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SUMMARY:

At neuronal synapses, synaptotagmin-1 (syt1) acts as a Ca2+ sensor that synchronizes 

neurotransmitter release with Ca2+ influx during action potential firing. Heterozygous missense 

mutations in syt1 have recently been associated with a severe but heterogeneous developmental 

syndrome, termed syt1-associated neurodevelopmental disorder. Well-defined pathogenic 

mechanisms, and the basis for phenotypic heterogeneity in this disorder, remain unknown. Here, 

we report the clinical, physiological, and biophysical characterization of three syt1 mutations from 

human patients. Synaptic transmission was impaired in neurons expressing mutant variants, which 

demonstrated potent, graded dominant-negative effects. Biophysical interrogation of the mutant 

variants revealed novel mechanistic features concerning the cooperative action, and functional 

specialization, of the tandem Ca2+-sensing domains of syt1. These mechanistic studies led to the 

discovery that a clinically approved K+ channel antagonist is able to rescue the dominant-negative 

heterozygous phenotype. Our results establish a molecular cause, basis for phenotypic 

heterogeneity, and potential treatment approach for syt1-associated neurodevelopmental disorder.
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Bradberry et al. combine clinical, physiological, and biochemical approaches to define how 

mutations in the Ca2+ sensor synaptotagmin-1 lead to a severe neurodevelopmental disorder. Their 

studies define new mechanistic aspects of synaptotagmin-1’s function and reveal that a clinically-

approved drug may have a role in the treatment of this disorder.

INTRODUCTION

Synaptic transmission occurs via exocytosis of neurotransmitter-laden vesicles at nerve 

terminals. This membrane fusion process is catalyzed by soluble N-ethylmaleimide sensitive 

factor attachment protein receptors (SNAREs) (Sudhof and Rothman, 2009; Weber et al., 

1998) and is rapidly triggered by an elevation in cytosolic Ca2+ ([Ca2+]i) that occurs upon 

the arrival of an action potential (Katz and Miledi, 1967). In most terminals, tandem-C2 

domain proteins in the synaptotagmin (syt) family trigger SNARE-catalyzed membrane 

fusion via Ca2+-dependent interactions with phospholipid bilayers (Bhalla et al., 2005; 

Mackler et al., 2002; Tucker, 2004). Synaptotagmin-1 (syt1), the predominant syt isoform in 

the central nervous system (CNS), likely acts by promoting vesicle docking (Chang et al., 

2018; Liu et al., 2009; Reist et al., 1998), deforming the plasma membrane via Ca2+-

dependent membrane penetration by both C2 domains, C2A and C2B (Fig. 1A) (Bai et al., 

2016; Evans et al., 2015; Hui et al., 2009; Liu et al., 2014), and potentially controlling the 

assembly of trans-SNARE complexes ((Bhalla et al., 2006; Kiessling et al., 2018; Zhou et 

al., 2015), but see also (Bai et al., 2016; Park et al., 2015)). Since each of these mechanistic 

findings continues to be the subject of debate, it is crucial to further address the precise 

biophysical action of syt1 in order to elucidate the molecular mechanisms that underlie 

excitation-secretion coupling (Brose et al., 2019).

Recently, a series of case reports has established a link between de novo heterozygous 

mutations in the gene encoding syt1 and a severe developmental syndrome (Baker et al., 

2018, 2015). Patients with syt1-associated neurodevelopmental disorder demonstrate 

infantile hypotonia, profound intellectual disability, disordered movement, and 

electroencephalographic abnormalities without epilepsy or gross neuroanatomic 

abnormalities (Baker et al., 2018). The observed phenotypes vary widely in severity, but the 

basis for phenotypic heterogeneity in syt1-associated neurodevelopmental disorder is not 

well-defined. Previous studies indicate that other point mutations in syt1 can have dominant-

negative effects in Drosophila (Mackler et al., 2002) and in cultured mouse neurons (Wu et 

al., 2017). While existing work suggests the disease-associated mutant variants described 

here may have a graded impact on synaptic vesicle recycling (Baker et al., 2018, 2015), 

whether and how these variants exert dominant-negative effects on synaptic transmission are 

key issues that require further exploration. Moreover, it remains unclear why all disease-

associated mutations are clustered in the Ca2+-binding, membrane-penetrating loops of C2B 

versus those of C2A.

In the present study, we establish a molecular basis for syt1-associated neurodevelopmental 

disorder by showing that these mutant variants impair the function of syt1 in a dominant-

negative, but also graded, manner. We extend these findings to define key mechanistic 

insights into the action of syt1, and we provide a plausible basis for pharmacotherapy of 
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syt1-associated neurodevelopmental disorder using a clinically approved, centrally acting K+ 

channel antagonist.

RESULTS

Clinical manifestations of pathogenic syt1 mutations

Table 1 summarizes three exemplary cases of syt1-associated neurodevelopmental disorder. 

Clinical histories for each patient with a mutant variant were obtained from published 

studies (I368T) (Baker et al., 2015) or clinical records and interviews with parents (D304G, 

D366E). Detailed clinical histories for patients D304G and D366E are reported in STAR 

methods. In each case, heterozygous de novo mutations in SYT1 were discovered by whole-

exome sequencing, which excluded a causal role for inherited mutations (STAR methods). 

Mutations for patients D366E and I368T were confirmed by Sanger sequencing (Fig. S1). 

As noted in the case series by Baker et al (2018), these mutations are associated with a 

profound global developmental delay that varies widely in severity. All patients exhibited 

hypotonia and delayed motor development apparent in the first year of life. As with patient 

I368T, magnetic resonance imaging of the brains of patients D304G and D366E revealed no 

gross neuroanatomical abnormalities, and extensive testing in each patient did not reveal any 

underlying metabolic abnormalities (STAR methods). Developmental regression and 

seizures were absent in all cases, but electroencephalogram (EEG) revealed background 

slowing and intermittent high-amplitude, low-frequency spiking activity in each case. 

Strikingly, the EEG disturbance was also graded, and the amplitude of spiking activity 

correlated with the severity of developmental delay (i.e., I368T > D366E). Two of these 

patients, D366E and I368T, underwent visual evoked potential recording, which 

demonstrated abnormally prolonged latency in both cases. Behavioral phenotypes also 

varied in type and severity, with two of these patients (D304G and I368T) exhibiting 

frequent agitation and self-injurious behavior. These cases highlight the phenotypic 

variability of syt1-associated neurodevelopmental disorder, with patient D366E 

demonstrating a substantially milder global phenotype than patients D304G and I368T. We 

note that the variants described here represent only a subset of disease-associated syt1 

mutations, as two additional variants (M303K, N371K) have also been reported (Baker et 

al., 2018).

Crystal structures of syt1 C2B domains harboring pathogenic mutations

We first undertook a structural analysis to define the molecular phenotype associated with 

these three mutations, all of which occur in the cytoplasmic C2B domain of this tandem-C2 

domain protein (Figure 1A). X-ray crystallographic structures of each mutant variant C2B 

are shown in Fig. 1B, and the Ca2+-binding regions for each domain are shown in Fig. 1C. 

Ca2+-free conditions were chosen to facilitate crystallization and because the conformational 

changes that occur upon Ca2+ binding are minimal (Shao et al., 1998). Compared with the 

wild-type domain, each mutant variant C2B is correctly folded in the β-sandwich of a C2 

domain (Fig. 1B). While subtle differences in the position of Ca2+-binding/membrane-

penetration loops were apparent (Fig. 1C), these residues are likely to be highly mobile in 

solution, and the observed differences are likely attributable to differences in crystal 

packing. Fig. 1 also highlights the physicochemical diversity of these mutations. D304G 
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neutralizes a Ca2+-binding aspartic acid, while D366E preserves a carboxylate ligand but 

reduces the size of the Ca2+-binding pocket (Fig. 1C). I368T substitutes a polar threonine for 

a bulky, hydrophobic isoleucine that normally penetrates the plasma membrane upon Ca2+ 

binding by syt1 (Bai et al., 2002). As other authors have emphasized (Baker et al., 2018), the 

affected residues are highly conserved in syt1 homologs across the metazoan phylogeny.

Disease-associated syt1 variants traffic normally but fail to support synaptic transmission

As noted above, each disease-associated mutation occurs at a residue with a defined 

biochemical function in the loops of C2B (Chang et al., 2018; Evans et al., 2015; Hui et al., 

2009). However, studies of synaptic transmission in neurons expressing syt1 with C2B loop 

mutations have only rarely examined single point mutations, and mutations at some of these 

sites appear inconsequential (Mackler et al., 2002; Nishiki and Augustine, 2004). Because 

limited evidence points to deficits in vesicular recycling of disease-associated syt1 variants 

(Baker et al., 2018), we assessed the trafficking and synaptic function of each variant using 

immunocytochemistry and electrophysiological recordings of synaptic currents in cultured 

mouse hippocampal and cortical neurons (Fig. 2; please note: in these and all subsequent 

experiments, amino acid numbers for the rat and mouse syt1 sequences are used). Using a 

specific antibody against syt1 (Fig. S2), we found that each mutant variant trafficked as 

effectively as WT to the presynaptic compartment (Fig. 2A-B). We note that, while each of 

these variants trafficked normally and was thus assessed for synaptic function, other disease-

associated mutations may act by causing mislocalization of syt1 (Baker et al., 2018).

We next measured evoked GABAergic postsynaptic currents (IPSCs) from WT or syt1 KO 

cortical neurons expressing mutant syt1 variants (Fig. 2C). Despite localizing correctly to 

presynaptic terminals, mutant syt1 variants largely failed to support evoked synaptic 

transmission (Fig. 2D-G). However, this effect was graded: while the evoked-transmission 

phenotypes of D303G and I367T appeared nearly identical to the syt1 KO (Fig. 2D-G), 

D365E preserved the rapid kinetics of wild-type syt1 (Fig. 2E,H), despite also exhibiting the 

low amplitude and total charge transfer properties of the KO (Fig. 2F-G).

