourth, the BoNT/A LC includes a tag, which could potentially affect its intracellular 
BoNT/A LC degradation kinetics. Consequently, the persistent SNAP-25 (1–197) signal may reflect a combination of LC/A 
persistence and the stability of SNAP-25 (1–197) fragments, rather than the longevity of SNAP-25 (1–197) alone. These 
limitations highlight the need for future studies to further explore SNAP-25 (1–197) longevity in comparison to BoNT/A LC 
and WT SNAP-25. Taken together, based on our findings, we propose that SNAP-25 persistence may reflect both BoNT/A 
LC stability and the longevity of cleaved SNAP-25 fragments.

A number of modeling studies of the SNARE complex have been published over the past few years [90–94], and 
some of them were summarized in short reviews [95,96]. The remarkable work by Sharma and Lindau, involving coarse 
grain models, revealed great details of the fusion process [93]. In particular, the authors highlighted that simulations 
with SNAP-25 (1–197) (designated SNAP-25Δ9 in the article) allow stalk formation but inhibit further steps of the fusion 
mechanism. Similarly, mutation of the C-terminal region of VAMP2 by the addition of two lysines (named syb2-KK in the 
article) produces the same effect as cleaving SNAP-25, yet with a different mechanism. In the latter case, the added 
positively charged side chains strongly interact with the membrane’s negatively charged head groups, which effectively 
stabilizes the complex at the surface of the membrane. It is worth noting that while these two mutations consist of fairly 
small, local changes near the linker region of the SNARE complex, they have a dramatic impact on the biological process 
in which the complex is involved. Similarly, the local changes observed in our simulations upon phosphorylation of Ser187 
are expected to have an impact on the role of the SNARE complex. As demonstrated in various models cited above, the 
C-terminal part of the two helices of SNAP-25 in the SNARE complex is in close contact with negatively charged heads 
of phospholipids at the membrane surface in the early stage of the fusion mechanism. The drastic change in electrostatic 
signature from neutral/positive to mostly negative after phosphorylation of Ser187 may affect the fusion process. It is 
unclear, however, if the increased rigidity of the helical structure around the phosphorylation site, as our models suggest, 
impacts the zippering mechanism in one way or another. Nevertheless, considering how tightly controlled the fusion 
process is, it is likely that any deviation from the optimal behavior of the SNARE complex can block exocytosis. Overall, 
our models of the full SNARE complex illustrate that its formation is not impaired by cleavage and/or phosphorylation, 
and the resulting structure appears similarly stable, which is consistent with previous studies [28,29]. However, phosphor-
ylation induces local changes in the conformational dynamics and electrostatic profile of the C-terminal region near the 
membrane interface, which may significantly disrupt downstream steps in the fusion mechanism. It has been suggested 
that cleavage of SNAP-25 does not prevent SNARE complex formation, but cleavage might impair the fusion event [97]. 
Combining our experimental and computational findings, we can infer that cleavage not only directly impacts fusion but 
also promotes Ser187 phosphorylation within SNAP-25, which in turn affects the function of the SNARE complex without 
preventing its formation. These results suggest that further studies on the role of Ser187 phosphorylation will provide fur-
ther impactful insights into SNAP-25 and BoNT/A function. Replicating the fusion models by Sharma and Lindau [93] with 
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phosphorylated Ser187 would likely be particularly valuable. While our data support a mechanism in which functionally 
inert SNARE complexes block productive usage, we also acknowledge that SNAP-25 (1–197), particularly when phos-
phorylated at Ser187, could disrupt additional protein-protein interactions involved in SNARE regulation or recycling. Such 
interference, whether through sequestration or altered docking dynamics, may further reinforce the blockade and contrib-
ute to long-lasting functional inhibition. Although these effects were not directly addressed in our modeling, they represent 
promising avenues for future investigation.

Previous studies have shown that Ser187 phosphorylation of SNAP-25 enhances secretion in various cell lines  
[32,37–40]. Furthermore, investigations using a genetically modified mouse model in which Ser187 was substituted with 
alanine suggested that this phosphorylation site plays functional roles in vivo, as evidenced by defects in serotonin and 
dopamine release [33], impairments in working memory [34], alterations in basal synaptic transmission [35], and suscep-
tibility to epilepsy-related seizures [36]. However, these findings have been questioned, with some studies proposing that 
Ser187 phosphorylation of SNAP-25 is not crucial for neurotransmitter release [41,42]. Our results in this work support 
prior in vitro and in vivo studies that Ser187 phosphorylation of SNAP-25 has functional significance (Fig 5C and 5D). 
Multiple groups have established that the Ser187 phosphorylation enhances syntaxin/SNAP-25 interaction, leading to 
enhanced SNARE complex assembly [38,40,43]. Our co-immunoprecipitation data (Fig 5A and 5B) support increased 
association between Ser187 phosphorylated SNAP-25 (1–197) and syntaxin-1A in cells. This enhanced association may 
reflect either increased intrinsic affinity or greater kinetic stability of the complex. Co-immunoprecipitation experiments 
cannot distinguish between these possibilities. Our molecular modeling, performed on the full SNARE complex, did not 
support a direct effect of Ser187 phosphorylation on complex thermodynamic stability (Fig 6), consistent with the location 
of Ser187 being distant from the syntaxin interface. This suggests that phosphorylation may impact early complex forma-
tion or post-assembly steps, rather than thermodynamic stabilization.

Another important finding of this work is that the increased SNAP-25 phosphorylation upon BoNT-mediated cleavage 
is Ser187-specific. Ser187 and Thr138 are the only phosphorylation events with functional consequences reported for 
SNAP-25. Previous research suggested that Thr138 negatively regulates SNARE formation by decreasing SNAP-25 bind-
ing to syntaxin [38,40,44], which is opposite to the effects of Ser187 [38,40,43]. Our work suggests that BoNTA-mediated 
removal of 9 amino acids from the SNAP-25 C-terminus may expose Ser187 for efficient phosphorylation by PKC. Given 
that Thr138 is a crucial SNAP-25 phosphorylation residue, future work elucidating the role of Thr138 phosphorylation 
in SNARE regulation may further inform how exocytosis is regulated in the presence or absence of BoNT intoxication. 
Computationally, while we did not model the role of Thr138 phosphorylation in this work, a visual inspection of the crys-
tal structure with PDB-ID 1SCF is nonetheless informative when interpreted in light of our findings for Ser187. Thr138 is 
located at the C-terminal end of the linker loop that bridges the N- and C-terminal regions of SNAP-25 and is involved in 
a turn secondary structure [92]. Similarly to Ser187, Thr138 is surrounded by positively charged groups in the SNAP-25 
sequence, i.e., Arg135, Arg136, and Arg142. Thr138 phosphorylation could be inferred to have a similar impact to Ser187 
phosphorylation, i.e., forcing interactions between positively charged side chains and the phosphorylated hydroxy group. 
In the case of Ser187, we showed that it stabilizes the helical structure, which is necessary for forming the SNARE com-
plex. However, disrupting the turn motif around Thr138 could prevent proper positioning and eventually the binding of the 
N- and C-terminal parts of SNAP-25 in the SNARE complex. Modeling this hypothesis should, however, be the focus of a 
dedicated study.

In summary, this study provides mechanistic insights into the dominant-negative effect of BoNT/A-cleaved SNAP-25 
on neurotransmitter release. Our work has therapeutic implications for countering BoNT/A intoxication through at least 
two distinct mechanisms. First, targeting SNAP-25 Ser187 phosphorylation may facilitate the discovery of novel anti-
BoNT/A therapeutics, which can be achieved through either kinase inhibitors or phosphatase activators. Compared to 
phosphatase modulators, there have been significant advancements in the development of kinase inhibitors. There are 88 
different FDA-approved kinase inhibitors targeting more than 20 different kinases [98], although the majority of which are 
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approved for oncological conditions, these inhibitors hold potential for other diseases, including those affecting the human 
nervous system. However, within the BoNT intoxication context, this approach would require targeted delivery to motor 
neuron end terminals to reach a therapeutic dose, as global inhibition of kinases or activation of phosphatases may lead 
to widespread off-target effects, emphasizing the need for spatially controlled delivery methodologies. The second chal-
lenge is that the selective reduction in the SNAP-25 (1–197), without disturbing WT SNAP-25 phosphorylation dynamics, 
is required to counter BoNT/A intoxication without disturbing normal SNAP-25 function in exocytosis. Secondly, increasing 
the turnover of SNAP-25 (1–197) regardless of its phosphorylation state might have a therapeutic value, as our work high-
lights the importance of the clearance of SNAP-25 (1–197) regardless of its phosphorylation state. Targeted degradation 
of SNAP-25 (1–197) in BoNT/A intoxicated neurons could mitigate the effects of the toxin without affecting WT SNAP-25 
function. Given that multiple research groups have already developed antibodies that selectively detect SNAP-25 (1–197) 
but not WT SNAP-25 [99–105], this highlights the potential feasibility of selective degraders to specifically eliminate the 
cleaved fragment. Furthermore, advances in Proteolysis-targeting chimeras (PROTAC)-mediated degradation of BoNT/A 
[106] and neuronal delivery methodologies against the toxin [107,108] may facilitate the development of selective SNAP-
25 degraders. Since SNAP-25 (1–197) remains anchored to the cytosolic leaflet of the plasma membrane, which is a 
barrier for applying classical PROTACs, alternative intracellular degradation strategies such as AUTACs, ATTECs, and 
Trim-Away may represent more suitable approaches, as they can target cytosolic-facing proteins via autophagy- or 
proteosome-mediated pathways [109,110]. Targeting the SNAP-25 (1–197) fragment in this way could restore normal 
neuroexocytosis without compromising the essential functions of intact SNAP-25. Regulating the degradation kinetics of 
SNAP-25 (1–197) that may enable more precise control over BoNT intoxication can also offer potential benefits for clinical 
applications.

Materials and methods

Mouse and human embryonic stem cell (ESC) culture and their directed differentiation to motor neurons

Mouse ESC line (HBG3) was cultured and differentiated into motor neurons based on our previously established protocols 
[111–113]. H9 human ESC line (WA09) was purchased from WiCell Research Institute, University of Wisconsin-Madison, 
and was cultured and differentiated into motor neurons to use in BoNT studies based on our previous studies [114,115].

