
u n i ve r s i t y  o f  co pe n h ag e n  

Allosteric stabilization of calcium and lipid binding engages three synaptotagmins in
fast exocytosis

Kobbersmed, Janus R. L.; Berns, Manon M. M.; Ditlevsen, Susanne; Sørensen, Jakob B.;
Walter, Alexander M.

DOI:
10.1101/2021.10.22.465434

Publication date:
2021

Document version
Publisher's PDF, also known as Version of record

Document license:
CC BY

Citation for published version (APA):
Kobbersmed, J. R. L., Berns, M. M. M., Ditlevsen, S., Sørensen, J. B., & Walter, A. M. (2021). Allosteric
stabilization of calcium and lipid binding engages three synaptotagmins in fast exocytosis. (pp. 1-56). bioRxiv.
https://doi.org/10.1101/2021.10.22.465434

Download date: 23. maj. 2023

https://doi.org/10.1101/2021.10.22.465434
https://curis.ku.dk/portal/da/persons/manon-monique-maria-berns(89ca1e02-63c3-440d-b64e-370f757760a5).html
https://curis.ku.dk/portal/da/persons/susanne-ditlevsen(48b66593-b50f-4103-b55c-0fbaaef97126).html
https://curis.ku.dk/portal/da/persons/jakob-balslev-soerensen(1d2f8524-56a2-46e7-a1c3-5f2076cd7857).html
https://curis.ku.dk/portal/da/persons/alexander-matthias-walter(9c757e5d-44f7-4037-ad2e-dd633eb4be2c).html
https://curis.ku.dk/portal/da/publications/allosteric-stabilization-of-calcium-and-lipid-binding-engages-three-synaptotagmins-in-fast-exocytosis(83b377e1-bdeb-4802-9300-87fb0d0ee81a).html
https://curis.ku.dk/portal/da/publications/allosteric-stabilization-of-calcium-and-lipid-binding-engages-three-synaptotagmins-in-fast-exocytosis(83b377e1-bdeb-4802-9300-87fb0d0ee81a).html
https://doi.org/10.1101/2021.10.22.465434


1 
 

Allosteric stabilization of calcium and lipid binding engages 1 

three synaptotagmins in fast exocytosis 2 

Janus R. L. Kobbersmed1,2*, Manon M. M. Berns2,3*, Susanne Ditlevsen1, Jakob 3 

B. Sørensen2 and Alexander M. Walter2,3 4 

1Department of Mathematical Sciences, University of Copenhagen, Copenhagen, Denmark 5 

2Department of Neuroscience, University of Copenhagen, Copenhagen, Denmark 6 

3Molecular and Theoretical Neuroscience, Leibniz-Institut für Molekulare Pharmakologie, FMP im 7 

CharitéCrossOver, Berlin, Germany 8 

*: equal contribution 9 

For correspondence: 10 

awalter@sund.ku.dk 11 

 12 

Abstract 13 

The release of neurotransmitters from presynaptic terminals is a strongly Ca2+-dependent process 14 

controlled by synaptotagmins, especially by their C2B domains. Biochemical measurements have 15 

reported Ca2+ affinities of synaptotagmin too low to account for synaptic function. However, binding 16 

of the C2B domain to the membrane phospholipid PI(4,5)P2 increases the Ca2+ affinity and vice versa, 17 

indicating a positive allosteric stabilization of simultaneous binding. Here, we construct a 18 

mathematical model of the release-triggering mechanism of synaptotagmin based on measured 19 

Ca2+/PI(4,5)P2 affinities and reported protein copy numbers. The model reproduced the kinetics of 20 

synaptic transmission observed at the calyx of Held over the full range of Ca2+ stimuli, with each C2B 21 

domain crosslinking Ca2+ and PI(4,5)P2 lowering the energy barrier for fusion by 4.85 kBT. The 22 

allosteric stabilization of simultaneous Ca2+ and PI(4,5)P2 binding was crucial to form multiple 23 

crosslinks which enabled fast fusion rates. Only three crosslinking C2B domains were needed to 24 

reproduce physiological responses, but high copy numbers per vesicle sped up the collision-limited 25 

formation of crosslinks. In silico evaluation of theoretical mutants revealed that affection of the 26 

allosteric properties might be a determinant of the severity of synaptotagmin mutations and may 27 

underlie dominant-negative, disease-causing effects. We conclude that allostericity is a crucial 28 

feature of synaptotagmin action.   29 
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Introduction 30 

The release of neurotransmitters (NT) from presynaptic terminals and their subsequent binding to 31 

postsynaptic receptors is central to information transfer in chemical synapses. Upon arrival of an 32 

action potential (AP) at the presynaptic terminal, voltage-gated Ca2+ channels in the active zone (AZ) 33 

open. This allows Ca2+ influx and causes a brief and local elevation of the intracellular Ca2+ 34 

concentration ([Ca2+]i). Subsequently, this triggers the fusion of NT-containing synaptic vesicles (SV) 35 

from the readily releasable pool (RRP), which is maintained by SV docking and priming, the 36 

localization of SVs to the plasma membrane and the molecular maturation to release competence 37 