Syt1 also regulates spontaneous neurotransmitter release by suppressing, or clamping, fusion 

under resting conditions (Courtney et al., 2019; Liu et al., 2009). We observed that clamping 

of spontaneous vesicle fusion, as represented by the frequency of miniature IPSCs 

(mIPSCs), also varied among the genotypes: variants I367T and D365E clamped mIPSCs 

more effectively than D303G (Fig. 2I), consistent with an established but poorly-understood 

role for Ca2+-binding loops in the clamping action of syt1 (Evans et al., 2015; Lee et al., 

2013). In summary, the pathogenic syt1 mutations affect spontaneous release rates and 

strongly impact evoked release. Importantly, and in correlation with the observed clinical 

phenotypes, D303G and I367T cause an even more severe impairment of evoked synaptic 

release than D365E.

Disease-associated syt1 variants exhibit a graded dominant-negative impact on 
neurotransmitter release

We next assessed the dominant-negative potency of each mutation with simultaneous 

lentiviral expression of mutant and WT syt1, in combination with optical imaging of evoked 

Bradberry et al. Page 4

Neuron. Author manuscript; available in PMC 2021 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



glutamate release (Fig. 3) (Marvin et al., 2013). Hippocampal neurons cultured from Syt1fl/fl 

mice were transduced with lentivirus encoding Cre recombinase along with separate 

lentiviruses encoding WT and mutant syt1, respectively (Fig. 3A-B). In each experiment the 

WT and mutant syt1 expression levels obtained using each dose of lentivirus were measured 

in separate, parallel samples by immunoblot analysis (Fig 3A-B). A range of WT:mutant 

expression ratios was assessed, and evoked glutamate release was measured as the 

normalized change in fluorescence across a field of view in response to a 10-AP, 10-Hz field 

stimulus (Fig. 3C-H). iGluSnFR fluorescence transient amplitudes were plotted against the 

relative expression of WT and mutant protein in Fig. 3E, clearly demonstrating a dominant-

negative action of each mutant syt1 variant. Even at sub-stoichiometric expression levels, 

mutant variants dose-dependently inhibited action-potential-evoked glutamate release (Fig. 

3E). Strikingly, and in accordance with the findings of Baker et al. (2018), we observed a 

graded dominant-negative potency (D303G ≈ I367T > D365E) that again correlated with the 

observed clinical phenotypes (Fig. 3E-F). Comparison of iGluSnFR data from all samples 

demonstrated a similar effect even without controlling for expression level (Fig. S3), and 

statistical tests supported the use of separate lines to fit the data for each mutant (Table S2). 

We obtained nearly identical results recording GABAergic IPSCs from neurons transduced 

with lentivirus to target equal expression of WT and mutant variants (Fig. S4), though the 

effect of coexpressing variant D365E did not reach statistical significance in those 

experiments. As a relative measure of synaptic release probability, we also measured the 

amplitude of the tenth iGluSnFR transient normalized to that of the first transient (dF/

F0(tenth/first)) (Fig. 3G-H). As expected, dF/F0(tenth/first) increased with the expression of 

mutant protein, indicating a dose-dependent reduction in relative release probability (Fig. 

3G). As with the amplitude of the first response, mutant syt1 variants exhibited graded, 

dominant-negative activity, with D365E expressing the mildest phenotype (Fig. 3G-H). 

Together, these results unambiguously establish the dominant-negative action of each mutant 

variant and strongly suggest a physiologic basis for the phenotypic heterogeneity observed 

in these patients.

Disease-associated syt1 variants show impaired binding to Ca2+ and lipids

Syt1 triggers SNARE-catalyzed membrane fusion in vitro and at neuronal synapses by Ca2+-

dependent membrane insertion of residues in two flexible loops in both C2A and C2B (Bai 

et al., 2016; Courtney et al., 2019; Evans et al., 2015; Liu et al., 2014; Tucker, 2004). This 

interaction requires negatively-charged phospholipids, namely phosphatidylserine (PS) 

and/or phosphatidylinositol(4,5)-bisphosphate (PIP2) (Wang et al., 2011). PIP2, in particular, 

is a dynamically-regulated phospholipid (Micheva et al., 2001) that plays an important role 

in exocytosis (Eberhard et al., 1990). Importantly, syt1 can bind and partially penetrate PIP2-

containing membranes even in the absence of Ca2+, allowing for enhanced kinetics of Ca2+-

dependent membrane penetration (Bai et al., 2004; Bradberry et al., 2019).

We thus performed a series of studies with purified protein and liposomes to define how 

mutant syt1 variants interact with Ca2+ and membranes (Fig. 4). In saturating [Ca2+]free (1 

mM), the purified tandem C2 domains (C2AB) of each syt1 variant displayed largely intact 

Ca2+-dependent and -independent binding to phospholipid bilayers containing PS with or 

without PIP2 (Fig. 4A-C). However, each mutant variant showed diminished binding to 
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bilayers containing PIP2 as the sole acidic phospholipid, consistent with an established role 

for C2B as the primary PIP2-binding domain of syt1 (Fig. 4A-C) (Bai et al., 2004). A 

detailed titration of [Ca2+]free in the presence of PS:PIP2 vesicles demonstrated a substantial 

reduction in the Ca2+-sensitivity of membrane binding for each mutant variant (Fig. 4D-E). 

This effect was graded in a fashion that correlated with the severity of both the synaptic and 

human phenotypes for each mutation (Fig. 4E). In particular, at 10 μM Ca2+, a relevant Ca2+ 

concentration at release sites during action potential firing in cultured hippocampal neurons 

(Burgalossi et al., 2010), D365E exhibited substantially more Ca2+-dependent binding than 

either D303G or I367T (Fig. 4E). In general, the Ca2+ cooperativity of membrane binding 

was low for WT and mutant variants (Hill coefficients ± standard error: WT, 1.6 ± 0.2; 

D303G, 1.4 ± 0.2; D365E, 1.1 ± 0.1; I367T, 2.1 ± 0.4). t-SNARE binding activity, by 

comparison, was unaffected by each mutation in both the presence and absence of saturating 

[Ca2+]free (Fig. S5).

To assess the stability of the syt1 C2AB-Ca2+-phospholipid complex formed by WT and 

mutant protein, we performed a time-resolved assay to measure the kinetics of Ca2+ release 

from these complexes (Fig. 4F-H) (Nalefski et al., 2001). In this assay, the fluorescent Ca2+ 

chelator quin-2 is rapidly mixed with pre-assembled C2AB-Ca2+-phospholipid complexes in 

a stopped-flow fluorescence spectrometer, and observable kinetic information corresponds to 

liberation of Ca2+ from the protein-lipid complex (Fig. S6). We observed that Ca2+ release 

was more rapid in complexes containing mutant C2AB (Fig. 4G-H). Fitting of double 

exponential decay functions to the observed data revealed a fast and a slow component for 

each trace (Fig. 4H). WT protein exhibited a more predominant slow component of Ca2+ 

release (Fig. 4H), indicating that in the activated, membrane-bound state, WT syt1 forms 

more stable complexes with Ca2+ as compared to the three mutant proteins.

Disease-associated mutations impair distinct membrane penetration modes in C2A and 
C2B

Thus far, all disease-causing syt1 mutations occur in the C2B domain of the protein (Baker 

et al., 2018), and a host of studies have found that syt1 is more functionally susceptible to 

mutations in C2B than in C2A (Chapman, 2008; Shin et al., 2009). However, the biophysical 

basis for this C2B-dependence remains unclear, as C2A has an equal number of Ca2+-

binding residues and binds at least as many Ca2+ ions (Fernandez et al., 2001; Shao et al., 

1998; Sutton et al., 1995). Moreover, studies using the individual C2 domains are difficult to 

meaningfully interpret, as significant evidence exists for a functional linkage between the 

two domains (Bai et al., 2002; Courtney et al., 2019; Evans et al., 2016; Herrick et al., 

2006).

To better delineate the roles of C2A and C2B, we developed an assay to carefully assess 

membrane penetration by either domain in the context of the tandem domains (Fig. 5). 

Purified syt1 C2AB was first labeled at introduced cysteine residues with an 

environmentally sensitive probe, NBD, on a Ca2+-binding/membrane penetration loop in 

C2A (F234C-NBD) or C2B (V304C-NBD). This dye undergoes a blue shift and substantial 

emission intensity increase when buried in the hydrophobic core of the bilayer (Fig. 5B). 

Labeled syt1 was then combined with PIP2-containing vesicles such that NBD-syt1 was 
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completely adsorbed to the surface of the liposomes even in the absence (<10 nM) of free 

Ca2+ (Fig. S7). Under these conditions, the Ca2+-dependent membrane penetration activities 

of C2A and C2B can be examined independently, as avidity effects (i.e., apparent coupling 

of penetration by C2A and C2B due to an entropic benefit for one domain following binding 

by the other) are largely avoided.