Plasmids

Mammalian expression clones of both WT SNAP-25b and SNAP-25b (1–197) were generated by the Protein Expression 
Laboratory, Advanced Technology Program, SAIC-Frederick. All plasmids were subcloned using the Gateway system into 
new vectors. Human cDNAs of WT SNAP-25b, SNAP-25b (1–197), HA-SNAP-25b (1–197), and the following base pair 
mutations, SNAP-25 S187A and SNAP-25 S187D, were generated and cloned into the mammalian expression vector 
pcDNA3.1 + neo (Thermo Fisher) for protein expression studies. YFP-tagged BoNT/A LC plasmid was a kind gift from Dr. 
Yien Che Tsai (NCI-Frederick, NIH, USA).

Cell culture, transfections, and membrane extraction experiments

PC12 cells were cultured on gelatin and collagen-coated plates in a growth medium including High-Glucose DMEM, 
5% FBS, 10% Heat-inactivated Horse Serum, and 1%Pen-Strep. For the cultivation of the HEK293 cell line, the media 
included High-Glucose DMEM, 10% FBS, 1%GlutaMAX, and 1% Pen-Strep. SH-SY5Y cells were cultivated in a growth 
medium containing advanced DMEM-F12, 10% FBS, and 1% Pen-Strep. All three cell lines were incubated at 37°C, with 
5% CO

2
. Transient transfections in HEK293 cells were performed with Turbofect (Thermo Fisher, R0533) or X-tremeGENE 

9 DNA (Roche, 06365787001) transfection reagents using 1 μg plasmid DNA unless otherwise stated. Phorbol 
12-myristate 13-acetate (PMA) (Sigma-Aldrich, P8139) was utilized as a PKC activator, and the treatment conditions are 



PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013604  October 14, 2025 20 / 28

described within the figure legends. In the protein stability experiments demonstrated in Fig 4C, plasmids encoding YFP-
tagged BoNT/A LC, WT SNAP-25, or SNAP-25 (1–197) were transiently transfected to HEK293 cells at equal amounts 
(0.5 μg of plasmid DNA), and the cell lysates were collected on days 1, 2, 3, 5, 10, and 20. PC12 cells were transiently 
transfected with plasmids using Lipofectamine2000 (Thermo Fisher, 11668019) or X-tremeGENE 9 DNA transfection 
reagents. For the protein stability experiments described in Fig 4D 1 μg of YFP-tagged BoNT/A LC plasmid DNA was 
transfected to PC12 cells, and cell lysates were collected on days 1, 2, 5,10,19, 21, and 23. For the membrane extraction 
experiments, Mem-PER Membrane Protein Extraction Kit (ThermoFisher, 89842) was used according to the manufactur-
er’s protocol, using HEK293 cells (Fig 4A), which were co-transfected with plasmids encoding WT SNAP-25 and SNAP-25 
(1–197), or PC12 cells (Fig 4B), which were transfected with BoNT/A LC plasmid. For the thermal stability experiments 
of SNARE proteins presented in S2 Fig, total lysates, soluble membrane fractions, and cytosolic fractions obtained after 
membrane extraction were analyzed by western blotting under both boiled (5 minutes at 95°C) and non-boiled conditions.

BoNT/A holotoxin intoxication experiments

BoNT/A1 holotoxin was purchased from MetaBiologics (Madison, WI, USA), and 10 nM BoNTA holotoxin was utilized 
in PC12, SH-SY5Y, and HEK293 culture experiments with a total of 72 hours of intoxication time. Mouse and human 
ESC-derived motor neurons were intoxicated using 500 pM BoNT/A1 holotoxin, except in Fig 2E, which utilized increas-
ing concentrations (with 0.5 nM to 20 nM) of the toxin, and tested for a four-hour incubation period at 37°C, as these cells 
are more sensitive to the toxin [114,115]. Toosendanin (1 µM) and Bafilomycin A1 (10 nM), known BoNT/A inhibitors, were 
added to the cultures 30 minutes before the addition of BoNT/A holotoxin as positive controls [115,116].

Immunoblotting and quantification

For immunoblotting analyses, cells were lysed in NP-40 lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris pH 8.0, dH2O), 
including phosphatase and protease inhibitors. Samples were centrifuged at 13400 rcf for 20 minutes at +4°C, and the 
total protein content was determined using Bradford or BCA assays. Samples were boiled at 95°C for 5 minutes and then 
run on 12% SDS-PAGE gels and transferred onto PVDF membranes. Membranes were first blocked with 5% skimmed 
milk or BSA in TBS-T solutions and then blotted with primary antibody overnight at 4°C. Antibodies utilized in immunoblot-
ting analyses included total SNAP-25 (BioLegend, 836304, RRID: AB_2566521) Phospho-Ser187 SNAP-25 (Phospho-
Solutions, p1558-187, RRID: AB_2492239 or Abgent, AW5468), Phospho-Thr138 (Abgent, AP15001a), Anti-syntaxin-1A 
(Sigma-Aldrich, S0664, RRID: AB_477483 or BioLegend, 827001, RRID: AB_2564907), Sortilin (BD Biosciences, 612101, 
RRID: AB_399472), GAPDH (Santa Cruz Biotechnology, sc-365062, RRID: AB_10847862), β-actin HRP (Santa Cruz 
Biotechnology, sc-47778 HRP, RRID: AB_2714189), GFP (Thermo Fisher, A-11122, RRID: AB_221569 or Santa Cruz 
Biotechnology, sc-9996, RRID: AB_627695), HA-HRP(Roche, 12013819001, RRID: AB_390917), and Anti-HA (Sigma-
Aldrich, H6908, RRID: AB_260070). β-actin and GAPDH were used as loading controls. Western blot imaging and band 
quantification were performed using SynGene Software, and the results are presented as mean ± SD. The quantification 
values of control samples were calculated, and the average control protein levels were set as 100% for normalization. 
Subsequently, quantification values for other experimental conditions were calculated as a ratio of their respective control 
values. Data was normalized to loading controls where appropriate. The extent of % pSNAP-25 Ser187 phosphorylation 
was normalized to the corresponding total SNAP-25 levels.

Immunoprecipitation

For HA-Immunoprecipitations shown in Fig 5A, PC12 cells were transfected with 2 µg/well HA-tagged SNAP-25 
(1–197) plasmid for 18 hours. The indicated samples were then incubated with 1µM PMA for 1.5 hours. Cells were 
lysed, processed, and incubated with Protein A magnetic beads (Biorad, 161–4013) and rabbit polyclonal Anti-HA anti-
body overnight. Normal rabbit IgG antibodies (Santa Cruz Biotechnology, sc-2027, RRID: AB_737197) served as an 
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immunoprecipitation control. Following the incubations, the beads were washed with PBS-T 3 times, followed by the addi-
tion of 4X Laemmli sample buffer. The samples were heated at 70°C for 10 min; the beads were magnetized, and eluted 
proteins were analyzed by immunoblotting.

For SNAP-25 immunoprecipitations shown in Fig 5B, PC12 cells were transfected with 2 µg/well BoNT/A LC plasmid for 
18h, followed by 1µM PMA treatment to the indicated samples for 1.5 hours. Cell lysates were processed and incubated 
with Protein G magnetic beads (BioRad, 161–4023) and mouse monoclonal anti-SNAP-25 antibody overnight. Normal 
mouse IgGs (Santa Cruz Biotechnology, sc-2025, RRID: AB_737182) were utilized as an immunoprecipitation control. 
Immunoprecipitated samples were run on 12% SDS-PAGE gels for 6 hours to separate the SNAP-25 signal from the IgG 
light chain band.

Neurotransmitter release detection with mass spectrometry-based analyses

PC12 cells were transiently transfected with 1 µg YFP-tagged BoNT/A LC under conditions to achieve a low level of 
SNAP-25 cleavage and treated with and without 1 µM PMA for 30 minutes. To stimulate neurotransmitter release, the 
cells were treated with a high K+ solution (95 mM NaCl, 50 mM KCl, 1.2 mM KH

2
PO

4
, 2.5 mM CaCl

2
, 1.2 mM MgSO

4
, 11 mM 

glucose, 15 mM HEPES-Tris, pH 7.4) as demonstrated in the literature [117], and the supernatant was collected for MS 
analysis. Cells in each condition were lysed in NP-40 lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris, pH 8.0, dH2O), 
including phosphatase and protease inhibitors for further immunoblotting analyses. Experiments were repeated, inde-
pendently, three times. For the mass spectrometry analyses, which were conducted by Duzen Laboratory Group (Ankara, 
Turkiye), samples were prepared using solid phase extraction with Alumina, followed by elution with acetonitrile solution 
containing 2% formic acid (95:5; v:v). A deuterium-labeled internal standard (dopamine-D4) was incorporated for quan-
tification. A volume of 20 µL of each sample was injected into a Waters TQ-S Micro triple quadruple LC-MS/MS system, 
equipped with an ACE 5 C18 column (150 × 4.6 mm). 2% methanol solution containing 0.1% formic acid was used as the 
mobile phase. The method parameters were set as follows: capillary voltage, 0.50 kV; drying gas flow rate, 900L/h; and 
drying gas temperature, 600°C. Analyte detection was performed in positive ion mode using Multiple Reaction Monitoring 
(MRM) mode, and the mass-to-charge ratio (m/z) for dopamine was determined as 154 > 119 ([M + H]).

Molecular modeling

Molecular dynamics simulations were performed with the CUDA accelerated version of pmemd in Amber20 [118,119] 
for four different complexes. Preparation of the systems and analyses were performed with the AmberTools21 pack-
age. The starting structure for all models was the crystal structure of the SNARE complex with PDB-ID 1SFC [120]. The 
structure contains four SNARE complexes, and the first one was selected for all the models presented in this work. It 
contains VAMP2 (25–93), syntaxin-1A (188–259), and two fragments of SNAP-25, i.e., N-ter (7–83) and C-ter (131–204). 
The structure was used as is for the wild-type complex, which we further refer to as SNAP-25. A cleaved version of the 
complex was prepared by deleting residues 198–204 in the C-ter helix of SNAP-25 and is further referred to as SNAP-
25 (1–197) for consistency with the experimental part of the present article. SNAP-25 and SNAP-25 (1–197) were then 
phosphorylated at Ser187, and the resulting models are respectively named pSNAP-25 (Ser187) and pSNAP-25 (1–197) 
(Ser187). All models were solvated in a truncated octahedron-shaped box of TIP4Pew water molecules [121] with a buffer 
region set to 10 Å. Standard amino acids were represented with the ff14SB forcefield [122], and phosphoserines were 
modeled with parameters adapted from the work by Homeyer et al. [123]. Each simulation box was neutralized and ion-
ized with sodium and chloride ions to reach an approximate salt concentration of 0.15 M. Molecular dynamics simulations 
were performed with a time step of 2 fs with periodic boundary conditions and particle mesh Ewald to treat long-range 
interactions with a real space cutoff of 12.0 Å. The SHAKE algorithm was used to constrain bonds involving hydrogen 
atoms. A gradual heat-up procedure was used to bring the systems to a target temperature of 300 K, starting in the NVT 
ensemble at a low temperature and switching to NPT at 150 K and higher. Production runs were performed for 750 ns in 
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the NPT ensemble with the Anderson thermostat (collision frequency of 2.0 ps-1) and the Berendsen barostat with default 
settings. Each simulation was replicated once, leading to a total of 1.5 μs for each complex. The backbone RMSD time 
series of the simulations are reported as Supplementary Information (S1 Fig).