(Kaeser and Regehr, 2017; Sudhof, 2013; Verhage and Sørensen, 2008). The very short temporal 38 

profile of the Ca2+ signal puts high demands on the Ca2+ responsiveness of RRP SVs. Correspondingly, 39 

the relationship between presynaptic Ca2+ concentration and NT release rates is very steep. Studies 40 

have shown a Ca2+ cooperativity of 4-5,  (Bollmann et al., 2000; Burgalossi et al., 2010; Heidelberger 41 

et al., 1994; Schneggenburger and Neher, 2000) and accordingly previous models of NT release have 42 

assumed the successive binding of five Ca2+ ions to Ca2+-sensitive release machinery (Bollmann et al., 43 

2000; Lou et al., 2005; Schneggenburger and Neher, 2000). However, how this translates to the 44 

molecular level is not known. 45 

The energy required for SV fusion is provided by full assembly of the neuronal SNARE 46 

complex, which consists of vesicular synaptobrevin and plasma membrane bound SNAP25 and 47 

syntaxin (Jahn and Fasshauer, 2012; Sudhof, 2013). SV fusion is coupled to presynaptic elevations of 48 

Ca2+ concentration by the vesicular Ca2+ sensor synaptotagmin (syt) which interacts with the SNAREs 49 

(Brewer et al., 2015; Littleton et al., 1993; Mohrmann et al., 2013; Schupp et al., 2016; Zhou et al., 50 

2015; Zhou et al., 2017). Besides a role in fusion, both the SNARE complex and syt are involved in 51 

docking and priming of SVs (Chen et al., 2021; Imig et al., 2014; Neher and Brose, 2018; Silva et al., 52 

2021; Walter et al., 2010; Weber et al., 2010).   53 

Several isoforms of syt are expressed in presynaptic terminals. Depending on the synapse 54 

type (e.g. hippocampal pyramidal neurons or the Calyx of Held), syt1 or –2 is required for 55 

synchronous, Ca2+-induced fusion (Geppert et al., 1994; Kochubey and Schneggenburger, 2011; 56 

Sudhof, 2013). The two syt isoforms are highly homologous and contain two cytosolic, Ca2+-binding 57 

domains, C2A and –B (Sudhof, 2002), of which the C2B domain has been shown to be essential, and 58 

in some case even sufficient, for synchronous NT release (Bacaj et al., 2013; Gruget et al., 2020; 59 

Kochubey and Schneggenburger, 2011; Lee et al., 2013; Mackler et al., 2002). The C2B domain 60 

contains two Ca2+ binding sites on its top loops (Fernandez et al., 2001). In addition, a specific binding 61 

site allows C2B to interact with phosphatidylinositol 4,5-phosphate (PI(4,5)P2) in the plasma 62 

membrane (Bai et al., 2004; Fernandez-Chacon et al., 2001; Honigmann et al., 2013; Li et al., 2006; 63 
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Xue et al., 2008), but might also participate in (possibly transient) SNARE interactions (Brewer et al., 64 

2015; Zhou et al., 2015; Zhou et al., 2017). A third site, located in the far end of the C2B domain and 65 

including the two arginines R398 and R399 is also implicated in both SNARE- and membrane contacts 66 

(Nyenhuis et al., 2021; Xue et al., 2008; Zhou et al., 2015). The syt C2B domain can induce close 67 

membrane-membrane contact in vitro (Araç et al., 2006; Chang et al., 2018; Honigmann et al., 2013; 68 

Nyenhuis et al., 2021; Seven et al., 2013; Xue et al., 2008), stable vesicle-membrane docking (de Wit 69 

et al., 2009), as well as dynamic vesicle-membrane association upon Ca2+ influx in the cell (Chang et 70 

al., 2018). This is hypothesized to reduce the intermembrane distance below a critical value for 71 

SNARE complex assembly and SV fusion (Lin et al., 2014; van den Bogaart et al., 2011b). 72 

Despite its central role as the Ca2+ sensor for NT release, the intrinsic Ca2+ affinity of the C2B 73 

domain is remarkably low (KD ≈ 200 µM, (Radhakrishnan et al., 2009; van den Bogaart et al., 2012)). 74 

However, binding of the C2B domain to PI(4,5)P2, which is highly enriched at the AZ, drastically 75 

increases its Ca2+ affinity. Similarly, the affinity for PI(4,5)P2 increases upon Ca2+ binding, indicating 76 

positive allosteric coupling between the binding sites of the two species (Li et al., 2006; 77 

Radhakrishnan et al., 2009; van den Bogaart et al., 2012). This has been suggested to be due to 78 

coulombic (electrostatic) interaction between the two binding pockets (Lin et al., 2014; van den 79 

Bogaart et al., 2011b), such that the negative charge of the (unbound) Ca2+ binding site lowers the 80 

affinity for PI(4,5)P2 until Ca2+ binding switches the electrostatic potential. Similarly, the empty 81 

PI(4,5)P2 binding site will lower the affinity for Ca2+, until PI(4,5)P2 is bound (Perez-Lara et al., 2016). 82 

This arrangement creates a very special situation, where syt is poised to bind to both molecular 83 

species - or none of them - but the consequences for the function of syt remain unclear. 84 

Mathematical models provide unique means to combine different sources of experimental 85 

information and explore the contribution of different properties to a physiological function. In this 86 

paper, we developed a novel stochastic mathematical model in which the allosteric binding of the 87 