Changes in NBD fluorescence, while titrating Ca2+ in samples containing WT or mutant 

syt1 C2AB, are depicted in Fig. 5B-C. Two key features emerge from these data: first, in 

WT syt1, C2B exhibited a substantially higher sensitivity to Ca2+ than C2A. Second, 

pathogenic mutations reduced the Ca2+-sensitivity of membrane penetration by both C2A 

and C2B, though with a more pronounced effect on C2B (Fig. 5C-D). These results 

demonstrate that, in WT syt1, Ca2+ binds more tightly to C2B than C2A at the protein-

membrane interface, implying that more free energy is liberated via Ca2+-triggered 

penetration by C2B (ΔG = −RT ln Keq). For each mutant variant, this high-affinity mode was 

abolished in a graded fashion, and the Ca2+-dependence of membrane penetration by C2B 

more closely resembled that of C2A (Fig. 5C,D). As with our previous studies, D303G had 

the most potent effect on membrane penetration (Fig. 5B-C). D365E and I367T had similar 

[Ca2+]1/2 values, but as in our lipid-binding assays (Fig. 4E), D365E had relatively more 

activity at low [Ca2+]free versus I367T (Fig. 5C). We also observed an apparent increase in 

the cooperativity of Ca2+-dependent membrane penetration for some of the mutants versus 
the WT protein (Hill coefficients ± SE: WT C2A, 1.0 ± 0.1; WT C2B, 0.8 ± 0.1; D303G 

C2A, 1.6 ± 0.2; D303G C2B, 1.6 ± 0.2; D365E C2A, 1.3 ± 0.2; D365E C2B, 1.4 ± 0.2; 

I367T C2A, 1.4 ± 0.2; I367T C2B, 1.9 ± 0.8). Variants D303G and D365E also caused a 

reduction in the Ca2+ sensitivity of penetration by C2A (Fig. 5D-E), consistent with reports 

of functional cooperativity between C2A and C2B when linked (Bai et al., 2002; Courtney et 

al., 2019; Evans et al., 2016; Herrick et al., 2006). Together, these data establish a 

biophysical basis for the functional dominance of syt1’s C2B domain and, in turn, the 

presence of disease-causing mutations in the membrane penetration loops of C2B versus 
those of C2A (Fig. 5F).

Rescue of dominant-negative synaptic impairments by 4-aminopyridine

Even when a molecular cause is well-defined, treatment of inherited developmental 

disorders is a challenging prospect given the paucity of suitable gene therapies. However, 

depending on the consequences of a given mutation, rationally guided treatment may benefit 

some patients. Because each mutation described here reduces the Ca2+ sensitivity of 

membrane binding and penetration by syt1, boosting presynaptic Ca2+ influx might mitigate 

the synaptic deficits associated with each mutant. Indeed, Baker and colleagues (2018) were 

able to rescue the trafficking deficits of these mutant variants by increasing extracellular 

[Ca2+], though it is unclear how this might be achieved clinically.

We reasoned that pharmacologic approaches might also be used to enhance presynaptic Ca2+ 

influx. 4-aminopyridine (4-AP, fampridine, dalfampridine) (Fig. 6A) is a K+ channel 

antagonist clinically approved for the treatment of multiple sclerosis (Leussink et al., 2018). 

This drug, which is selective for Kv3 channels at low concentrations (Alle et al., 2011), 

would be expected to broaden action potentials and thus enhance presynaptic Ca2+ influx. 
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Moreover, a non-centrally-acting variant of 4-AP, 3,4-diaminopyridine, has been used 

successfully to treat a myasthenic syndrome associated with similar mutations in 

synaptotagmin-2, the predominant syt isoform at the neuromuscular junction (Whittaker et 

al., 2015). In neurons transduced to express roughly equal amounts of mutant and WT syt1, 

4-AP dose-dependently enhanced evoked glutamate release and restored normal short-term 

plasticity (Fig. 6B-D). At 5 μM, the dominant-negative effects of each mutant on the 

amplitude of the first glutamate transient (Fig. 6C), as well as dF/F0(tenth/first) (Fig. 6D), 

were largely mitigated, and responses appeared similar to those of WT neurons in the 

absence of drug. We emphasize that additional considerations apply in the clinical setting, 

particularly given the convulsant effects of higher doses of 4-AP. However, these results—

particularly given the lack of epilepsy in patients with syt1 mutations—suggest that 4-AP or 

other centrally-acting Kv channel blockade presents a plausible approach to 

pharmacotherapy for these patients.

DISCUSSION

Causative mechanisms in syt1-associated neurodevelopmental disorder

Each mutation studied here selectively alters the physicochemical properties of the Ca2+-

binding, membrane-penetrating loops of syt1 C2B (Fig. 1), with dramatic and deleterious 

consequences for synaptic transmission (Fig. 2). Even the most conservative mutation, 

D366E, caused near-complete loss of function in syt1 despite previous studies suggesting 

that a neutralizing mutation (D>N) at this position should have only mild effects (Nishiki 

and Augustine, 2004). Our results demonstrate that the Ca2+-binding pocket of syt1 C2B is 

exquisitely tuned, highlighting the difficulty of predicting a mutation’s functional impact 

based on biochemical principles alone. Moreover, our observations strongly suggest that 

these mutant syt1 variants likely provide little support for synaptic transmission in vivo, 

supporting a role for these mutations in the observed clinical phenotypes.

An unambiguous causal role for these mutations, however, requires a capacity for mutant 

syt1 to act in a dominant-negative manner. Previous studies have suggested that human syt1 

mutant variants undergo impaired vesicular recycling (Baker et al., 2018), and unrelated 

heterozygous mutations in Drosophila syt1 have been shown to impair neurotransmitter 

release (Mackler et al., 2002). The current study, by contrast, is the first to quantitatively 

assess how disease-associated syt1 variants can disrupt neurotransmitter release when 

expressed alongside WT protein (Fig. 3). Our findings unequivocally demonstrate the 

capacity for these heterozygous mutations to cause profound impairment of neurotransmitter 

release (Fig. 3). Moreover, this work provides strong evidence for a graded potency of 

disease-associated syt1 variants, with D365E exhibiting a markedly less severe dominant-

negative phenotype versus D303G and I367T (Fig. 3). We note that substantial phenotypic 

heterogeneity is also observed for each given genotype (Baker et al., 2018), suggesting that 

allelic expressivity also plays an important role in determining disease severity. It is 

unknown how WT and mutant alleles vary in expression across brain regions or neuronal 

subtypes in these patients. However, when controlling for allelic expression ratio, the human 

D366E variant can be expected to produce a less severe clinical phenotype than either 
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D304G or I368T—as observed in the limited number of mutation-bearing patients described 

so far (Baker et al., 2018).

Our biochemical (Fig. 4) and spectroscopic (Fig. 5) studies establish that this graded effect 

on synaptic physiology (Figs. 2, 3) corresponds well to a graded impact on Ca2+-dependent 

binding and penetration of membranes by syt1. Across these studies, variants D365E and 

I367T were more evenly matched, with a trend toward more severe impairment in I367T 

(Figs. 4, 5). In comparison, variant D303G, which is associated with the most severe human 

phenotype (Baker et al., 2018) and showed the most substantial impairment of synaptic 

release at low mutant:WT expression ratios (Fig. 3), also exhibited the most severe 

biophysical impairments. Our combined results are summarized in Table 2. These data 

provide strong support for a mechanism of action of syt1 that specifically involves Ca2+-

dependent penetration of the plasma membrane to trigger synaptic vesicle fusion (Bai et al., 

2016; Evans et al., 2015; Liu et al., 2014). Further studies may define whether these 

mutations also impact other roles for syt1, such as synaptic vesicle-plasma membrane 

docking (Chang et al., 2018; Liu et al., 2009).

Functional segregation and positive allostery between the tandem C2 domains of syt1

Our membrane penetration studies (Fig. 5) also reveal several interesting features of a 

prototypical Ca2+-dependent protein-lipid interaction involving tandem Ca2+-binding 

domains. To our surprise, the Ca2+ responses of C2A and C2B were distinct in WT syt1, 

with C2B exhibiting a higher-affinity mode of Ca2+-dependent membrane penetration (Fig. 

5). While the basis for the higher Ca2+ sensitivity of C2B is not clear, this effect is likely due 

to the substantial cooperativity between Ca2+- and PIP2-binding activities of syt1 C2B (Bai 

et al., 2004; Li et al., 2006; van den Bogaart et al., 2012). Indeed, each disease-associated 

mutation inhibited Ca2+-dependent membrane penetration (Fig. 5) and dramatically 

disrupted Ca2+-dependent binding to PIP2 (Fig. 4). Thus, in addition to binding a polybasic 

patch on the side of C2B and juxtaposing the cytoplasmic domain of syt1 with the target 

membrane (Bai et al., 2004), PIP2 likely interacts with the Ca2+-binding, membrane-

inserting residues of C2B. This interpretation is supported by the capacity of PIP2 to drive 

Ca2+-independent membrane penetration by syt1 (Bradberry et al., 2019).