Analysis and postprocessing of the simulations were performed on the last 300 ns of each simulation to ensure that 
the results are representative of an equilibrium state of the systems under investigation. Binding free energies between 
fragments were calculated via the MMGBSA protocol, with an in-house code allowing decomposing the energy into indi-
vidual components. Only residues 54–88 of VAMP2, 224–258 of syntaxin-1A, and 51–82 and 173–203 (or 173–197 when 
cleaved) of SNAP-25 were included in order to focus the analysis on the local changes around the cleavage and phos-
phorylation sites. Analysis of selected distances was performed with cpptraj of AmberTools21. Electrostatic potential was 
calculated via the Delphi web server [124,125].

The helical strength of a short peptide (i.e., ACE-LYS-ALA-ASP-SER-ASN-LYS-THR-ARG-NME) was investigated via 
umbrella sampling to mimic the local environment of Ser187 in SNAP-25. Two peptides were studied, with canonical and 
phosphorylated serine. After preparation, solvation, and equilibration of the systems in the same conditions as for the 
large complexes described above, the distance between the α-carbon atoms of the N-ter lysine and the C-ter arginine was 
stretched in 17 consecutive windows from 10.0 to 18.0 Å with a step of 0.5 Å and a force constant of 16.0 kcal mol-1 Å-2 
(i.e., 8.0 kcal mol-1 Å-2 in Amber’s input). The potential of mean force was then obtained via the WHAM program [126]. For 
each peptide, the umbrella sampling simulation was performed 50 independent times and the profiles were averaged for 
final analysis.

Statistical analyses

Statistical significance was calculated using GraphPad Prism software for all statistical analyses, and the data repre-
sent mean ± SD from at least 3 biological replicates within the figures. Unpaired two-tailed Student’s t-test was utilized 
in the analyses of Figs 1A, 1C, 3A, 4A, 4B, 5A, and 5C, while two-way ANOVA followed by post hoc Tukey’s multiple 
comparison test was utilized for multiple groups in Figs 3C, 3D, 4C, and 4D. One-way ANOVA followed by post-hoc 
Dunnet’s multiple comparison tests was utilized in Figs 1B, 1D, 2B, 2D, and 5B, and one-way ANOVA followed by post 
hoc Tukey’s multiple comparison test was utilized in Figs 3B and 5D. Two-way ANOVA followed by post hoc Sidak mul-
tiple comparison test was utilized in Fig 2A. Pearson correlation with regression analyses is presented in Fig 2E. Data 
represent mean ± S.D. Values are significant at 99.9%, 99%, and 95% confidence levels, respectively. *: P ≤ 0.05; **: 
P ≤ 0.01; ***: P ≤ 0.001.

Supporting information

S1 Fig.  RMSD time series of four sets of simulations of the SNARE complex. The labeling of the systems is consis-
tent with that used in the main text. RMSDs are calculated with respect to the first frame of production based on backbone 
atoms only (C, CA, and N). Each simulation was performed twice. RMSD is reported for the full complexes and the region 
of interest discussed in the main text: i.e., residues 54–88 of VAMP2, 224–258 of syntaxin-1, and 51–82 and 173–203 (or 
173–197 when cleaved) of SNAP-25.
(TIF)

S2 Fig.  SNARE complexes formed in the presence of PMA treatment are not heat-stable. (A) Membrane extractions 
were performed in the conditions described in Fig 4B. PC12 cells were transfected with BoNT/A LC in conditions to 
achieve a low-level SNAP-25 cleavage and treated with and without 1 µM PMA for 1.5 hours. (B) The total lysate, as well 
as the soluble membrane and the cytosolic fractions, were subjected to western blotting, with the indicated antibodies, 
following boiled (5 min at 95 0C) and non-boiled conditions. Representative blots of 3 independent experiments are shown.
(TIF)

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013604.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1013604.s002


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013604  October 14, 2025 23 / 28

Acknowledgments

We are grateful to Dr. Rekha Panchal and Dr. Francesco Tomassoni-Ardori for their insightful discussions. We would also 
like to thank Hao T. Du, Onur Can Begentas, Peri Besarat, and Ramazan Ozkan for the discussions and technical help 
with some of the experiments. We gratefully acknowledge Dr. Ezel Boyaci, Silanur Sevgen, and Duzen Laboratory Group 
for their kind help with the mass spectrometry analyses. LT has been supported by the Intramural Research Program of 
the NCI, Center for Cancer Research, NIH. The simulations were performed with the support of the TUBITAK ULAKBIM 
High Performance and Grid Computing Center (TRUBA resources).

Author contributions

Conceptualization: Sina Bavari, Antoine Marion, Erkan Kiris.

Funding acquisition: Sina Bavari, Erkan Kiris.

Investigation: Dilara Koc, Sena Ezgin, Ebru Kavakli, Krishna P. Kota, Edanur Sen, Christopher Mahone, Mary Ellen 
Palko, Lisa H. Cazares, Tolga Can, Antoine Marion, Erkan Kiris.

Resources: Mary Ellen Palko, Lino Tessarollo.

Supervision: Lino Tessarollo, Sina Bavari, Erkan Kiris.

Writing – original draft: Antoine Marion, Erkan Kiris.

Writing – review & editing: Dilara Koc, Sena Ezgin, Ebru Kavakli, Krishna P. Kota, Edanur Sen, Christopher Mahone, 
Mary Ellen Palko, Lisa H. Cazares, Tolga Can, Lino Tessarollo, Sina Bavari, Antoine Marion, Erkan Kiris.

References
	 1.	 Pirazzini M, Montecucco C, Rossetto O. Toxicology and pharmacology of botulinum and tetanus neurotoxins: an update. Arch Toxicol. 

2022;96(6):1521–39. https://doi.org/10.1007/s00204-022-03271-9 PMID: 35333944

	 2.	 Lin L, Olson ME, Eubanks LM, Janda KD. Strategies to Counteract Botulinum Neurotoxin A: Nature’s Deadliest Biomolecule. Acc Chem Res. 
2019;52(8):2322–31. https://doi.org/10.1021/acs.accounts.9b00261 PMID: 31322847

	 3.	 Rasetti-Escargueil C, Palea S. Embracing the versatility of Botulinum neurotoxins in conventional and new therapeutic applications. Toxins (Basel). 
2024;16(6):261. https://doi.org/10.3390/toxins16060261 PMID: 38922155

	 4.	 Ovsepian SV, O’Leary VB, Ayvazyan NM, Al-Sabi A, Ntziachristos V, Dolly JO. Neurobiology and therapeutic applications of neurotoxins targeting 
transmitter release. Pharmacol Ther. 2019;193:135–55. https://doi.org/10.1016/j.pharmthera.2018.08.016 PMID: 30149105

	 5.	 Rossetto O, Pirazzini M, Montecucco C. Botulinum neurotoxins: genetic, structural and mechanistic insights. Nat Rev Microbiol. 2014;12(8):535–
49. https://doi.org/10.1038/nrmicro3295 PMID: 24975322

	 6.	 Maslanka S. Botulism as a disease of humans. In: K. F, editor. Current topics in neurotoxicity. New York, NY: Springer. 2014.

	 7.	 Dong M, Masuyer G, Stenmark P. Botulinum and Tetanus Neurotoxins. Annu Rev Biochem. 2019;88:811–37. https://doi.org/10.1146/annurev-bio-
chem-013118-111654 PMID: 30388027

	 8.	 Rossetto O, Pirazzini M, Fabris F, Montecucco C. Botulinum Neurotoxins: Mechanism of Action. Handb Exp Pharmacol. 2021;263:35–47. https://
doi.org/10.1007/164_2020_355 PMID: 32277300

	 9.	 Shoemaker CB, Oyler GA. Persistence of Botulinum neurotoxin inactivation of nerve function. Curr Top Microbiol Immunol. 2013;364:179–96. 
https://doi.org/10.1007/978-3-642-33570-9_9 PMID: 23239354

	10.	 Meunier FA, Lisk G, Sesardic D, Dolly JO. Dynamics of motor nerve terminal remodeling unveiled using SNARE-cleaving botulinum toxins: 
the extent and duration are dictated by the sites of SNAP-25 truncation. Mol Cell Neurosci. 2003;22(4):454–66. https://doi.org/10.1016/s1044-
7431(02)00016-7 PMID: 12727443

	11.	 Megighian A, Zordan M, Pantano S, Scorzeto M, Rigoni M, Zanini D, et al. Evidence for a radial SNARE super-complex mediating neurotrans-
mitter release at the Drosophila neuromuscular junction. J Cell Sci. 2013;126(Pt 14):3134–40. https://doi.org/10.1242/jcs.123802 PMID: 
23687382

	12.	 Pantano S, Montecucco C. The blockade of the neurotransmitter release apparatus by botulinum neurotoxins. Cell Mol Life Sci. 2014;71(5):793–
811. https://doi.org/10.1007/s00018-013-1380-7 PMID: 23749048