C2B domain to Ca2+ and PI(4,5)P2 is linked to membrane fusion. The model, which is based on the 88 

measured affinities and allostericity of Ca2+ and PI(4,5)P2 binding, describes stochastic 89 

binding/unbinding reactions at the level of each individual syt harbored on a given vesicle, which 90 

allows us to explore the relevance of allostericity in the context of the high syt copy number (15 per 91 

vesicle (Takamori et al., 2006)). The model reproduces the steep Ca2+ dependency of NT release at 92 

the calyx of Held (Kochubey and Schneggenburger, 2011), shows that positive allosteric stabilization 93 

is crucial for SV fusion, assigns a relevant role to the syt copy number, and predicts dominant-94 

negative effects of certain syt1 mutations.  95 
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Results 96 

An experiment-based model of the triggering mechanism for SV fusion based on molecular 97 

interactions between syt, Ca2+ and PI(4,5)P2 98 

To investigate the mechanism by which the syt C2B domain, Ca2+ and PI(4,5)P2 cooperate to promote 99 

SV fusion, we developed an experiment-based model of NT release. In agreement with experimental 100 

data (Honigmann et al., 2013; van den Bogaart et al., 2012; Xue et al., 2008), we assume that the two 101 

species can bind separately or simultaneously. As the C2B domain binds two Ca2+ ions (Fernandez-102 

Chacon et al., 2001; Honigmann et al., 2013; Xue et al., 2008), we assume the cooperative binding of 103 

two Ca2+ ions to a single C2B domain, which in our model is simplified to a single reaction. Together, 104 

this implies that a single C2B domain can be in four different states (Figure 1A): (1) an empty state, 105 

(2) a PI(4,5)P2-bound state, (3) a state with two Ca2+ ions bound, and (4) a state with both species 106 

(Ca2+/PI(4,5)P2) bound. We assume that the simultaneous binding of both Ca2+ and PI(4,5)P2 to syt - 107 

referred to as crosslinking - promotes SNARE-mediated SV fusion, which is implemented in our model 108 

as a lowering of the height of the energy barrier for SV fusion. The increased probability of SV fusion 109 

upon formation of a crosslinking syt could, for instance, be mediated by bridging of the plasma and 110 

SV membranes by the C2B domain (Figure 1A (Araç et al., 2006; Chang et al., 2018; Honigmann et al., 111 

2013; Lin et al., 2014; Nyenhuis et al., 2021; Nyenhuis et al., 2019; van den Bogaart et al., 2011b)).   112 

The binding affinities of syt1 C2B for Ca2+ and PI(4,5)P2 in our model are set to the 113 

dissociation constants, KD,2Ca2+ and KD,PIP2, measured using microscale thermophoresis in vitro (van 114 

den Bogaart et al., 2012). These experiments revealed that binding of PI(4,5)P2 to the C2B domain 115 

increases the domain’s affinity for Ca2+ and vice versa, indicating positive allosteric coupling between 116 

the two binding sites (van den Bogaart et al., 2012). This positive allosteric effect was implemented in 117 

the model (illustrated by the red shaded areas of the C2B domain in Figure 1A) by introducing the 118 

allosteric factor (A<1) on the dissociation rates of Ca2+ and PI(4,5)P2 when both species were bound. 119 

Based on the Ca2+ affinity increase measured in vitro by van den Bogaart et al, this value was set to 120 

0.00022 (see Methods)(van den Bogaart et al., 2012). Because closed reaction schemes with no 121 

injection of external energy must obey microscopic reversibility (Colquhoun et al., 2004), the same 122 

change in KD,PIP2 upon binding Ca2+ was assumed. 123 
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 124 

Figure 1: A molecular model of NT release triggered by Ca
2+

 and PI(4,5)P2 binding to the syt1 C2B domain. A) 125 
The reaction scheme of a single syt C2B domain. Each syt can be in one of four binding states: Nothing bound 126 
(bottom left), PI(4,5)P2 bound (top left), two Ca

2+
 ions bound (bottom right), and PI(4,5)P2 and two Ca

2+ 
ions 127 

bound (top right). Simultaneous binding of Ca
2+

 and PI(4,5)P2 to the C2B domain of syt is referred to as 128 
crosslinking and might lead to membrane bridging. The factor A<1 on the off-rates (β and δ) from the 129 
crosslinked state represents the positive allosteric effect of simultaneous PI(4,5)P2 and Ca

2+
 binding and leads 130 

to stabilization of the crosslinked state. The ratio between off-rate and on-rate constants (β/α and δ/γ) is equal 131 
to the respective dissociation constants of syt1 determined in vitro (KD,2Ca2+ =221