An unresolved question regarding the mechanism of action for syt1 concerns the differential 

sensitivity of its C2-domains to mutations. While mutations in C2A are often well-tolerated 

(Stevens and Sullivan, 2003), mutations in C2B readily disrupt the function of this protein 

(Mackler et al., 2002), as evidenced by the clustering of disease-associated mutations in C2B 

(Baker et al., 2018). The higher Ca2+ sensitivity of membrane penetration by C2B (Fig. 5) 

implies that penetration by this domain liberates more free energy than penetration by C2A 

and suggests a biochemical basis for the sensitivity of mutations in C2B. This high Ca2+ 

sensitivity may also be critical for the role of C2B in dynamic, Ca2+-dependent docking of 

synaptic vesicles (Chang et al., 2018). The lower Ca2+ sensitivity of C2A (Fig. 5) may serve 

to enable a wider dynamic range of Ca2+ sensitivity for syt1-triggered membrane fusion, 

which is sensitive to changes in [Ca2+]i across a range of [Ca2+]i spanning orders of 

magnitude (Burgalossi et al., 2010; Neher and Sakaba, 2008; Stevens and Sullivan, 2003).
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A closely related problem is the question of how and whether C2A and C2B exhibit positive 

allostery in terms of Ca2+-dependent membrane binding activity. Several previous studies 

have suggested a functional link between the two domains that depends on their relative 

orientations (Bai et al., 2016, 2002; Evans et al., 2016; Herrick et al., 2006; Liu et al., 2014; 

Tran et al., 2019). However, these studies have not addressed Ca2+ cooperativity per se, i.e., 

does Ca2+ and lipid binding by one domain drive Ca2+ and lipid binding by the other 

domain? Our penetration studies formally establish a cooperative action between C2A and 

C2B by demonstrating that mutations in C2B can reduce the Ca2+ sensitivity of penetration 

by C2A (Fig. 5). Our data help establish a clear mechanistic picture for how Ca2+ activates 

syt1: C2B, by binding PIP2 and penetrating the membrane with high Ca2+ sensitivity, drives 

the adjacent C2A to likewise bind Ca2+ and penetrate the membrane to increase release 

probability (Courtney et al., 2019). The interactions underlying this allostery are unclear but 

may involve changes in the membrane-water interface that occur with penetration of the 

membrane by each C2 domain.

Molecular correlates of synaptic Ca2+ cooperativity

Another critical but poorly understood cooperative relationship is the power-law relationship 

between synaptic vesicle fusion rate and [Ca2+]i (Dodge and Rahamimoff, 1967; Neher and 

Sakaba, 2008). Because syt1 binds 4–5 Ca2+ ions (Brose et al., 1992; Fernandez et al., 2001; 

Shao et al., 1996), this stoichiometry has long been proposed to mediate the Ca2+ 

dependence of synaptic release (Brose et al., 1992). However, in a number of studies, 

including data reported here, the Ca2+-dependent membrane binding and penetration by syt1 

exhibits a far shallower dependence on Ca2+ (Brose et al., 1992; Evans et al., 2016; Gaffaney 

et al., 2008; Tran et al., 2019; van den Bogaart et al., 2012) (Fig. 4, Fig. 5). In particular, the 

present study demonstrates this relatively low degree of Ca2+ cooperativity using two 

different assays of Ca2+-dependent syt-membrane interaction (Fig. 4, Fig. 5). Our results 

argue strongly against the notion that the power law relationship between Ca2+ and synaptic 

release is determined by the number of Ca2+ binding sites in a single syt1 molecule. The 

high Ca2+ cooperativity of release but low Ca2+ cooperativity of membrane penetration by 

syt1 can be readily reconciled by the participation of multiple copies of syt1 in the 

membrane fusion reaction. Our finding that disease-associated syt1 variants potently disrupt 

the function of WT syt1 at sub-stoichiometric expression ratios, particularly for variant 

D303G (Fig. 3), supports this notion. Further studies, combining accurate syt1 copy number 

measurements in situ with more rigorous measurements of vesicle release rates, may better 

define a role for syt1 in the Ca2+ cooperativity of neurotransmitter release.

Pharmacologic strategies for treatment of syt1-associated neurodevelopmental disorder

Finally, our mechanistic studies culminated in the discovery that 4-aminopyridine, a drug 

that is approved for clinical use (Leussink et al., 2018), may help to mitigate the synaptic 

deficits in syt1-associated neurodevelopmental disorder (Fig. 6). In patients with more 

severe phenotypes (D304G and I368T, in this series), treatment targets may include reduced 

agitation and self-injurious behavior. In patients with less severe phenotypes (D366E in this 

series), targets may include improved attention and learning ability. The concentrations used 

in this study are higher than, but within fivefold of, typical serum concentrations achieved 

with standard doses of 4-AP (Bever et al., 1994), and even a partial recovery of presynaptic 
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function may allow for functional improvement in these patients. We note that neurons and 

synapses functioning under physiologic conditions may have substantially different 

responses to 4-AP than those of our hippocampal cultures. We also emphasize that, given the 

importance of brain developmental processes, any pharmacologic intervention is unlikely to 

cause complete functional recovery, though this may also depend on the age at which such 

interventions are initiated. Regardless, given the lack of other viable and specific treatment 

options, centrally acting Kv blockade by 4-AP appears to be a rational, plausible option for 

treatment of patients with this profound neurodevelopmental disorder.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact Further information and requests for resources and reagents should be directed 

to and will be fulfilled by the Lead Contact, Dr. Edwin Chapman (chapman@wisc.edu). 

Materials Availability All unique/stable reagents generated in this study are available from 

the Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability X-ray crystallography data generated in this study have been 

deposited at the protein data bank (PDB) with the accession codes 6TZ3 (syt1 C2B WT), 

6U41 (syt1 C2B D304G), 6U4W (syt1 C2B D366E), and 6U4U (syt1 C2B I368T). All other 

source data are available from the corresponding author on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All neuronal cultures were prepared from early postnatal (P0-P1) mouse pups in accordance 

with all relevant regulations and with the approval of the University of Wisconsin 

Institutional Animal Care and Use Committee. For some electrophysiologic studies (Fig. 2), 

pups from Syt1+/− breeders (Jackson Labs stock # 002478) were used; for imaging and other 

electrophysiologic studies (Figs. 2, 3, 6, and S4), pups from Syt1fl/fl breeders (Quadros et 

al., 2017) were used. Mice were maintained on a C57B6/J background. Clinical histories for 

patients harboring syt1 variants D304G and D366E were obtained through interviews with 

the parents of these patients and through standard record request protocols. All procedures 

were performed with the approval of the University of Wisconsin Health Sciences 

Institutional Review Board.

METHOD DETAILS

Patient genotyping—Sanger sequencing (Functional Biosciences, Madison, WI) was 

performed following extraction of genomic DNA from saliva samples (Oragene collection 

kit and Prep-IT L2P reagent, both from DNA Genotek) using the primers: 

gcaagagaaattgggtgatatctgcttctccc (D303G, forward); cgcagcatgtgcgccatgc (D303G, reverse); 

gggccttatctctagagctagatgattcatattcatttcatggc (D365E, forward); cttcttgacggccagcatggcatc 

(D365E, reverse).

Protein purification and labeling—For crystallography studies, the cDNA encoding 

human syt1 C2B (amino acids 272–422) was cloned into a pET-based expression vector that 

included a His6-tagged maltose binding protein and a tobacco etch virus protease (TEV) 
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restriction site. Site-directed mutagenesis (Stratagene QuikChange) of syt1 C2B was 

performed to make three single-point mutant constructs. All mutations were confirmed by 

DNA sequencing. Plasmids containing the recombinant C2B domains were transformed into 

BL21(DE3) E. coli, which were grown in Terrific Broth and induced with IPTG for protein 

production. The cell pellets were frozen at −80 °C and stored until needed. Cells were 

thawed in lysis buffer [20 mM HEPES (pH 7.4), 150 mM NaCl], lysed using a 

Microfluidizer, and clarified by centrifugation using a Beckman JA-20 rotor at 19,500 rpm 

(45,900 g) for 45 min. The supernatant was passed through a Ni-NTA affinity column which 

was equilibrated with lysis buffer. The column then was washed with 150 ml lysis buffer, 

followed by a wash in lysis buffer plus 30 mM imidazole. Finally, His6-MBP-C2B was 

eluted with 80 ml lysis buffer including 300 mM imidazole. The resulting fusion protein was 

cleaved with TEV protease overnight at 4°C. Next, an SP-Sepharose column was used to 

separate the C2B domain from MBP, TEV protease, and uncleaved fusion proteins. Elution 

from the cation exchange column was done with a 0 to 1 M NaCl gradient and the solution 

containing the protein of interest was concentrated and loaded onto a Superdex 75 column to 

remove the remaining contaminants. Purity was assessed using SDS-PAGE Stain-Free gels 

from BioRad, and protein concentrations were quantified by OD280 using each protein’s 

calculated extinction coefficient. For membrane binding and penetration studies, WT and 

mutant rat syt1 C2AB (residues 96–421), with or without cysteines introduced for labeling, 

were purified as glutathione-S-transferase fusion constructs (pGEX4T-1 vector, GE 

healthcare) and eluted by thrombin cleavage as described previously (Bradberry et al., 

2019). Labeling was performed using IANBD-amide followed by desalting with size-

exclusion chromatography, also as described previously (Bradberry et al., 2019). For 

SNARE binding assays, HaloTag-syt1 C2AB (pTrcHis vector, Thermo) and the syntaxin1A/

SNAP-25B t-SNARE heterodimer (pRSF Duet vector, Novagen) were expressed as N-

terminal his6 fusion constructs, purified by immobilized metal affinity chromatography, and 

eluted with imidazole as described previously (Bradberry et al., 2019; Courtney et al., 2018).

Crystallization and data collection—The WT syt1 C2B domain was crystallized in 0.2 

M ammonium sulfate (pH 6.0), 30% PEG3350 (pH 6.0); the D304G mutant was crystallized 

in 2.0 M ammonium sulfate (pH: 4.6), 0.1 M sodium acetate; the D366E mutant was 

crystallized in 1.6 M ammonium sulfate (pH 4.0), 0.1 M citrate; and the I368T mutant was 

crystallized in 1.5 M ammonium sulfate (pH range: 4.5–4.8), 0.1 M sodium acetate. All 

crystals were grown at 20 °C using the hanging droplet method with purified protein at a 

stock concentration of 20 mg/ml. The crystals were captured into nylon loops and frozen in 

liquid N2. Initial data sets were collected on a Rigaku ScreenMachine. High resolution data 

sets were collected at SLAC beamline 7–1. The wavelength of each dataset were: wild type 

1.097 Å, D304G 0.984 Å, D366E 0.9795 Å, and I368T 1.099 Å and the data were collected 

at 90 K. X-ray data were processed and scaled using XIA2 (Evans, 2006; Kabsch, 2010; 

Winn et al., 2011; Winter, 2010; Winter et al., 2018). The X-ray crystal structure was solved 

using molecular replacement techniques (Phaser) (McCoy et al., 2007) and subsequently 

refined using Phenix (Adams et al., 2010).