	13.	 Keller JE, Neale EA. The role of the synaptic protein snap-25 in the potency of botulinum neurotoxin type A. J Biol Chem. 2001;276(16):13476–82. 
https://doi.org/10.1074/jbc.M010992200 PMID: 11278807

https://doi.org/10.1007/s00204-022-03271-9
http://www.ncbi.nlm.nih.gov/pubmed/35333944
https://doi.org/10.1021/acs.accounts.9b00261
http://www.ncbi.nlm.nih.gov/pubmed/31322847
https://doi.org/10.3390/toxins16060261
http://www.ncbi.nlm.nih.gov/pubmed/38922155
https://doi.org/10.1016/j.pharmthera.2018.08.016
http://www.ncbi.nlm.nih.gov/pubmed/30149105
https://doi.org/10.1038/nrmicro3295
http://www.ncbi.nlm.nih.gov/pubmed/24975322
https://doi.org/10.1146/annurev-biochem-013118-111654
https://doi.org/10.1146/annurev-biochem-013118-111654
http://www.ncbi.nlm.nih.gov/pubmed/30388027
https://doi.org/10.1007/164_2020_355
https://doi.org/10.1007/164_2020_355
http://www.ncbi.nlm.nih.gov/pubmed/32277300
https://doi.org/10.1007/978-3-642-33570-9_9
http://www.ncbi.nlm.nih.gov/pubmed/23239354
https://doi.org/10.1016/s1044-7431(02)00016-7
https://doi.org/10.1016/s1044-7431(02)00016-7
http://www.ncbi.nlm.nih.gov/pubmed/12727443
https://doi.org/10.1242/jcs.123802
http://www.ncbi.nlm.nih.gov/pubmed/23687382
https://doi.org/10.1007/s00018-013-1380-7
http://www.ncbi.nlm.nih.gov/pubmed/23749048
https://doi.org/10.1074/jbc.M010992200
http://www.ncbi.nlm.nih.gov/pubmed/11278807


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013604  October 14, 2025 24 / 28

	14.	 Keller JE, Cai F, Neale EA. Uptake of botulinum neurotoxin into cultured neurons. Biochemistry. 2004;43(2):526–32. https://doi.org/10.1021/
bi0356698 PMID: 14717608

	15.	 Raciborska DA, Trimble WS, Charlton MP. Presynaptic protein interactions in vivo: evidence from botulinum A, C, D and E action at frog neuromus-
cular junction. Eur J Neurosci. 1998;10(8):2617–28. https://doi.org/10.1046/j.1460-9568.1998.00270.x PMID: 9767392

	16.	 Otto H, Hanson PI, Chapman ER, Blasi J, Jahn R. Poisoning by botulinum neurotoxin A does not inhibit formation or disassembly of the synaptoso-
mal fusion complex. Biochem Biophys Res Commun. 1995;212(3):945–52. https://doi.org/10.1006/bbrc.1995.2061 PMID: 7626135

	17.	 Wu Y, Gu Y, Morphew MK, Yao J, Yeh FL, Dong M, et al. All three components of the neuronal SNARE complex contribute to secretory vesicle 
docking. J Cell Biol. 2012;198(3):323–30. https://doi.org/10.1083/jcb.201106158 PMID: 22869597

	18.	 Beske PH, Scheeler SM, Adler M, McNutt PM. Accelerated intoxication of GABAergic synapses by botulinum neurotoxin A disinhibits stem cell-
derived neuron networks prior to network silencing. Front Cell Neurosci. 2015;9:159. https://doi.org/10.3389/fncel.2015.00159 PMID: 25954159

	19.	 Yang Y, Xia Z, Liu Y. SNAP-25 functional domains in SNARE core complex assembly and glutamate release of cerebellar granule cells. J Biol 
Chem. 2000;275(38):29482–7. https://doi.org/10.1074/jbc.M003237200 PMID: 10882724

	20.	 Gerona RR, Larsen EC, Kowalchyk JA, Martin TF. The C terminus of SNAP25 is essential for Ca(2+)-dependent binding of synaptotagmin to 
SNARE complexes. J Biol Chem. 2000;275(9):6328–36. https://doi.org/10.1074/jbc.275.9.6328 PMID: 10692432

	21.	 Hayashi T, McMahon H, Yamasaki S, Binz T, Hata Y, Südhof TC, et al. Synaptic vesicle membrane fusion complex: action of clostridial neurotoxins 
on assembly. EMBO J. 1994;13(21):5051–61. https://doi.org/10.1002/j.1460-2075.1994.tb06834.x PMID: 7957071

	22.	 Huang X, Wheeler MB, Kang YH, Sheu L, Lukacs GL, Trimble WS, et al. Truncated SNAP-25 (1-197), like botulinum neurotoxin A, can inhibit insu-
lin secretion from HIT-T15 insulinoma cells. Mol Endocrinol. 1998;12(7):1060–70. https://doi.org/10.1210/mend.12.7.0130 PMID: 9658409

	23.	 Verderio C, Pozzi D, Pravettoni E, Inverardi F, Schenk U, Coco S, et al. SNAP-25 modulation of calcium dynamics underlies differences in GAB-
Aergic and glutamatergic responsiveness to depolarization. Neuron. 2004;41(4):599–610. https://doi.org/10.1016/s0896-6273(04)00077-7 PMID: 
14980208

	24.	 Apland JP, Adler M, Oyler GA. Inhibition of neurotransmitter release by peptides that mimic the N-terminal domain of SNAP-25. J Protein Chem. 
2003;22(2):147–53. https://doi.org/10.1023/a:1023423013741 PMID: 12760419

	25.	 Eleopra R, Tugnoli V, Rossetto O, De Grandis D, Montecucco C. Different time courses of recovery after poisoning with botulinum neurotoxin sero-
types A and E in humans. Neurosci Lett. 1998;256(3):135–8. https://doi.org/10.1016/s0304-3940(98)00775-7 PMID: 9855358

	26.	 Adler M, Keller JE, Sheridan RE, Deshpande SS. Persistence of botulinum neurotoxin A demonstrated by sequential administration of serotypes A 
and E in rat EDL muscle. Toxicon. 2001;39(2–3):233–43. https://doi.org/10.1016/s0041-0101(00)00120-3 PMID: 10978741

	27.	 Cai BB, Francis J, Brin MF, Broide RS. Botulinum neurotoxin type A-cleaved SNAP25 is confined to primary motor neurons and localized on the 
plasma membrane following intramuscular toxin injection. Neuroscience. 2017;352:155–69. https://doi.org/10.1016/j.neuroscience.2017.03.049 
PMID: 28389376

	28.	 Bajohrs M, Rickman C, Binz T, Davletov B. A molecular basis underlying differences in the toxicity of botulinum serotypes A and E. EMBO Rep. 
2004;5(11):1090–5. https://doi.org/10.1038/sj.embor.7400278 PMID: 15486565

	29.	 Lu B. The destructive effect of botulinum neurotoxins on the SNARE protein: SNAP-25 and synaptic membrane fusion. PeerJ. 2015;3:e1065. 
https://doi.org/10.7717/peerj.1065 PMID: 26157630

	30.	 Malmersjö S, Di Palma S, Diao J, Lai Y, Pfuetzner RA, Wang AL, et al. Phosphorylation of residues inside the SNARE complex suppresses secre-
tory vesicle fusion. EMBO J. 2016;35(16):1810–21. https://doi.org/10.15252/embj.201694071 PMID: 27402227

	31.	 Kohansal-Nodehi M, Chua JJ, Urlaub H, Jahn R, Czernik D. Analysis of protein phosphorylation in nerve terminal reveals extensive changes in 
active zone proteins upon exocytosis. Elife. 2016;5:e14530. https://doi.org/10.7554/eLife.14530 PMID: 27115346

	32.	 Shimazaki Y, Nishiki T, Omori A, Sekiguchi M, Kamata Y, Kozaki S. Phosphorylation of 25-kDa synaptosome-associated protein. Possible involve-
ment in protein kinase C-mediated regulation of neurotransmitter release. J Biol Chem. 1996;271(24):14548–53. PMID: 8662851

	33.	 Kataoka M, Yamamori S, Suzuki E, Watanabe S, Sato T, Miyaoka H, et al. A single amino acid mutation in SNAP-25 induces anxiety-related behav-
ior in mouse. PLoS One. 2011;6(9):e25158. https://doi.org/10.1371/journal.pone.0025158 PMID: 21949876

	34.	 Ohira K, Kobayashi K, Toyama K, Nakamura HK, Shoji H, Takao K, et al. Synaptosomal-associated protein 25 mutation induces immaturity of the 
dentate granule cells of adult mice. Mol Brain. 2013;6:12. https://doi.org/10.1186/1756-6606-6-12 PMID: 23497716

	35.	 Katayama N, Yamamori S, Fukaya M, Kobayashi S, Watanabe M, Takahashi M, et al. SNAP-25 phosphorylation at Ser187 regulates synaptic 
facilitation and short-term plasticity in an age-dependent manner. Sci Rep. 2017;7(1):7996. https://doi.org/10.1038/s41598-017-08237-x PMID: 
28801590

	36.	 Watanabe S, Yamamori S, Otsuka S, Saito M, Suzuki E, Kataoka M, et al. Epileptogenesis and epileptic maturation in phosphorylation site-specific 
SNAP-25 mutant mice. Epilepsy Res. 2015;115:30–44. https://doi.org/10.1016/j.eplepsyres.2015.05.004 PMID: 26220374

	37.	 Nagy G, Matti U, Nehring RB, Binz T, Rettig J, Neher E, et al. Protein kinase C-dependent phosphorylation of synaptosome-associated protein of 
25 kDa at Ser187 potentiates vesicle recruitment. J Neurosci. 2002;22(21):9278–86. https://doi.org/10.1523/JNEUROSCI.22-21-09278.2002 PMID: 
12417653