2
 µM

2
 and KD,PIP2 =20µM, (van 132 

den Bogaart et al., 2012)) B) The stoichiometry at the SV fusion site. We assume 15 syts per SV, and that the 133 
association of the syt C2B domain to PI(4,5)P2-rich patches is limited to a finite number of PI(4,5)P2 containing 134 
slots (here illustrated for Mslots=3). C) The effect of formation of multiple crosslinks on the distance between the 135 
vesicular and plasma membranes, the energy barrier for SV fusion and the SV fusion rate. We assume that each 136 
crosslinking C2B domain lowers the energy barrier for fusion by the same amount (Esyt, illustrated in middle 137 
row), thereby increasing the fusion rate (kfuse) with a factor f for each crosslink (equation in bottom row). The 138 
model is a Markov model, which can be summarized in a state diagram describing the reactions of the syt-139 
harboring SV (Figure 1 – figure supplement 1). Simulation of the individual syts using the Gillespie algorithm 140 
agreed with simulations using the analytical solution of the Markov model (Figure 1 – figure supplement 2 and 141 
Methods). Results from simulations using the analytical solution and the Gillespie algorithm can be found in 142 
Source data 1 and Simulation scripts can be found in Source code 1 (for Analytica solution) and Source code 2 143 
(for Gillespie algorithm).   144 
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 145 

It has been estimated that each SV contains 15 copies of syt1 on average (Takamori et al., 2006). We 146 

therefore expanded our four-state model (Figure 1A) to a model containing 15 syts per SV (Figure 147 

1B). As the space between the SV and plasma membrane is limited and PI(4,5)P2 is found in distinct 148 

clusters (Honigmann et al., 2013; Milosevic et al., 2005; van den Bogaart et al., 2011a), we 149 

considered it unlikely that all 15 syts can bind simultaneously to PI(4,5)P2 located on the plasma 150 

membrane (note that another view holds that 12-20 synaptotagmins form a ring-like assembly 151 

(Rothman et al., 2017), but whether they could all bind simultaneously to PI(4,5)P2 is unclear). 152 

Instead, we assume that the number of syts simultaneously engaging with the plasma membrane is 153 

limited (constrained to ‘slots’, Figure 1A-B), which implies that a limited number of syts per SV can 154 

simultaneously form crosslinks. We systematically investigated how the number of slots influenced 155 

the properties of synaptic exocytosis (see below). In Figure 1, we present a model with three slots 156 

per SV, which we found is the minimal number to match physiological responses (see below). We 157 

assume that each crosslinking C2B domain lowers the height of the energy barrier for fusion by the 158 

same amount, Esyt. Because of the exponential relationship between energy barrier height and fusion 159 

rate given by the Arrhenius equation, this implies that each crosslink formed increases the fusion rate 160 

by the same factor, f (Figure 1C). To account for Ca2+-independent spontaneous release, the fusion 161 

rate of an SV with no crosslinks formed was set to L+ = 4.23e-4s-1 (see Methods). Together this gives a 162 

total fusion rate of an SV of kfuse=L+f
n, with n being the number of crosslinks formed at this SV, which 163 

is equivalent to the release rate function proposed by Lou et al. (2005). 164 

 The model with 15 syts, (nsyts = 15), and an arbitrary (but fixed) number of slots, Mslots, is a 165 

Markov model, which can be summarized in a state diagram describing the reactions of a single syt-166 

harboring SV (Figure 1 – figure supplement 1). The model was implemented based on the analytical 167 

solution, which is ideal for fusion time estimations and fusion rate calculations, as well as with the 168 

Gillespie algorithm, which allowed for analyzing stochastic Ca2+ and PI(4,5)P2 binding to the individual 169 

syts (Gillespie, 2007). Besides obtaining estimates of average responses, either of the 170 

implementations allowed us to estimate the variance predicted by our model (see below and 171 

Methods). The two stochastic simulation methods agreed, showing that the Gillespie algorithm 172 

yielded precise estimations of the Markov model (Figure 1 - figure supplement 2 and Methods). 173 

 174 

At least three crosslinks are required to reproduce release kinetics from the calyx of Held synapse 175 

We aimed to investigate whether our experiment-based model could explain the steep Ca2+ 176 

dependence of NT release. For this we compared model predictions to exocytosis rates at the entire 177 
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range of physiologically relevant [Ca2+]i measured by Kochubey and Schneggenburger (2011) using 178 

Ca2+ uncaging experiments at the calyx of Held synapse. The calyx is a well-established model 179 

synapse, where NT release is controlled by syt2, which is functionally redundant with syt1 in neurons 180 

(Xu et al., 2007). The experimental data consists of release latencies (Figure 2A, top line, defined as 181 

the time of the fifth SV fusion after the stimulus) and peak release rates (Figure 2A, bottom line) 182 

measured in response to Ca2+ uncaging steps. We drove our model with such step-like Ca2+ stimuli to 183 

predict release latencies and peak release rates (red and blue lines in Figure 2A). To compare model 184 

predictions with the experimentally obtained release latencies we derived the likelihood function 185 

(see Methods), which quantifies the likelihood of observing the experimental data points, given that 186 

the model is true. In other words, the likelihood of release latencies describes how well the model 187 

captures the distribution of the experimental release latencies. This approach could not be used for 188 

comparison of simulated peak release rates to the experimentally obtained ones, as reliably 189 

determining the maximum rate of stochastic simulations is not feasible. Instead, we used the sum of 190 

squared deviations to compare analytically obtained model predictions to the experimental data. 191 

Both measures of describing the correspondence between model simulations and experimental data 192 

were combined in a cost value, which was minimized when fitting the free parameters in our model 193 

(see Methods).  194 

Because KD,2Ca2+ , KD,PIP2 and A were taken from the literature (Table 1) (van den Bogaart et al., 195 