Cell culture and lentiviral transduction.—Briefly, cortices (syt1 WT/KO, data in fig. 

2) or hippocampal formations (Syt1fl/fl, data in Figs. 3, 6, S4) were obtained by 
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microdissection and kept in Hibernate-A until the completion of dissection, at which point 

they were incubated with trypsin-EDTA (Corning, 0.25%) for 30 minutes at 37 ºC with 

periodic agitation. Trypsin was then replaced with plating medium (DMEM +10% FBS) and 

tissue was triturated 10–20 times with a 1 ml pipette before plating at ~100,000 cells/cm2 

onto poly-D-lysine coated glass coverslips. Plating medium was replaced with complete 

growth medium (Neurobasal-A medium supplemented with B-27 (1X, Gibco) and Glutamax 

(1X, Gibco)) after 1 hour. Lentivirus encoding Cre recombinase under the control of a 

synapsin promoter and, for imaging experiments, lentivirus encoding a modified iGluSnFR 

construct were added to cultures at 0–2DIV. Lentivirus encoding WT or mutant syt1 variants 

was added at 5–7DIV.

Molecular biology and lentiviral preparation for physiology experiments—For 

lentiviral constructs, DNA sequences encoding WT syt1 or mutant variants generated by 

site-directed mutagenesis (QuikChange Lightning, Agilent) were subcloned into the FUGW 

lentiviral transfer plasmid (Addgene plasmid #14883, a gift from Dr. David Baltimore) 

(Lois, 2002) modified to include the human synapsin promoter and an internal ribosome 

entry sequence followed by the red fluorescent protein mRuby3. A lentiviral transfer 

plasmid encoding Cre recombinase under the control of the human synapsin promoter was 

used in experiments with Syt1fl/fl neurons (Addgene plasmid #86641, a gift from Dr. Fan 

Wang) (Sakurai et al., 2016). Lentivirus was generated by CaPO4-mediated cotransfection of 

HEK293-T cells with transfer plasmid and the helper plasmids pCD/NL-BH*ΔΔΔ (Addgene 

plasmid #17531, a gift from Dr. Jakob Reiser) (Zhang et al., 2004) and pLTR-G (Addgene 

plasmid #17532, a gift from Dr. Jakob Reiser) (Reiser et al., 1996) followed by 

concentration of virus-bearing supernatant by ultracentrifugation as described (Kutner et al., 

2009). iGluSnFR (Addgene plasmid # 41732, a gift from Dr. Loren Looger) (Marvin et al., 

2013) was modified to remove the final four amino acids and include a Golgi export 

sequence (Parmar et al., 2014) and ER exit motif (Stockklausner et al., 2001). This construct 

was subcloned into the FUGW lentiviral transfer plasmid modified to include the CamKIIα 
promoter.

Immunocytochemistry and confocal microscopy—At 14–16 DIV, coverslips of 

hippocampal neurons from Syt1fl/fl mice expressing WT or mutant variant syt1 were rinsed 

2–3 times with phosphate-buffered saline (PBS) and fixed by incubation with pre-warmed 

4% paraformaldehyde for 10 minutes at 37 ºC. Cells were washed in PBS, incubated for 10 

minutes in PBS containing 0.2% saponin and 50 mM Tris-HCl pH 8.0, washed in PBS, and 

blocked for 1 hour at room temperature in PBS containing 5% normal goat serum, 5% BSA, 

and 0.02% saponin. Coverslips were then incubated with primary antibodies against syt1 

(mouse mAb 48, Iowa DSHB (Matthew, 1981), 1:250 dilution of a 3.7 mg/ml stock purified 

from ascites fluid) and synaptophysin (guinea pig pAb, Synaptic Systems, 1:250 dilution of 

a 1 mg/ml stock) in PBS containing 1% BSA and 0.02% saponin at 4ºC overnight. 

Coverslips were washed in PBS containing 0.02% saponin and incubated with fluorescent 

secondary antibodies (AlexaFluor488 conjugated goat anti-guinea pig IgG and 

AlexaFluor647 conjugated goat anti-mouse IgG2b) for 1 hour at room temperature. Cells 

were then washed in PBS containing 0.02% saponin, followed by PBS without saponin, and 

mounted on glass slides. Fixed, stained slides were later imaged on a Zeiss LSM 880 
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confocal microscope equipped with a 40× 1.3NA oil objective with identical laser power and 

gain settings used for all experiments. Pearson’s correlation coefficients were calculated 

using the Coloc 2 plugin in FIJI (Schindelin et al., 2012) on z-stack maximum projections 

without thresholding. Replicates represent single fields of view from at least 2 separate 

dissections.

Immunoblotting—Coverslips of neurons (14–18 DIV) from Syt1fl/fl mice expressing WT 

or mutant syt1 variants were rinsed 2–3 times in PBS and lysed by repeated pipetting of 150 

μl lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 2% SDS, 0.1% Triton X-100, 10 mM 

EDTA) containing protease inhibitors (cOmplete mini EDTA-free, Roche, 1 tablet / 10 ml 

lysis buffer). These samples were combined with 50 μl 4X Laemmli sample buffer, heated to 

70ºC for 10 minutes, and stored at −20 ºC until use. For each experiment, samples were 

subjected to SDS-PAGE, transferred to PVDF membrane, blocked in Tris-buffered saline 

containing 0.1% Tween-20 (TBS-T) with 5% milk, and blotted using an anti-syt1 antibody 

(mAb 48 (Matthew, 1981), 1:500 dilution of hybridoma supernatant (Developmental Studies 

Hybridoma Bank)) in TBS-T with 1% milk at 4ºC overnight. After washing in TBS-T, blots 

were incubated with HRP-conjugated goat anti-mouse IgG2b 2º antibody (Invitrogen) in 

TBS-T for 1 hr at room temperature, washed in TBS-T, and imaged with a CCD gel imaging 

device (GE). Equal protein loading across lanes was confirmed by Coomassie staining of 

gels after transfer.

Electrophysiology—Whole-cell voltage-clamp recordings of cultured neurons (13–

16DIV) were performed at room temperature in a bath containing (in mM): 128 NaCl, 5 

KCl, 1 MgCl2, 2 CaCl2 25 HEPES-NaOH, 30 glucose) using patch pipettes pulled from 

borosilicate glass (Sutter instruments, 1.5 mm OD, 1.1 mm ID, 3–5 MOhm) with an internal 

solution containing (in mM): 130 KCl, 1 EGTA, 10 HEPES-NaOH, 2 ATP (Mg salt), 0.3 

GTP (Na salt), 5 phosphocreatine (Na salt). Recordings were performed using a MultiClamp 

700B combined amplifier and digitizer (Molecular Devices) under the control of Clampex 

10 software (Molecular Devices) (Fig 2) or using a HEKA EPC 10 combined amplifier and 

digitizer under the control of HEKA PatchMaster software (Fig. S4). GABAA-mediated 

currents were isolated using CNQX (20 μM) and APV (50 μM); for mIPSC recordings, 1 

μM TTX was included in the bath. QX-314 chloride (5 mM) was included in the pipette 

solution for evoked synaptic recordings. Neurons were held at −70 mV in all experiments 

without correction for liquid junction potentials. Series resistance was monitored, and 

recordings were discarded if this quantity rose above 15 MOhms. For evoked recordings, a 

concentric bipolar electrode (FHC, 125/50 um extended tip) was placed 100–200 um away 

from the patched soma and stimulation currents were adjusted evoke maximal responses. For 

mIPSC recordings, sixty seconds of data were recorded for each cell. mIPSCs were 

quantified for each recording using a template-matching algorithm in Clampfit (Molecular 

Devices). Each replicate represents an individual cell from at least 2 separate dissections.

Glutamate imaging—All experiments were performed at room temperature. Imaging bath 

solution contained (in mM): 128 NaCl, 2.5 KCl, 1 MgCl2, 2 CaCl2, 25 HEPES-NaOH, 30 

glucose; complete blockade of synaptic currents was achieved using CNQX (20 μM), APV 

(50 μM), and picrotoxin (50 μM). Coverslips were mounted in a field stimulus chamber 
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(RC-49MFSH, Warner Instruments) and imaged on a motorized inverted epifluorescence 

microscope (Olympus IX81) equipped with a 60x, 1.45 NA oil immersion objective 

(Olympus) and standard GFP filter set (49002, Chroma). Illumination was provided with a 

470 nm LED (Thorlabs) and fluorescence was detected on the central quadrant of an 

sCMOS camera (OrcaFLASH V2.0, Hamamatsu) operated in 4×4 binning mode (256 × 256 

pixels, 111 × 111 μm field of view) using a 10 ms exposure time. The optical setup was 

controlled using Micro-Manager (Edelstein et al., 2010), with LED intensity controlled 

using a USB DAQ (National Instruments). Stimulus control was accomplished using the 

DAQ of a HEKA EPC 10 combined amplifier and digitizer connected to the timing input of 

the sCMOS camera and controlled with PatchMaster software. Stimuli (100 V, 0.5 ms) were 

delivered using a stimulation box (Grass SX88). For each coverslip, responses to 10-AP, 10-

Hz stimulus trains were acquired with at least 4 minutes of rest in between acquisitions. 

dF/F0 was calculated for the whole field of view to normalize for the amount of sensor 

present, with baseline subtraction determined using a dark area of the coverslip. For 

experiments involving 4-AP treatment, the microscope was equipped with a motorized XY 

stage (Mad City Labs) and the same fields of view were imaged in control and 4-AP 

conditions. Conversion of raw fluorescence to dF/F0 was performed using a custom-written 

R script. Replicates were defined as average traces for a whole coverslip (Fig. 3) or fields of 

view (Fig. 6) across 2–5 separate dissections.