	38.	 Yang Y, Craig TJ, Chen X, Ciufo LF, Takahashi M, Morgan A, et al. Phosphomimetic mutation of Ser-187 of SNAP-25 increases both syntaxin bind-
ing and highly Ca2+-sensitive exocytosis. J Gen Physiol. 2007;129(3):233–44. https://doi.org/10.1085/jgp.200609685 PMID: 17325194

https://doi.org/10.1021/bi0356698
https://doi.org/10.1021/bi0356698
http://www.ncbi.nlm.nih.gov/pubmed/14717608
https://doi.org/10.1046/j.1460-9568.1998.00270.x
http://www.ncbi.nlm.nih.gov/pubmed/9767392
https://doi.org/10.1006/bbrc.1995.2061
http://www.ncbi.nlm.nih.gov/pubmed/7626135
https://doi.org/10.1083/jcb.201106158
http://www.ncbi.nlm.nih.gov/pubmed/22869597
https://doi.org/10.3389/fncel.2015.00159
http://www.ncbi.nlm.nih.gov/pubmed/25954159
https://doi.org/10.1074/jbc.M003237200
http://www.ncbi.nlm.nih.gov/pubmed/10882724
https://doi.org/10.1074/jbc.275.9.6328
http://www.ncbi.nlm.nih.gov/pubmed/10692432
https://doi.org/10.1002/j.1460-2075.1994.tb06834.x
http://www.ncbi.nlm.nih.gov/pubmed/7957071
https://doi.org/10.1210/mend.12.7.0130
http://www.ncbi.nlm.nih.gov/pubmed/9658409
https://doi.org/10.1016/s0896-6273(04)00077-7
http://www.ncbi.nlm.nih.gov/pubmed/14980208
https://doi.org/10.1023/a:1023423013741
http://www.ncbi.nlm.nih.gov/pubmed/12760419
https://doi.org/10.1016/s0304-3940(98)00775-7
http://www.ncbi.nlm.nih.gov/pubmed/9855358
https://doi.org/10.1016/s0041-0101(00)00120-3
http://www.ncbi.nlm.nih.gov/pubmed/10978741
https://doi.org/10.1016/j.neuroscience.2017.03.049
http://www.ncbi.nlm.nih.gov/pubmed/28389376
https://doi.org/10.1038/sj.embor.7400278
http://www.ncbi.nlm.nih.gov/pubmed/15486565
https://doi.org/10.7717/peerj.1065
http://www.ncbi.nlm.nih.gov/pubmed/26157630
https://doi.org/10.15252/embj.201694071
http://www.ncbi.nlm.nih.gov/pubmed/27402227
https://doi.org/10.7554/eLife.14530
http://www.ncbi.nlm.nih.gov/pubmed/27115346
http://www.ncbi.nlm.nih.gov/pubmed/8662851
https://doi.org/10.1371/journal.pone.0025158
http://www.ncbi.nlm.nih.gov/pubmed/21949876
https://doi.org/10.1186/1756-6606-6-12
http://www.ncbi.nlm.nih.gov/pubmed/23497716
https://doi.org/10.1038/s41598-017-08237-x
http://www.ncbi.nlm.nih.gov/pubmed/28801590
https://doi.org/10.1016/j.eplepsyres.2015.05.004
http://www.ncbi.nlm.nih.gov/pubmed/26220374
https://doi.org/10.1523/JNEUROSCI.22-21-09278.2002
http://www.ncbi.nlm.nih.gov/pubmed/12417653
https://doi.org/10.1085/jgp.200609685
http://www.ncbi.nlm.nih.gov/pubmed/17325194


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013604  October 14, 2025 25 / 28

	39.	 Shu Y, Liu X, Yang Y, Takahashi M, Gillis KD. Phosphorylation of SNAP-25 at Ser187 mediates enhancement of exocytosis by a phorbol ester in 
INS-1 cells. J Neurosci. 2008;28(1):21–30. https://doi.org/10.1523/JNEUROSCI.2352-07.2008 PMID: 18171919

	40.	 Gao J, Hirata M, Mizokami A, Zhao J, Takahashi I, Takeuchi H, et al. Differential role of SNAP-25 phosphorylation by protein kinases A and C in the 
regulation of SNARE complex formation and exocytosis in PC12 cells. Cell Signal. 2016;28(5):425–37. https://doi.org/10.1016/j.cellsig.2015.12.014 
PMID: 26721188

	41.	 Finley MFA, Scheller RH, Madison DV. SNAP-25 Ser187 does not mediate phorbol ester enhancement of hippocampal synaptic transmission. 
Neuropharmacology. 2003;45(6):857–62. https://doi.org/10.1016/s0028-3908(03)00283-1 PMID: 14529723

	42.	 Ruiter M, Houy S, Engholm-Keller K, Graham ME, Sørensen JB. SNAP-25 phosphorylation at Ser187 is not involved in Ca2+ or phorbolester-
dependent potentiation of synaptic release. Mol Cell Neurosci. 2020;102:103452. https://doi.org/10.1016/j.mcn.2019.103452 PMID: 31794878

	43.	 Xu N-J, Yu Y-X, Zhu J-M, Liu H, Shen L, Zeng R, et al. Inhibition of SNAP-25 phosphorylation at Ser187 is involved in chronic morphine-induced 
down-regulation of SNARE complex formation. J Biol Chem. 2004;279(39):40601–8. https://doi.org/10.1074/jbc.M406896200 PMID: 15277518

	44.	 Horváth D, Tamás I, Sipos A, Darula Z, Bécsi B, Nagy D, et al. Myosin phosphatase and RhoA-activated kinase modulate neurotransmitter release 
by regulating SNAP-25 of SNARE complex. PLoS One. 2017;12(5):e0177046. https://doi.org/10.1371/journal.pone.0177046 PMID: 28486561

	45.	 Poulain B, Lemichez E, Popoff MR. Neuronal selectivity of botulinum neurotoxins. Toxicon. 2020;178:20–32. https://doi.org/10.1016/j.toxi-
con.2020.02.006 PMID: 32094099

	46.	 Zhu H, Hille B, Xu T. Sensitization of regulated exocytosis by protein kinase C. Proc Natl Acad Sci U S A. 2002;99(26):17055–9. https://doi.
org/10.1073/pnas.232588899 PMID: 12486252

	47.	 Morgan A, Burgoyne RD, Barclay JW, Craig TJ, Prescott GR, Ciufo LF, et al. Regulation of exocytosis by protein kinase C. Biochem Soc Trans. 
2005;33(Pt 6):1341–4. https://doi.org/10.1042/BST0331341 PMID: 16246114

	48.	 Simó A, Cilleros-Mañé V, Just-Borràs L, Hurtado E, Nadal L, Tomàs M, et al. nPKCε Mediates SNAP-25 Phosphorylation of Ser-187 in Basal Con-
ditions and After Synaptic Activity at the Neuromuscular Junction. Mol Neurobiol. 2019;56(8):5346–64. https://doi.org/10.1007/s12035-018-1462-5 
PMID: 30607888

	49.	 Keranen LM, Dutil EM, Newton AC. Protein kinase C is regulated in vivo by three functionally distinct phosphorylations. Curr Biol. 
1995;5(12):1394–403. https://doi.org/10.1016/s0960-9822(95)00277-6 PMID: 8749392

	50.	 Risinger C, Bennett MK. Differential phosphorylation of syntaxin and synaptosome-associated protein of 25 kDa (SNAP-25) isoforms. J Neuro-
chem. 1999;72(2):614–24. https://doi.org/10.1046/j.1471-4159.1999.0720614.x PMID: 9930733

	51.	 Gao J, Takeuchi H, Zhang Z, Fukuda M, Hirata M. Phospholipase C-related but catalytically inactive protein (PRIP) modulates synaptosomal-
associated protein 25 (SNAP-25) phosphorylation and exocytosis. J Biol Chem. 2012;287(13):10565–78. https://doi.org/10.1074/jbc.M111.294645 
PMID: 22311984

	52.	 Rizo J. Molecular Mechanisms Underlying Neurotransmitter Release. Annu Rev Biophys. 2022;51:377–408. https://doi.org/10.1146/annurev-bio-
phys-111821-104732 PMID: 35167762

	53.	 Dingjan I, Linders PTA, Verboogen DRJ, Revelo NH, Ter Beest M, van den Bogaart G. Endosomal and Phagosomal SNAREs. Physiol Rev. 
2018;98(3):1465–92. https://doi.org/10.1152/physrev.00037.2017 PMID: 29790818

	54.	 Aikawa Y, Xia X, Martin TFJ. SNAP25, but not syntaxin 1A, recycles via an ARF6-regulated pathway in neuroendocrine cells. Mol Biol Cell. 
2006;17(2):711–22. https://doi.org/10.1091/mbc.e05-05-0382 PMID: 16314394

	55.	 Whitemarsh RCM, Tepp WH, Johnson EA, Pellett S. Persistence of botulinum neurotoxin a subtypes 1-5 in primary rat spinal cord cells. PLoS One. 
2014;9(2):e90252. https://doi.org/10.1371/journal.pone.0090252 PMID: 24587301

	56.	 Schümann F, Schmitt O, Wree A, Hawlitschka A. Distribution of Cleaved SNAP-25 in the Rat Brain, following Unilateral Injection of Botulinum 
Neurotoxin-A into the Striatum. Int J Mol Sci. 2023;24(2):1685. https://doi.org/10.3390/ijms24021685 PMID: 36675200

	57.	 Dong M, Stenmark P. The Structure and Classification of Botulinum Toxins. Handb Exp Pharmacol. 2021;263:11–33. https://doi.
org/10.1007/164_2019_342 PMID: 31792680

	58.	 Foran PG, Mohammed N, Lisk GO, Nagwaney S, Lawrence GW, Johnson E. Evaluation of the therapeutic usefulness of botulinum neurotoxin 
B, C1, E, and F compared with the long lasting type A. Basis for distinct durations of inhibition of exocytosis in central neurons. J Biol Chem. 
2003;278(2):1363–71. PMID: 12381720

	59.	 Tsai YC, Maditz R, Kuo C, Fishman PS, Shoemaker CB, Oyler GA, et al. Targeting botulinum neurotoxin persistence by the ubiquitin-proteasome 
system. Proc Natl Acad Sci U S A. 2010;107(38):16554–9. https://doi.org/10.1073/pnas.1008302107 PMID: 20823219

	60.	 Tsai YC, Kotiya A, Kiris E, Yang M, Bavari S, Tessarollo L, et al. Deubiquitinating enzyme VCIP135 dictates the duration of botulinum neurotoxin 
type A intoxication. Proc Natl Acad Sci U S A. 2017;114(26):E5158–66. https://doi.org/10.1073/pnas.1621076114 PMID: 28584101

	61.	 Fliedl L, Kast F, Grillari J, Wieser M, Grillari-Voglauer R. Optimization of a quantitative PCR based method for plasmid copy number determination 
in human cell lines. N Biotechnol. 2015;32(6):716–9. https://doi.org/10.1016/j.nbt.2015.03.004 PMID: 25796475

	62.	 Carapuça E, Azzoni AR, Prazeres DMF, Monteiro GA, Mergulhão FJM. Time-course determination of plasmid content in eukaryotic and prokaryotic 
cells using real-time PCR. Mol Biotechnol. 2007;37(2):120–6. https://doi.org/10.1007/s12033-007-0007-3 PMID: 17914172