2012), for each choice of Mslots our model only has five free parameters: (1) the binding rate constant 196 

of two Ca2+ ions, ; (2) the binding rate constant of PI(4,5)P2, ; (3) the PI(4,5)P2 concentration, 197 

[PI(4,5)P2];  (4) the factor on the fusion rate as a result of the reduction of the energy barrier for 198 

fusion by each crosslinking syt, 𝑓 = 𝑒𝐸𝑠𝑦𝑡/𝑘𝐵𝑇 ; and (5) an added delay, d, which increases the 199 

simulated release latencies with a fixed factor over the entire range of [Ca2+]i and represents Ca2+-200 

independent fusion reactions downstream of Ca2+ binding (see (Kochubey and Schneggenburger, 201 

2011; Schneggenburger and Neher, 2000). The size of the RRP was set to an average of 4000 SVs, 202 

with a standard deviation (SD) of 2000 (following a gamma distribution) (Figure 2 – figure 203 

supplement 1) (Wölfel and Schneggenburger, 2003).  204 

  205 
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Table 1. Parameters in the model 206 
Parameter Description Value 

nsyts Number of syts per SV (Takamori et al., 2006) 15 

Mslots Number of binding slots for syt to PI(4,5)P2 (see Figure 2) 3  

nves Number of RRP vesicles (Wölfel and Schneggenburger, 2003) Mean: 4000, sd: 2000, 
gamma distribution 

Ca0 Resting [Ca
2+

]i   (Helmchen et al., 1997) 0.05 µM 

KD,2Ca2+ Dissociation constant of C2B for two Ca
2+ 

ions (van den 
Bogaart et al., 2012) 

221
2
 µM

2 

KD,PIP2 Dissociation constant of C2B for PI(4,5)P2 (van den Bogaart et 
al., 2012) 

20 µM 

A Allosteric factor (van den Bogaart et al., 2012) 0.00022 

α Binding rate constant of C2B for two Ca
2+

 ions (from best fit) 24.70 µM
-2

s
-1 

β Ca
2+ 

unbinding rate constant KD,2Ca2+ ∙ α  

γ PI(4,5)P2 binding rate constant of C2B (from best fit) 124.7 µM
-1

s
-1

 

δ PI(4,5)P2 unbinding rate constant of C2B  KD,PIP2 ∙ γ 

[PI(4,5)P2] PI(4,5)P2 concentration (from best fit) 1.109 µM 

L+
 

Basal fusion rate (computed using data from  (Kochubey and 
Schneggenburger, 2011) 

4.23 ∙10
-4 

s
-1 

f Factor increase in fusion rate upon crosslinking (from best fit) 128.2 

Added delay Value added to the simulated release latencies (from best fit) 0.3803 ms 

 207 

We first determined whether our model could reproduce the characteristics of Ca2+-dependent NT 208 

release and to what extend this was dependent on the number of slots that determine the maximal 209 

number of syts per SV simultaneously crosslinking Ca2+ and PI(4,5)P2. For this, we optimized the 210 

parameters of the model for each choice of Mslots from one to six. When including only one slot (Mslots 211 

=1), the model could explain the experimentally observed release latencies over the full range of 212 

tested [Ca2+]i, but failed to reproduce the steep relationship between [Ca2+]i and peak release rates 213 

(Figure 2A). Including more slots strongly improved the agreement between model predictions and 214 

experimental data. The best fit was obtained with a model with Mslots=3 (Figure 2B). With Mslots >3 the 215 

agreement between the model and the experimental data reduced slightly, as reflected by increasing 216 

cost values (Figure 2B). However, all models with Mslots≥3 could describe the steep dependency of 217 

peak release rates on [Ca2+]i, with a maximum slope of 4-5 on a double-logarithmic plot (Figure 2C) 218 

(Schneggenburger and Neher, 2000). By performing stochastic simulations of the model, it was 219 

possible to interrogate from which state the vesicle would fuse. At low [Ca2+]i, SVs mainly fused after 220 

one or two syts simultaneously bound Ca2+ and PI(4,5)P2 (Figure 2 - figure supplement 2A-C). 221 

Interestingly, at moderate to high Ca2+ concentrations fusion events primarily took place when three 222 

syts simultaneously bound Ca2+ and PI(4,5)P2, even when allowing more crosslinking syts (Figure 223 

2D,E, Figure 2 – Figure supplement 2). Correspondingly, the estimated reduction of the energy 224 

barrier for fusion contributed by each crosslinking C2B domain was similar for all choices of Mslots≥3 225 

(Esyt≈4.85kBT, Figure 2F, see Table 2 for other best fit model parameters). Together, this indicates that 226 
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only three syts actively reducing the energy barrier are sufficient for fast SV fusion and Mslots=3 was 227 

used for further simulations. 228 

 229 

 230 

Figure 2: The model reproduces the Ca
2+ 

dependency of SV fusion when at least three syts can 231 
simultaneously form crosslinks. A) Best fit results for different choices of Mslots. The top panels show best fit 232 
model prediction of the release latencies (time to fifth SV fusion), and the bottom panels show the predicted 233 
peak release rates at varying Ca