Liposome preparation—Liposomes were prepared by evaporation from 

chloroform:methanol lipid stocks (all from Avanti Polar lipids), rehydration at 10 mM [lipid] 

in reconstitution buffer (25 mM HEPES-NaOH pH 7.4, 100 mM KCl), and extrusion as 

described (Bradberry et al., 2019). In Fig. 4B-C, liposomes contained 30% POPE and the 

indicated amount of POPS and PIP2, with the remainder comprising POPC. For Fig. 4D-H, 

liposomes contained 35% cholesterol, 25% POPC, 15% POPS, 20% POPE, 5% 

phosphatidylinositol, and 1% PIP2; for Fig. 5, liposomes contained 35% cholesterol, 23% 

POPC, 15% POPS, 20% POPE, 5% phosphatidylinositol, and 3% PIP2.

Cosedimentation assays—In Fig. 4B-C, liposomes (2 mM [lipid]) were mixed with 

C2AB (4 uM) in reconstitution buffer containing 0.5 mM EGTA in volume of 100 μl; where 

indicated, 1.5 mM Ca 2+ was added, yielding 1.0 mM [Ca]free. Reaction mixtures was 

incubated with shaking for 30 minutes, transferred to small polycarbonate centrifuge tubes, 

and centrifuged at 65,000 RPM in a TLA-100 rotor (Beckman). Supernatants were 

combined with Laemmli sample buffer, subjected to SDS-PAGE, and C2AB was detected by 

staining with Coomassie Brilliant Blue. For Fig. 4D-E, conditions were the same except that 

the reconstitution buffer contained 5 mM nitrilotriacetic acid (NTA) and 1 mM EGTA (pH 

7.4), along with 0–5 mM CaCl2. [Ca2+]free in these buffers was established using home-built 

Ca2+ minielectrodes (Bers et al., 2010; Hove-Madsen et al., 2010). For fig. S7, NBD-C2AB 

(250 nM) was combined with liposomes of the same formulation in reconstitution buffer 

containing 5 mM NTA and 1 mM EGTA. This mixture was immediately centrifuged at 

90,000 RPM in a TLA-100 rotor, the supernatants mixed with Laemmli buffer and subjected 

to SDS-PAGE, and the labeled C2AB was detected by in-gel fluorescence with a CCD gel 

imaging device (GE). Independent experiments were defined as replicates performed with 

separately prepared batches of C2AB and liposomes.

Bradberry et al. Page 15

Neuron. Author manuscript; available in PMC 2021 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Syt1-t-SNARE binding assays—Binding assays were performed as described 

previously (Courtney et al., 2018). Briefly, purified WT or mutant C2AB protein containing 

an N-terminal HaloTag was bound to HaloLink beads, the beads were washed, and these 

Halo-C2AB beads were incubated with purified t-SNARE heterodimer in buffer containing 

150 mM NaCl, 25 mM HEPES-NaOH pH 7.4, 1% Triton X-100, and 1 mM EGTA +/− 1.5 

mM CaCl2 for 30 minutes at room temperature with rotation. The beads were washed (3 × 1 

ml) in the same buffer and the bound t-SNAREs eluted with Laemmli sample buffer. This 

eluate was subjected to SDS-PAGE and t-SNAREs were detected by Coomassie staining. 

Independent experiments were defined as replicates performed with separately prepared 

batches of C2AB and t-SNAREs.

Stopped-flow rapid mixing—Syt1 C2AB (4 μM), liposomes (1 mM), and CaCl2 (250 

μM) were combined in reconstitution buffer and loaded into one syringe of an SX-18.MV 

stopped-flow spectrometer (Applied Photophysics). The second syringe of the stopped-flow 

device was filled with quin-2 (500 μM) in reconstitution buffer. Equal volumes from the two 

syringes were rapidly mixed at room temperature while monitoring quin-2 fluorescence. 

Excitation at 335 nm was provided by a xenon arc lamp via monochromator while emission 

was monitored via a 470 nm long-pass filter (KV470, Schott). Exponential decays were 

fitted using Prism (GraphPad) before normalization, with the first 1.5 ms of each trace 

omitted to account for instrument dead time. Independent experiments were defined as 

replicates performed with a unique combination of separately prepared batches of protein 

and lipid.

Penetration assays—Labeled syt1 C2AB (250 nM) and liposomes (0.6 mM) were 

combined in reconstitution buffer containing 5 mM NTA, 1 mM EGTA, pH 7.4 (500 μl total 

volume) in a quartz cuvette. CaCl2 (100 mM or 1 M reference solutions) were added to 

achieve the [Ca2+]free indicated in Fig. 5. Spectra (470 nm excitation, 490–630 nm emission 

scan) were acquired before and after the addition of lipids, as well as after each Ca2+ 

addition, using a fluorimeter with excitation and emission monochromator slits set to 4 nm 

(Photon Technology International). Spectra were corrected for scattering using a lipid blank, 

and additional scattering after addition of Ca2+ did not contribute substantially to the 

observed signal in the [Ca2+]free range used. dF/F0 values were calculated by averaging the 

raw, baseline-corrected intensity from 510–610 nm and normalizing to the fluorescence 

observed prior to the addition of Ca2+. Independent experiments were defined as replicates 

performed with separately prepared batches of protein and lipid.

QUANTIFICATION AND STATISTICAL ANALYSIS

All electrophysiological data in Fig. 2 were acquired and analyzed by an investigator blinded 

to the genotype of each condition. All other data were collected and analyzed in a non-

blinded fashion. Values are reported as mean ± standard error of the mean (SEM), mean ± 

standard error (SE) of the fit parameter, or mean with 95% confidence interval as indicated 

in the figure legends. Replicates are defined as indicated in the corresponding Methods 

sections and in the figure legends. All data were tested for normality prior to choosing the 

appropriate statistical test. No estimation of required sample sizes was performed. All 

statistical analysis was performed using Prism (GraphPad).
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ADDITIONAL RESOURCES

Detailed clinical histories for patients D304G and D366E—The first proband, a 

now 26-year-old male with a D304G variant in SYT1, was born to a 26-year-old G1P1 

mother, the product of a 42.5 week gestation uncomplicated pregnancy. Parents were 

nonconsanguineous; family history was significant for paternal relatives with porphyria 

(although his father’s genetic testing was negative), dyslexia in his mother and intellectual 

disability in a paternal first cousin. He was born via uncomplicated c-section following 

induction with failure to progress. An elevated white counted prompted a sepsis rule-out 

which was unremarkable. Developmental delay was first evaluated at four months of age, 

when he did not regard objects or have purposeful movements. He rolled over at five 

months, had some head control at eight months, reached at nine months, and grabbed objects 

at 12 months. At 15 months, he was unable to sit up but could maintain sitting posture. He 

pulled to sit and scooted in a seated position at three years, crawled at five years, and pulled 

to stand at six years. He reportedly smiled and laughed sometime before four months, 

recognized parents at four months, cooed at five months, and babbled at 2.5 years. He never 

went on to use words. Self-stimulatory behaviors emerged at four years of age, which 

evolved into episodes of self-injurious behavior (repeatedly beating chest and face or 

banging his head on the floor). These were treated with clonidine 0.2mg at bedtime and 

fluoxetine 40mg daily. Episodes of agitation and self-injurious behavior later required the 

addition of lamotrigine, risperidone, and valproic acid. Due to trouble maintaining weight 

and poor feeding attributed to severe gastroesophageal reflux, a g-tube was placed at 15 

years old. He had a spinal fusion with rod placement for scoliosis at 16 years old, after 

which he did not recover the ability to crawl or sit independently.

At 16 months, he was 25% for weight, 75% for height, and 25–50% for head circumference; 

at 23 months head circumference was stable at 50%, but weight and height had dropped to 

less than 5%. He was hypotonic on initial neurologic exam; he subsequently was noted to 

have a right Babinski sign at 2.5 years, and a bilateral Babinski signs at four years. He had a 

normal retinal exam at four years of age. Eventually he developed spasticity, which was 

treated with baclofen 10mg BID. Initial workup performed at six months was normal and 

included MRI (reportedly normal other than borderline immature myelination), EEG 

(reportedly normal), karyotype, Fragile X DNA analysis, blood and urine amino acids, urine 

organic acids, serum carnitine, and TSH. Hearing test including auditory brainstem 

responses was normal. MRI brain was repeated at 18 months and showed immature 

myelination in bilateral frontal and temporal lobes. MRI at four years was normal. EEG 

awake and asleep at four years old showed no PDR, frequent multifocal spikes (T6, T5, F3, 

P4) and rare generalized spikes, although it did show normal sleep spindles. Tests for GM1 

and GM2 gangliosidosis, phytanic acids, CLCFA, plasma and urine carnitine, MPS and CPK 

were all normal. Urine oligosaccharides did not show consistent abnormalities. Testing for 

NCL disorders and Angelman (FISH and subsequent methylation studies) were normal. 