	63.	 Snead D, Eliezer D. Intrinsically disordered proteins in synaptic vesicle trafficking and release. J Biol Chem. 2019;294(10):3325–42. https://doi.
org/10.1074/jbc.REV118.006493 PMID: 30700558

https://doi.org/10.1523/JNEUROSCI.2352-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18171919
https://doi.org/10.1016/j.cellsig.2015.12.014
http://www.ncbi.nlm.nih.gov/pubmed/26721188
https://doi.org/10.1016/s0028-3908(03)00283-1
http://www.ncbi.nlm.nih.gov/pubmed/14529723
https://doi.org/10.1016/j.mcn.2019.103452
http://www.ncbi.nlm.nih.gov/pubmed/31794878
https://doi.org/10.1074/jbc.M406896200
http://www.ncbi.nlm.nih.gov/pubmed/15277518
https://doi.org/10.1371/journal.pone.0177046
http://www.ncbi.nlm.nih.gov/pubmed/28486561
https://doi.org/10.1016/j.toxicon.2020.02.006
https://doi.org/10.1016/j.toxicon.2020.02.006
http://www.ncbi.nlm.nih.gov/pubmed/32094099
https://doi.org/10.1073/pnas.232588899
https://doi.org/10.1073/pnas.232588899
http://www.ncbi.nlm.nih.gov/pubmed/12486252
https://doi.org/10.1042/BST0331341
http://www.ncbi.nlm.nih.gov/pubmed/16246114
https://doi.org/10.1007/s12035-018-1462-5
http://www.ncbi.nlm.nih.gov/pubmed/30607888
https://doi.org/10.1016/s0960-9822(95)00277-6
http://www.ncbi.nlm.nih.gov/pubmed/8749392
https://doi.org/10.1046/j.1471-4159.1999.0720614.x
http://www.ncbi.nlm.nih.gov/pubmed/9930733
https://doi.org/10.1074/jbc.M111.294645
http://www.ncbi.nlm.nih.gov/pubmed/22311984
https://doi.org/10.1146/annurev-biophys-111821-104732
https://doi.org/10.1146/annurev-biophys-111821-104732
http://www.ncbi.nlm.nih.gov/pubmed/35167762
https://doi.org/10.1152/physrev.00037.2017
http://www.ncbi.nlm.nih.gov/pubmed/29790818
https://doi.org/10.1091/mbc.e05-05-0382
http://www.ncbi.nlm.nih.gov/pubmed/16314394
https://doi.org/10.1371/journal.pone.0090252
http://www.ncbi.nlm.nih.gov/pubmed/24587301
https://doi.org/10.3390/ijms24021685
http://www.ncbi.nlm.nih.gov/pubmed/36675200
https://doi.org/10.1007/164_2019_342
https://doi.org/10.1007/164_2019_342
http://www.ncbi.nlm.nih.gov/pubmed/31792680
http://www.ncbi.nlm.nih.gov/pubmed/12381720
https://doi.org/10.1073/pnas.1008302107
http://www.ncbi.nlm.nih.gov/pubmed/20823219
https://doi.org/10.1073/pnas.1621076114
http://www.ncbi.nlm.nih.gov/pubmed/28584101
https://doi.org/10.1016/j.nbt.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/25796475
https://doi.org/10.1007/s12033-007-0007-3
http://www.ncbi.nlm.nih.gov/pubmed/17914172
https://doi.org/10.1074/jbc.REV118.006493
https://doi.org/10.1074/jbc.REV118.006493
http://www.ncbi.nlm.nih.gov/pubmed/30700558


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013604  October 14, 2025 26 / 28

	64.	 Yoon T-Y, Munson M. SNARE complex assembly and disassembly. Curr Biol. 2018;28(8):R397–401. https://doi.org/10.1016/j.cub.2018.01.005 
PMID: 29689222

	65.	 Kádková A, Radecke J, Sørensen JB. The SNAP-25 Protein Family. Neuroscience. 2019;420:50–71. https://doi.org/10.1016/j.neurosci-
ence.2018.09.020 PMID: 30267828

	66.	 Kunii M, Ohara-Imaizumi M, Takahashi N, Kobayashi M, Kawakami R, Kondoh Y, et al. Opposing roles for SNAP23 in secretion in exocrine and 
endocrine pancreatic cells. J Cell Biol. 2016;215(1):121–38. https://doi.org/10.1083/jcb.201604030 PMID: 27697926

	67.	 Westerink RHS, Ewing AG. The PC12 cell as model for neurosecretion. Acta Physiol (Oxf). 2008;192(2):273–85. https://doi.org/10.1111/j.1748-
1716.2007.01805.x PMID: 18005394

	68.	 Mandela P, Ordway GA. KCl stimulation increases norepinephrine transporter function in PC12 cells. J Neurochem. 2006;98(5):1521–30. https://
doi.org/10.1111/j.1471-4159.2006.04062.x PMID: 16879714

	69.	 Iwasaki S, Kataoka M, Sekiguchi M, Shimazaki Y, Sato K, Takahashi M. Two distinct mechanisms underlie the stimulation of neurotransmitter 
release by phorbol esters in clonal rat pheochromocytoma PC12 cells. J Biochem. 2000;128(3):407–14. https://doi.org/10.1093/oxfordjournals.
jbchem.a022768 PMID: 10965039

	70.	 Park S, Khalili-Araghi F, Tajkhorshid E, Schulten K. Free energy calculation from steered molecular dynamics simulations using Jarzynski’s equal-
ity. The Journal of Chemical Physics. 2003;119(6):3559–66. https://doi.org/10.1063/1.1590311

	71.	 Rickman C, Meunier FA, Binz T, Davletov B. High affinity interaction of syntaxin and SNAP-25 on the plasma membrane is abolished by botulinum 
toxin E. J Biol Chem. 2004;279(1):644–51. https://doi.org/10.1074/jbc.M310879200 PMID: 14551199

	72.	 Keller JE, Neale EA, Oyler G, Adler M. Persistence of botulinum neurotoxin action in cultured spinal cord cells. FEBS Lett. 1999;456(1):137–42. 
https://doi.org/10.1016/s0014-5793(99)00948-5 PMID: 10452545

	73.	 Pellett S, Tepp WH, Whitemarsh RCM, Bradshaw M, Johnson EA. In vivo onset and duration of action varies for botulinum neurotoxin A subtypes 
1-5. Toxicon. 2015;107(Pt A):37–42. https://doi.org/10.1016/j.toxicon.2015.06.021 PMID: 26130522

	74.	 Montecucco C, Schiavo G, Pantano S. SNARE complexes and neuroexocytosis: how many, how close?. Trends Biochem Sci. 2005;30(7):367–72. 
https://doi.org/10.1016/j.tibs.2005.05.002 PMID: 15935678

	75.	 Jahn R, Cafiso DC, Tamm LK. Mechanisms of SNARE proteins in membrane fusion. Nat Rev Mol Cell Biol. 2024;25(2):101–18. https://doi.
org/10.1038/s41580-023-00668-x PMID: 37848589

	76.	 Sinha R, Ahmed S, Jahn R, Klingauf J. Two synaptobrevin molecules are sufficient for vesicle fusion in central nervous system synapses. Proc Natl 
Acad Sci U S A. 2011;108(34):14318–23. https://doi.org/10.1073/pnas.1101818108 PMID: 21844343

	77.	 Shi L, Shen Q-T, Kiel A, Wang J, Wang H-W, Melia TJ, et al. SNARE proteins: one to fuse and three to keep the nascent fusion pore open. Sci-
ence. 2012;335(6074):1355–9. https://doi.org/10.1126/science.1214984 PMID: 22422984

	78.	 van den Bogaart G, Holt MG, Bunt G, Riedel D, Wouters FS, Jahn R. One SNARE complex is sufficient for membrane fusion. Nat Struct Mol Biol. 
2010;17(3):358–64. https://doi.org/10.1038/nsmb.1748 PMID: 20139985

	79.	 Mohrmann R, de Wit H, Verhage M, Neher E, Sørensen JB. Fast vesicle fusion in living cells requires at least three SNARE complexes. Science. 
2010;330(6003):502–5. https://doi.org/10.1126/science.1193134 PMID: 20847232

	80.	 Hua Y, Scheller RH. Three SNARE complexes cooperate to mediate membrane fusion. Proc Natl Acad Sci U S A. 2001;98(14):8065–70. https://
doi.org/10.1073/pnas.131214798 PMID: 11427709

	81.	 Norman CA, Krishnakumar SS, Timofeeva Y, Volynski KE. The release of inhibition model reproduces kinetics and plasticity of neurotransmitter 
release in central synapses. Commun Biol. 2023;6(1):1091. https://doi.org/10.1038/s42003-023-05445-2 PMID: 37891212

	82.	 Domanska MK, Kiessling V, Tamm LK. Docking and fast fusion of synaptobrevin vesicles depends on the lipid compositions of the vesicle and the 
acceptor SNARE complex-containing target membrane. Biophys J. 2010;99(9):2936–46. https://doi.org/10.1016/j.bpj.2010.09.011 PMID: 21044591

	83.	 Li X, Radhakrishnan A, Grushin K, Kasula R, Chaudhuri A, Gomathinayagam S, et al. Symmetrical organization of proteins under docked synaptic 
vesicles. FEBS Lett. 2019;593(2):144–53. https://doi.org/10.1002/1873-3468.13316 PMID: 30561792

	84.	 Radhakrishnan A, Li X, Grushin K, Krishnakumar SS, Liu J, Rothman JE. Symmetrical arrangement of proteins under release-ready vesicles in 
presynaptic terminals. Proc Natl Acad Sci U S A. 2021;118(5):e2024029118. https://doi.org/10.1073/pnas.2024029118 PMID: 33468631

	85.	 Grushin K, Kalyana Sundaram RV, Sindelar CV, Rothman JE. Munc13 structural transitions and oligomers that may choreograph succes-
sive stages in vesicle priming for neurotransmitter release. Proc Natl Acad Sci U S A. 2022;119(7):e2121259119. https://doi.org/10.1073/
pnas.2121259119 PMID: 35135883

	86.	 Rothman JE, Grushin K, Bera M, Pincet F. Turbocharging synaptic transmission. FEBS Lett. 2023;597(18):2233–49. https://doi.org/10.1002/1873-
3468.14718 PMID: 37643878

	87.	 Bera M, Radhakrishnan A, Coleman J, K. Sundaram RV, Ramakrishnan S, Pincet F, et al. Synaptophysin chaperones the assembly of 12 
SNAREpins under each ready-release vesicle. Proc Natl Acad Sci USA. 2023;120(45). https://doi.org/10.1073/pnas.2311484120

	88.	 Lane SR, Liu Y. Characterization of the palmitoylation domain of SNAP-25. J Neurochem. 1997;69(5):1864–9. https://doi.org/10.1046/j.1471-
4159.1997.69051864.x PMID: 9349529