2+
 concentrations. The black points are experimental data (individual 234 

measurements replotted from Kochubey and Schneggenburger (2011)). Solid lines represent the median 235 
release latencies and mean peak release rates predicted by the model from 1000 repetitions per simulated 236 
[Ca

2+
]i. The shaded areas indicate the 95% prediction interval of the model. The models with Mslots<3 failed to 237 

reproduce data, whereas models with Mslots≥3 agreed with data. Optimization and simulation were performed 238 
using a variable RRP size (Figure 2 – figure supplement 1). B) Minimum cost value as a function of Mslots. With 239 
Mslots=3 the minimum cost value was obtained, indicating the best correspondence to experimental release 240 
latencies and peak release rates. The point colors correspond to the color scale in panel G. C) Maximal slope of 241 
logarithm of simulated peak release rate vs logarithm of [Ca

2+
]i on a double-logarithmic plot. For Mslots<3 the 242 

model failed to reproduce the Ca
2+

 dependency of release rates. D-E) The number of crosslinks at the time 243 
point of fusion for Mslots=3 (D) and Mslots=6 (E) determined from simulations of 10

4
 SVs using three different 244 

[Ca
2+

]i. Most fusions took place after forming 3 or 4 crosslinks, even when allowing more crosslinks to form. For 245 
Mslots=6, a larger set of Ca

2+
 concentrations was also explored (Figure 2 – figure supplement 2). F) The change in 246 
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the energy barrier induced by crosslink formation (Esyt) as a function of Mslots. Esyt was computed from the fitted 247 
f values and was approximately constant for Mslots≥3. G) Exploring cost values in the parameter space for a 248 
model with Mslots =3. With f fixed at the best fit value (f=128), we determined the cost value of all combinations 249 
of 30 choices of the three free parameters, α, γ and [PI(4,5)P2]. As the added delay only leads to a vertical shift 250 
in the release latencies plot (see Figure 2 – figure supplement 3), this parameter was optimized for each choice 251 
of the other free parameters to minimize the costs. The plot shows a subset of the parameter combinations, 252 
and the colors indicate the cost value at each point. The color scale is linear below 1 and logarithmic above 1, 253 
and points with a cost value >1 are smaller for better visibility. The darkest blue colored ball represents the 254 
overall minimum cost value in this parameter search and agrees with the best fit obtained. The effect of 255 
varying each of the free parameters on release latencies and peak release rates can be seen in Figure 2 – figure 256 
supplement 3. H) Minimum cost value as a function of f for a model with Mslots =3. For each choice of f the 257 
model was fitted. This parameter exploration found the same minimum in the parameter space as found by 258 
fitting all free parameters. Simulation scripts can be found in Source code 1. Results from simulations (means 259 
and deviations) can be found in Source data 2. 260 

 261 

When optimizing a model, there is a risk that the fitted parameters only represent a local minimum 262 

in the parameter space or that several sets of parameters fit equally well making the problem ill-263 

posed. To verify that we found optimal parameters for a model with Mslots=3, we systematically 264 

explored the parameter space by calculating cost values while keeping f at its best fit value (f=128) 265 

and varying the remaining free parameters. This analysis revealed a clear minimum at the best fit 266 

parameters (Figure 2G, darkest ball). The isolated effect on the release latencies and peak release 267 

rates of each of the five free parameters is shown in Figure 2 - figure supplement 3. In addition, we 268 

fitted the model with one less free parameter, keeping the f value fixed at different pre-chosen 269 

values. The minimum cost value was found with the best fit f value (f=128) (Figure 2H) and the value 270 

of the other parameters agreed with the original best fit. Altogether, despite the low, experimentally 271 

observed Ca2+ affinities of syt used in our model, it can reproduce synaptic release kinetics measured 272 

at the calyx of Held when at least three syts can crosslink Ca2+ and PI(4,5)P2 simultaneously. 273 

Moreover, we identified unique parameters for Ca2+ and PI(4,5)P2 binding rates, [PI(4,5)P2] and the 274 

contribution to the energy barrier for fusion provided by a single syt, Esyt. 275 

Table 2. Best fit model parameters and corresponding costs with different number of slots 276 

Parameter Mslots =1 Mslots =2 Mslots =3 Mslots =4 Mslots =5 Mslots =6 

α (µM
-2

s
-1

) 0.03712 34.99 24.70 25.08 24.51 24.11 

γ (µM
-1

s
-1

) 1.425e
5 

 572.6 124.7 121.3 124.31 126.6 

[PI(4,5)P2] (µM) 0.009658 0.2523 1.109 0.4528 0.3048 0.2320 

f  
(Esyt (KbT)) 

4.259e
6 

(15.3) 
1298 
(7.17) 

128.2  
(4.85) 

152.1  
(5.02) 

159.6 
(5.07) 