Whole exome sequencing (GeneDx XomeDxPlus, mean depth of coverage 165x, quality 

threshold 97.3%) at 21 years old showed normal mitochondrial DNA, variants of unknown 

significance in CCDC22 (his mother was heterozygous for this variant; it had not been 

previously reported, other substations at this location have been well tolerated, and in-silico 

analysis predicted it to be benign), FOXP1 (his father was heterozygous for this variant; it 
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had not previously been identified in population databases, is not conserved across species, 

is a conservative substitution unlikely to affect function, and in silico analysis was 

inconclusive), and KIF5C (his mother was heterozygous for this variant, it had not been 

previously described in population databases, is conserved across species, may impact 

secondary protein structure, and in-silico analysis was inconclusive). These were not thought 

to contribute to the patient’s disorder. Additionally, a de novo variant in SYT1 (p.D304G) 

was identified, which was examined in the present study.

The second proband, a now six-year-old female with a D366E variant in SYT1, was born to 

a G2P2 mother, the product of a 39-week gestation pregnancy with no complications. 

Parents were non-consanguineous; family history was significant only for a maternal cousin 

with Noonan syndrome. She was born via spontaneous vaginal delivery with no 

complications. Snoring was noted at one month, and a sleep study at three months showed 

severe obstructive sleep apnea with central apneas (apnea hypopnea index 36.7, obstructive 

apnea (OSA) index 27.8). An atrial septal defect noted at two months on echocardiogram 

closed spontaneously. She had poor weight gain, and a swallow study at three months old 

showed disorganized swallowing. Supraglottoplasty at four months of age improved 

swallowing function with subsequent weight gain, and sleep study at seven months showed 

moderate but improved OSA. She was evaluated by ophthalmology at five months of age, 

who noted esotropia and delayed visual maturation. She underwent corrective surgery at ten 

months of age with resolution of esotropia, and ophthalmology exam at 20 months was 

normal.

Developmental delay was noted at seven months. She achieved unsteady sitting at ten 

months, crawling and sitting without support at 15 months, pulled to stand at 20 months, and 

walked at 28 months. She developed pincer grasp at 20 months. She smiled at ten months, 

babbled at 13 months, and spoke two words at two years old. At four years old, she could 

run, feed herself, use a pincer grasp, and had four words (yeah, dah, down, up). She has no 

history of developmental regression.

At 13 and 45 months, head circumference and height were 50%, whereas weight was 5%. 

She had no dysmorphic features, and neuro exam was significant only for hypotonia. 

Karyotype and high resolution chromosomes, methylation tests for Angelman, Rett MECP2 

del/dup, Joubert sequencing panel, serum amino acids, urine organic acids, acyl-carnitine 

panel, disorders of glycosylation, urinary creatine and guanidinoacetate, urinary purine 

panel, urine pyrimidine panel, serum creatine/GAA, very long chain fatty acids, CK were all 

normal. Visual evoked potentials at 6 months showed reduced amplitude PVEP (right eye 

amplitude 50% of left) with prolonged latency of 120ms bilaterally. Routine EEG at 2.5 

years was abnormal due to occipital intermittent rhythmic delta activity and background 

slowing, primarily comprised of 30–40 μV 3–4Hz delta activity. Mitochondrial genome 

sequencing was normal. Whole exome sequencing (Gene Dx XomeDxPlus, mean depth of 

coverage 84x, quality threshold 95.4%) identified a de novo variant in SYT1 (p.D366E), 

which was examined in the present study.
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Highlights:

1. Graded, dominant-negative effects of disease-associated syt1 mutations

2. Clinical, physiological, and biochemical evidence for genotype-phenotype 

correlation

3. Functional segregation and positive allostery between the C2 domains of syt1

4. Rescue of mutant phenotypes by a clinically-approved drug in cultured 

neurons
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Figure 1. X-ray crystallographic structures of human syt1 C2B domains harboring disease-
associated mutations.
(A) Schematic diagram of full-length syt1 embedded in a synaptic vesicle membrane. Each 

C2 domain was rendered from an X-ray crystal structure (C2A: PDB 1RSY, Sutton et al. 

1995; C2B: 6TZ3, this work). The membrane is drawn to scale, and the N-terminal segments 

before C2A were added with a drawing program to illustrate the topology of syt1. Ca2+ 

ligands are rendered in wireframe, and Ca2+ ions are shown as orange spheres. (B) X-ray 

crystal structures of human syt1 C2B domains harboring disease-associated mutations. In 

each case, the overall fold of the WT C2 domain is preserved, and differences in the 

positions of Ca2+-binding/membrane-penetration loops are attributable to crystal packing. 

(C) Comparison of WT and mutant Ca2+-binding sites. The WT structure was rendered in 

grey and overlaid on each mutant to illustrate the effect of each mutation on the Ca2+-

binding pocket: D304G removes an acidic Ca2+ ligand; D366E preserves the ligand but 

makes the binding pocket smaller; and I368T reduces the hydrophobicity of the membrane-

penetrating tip of a Ca2+-binding loop.
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Figure 2. Disease-associated syt1 variants fail to support synaptic transmission but have distinct 
phenotypes.
In this and all subsequent figures, amino acid numbers corresponding to the murine protein 

are used. (A) Confocal micrographs of cultured hippocampal neurons expressing WT or 

mutant syt1 variants immunolabeled for syt1 and the presynaptic marker synaptophysin 

(syp). Scale bar, 10 μm. (B) Colocalization of syt1 variants and syp was quantified via 

calculation of Pearson’s correlation coefficient. No significant differences were observed 

between WT and mutant variants (n = 9–12 fields of view from 3–4 coverslips from at least 

2 cultures). (C) Scheme of whole-cell patch clamp measurement of synaptic transmission in 

cultured neurons. (D) Average traces of evoked IPSCs from neurons expressing no syt1 
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(KO), WT, or mutant syt1 variants. Stimulus artifacts are removed from KO and mutant 

traces for clarity. (E) Evoked IPSCs shown with normalized amplitude on an expanded 

timescale. (F-H) Quantification of IPSC parameters. (I) Quantification of miniature IPSC 

frequency, recorded in TTX without stimulation. For panels D-I, n = 10–15 cells from at 

least 2 separate cultures. Significance values: *, p < 0.05 vs. WT; **, p < 0.006 against WT; 

#, p < 0.05 vs KO, ##, p < 0.005 vs KO (Kruskal-Wallis test with Dunn’s multiple 

comparison test). See also Fig. S2.
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Figure 3. Co-expression of mutant and WT syt1 defines a dominant-negative action for each 
mutation that varies in potency.
(A) Scheme of approach used to address dominant-negative activity for each mutant. 

Quantification of expression level was performed in parallel with optical imaging of evoked 

neurotransmitter release. (B) Representative immunoblot and loading control (CBB: 

Coomassie Brilliant Blue) for syt1 quantification experiments. (C) Representative field of 

view for iGluSNFR imaging; scale bar, 25 μm. (D) Representative raw traces for iGluSnFR 

imaging of samples expressing only WT syt1 or WT syt1 in combination with mutant syt1. 

These traces correspond to the same experiment for which protein quantification is shown in 

panel (B). In each case, the same amount of lentivirus used to achieve the WT expression 
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shown in panel (B) was used, with either a low or high dose lentivirus encoding mutant syt1 

added simultaneously. (E) The normalized fluorescence transient (dF/F0) upon the first 

stimulus pulse was plotted against the ratio of WT and mutant protein expressed using the 

same lentivirus dose in the same experiment. Each point represents an average of 4 fields of 

view from a single coverslip. Pooled results were plotted on a log-linear plot and fit by 

regression. Shaded regions depict 95% confidence intervals (CIs). (F) The 95% CIs 

corresponding to the log-linear model at 1:1 mutant:WT expression are plotted, 

demonstrating the increased dominant-negative potency of variants D303G and I367T over 

D365E. (G) As in panel (E), but for the amplitude of the tenth fluorescence transient 

normalized to the first fluorescent transient (dF/F0(tenth/first)). (H) as in panel (F), but with 

95% CI of the fit to dF/F0(tenth/first) at 1:1 mutant:WT expression plotted. For all 

experiments, n = 13–14 coverslips from at least 4 separate cultures. See also Figs. S3, S4 

and Table S2.
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Figure 4. Disease-associated syt1 variants cause deficits in Ca2+-dependent lipid binding activity.
(A) Scheme of the cosedimentation assay used to monitor lipid binding. (B) Representative 

Coomassie-stained gel showing depletion of protein from supernatant upon binding to 

liposomes. (C) Pooled results using the indicated lipid compositions (n = 3 independent 

experiments). (D) Representative Coomassie-stained gel of a cosedimentation performed 

while titrating [Ca2+]free. (E) Pooled results of Ca2+ titration cosedimentations (n = 3–4 

independent experiments). Dose-response curves were fit using the Hill equation; error bars 

represent standard error. Calculated Hill coefficients are noted in the main text. Arrow 

indicates a point at which D365E displayed enhanced binding versus I367T (p < 0.03, 

Mann-Whitney test). (F) Assay scheme for measuring the kinetics of Ca2+ release from 

protein-membrane complexes. Ca2+, syt1 C2AB, and liposomes are combined, then rapidly 

mixed with the fluorescent Ca2+ indicator Quin-2. (G) Average traces for Ca2+ release 

kinetics; these were fit with double exponential functions (smooth lines) extrapolated to t = 

0. (H) Parameters from the biexponential fits are plotted. Each mutation had minor effects on 
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the slow component of Ca2+ release but also increased the relative amplitude of the fast 

component of Ca2+ release (n = 5 independent experiments). Significance values: indicated 

p-values indicate results of one-way ANOVA; *, p < 0.05 vs. WT, Dunnett’s multiple 

comparisons test. See also Figs. S5, S6.
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Figure 5. Disease-associated syt1 variants disrupt a low Ca2+ affinity membrane penetration 
mode in C2A and a novel, high Ca2+ affinity penetration mode in C2B.
(A) Scheme illustrating the membrane penetration assay, with insertion depths depicted 

according to measurements of WT syt1 in Bradberry et al. (2019). Syt1 C2AB was labeled 

on C2A or C2B with NBD (green star) and fully adsorbed to liposomes containing 15% PS 

and 3% PIP2 before the addition of Ca2+. (B) Representative traces of NBD fluorescence 

emission from WT C2AB upon titration of Ca2+. (C) NBD fluorescence was plotted against 

[Ca2+]free (n = 4 unique combinations of lipid and protein batches) for WT and mutant syt1. 