	89.	 Sanders JD, Yang Y, Liu Y. Differential turnover of syntaxin and SNAP-25 during synaptogenesis in cultured cerebellar granule neurons. J Neurosci 
Res. 1998;53(6):670–6. https://doi.org/10.1002/(SICI)1097-4547(19980915)53:6<670::AID-JNR5>3.0.CO;2-2 PMID: 9753195

https://doi.org/10.1016/j.cub.2018.01.005
http://www.ncbi.nlm.nih.gov/pubmed/29689222
https://doi.org/10.1016/j.neuroscience.2018.09.020
https://doi.org/10.1016/j.neuroscience.2018.09.020
http://www.ncbi.nlm.nih.gov/pubmed/30267828
https://doi.org/10.1083/jcb.201604030
http://www.ncbi.nlm.nih.gov/pubmed/27697926
https://doi.org/10.1111/j.1748-1716.2007.01805.x
https://doi.org/10.1111/j.1748-1716.2007.01805.x
http://www.ncbi.nlm.nih.gov/pubmed/18005394
https://doi.org/10.1111/j.1471-4159.2006.04062.x
https://doi.org/10.1111/j.1471-4159.2006.04062.x
http://www.ncbi.nlm.nih.gov/pubmed/16879714
https://doi.org/10.1093/oxfordjournals.jbchem.a022768
https://doi.org/10.1093/oxfordjournals.jbchem.a022768
http://www.ncbi.nlm.nih.gov/pubmed/10965039
https://doi.org/10.1063/1.1590311
https://doi.org/10.1074/jbc.M310879200
http://www.ncbi.nlm.nih.gov/pubmed/14551199
https://doi.org/10.1016/s0014-5793(99)00948-5
http://www.ncbi.nlm.nih.gov/pubmed/10452545
https://doi.org/10.1016/j.toxicon.2015.06.021
http://www.ncbi.nlm.nih.gov/pubmed/26130522
https://doi.org/10.1016/j.tibs.2005.05.002
http://www.ncbi.nlm.nih.gov/pubmed/15935678
https://doi.org/10.1038/s41580-023-00668-x
https://doi.org/10.1038/s41580-023-00668-x
http://www.ncbi.nlm.nih.gov/pubmed/37848589
https://doi.org/10.1073/pnas.1101818108
http://www.ncbi.nlm.nih.gov/pubmed/21844343
https://doi.org/10.1126/science.1214984
http://www.ncbi.nlm.nih.gov/pubmed/22422984
https://doi.org/10.1038/nsmb.1748
http://www.ncbi.nlm.nih.gov/pubmed/20139985
https://doi.org/10.1126/science.1193134
http://www.ncbi.nlm.nih.gov/pubmed/20847232
https://doi.org/10.1073/pnas.131214798
https://doi.org/10.1073/pnas.131214798
http://www.ncbi.nlm.nih.gov/pubmed/11427709
https://doi.org/10.1038/s42003-023-05445-2
http://www.ncbi.nlm.nih.gov/pubmed/37891212
https://doi.org/10.1016/j.bpj.2010.09.011
http://www.ncbi.nlm.nih.gov/pubmed/21044591
https://doi.org/10.1002/1873-3468.13316
http://www.ncbi.nlm.nih.gov/pubmed/30561792
https://doi.org/10.1073/pnas.2024029118
http://www.ncbi.nlm.nih.gov/pubmed/33468631
https://doi.org/10.1073/pnas.2121259119
https://doi.org/10.1073/pnas.2121259119
http://www.ncbi.nlm.nih.gov/pubmed/35135883
https://doi.org/10.1002/1873-3468.14718
https://doi.org/10.1002/1873-3468.14718
http://www.ncbi.nlm.nih.gov/pubmed/37643878
https://doi.org/10.1073/pnas.2311484120
https://doi.org/10.1046/j.1471-4159.1997.69051864.x
https://doi.org/10.1046/j.1471-4159.1997.69051864.x
http://www.ncbi.nlm.nih.gov/pubmed/9349529
https://doi.org/10.1002/(SICI)1097-4547(19980915)53:6<670::AID-JNR5>3.0.CO;2-2
http://www.ncbi.nlm.nih.gov/pubmed/9753195


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013604  October 14, 2025 27 / 28

	 90.	 Ghahremanpour MM, Mehrnejad F, Moghaddam ME. Structural studies of SNARE complex and its interaction with complexin by molecular 
dynamics simulation. Biopolymers. 2010;93(6):560–70. https://doi.org/10.1002/bip.21397 PMID: 20108313

	 91.	 Tekpinar M, Zheng W. Unzipping of neuronal snare protein with steered molecular dynamics occurs in three steps. J Mol Model. 2014;20(8):2381. 
https://doi.org/10.1007/s00894-014-2381-7 PMID: 25079079

	 92.	 Shi Y, Zhang Y, Lou J. The influence of cell membrane and SNAP25 linker loop on the dynamics and unzipping of SNARE complex. PLoS One. 
2017;12(4):e0176235. https://doi.org/10.1371/journal.pone.0176235 PMID: 28426820

	 93.	 Sharma S, Lindau M. Molecular mechanism of fusion pore formation driven by the neuronal SNARE complex. Proc Natl Acad Sci U S A. 
2018;115(50):12751–6. https://doi.org/10.1073/pnas.1816495115 PMID: 30482862

	 94.	 Rizo J, Sari L, Qi Y, Im W, Lin MM. All-atom molecular dynamics simulations of Synaptotagmin-SNARE-complexin complexes bridging a vesicle 
and a flat lipid bilayer. Elife. 2022;11:e76356. https://doi.org/10.7554/eLife.76356 PMID: 35708237

	 95.	 Risselada HJ, Grubmüller H. How SNARE molecules mediate membrane fusion: recent insights from molecular simulations. Curr Opin Struct 
Biol. 2012;22(2):187–96. https://doi.org/10.1016/j.sbi.2012.01.007 PMID: 22365575

	 96.	 Bykhovskaia M. Molecular Dynamics Simulations of the Proteins Regulating Synaptic Vesicle Fusion. Membranes (Basel). 2023;13(3):307. 
https://doi.org/10.3390/membranes13030307 PMID: 36984694

	 97.	 Machamer JB, Vazquez-Cintron EJ, O’Brien SW, Kelly KE, Altvater AC, Pagarigan KT, et al. Antidotal treatment of botulism in rats by continuous 
infusion with 3,4-diaminopyridine. Mol Med. 2022;28(1):61. https://doi.org/10.1186/s10020-022-00487-4 PMID: 35659174

	 98.	 Roskoski R Jr. Orally effective FDA-approved protein kinase targeted covalent inhibitors (TCIs): A 2025 update. Pharmacol Res. 
2025;217:107805. https://doi.org/10.1016/j.phrs.2025.107805 PMID: 40451403

	 99.	 Rhéaume C, Cai BB, Wang J, Fernández-Salas E, Aoki KR, Francis J, et al. A Highly Specific Monoclonal Antibody for Botulinum Neurotoxin Type 
A-Cleaved SNAP25. Toxins (Basel). 2015;7(7):2354–70. https://doi.org/10.3390/toxins7072354 PMID: 26114335

	100.	 Liu YYB, Rigsby P, Sesardic D, Marks JD, Jones RGA. A functional dual-coated (FDC) microtiter plate method to replace the botulinum toxin 
LD50 test. Anal Biochem. 2012;425(1):28–35. https://doi.org/10.1016/j.ab.2012.02.038 PMID: 22406430

	101.	 Lévêque C, Ferracci G, Maulet Y, Grand-Masson C, Blanchard M-P, Seagar M, et al. A substrate sensor chip to assay the enzymatic activity of 
Botulinum neurotoxin A. Biosens Bioelectron. 2013;49:276–81. https://doi.org/10.1016/j.bios.2013.05.032 PMID: 23787358

	102.	 Fernández-Salas E, Wang J, Molina Y, Nelson JB, Jacky BPS, Aoki KR. Botulinum neurotoxin serotype A specific cell-based potency assay to 
replace the mouse bioassay. PLoS One. 2012;7(11):e49516. https://doi.org/10.1371/journal.pone.0049516 PMID: 23185348

	103.	 von Berg L, Stern D, Pauly D, Mahrhold S, Weisemann J, Jentsch L, et al. Functional detection of botulinum neurotoxin serotypes A to F by 
monoclonal neoepitope-specific antibodies and suspension array technology. Sci Rep. 2019;9(1):5531. https://doi.org/10.1038/s41598-019-
41722-z PMID: 30940836

	104.	 Yadirgi G, Stickings P, Rajagopal S, Liu Y, Sesardic D. Immuno-detection of cleaved SNAP-25 from differentiated mouse embryonic stem 
cells provides a sensitive assay for determination of botulinum A toxin and antitoxin potency. J Immunol Methods. 2017;451:90–9. https://doi.
org/10.1016/j.jim.2017.09.007 PMID: 28943257

	105.	 Caliskan C, Simsek D, Leese C, Doran C, Seward E, Peden AA, et al. A sensitive cell-based assay for testing potency of botulinum neurotoxin 
type A. ALTEX. 2024;41(4):605–16. https://doi.org/10.14573/altex.2312071 PMID: 39072354

	106.	 Tsai YC, Kozar L, Mawi ZP, Ichtchenko K, Shoemaker CB, McNutt PM, et al. The Degradation of Botulinum Neurotoxin Light Chains Using PROT-
ACs. Int J Mol Sci. 2024;25(13):7472. https://doi.org/10.3390/ijms25137472 PMID: 39000579

	107.	 McNutt PM, Vazquez-Cintron EJ, Tenezaca L, Ondeck CA, Kelly KE, Mangkhalakhili M, et al. Neuronal delivery of antibodies has therapeutic 
effects in animal models of botulism. Sci Transl Med. 2021;13(575):eabd7789. https://doi.org/10.1126/scitranslmed.abd7789 PMID: 33408188

	108.	 Miyashita S-I, Zhang J, Zhang S, Shoemaker CB, Dong M. Delivery of single-domain antibodies into neurons using a chimeric toxin-based plat-
form is therapeutic in mouse models of botulism. Sci Transl Med. 2021;13(575):eaaz4197. https://doi.org/10.1126/scitranslmed.aaz4197 PMID: 
33408184

	109.	 Zhao L, Zhao J, Zhong K, Tong A, Jia D. Targeted protein degradation: mechanisms, strategies and application. Signal Transduct Target Ther. 
2022;7(1):113. https://doi.org/10.1038/s41392-022-00966-4 PMID: 35379777