163.5  
(5.10) 

d, added delay (ms) 0.3211 0.3761 0.3803  0.3866 0.3876 0.3881 

Costs 581.9 -92.50 -139.4 -130.3 -127.7 -126.5 

  277 
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 278 

Figure 3: The positive allostericity between Ca
2+

 and PI(4,5)P2 allows multiple crosslink formation. A) Ca
2+ 279 

signal used in simulations of Ca
2+

 uncaging with [Ca
2+

]i=50 µM. This Ca
2+

 function was used for all simulations 280 
depicted in all panels of this figure. B) The path towards fusion in the model with (top) and without (bottom) 281 
allostericity in stochastic simulation. The different colored graphs show the number of crosslinks over time 282 
formed by individual SVs in four example stochastic simulations, and the dots indicate SV fusion. C) Average 283 
number of SVs having one (blue), two (olive) and three (green) crosslinks formed and the fusion rate (red) over 284 
time. With allostericity (top), the number of SVs with three crosslinking syts peaks approximately at the same 285 
time as the fusion rate. The decrease in number of SVs with one or two crosslinks reflects formation of 286 
additional crosslinks. The decrease in number of SVs is caused by fusion of RRP vesicles. Without allostericity 287 
(bottom), almost no SVs form more than one crosslink, which results in a very low fusion rate. D) EPSCs from 288 
three stochastic simulations and with a fixed RRP size of 4000 SVs. Allostericity ensures synchronous EPSCs 289 
(top), while a model lacking this feature only shows sporadic, individual release events (bottom). Insert in the 290 
bottom panel shows a zoom-in of the same time interval. Fitting the model without the allosteric effect to the 291 
experimental data was unsuccessful (Figure 3 – figure supplement 1). Simulation scripts can be found in Source 292 
code 1. Results from fitting the model without allosteric effect can be found in Source data 3.  293 

 294 

Allosteric stabilization of Ca2+-induced crosslinking is necessary for multiple crosslink formation 295 

and synchronous SV release 296 

To reproduce the steep Ca2+ dependency of release, previous models required much higher Ca2+ 297 

affinities (Bollmann et al., 2000; Burgalossi et al., 2010; Lou et al., 2005; Schneggenburger and Neher, 298 

2000) than the low intrinsic Ca2+ affinity of the (non-PI(4,5)P2-bound) C2B domain measured 299 

experimentally and used in our model (van den Bogaart et al., 2012). A major difference between 300 

these models and ours is the inclusion of the positive allosteric interaction between Ca2+ and 301 

PI(4,5)P2, which we based on affinity changes observed in vitro (van den Bogaart et al., 2012). We 302 
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therefore wanted to explore the effects of this property on crosslink formation by investigating the 303 

temporal profile of crosslink formation of individual SVs stochastically simulated using our best fit 304 

model with (Figure 3A, top) and without (i.e. by setting A=1; Figure 3A, bottom) allosteric coupling. 305 

Without positive allosteric coupling, the C2B domain can still bind Ca2+ and PI(4,5)P2 with the 306 

measured intrinsic affinity values, but simultaneous binding of both species no longer decreases their 307 

unbinding rates. In simulations of the model with allostericity, crosslinks formed faster than they 308 

dissolved, leading to the formation of multiple crosslinks per SV (Figure 3A, top). Without the 309 

allosteric coupling, crosslinks were not stabilized and they dissolved before additional ones could 310 

form. This made it very improbable to reach states with more than one crosslinking syt per SV (Figure 311 

3A, bottom). This is also reflected in the average number of SVs having formed one, two, or three 312 

crosslinks (Figure 3B). In the model with allostericity, more and more crosslinks formed over time. 313 

After ~1.5 ms, the number of SVs with three crosslinks starts declining because of SV fusion (not 314 

crosslink dissociation). The number of SVs with three crosslinks peaked approximately at the same 315 

time as the fusion rate (Figure 3B, top), consistent with the observation that most fusion events took 316 

place from a state with three crosslinks formed (Figure 2D). Without allostericity, few SVs formed 317 

more than one crosslink, resulting in a very low fusion rate (Figure 3B, bottom). Moreover, even if an 318 

SV reached a state in which it had formed three crosslinks, the average dissolving time of one of the 319 

three crosslinks (~0.0003 ms) was much shorter than the average waiting time for fusion of this SV 320 

(~1.1 ms), making SV fusion under these conditions very unlikely. In a model with allostericity, the 321 

average waiting time for dissolving one of the three crosslinks (~1.3 ms) exceeds the dwell time 322 

before fusion. Thus, the allosteric coupling between Ca2+ and PI(4,5)P2 stabilizes the crosslinked state, 323 

thereby ensuring formation of multiple crosslinks per SV and enough dwell time for SV fusion after 324 

forming three crosslinks. To investigate the role of allostericity in synaptic transmission we also 325 

calculated the Excitatory Postsynaptic Current (EPSC) by convolving fusion times simulated for a Ca2+ 326 

uncaging stimulus to 50 µM with a miniature EPSC (mEPSC) caused by the release of a single SV (see 327 

methods)(Figure 3C). With allostericity, the EPSCs were smooth and synchronous, while removing 328 

this feature yielded  sporadic, individual release events. 329 

 In the above, we explored the consequence of setting A=1 in a model with otherwise 330 

unchanged parameters but we also verified the crucial role of the allosteric interaction between Ca2+ 331 

and PI(4,5)P2 binding by fitting the model without this property (A=1) to the experimental data. With 332 

these settings, we could not achieve a satisfactory fit (Figure 3 – figure supplement 1). Similar to the 333 

best fit solutions with too few slots (Figure 2A, left), the fitted f value was extremely high, which 334 

forced very quick SV fusion before the newly formed crosslink dissolved. Thus, when assuming 335 
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realistic affinities for Ca2+ and PI(4,5)P2, the allosteric property of the syt C2B domain, which leads to 336 

a stabilization of the crosslinked state, is necessary to ensure high Ca2+ sensitivity of release.  337 