Overlaid lines represent fits using the Hill equation (Hill coefficients noted in main text). 
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Arrows indicate points at which F/F0 was significantly higher for D365E vs. I367T (p < 

0.03, Mann-Whitney test). (D) [Ca2+]1/2 values for penetration by C2A and C2B for WT and 

mutant variants. Error bars represent standard errors. (E) [Ca2+]1/2 values for penetration 

normalized to WT. Error bars represent propagated standard errors. (F) Model depicting 

specialization of the individual C2 domains of syt1. See also Fig. S7.
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Figure 6. Rescue of dominant-negative syt1 mutant phenotypes by a clinically approved, 
centrally acting K+ channel blocker.
(A) Structure and generic names of 4-aminopyridine, a centrally-acting voltage-gated K+ 

channel antagonist clinically approved for the treatment of multiple sclerosis. (B) 

Representative iGluSnFR dF/F0 traces before and after application of 5 μM 4-

aminopyridine. Cultures were transduced with lentivirus to achieve ~1:1 expression of 

mutant and WT protein. (C) dF/F0 transients upon the first stimulation of a 10-AP train are 

plotted for each genotype in control bath, followed by the addition of 4-AP to 2.5 and 5 μM. 

The same fields of view were imaged in control and each 4-AP condition. (D) as in (C) but 

for dF/F0 (tenth/first). Both synaptic release parameters normalized in response to 4-AP in a 

dose-dependent fashion, with near-complete rescue of WT glutamate release at 5 μM 4-AP. 

For all experiments, n = 12–16 fields of view from 3–4 coverslips from at least 2 separate 

cultures. Significance values: **, p < 0.0001 vs WT; ns, p > 0.3 vs. WT (One-way ANOVA 

with Dunnett’s multiple comparisons test); #, p < 0.01 vs ctrl for the same genotype (paired 

t-test).
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Table 1.
Clinical histories of patients with de novo heterozygous missense mutation in SYT1.

Histories were obtained directly from patient records and interviews with family members (D304G, D366E) or 

from previously published case histories (I368T). Phenotypes associated with these mutations are highly 

variable; among these patients, mutation D365E is associated with a substantially milder phenotype.

D304G (male) D366E (female) I368T (male)

Infantile hypotonia Yes Yes Yes

First sat independently 3 yrs 14 mo. 4 yrs

First walked - 2 yrs 10 yrs

Self-injurious behavior Yes No Yes

Movement disorder Yes: dystonia No Yes: dystonia, ballismus of lower 
limbs, chorea

Receptive language None Responds to name None

Expressive language None 4–5 words at age 4 yrs None

MRI brain Normal Normal Normal

Epilepsy No No No

EEG
(at 4 yrs, asleep) High-amplitude 

slow waves with intermittent 
epileptiform spikes

(at 2 yrs, awake) Diffuse slow 
background rhythm with frequent high-

voltage (180–240 μV) slow waves

(at 2 yrs, awake) Diffuse slow 
background rhythm, frequent 

very-high amplitude (300–600 
μV) slow waves

Visual Evoked Potentials Not assessed Increased latency, reduced amplitude Increased latency, reduced 
amplitude

Other conditions Scoliosis, gastroesophageal 
reflux, esotropia

Atrial septal defect, laryngomalacia, 
esotropia Talipes equinovarus, esotropia
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Table 2.

Summary of clinical, physiological, and biophysical effects of disease-associated syt1 mutations.

D304G D366E I368T

Clinical severity* Severe Mild to moderate Moderate to severe

Evoked synaptic transmission Minimal Minimal with kinetic rescue Minimal

Clamping of spontaneous synaptic transmission Minimal Some Some

Dominant-negative potency High Low High

Impairment of Ca2+-dependent membrane binding Severe Moderate(−) Moderate(+)

Impairment of Ca2+-dependent membrane penetration Severe Moderate(−) Moderate(+)

*
Including those cases reported in Baker et al., 2018.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mAb 48 (ASV 48) Iowa DSHB Cat# mAb 48 (asv 48); RRID 
AB_2199314

Guinea pig anti-synaptophysin rabbit pAb Synaptic Systems Cat# 101 004; RRID AB_1210382

Goat anti-mouse IgG2b HRP-conjugated secondary Thermo Fisher Cat# PA1-84710; RRID 
AB_933958

Goat anti-guinea pig IgG pAb, Alexa488-conjugated Thermo Fisher Cat# A-11073; RRID AB_2534117

Goat anti-mouse IgG2b pAb, Alexa647-conjugated Thermo Fisher Cat# A-21242; RRID AB_2535811

Bacterial and Virus Strains

BL21(DE3) E. coli Thermo Fisher Cat# C600003

Biological Samples

Saliva from patients Study 
participants

N/A

Chemicals, Peptides, and Recombinant Proteins

Prep-It L2P DNA Genotek Cat# PT-L2P-1.5

Coomassie Brilliant Blue Bio-Rad Cat# 161-0406

Thrombin Sigma Cat# T4648

CNQX disodium salt Tocris Cat# 1045

D-APV Tocris Cat# 0106

Picrotoxin Tocris Cat# 1128

4-AP Sigma Cat# 275875

QX314 chloride Tocris Cat# 2313

POPC Avanti Polar 
Lipids

Cat# 850457

POPS Avanti Polar 
Lipids

Cat# 840034

POPE Avanti Polar 
Lipids

Cat# 850757

Liver PI Avanti Polar 
Lipids

Cat# 840042

Brain PIP2 Avanti Polar 
Lipids

Cat# 840046

Cholesterol Avanti Polar 
Lipids

Cat# 700000

Quin-2 Sigma Cat# 08520

IANBD amide Thermo Fisher Cat# D2004

HaloLink beads Promega Cat# G1915

Hibernate-A BrainBits Cat# HA

Trypsin-EDTA Corning Cat# 25-053-CI

Poly-D-lysine HBr Sigma Cat# P0899

Neurobasal-A medium Gibco Cat# 10888-022
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REAGENT or RESOURCE SOURCE IDENTIFIER

B27 Thermo Fisher Cat# 17504044

GlutaMAX Gibco Cat# 35050061

Protease inhibitor tablets Sigma (Roche) Cat# 11936170001

Critical Commercial Assays

ORAcollect for pediatrics DNA collection kit DNA Genotek Cat# OC-175

Experimental Models: Cell Lines

HEK293T (used for virus production) ATCC Cat# CRL-3216

Experimental Models: Organisms/Strains

Mouse: SYT1+/−: B6;Syt1tm1Sud/J The Jackson 
Laboratory

Stock# 002478

Mouse: SYT1fl/fl: B6;Syt1fl/fl/J Quadros et al. 
2017

N/A

Oligonucleotides

GCAAGAGAAATTGGGTGATATCTGCTTCTCCC (SYT1 exon 6 forward 
primer)

This work N/A

CGCAGCATGTGCGCCATGC (SYT1 exon 6 reverse primer) This work N/A

GGGCCTTATCTCTAGAGCTAGATGATTCATATTCATTTCATGGC (SYT1 
exon 8 forward primer)

This work N/A

CTTCTTGACGGCCAGCATGGCATC (SYT1 exon 8 reverse primer) This work N/A

Recombinant DNA

Plasmids: His6-MBP-Syt1 WT and mutants for crystallization (backbone: pET) This study N/A

Plasmids: GST-Syt1 WT and mutants for lipid and Ca2+ binding studies 
(backbone: pGEX-4T)

This study N/A

Plasmids: Syt1 WT and mutants IRES mRuby3 for lentiviral preparation and 
transduction (backbone: pFUGW with human synapsin promoter)

This study N/A

Plasmid: iGluSNFR (backbone: FUGW with CaMKIIa promoter) This study N/A

Plasmid: pLenti-hSynapsin-Cre-WPRE Sakurai et al. 
2016

Cat# 86641

Plasmid: pLTR-G Reiser et al. 1996 Cat# 17532

Plasmid: pCD/NL-BH*ΔΔΔ Zhang et al. 2004 Cat# 17531

Plasmid: FUGW Lois et al. 2002 Cat# 14883

Plasmid: GFP for lentiviral expression (backbone: FUGW with human synapsin 
promoter)

This paper N/A

Plasmids: His6-HaloTag-Syt1 WT and mutants for SNARE binding assays 
(backbone: pTrcHis)

This paper N/A

Plasmid: His6-SNAP25B:Syntaxin1A heterodimer (backbone: pRSF Duet) This paper N/A

Software and Algorithms

Micro-manager Edelstein et al. 
2010

https://micro-manager.org/

FIJI Schindelin et al. 
2012

https://fiji.sc/

RStudio RStudio, inc https://rstudio.com/

GraphPad Prism GraphPad, inc https://www.graphpad.com/
scientific-software/prism/

Neuron. Author manuscript; available in PMC 2021 July 08.

https://micro-manager.org/
https://fiji.sc/
https://rstudio.com/
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bradberry et al. Page 39

REAGENT or RESOURCE SOURCE IDENTIFIER

pClamp Molecular 
Devices

https://www.moleculardevices.com/
products/axon-patch-clamp-system/
acquisition-and-analysis-software/
pclamp-software-suite
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