	110.	 Clift D, McEwan WA, Labzin LI, Konieczny V, Mogessie B, James LC, et al. A Method for the Acute and Rapid Degradation of Endogenous Pro-
teins. Cell. 2017;171(7):1692-1706.e18. https://doi.org/10.1016/j.cell.2017.10.033 PMID: 29153837

	111.	 Kiris E, Nuss JE, Burnett JC, Kota KP, Koh DC, Wanner LM, et al. Embryonic stem cell-derived motoneurons provide a highly sensitive cell cul-
ture model for botulinum neurotoxin studies, with implications for high-throughput drug discovery. Stem Cell Res. 2011;6(3):195–205. https://doi.
org/10.1016/j.scr.2011.01.002 PMID: 21353660

	112.	 Konstantinović J, Kiris E, Kota KP, Kugelman-Tonos J, Videnović M, Cazares LH, et al. New Steroidal 4-Aminoquinolines Antagonize Botulinum 
Neurotoxin Serotype A in Mouse Embryonic Stem Cell Derived Motor Neurons in Postintoxication Model. J Med Chem. 2018;61(4):1595–608. 
https://doi.org/10.1021/acs.jmedchem.7b01710 PMID: 29385334

	113.	 Kota KP, Soloveva V, Wanner LM, Gomba G, Kiris E, Panchal RG, et al. A high content imaging assay for identification of Botulinum neurotoxin 
inhibitors. J Vis Exp. 2014;(93):e51915. https://doi.org/10.3791/51915 PMID: 25489815

https://doi.org/10.1002/bip.21397
http://www.ncbi.nlm.nih.gov/pubmed/20108313
https://doi.org/10.1007/s00894-014-2381-7
http://www.ncbi.nlm.nih.gov/pubmed/25079079
https://doi.org/10.1371/journal.pone.0176235
http://www.ncbi.nlm.nih.gov/pubmed/28426820
https://doi.org/10.1073/pnas.1816495115
http://www.ncbi.nlm.nih.gov/pubmed/30482862
https://doi.org/10.7554/eLife.76356
http://www.ncbi.nlm.nih.gov/pubmed/35708237
https://doi.org/10.1016/j.sbi.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/22365575
https://doi.org/10.3390/membranes13030307
http://www.ncbi.nlm.nih.gov/pubmed/36984694
https://doi.org/10.1186/s10020-022-00487-4
http://www.ncbi.nlm.nih.gov/pubmed/35659174
https://doi.org/10.1016/j.phrs.2025.107805
http://www.ncbi.nlm.nih.gov/pubmed/40451403
https://doi.org/10.3390/toxins7072354
http://www.ncbi.nlm.nih.gov/pubmed/26114335
https://doi.org/10.1016/j.ab.2012.02.038
http://www.ncbi.nlm.nih.gov/pubmed/22406430
https://doi.org/10.1016/j.bios.2013.05.032
http://www.ncbi.nlm.nih.gov/pubmed/23787358
https://doi.org/10.1371/journal.pone.0049516
http://www.ncbi.nlm.nih.gov/pubmed/23185348
https://doi.org/10.1038/s41598-019-41722-z
https://doi.org/10.1038/s41598-019-41722-z
http://www.ncbi.nlm.nih.gov/pubmed/30940836
https://doi.org/10.1016/j.jim.2017.09.007
https://doi.org/10.1016/j.jim.2017.09.007
http://www.ncbi.nlm.nih.gov/pubmed/28943257
https://doi.org/10.14573/altex.2312071
http://www.ncbi.nlm.nih.gov/pubmed/39072354
https://doi.org/10.3390/ijms25137472
http://www.ncbi.nlm.nih.gov/pubmed/39000579
https://doi.org/10.1126/scitranslmed.abd7789
http://www.ncbi.nlm.nih.gov/pubmed/33408188
https://doi.org/10.1126/scitranslmed.aaz4197
http://www.ncbi.nlm.nih.gov/pubmed/33408184
https://doi.org/10.1038/s41392-022-00966-4
http://www.ncbi.nlm.nih.gov/pubmed/35379777
https://doi.org/10.1016/j.cell.2017.10.033
http://www.ncbi.nlm.nih.gov/pubmed/29153837
https://doi.org/10.1016/j.scr.2011.01.002
https://doi.org/10.1016/j.scr.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/21353660
https://doi.org/10.1021/acs.jmedchem.7b01710
http://www.ncbi.nlm.nih.gov/pubmed/29385334
https://doi.org/10.3791/51915
http://www.ncbi.nlm.nih.gov/pubmed/25489815


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1013604  October 14, 2025 28 / 28

	114.	 Kiris E, Burnett JC, Nuss JE, Wanner LM, Peyser BD, Du HT, et al. SRC family kinase inhibitors antagonize the toxicity of multiple serotypes of 
botulinum neurotoxin in human embryonic stem cell-derived motor neurons. Neurotox Res. 2015;27(4):384–98. https://doi.org/10.1007/s12640-
015-9526-z PMID: 25782580

	115.	 Kiris E, Nuss JE, Stanford SM, Wanner LM, Cazares L, Maestre MF, et al. Phosphatase Inhibitors Function as Novel, Broad Spectrum Botulinum 
Neurotoxin Antagonists in Mouse and Human Embryonic Stem Cell-Derived Motor Neuron-Based Assays. PLoS One. 2015;10(6):e0129264. 
https://doi.org/10.1371/journal.pone.0129264 PMID: 26061731

	116.	 Sen E, Kota KP, Panchal RG, Bavari S, Kiris E. Screening of a Focused Ubiquitin-Proteasome Pathway Inhibitor Library Identifies Small Mole-
cules as Novel Modulators of Botulinum Neurotoxin Type A Toxicity. Front Pharmacol. 2021;12:763950. https://doi.org/10.3389/fphar.2021.763950 
PMID: 34646144

	117.	 Amino S, Itakura M, Ohnishi H, Tsujimura J, Koizumi S, Takei N, et al. Nerve growth factor enhances neurotransmitter release from PC12 cells by 
increasing Ca(2+)-responsible secretory vesicles through the activation of mitogen-activated protein kinase and phosphatidylinositol 3-kinase. J 
Biochem. 2002;131(6):887–94. https://doi.org/10.1093/oxfordjournals.jbchem.a003179 PMID: 12038986

	118.	 Case DA, Aktulga HM, Belfon K, Ben-Shalom I, Brozell SR, Cerutti DS. Amber 2021. San Francisco: University of California. 2021.

	119.	 Salomon-Ferrer R, Götz AW, Poole D, Le Grand S, Walker RC. Routine Microsecond Molecular Dynamics Simulations with AMBER on GPUs. 2. 
Explicit Solvent Particle Mesh Ewald. J Chem Theory Comput. 2013;9(9):3878–88. https://doi.org/10.1021/ct400314y PMID: 26592383

	120.	 Sutton RB, Fasshauer D, Jahn R, Brunger AT. Crystal structure of a SNARE complex involved in synaptic exocytosis at 2.4 A resolution. Nature. 
1998;395(6700):347–53. https://doi.org/10.1038/26412 PMID: 9759724

	121.	 Horn HW, Swope WC, Pitera JW, Madura JD, Dick TJ, Hura GL, et al. Development of an improved four-site water model for biomolecular simula-
tions: TIP4P-Ew. J Chem Phys. 2004;120(20):9665–78. https://doi.org/10.1063/1.1683075 PMID: 15267980

	122.	 Maier JA, Martinez C, Kasavajhala K, Wickstrom L, Hauser KE, Simmerling C. ff14SB: Improving the Accuracy of Protein Side Chain and Back-
bone Parameters from ff99SB. J Chem Theory Comput. 2015;11(8):3696–713. https://doi.org/10.1021/acs.jctc.5b00255 PMID: 26574453

	123.	 Homeyer N, Horn AHC, Lanig H, Sticht H. AMBER force-field parameters for phosphorylated amino acids in different protonation states: phos-
phoserine, phosphothreonine, phosphotyrosine, and phosphohistidine. J Mol Model. 2006;12(3):281–9. https://doi.org/10.1007/s00894-005-0028-
4 PMID: 16240095

	124.	 Smith N, Witham S, Sarkar S, Zhang J, Li L, Li C, et al. DelPhi web server v2: incorporating atomic-style geometrical figures into the computa-
tional protocol. Bioinformatics. 2012;28(12):1655–7. https://doi.org/10.1093/bioinformatics/bts200 PMID: 22531215

	125.	 Sarkar S, Witham S, Zhang J, Zhenirovskyy M, Rocchia W, Alexov E. DelPhi Web Server: A comprehensive online suite for electrostatic 
calculations of biological macromolecules and their complexes. Commun Comput Phys. 2013;13(1):269–84. https://doi.org/10.4208/
cicp.300611.201011s PMID: 24683424

	126.	 “WHAM: the weighted histogram analysis method”, version 2.11, http://membrane.urmc.rochester.edu/wordpress/?page_id=126

https://doi.org/10.1007/s12640-015-9526-z
https://doi.org/10.1007/s12640-015-9526-z
http://www.ncbi.nlm.nih.gov/pubmed/25782580
https://doi.org/10.1371/journal.pone.0129264
http://www.ncbi.nlm.nih.gov/pubmed/26061731
https://doi.org/10.3389/fphar.2021.763950
http://www.ncbi.nlm.nih.gov/pubmed/34646144
https://doi.org/10.1093/oxfordjournals.jbchem.a003179
http://www.ncbi.nlm.nih.gov/pubmed/12038986
https://doi.org/10.1021/ct400314y
http://www.ncbi.nlm.nih.gov/pubmed/26592383
https://doi.org/10.1038/26412
http://www.ncbi.nlm.nih.gov/pubmed/9759724
https://doi.org/10.1063/1.1683075
http://www.ncbi.nlm.nih.gov/pubmed/15267980
https://doi.org/10.1021/acs.jctc.5b00255
http://www.ncbi.nlm.nih.gov/pubmed/26574453
https://doi.org/10.1007/s00894-005-0028-4
https://doi.org/10.1007/s00894-005-0028-4
http://www.ncbi.nlm.nih.gov/pubmed/16240095
https://doi.org/10.1093/bioinformatics/bts200
http://www.ncbi.nlm.nih.gov/pubmed/22531215
https://doi.org/10.4208/cicp.300611.201011s
https://doi.org/10.4208/cicp.300611.201011s
http://www.ncbi.nlm.nih.gov/pubmed/24683424
http://membrane.urmc.rochester.edu/wordpress/?page_id=126