 338 

 339 

Figure 4: Simulations with reduced syt expression predict a reduction in SV fusion which can be rescued by 340 
upregulating [PI(4,5)P2]. A) Model predictions of median release latencies (A1) and mean peak release rates 341 
(A2) as a function of [Ca

2+
]i for different numbers of syts per SV. All simulations were performed with 1000 342 

repetitions using the best fit parameters obtained by fitting with nsyts = 15. Experimental data points are 343 
replotted from (Kochubey and Schneggenburger, 2011). B) The average number of SVs with three crosslinks 344 
formed (top) and release rate (bottom) as a function of time for 3-15 syt copies per SV from simulations with a 345 
Ca

2+
 flash of 50 µM. C) Predicted AP-evoked responses (bottom) simulated using a realistic Ca

2+
 transient (top) 346 

(Wang et al., 2008) for different numbers of syts per SV. The AP-evoked response shown at the bottom are 347 
representative single stochastic simulations with an amplitude closest to the mean amplitude of 200 348 
repetitions. Refitting [PI(4,5)P2] for each choice of nsyt ≥ 3 could fully rescue release latencies, release rates and 349 
evoked responses (Figure 4 – figure supplement 1). D) Variability in simulated AP-evoked responses for a model 350 
with a variable number of syts and an RRP size of 4000 (D1, red, bottom) and a variable RRP size and 15 syts per 351 
SV (D2, blue, bottom) compared to the variance induced by the stochasticity of the reactions only (with fixed 352 
number of SVs and syts, grey). Solid lines depict mean traces and the shaded area indicates the 95% prediction 353 
interval. Simulations with 1000 repetitions. Top panels show the probability density distributions of the 354 
number of syts (Poisson distribution, lambda =15) and of the number of SVs (gamma distribution, mean =4000 355 
std= 2000). E) Quantification of the variance in the traces introduced by the stochasticity of the model 356 
reactions (grey), model reactions plus variable syt number (red) and model reactions plus variable RRP size 357 
(blue) by computing the sum of the standard deviation determined over the entire trace (0-6 ms, 300 data 358 
points). Simulation scripts can be found in Source code 1 (for Figure 4A-B, Figure 4 figure supplement 1A-B) and 359 
Source code 2 (for Figure 4C-E, Figure 4 figure supplement 1C-F). Results from simulations (means and 360 
deviations) can be found in Source data 4. 361 

High numbers of syts per SV speed up transmission by increasing the probability of crosslink 362 

formation  363 
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Fitting of the model and the subsequent model evaluation strongly suggest that only three syts 364 

simultaneously binding Ca2+ and PI(4,5)P2 are required to actively promote SV fusion (Figure 2). Yet, 365 

an additional 12 copies are expressed per SV (Takamori et al., 2006), which raises the question why 366 

SVs carry such excess of protein and whether all syts present per SV contribute to the characteristics 367 

of Ca2+-induced synaptic transmission. To investigate this, we simulated Ca2+ uncaging experiments 368 

with reduced numbers of syts per SV, while keeping all other parameters in the model constant. 369 

Reducing the syt copy number led to an increase in release latencies, which was accompanied by a 370 

reduction in peak release rates (Figure 4A). Defects were particularly prominent for reductions to less 371 

than three copies per SV (Figure 4A). Further exploration showed that the delay and reduction in 372 

transmission were caused by a slowing of the formation of three crosslinks (Figure 4B), consistent 373 

with a role of excess syt copies on the vesicle to facilitate multiple crosslink formation for fast fusion. 374 

To investigate the effect of reduced syt copy numbers on SV fusion in a physiologically 375 

relevant context, we next simulated AP-evoked EPSCs (eEPSCs) by driving our model with a Ca2+ wave 376 

describing the time course of [Ca2+]i sensed locally by RRP SVs in the mouse calyx of Held upon AP 377 

stimulation (Wang et al., 2008), Figure 4C, top panel). Like the effect seen with the Ca2+-flash 378 

simulations, the simulated eEPSCs showed a reduction in amplitude with decreasing copies of syts 379 

per SV (Figure 4C). Removal of a single syt already reduced the average eEPSC amplitude by ~10% 380 

and removal of half of its copies reduced the amplitude to only ~25% of the usual amplitude (Figure 381 

4C). These simulations are in line with the reduced NT release upon loss of syt expressed on the SV 382 

membrane observed experimentally (Kaempf et al., 2015). (Note, however, that our model only 383 

describes the functioning of syt1/2 and therefore does not include other Ca2+-sensors like syt7 and 384 

Doc2B, which may mediate release in case of syt1/2 loss (Bacaj et al., 2013; Kochubey et al., 2016; 385 

Maximov et al., 2008; Yao et al., 2011)). Taken together, our data show that although only a subset of 386 

syts are required to simultaneously bind Ca2+ and PI(4,5)P2 to induce fusion, all available syts 387 

contribute to the high rates of NT release by increasing the probability of multiple crosslink 388 

formation.  389 

Besides high number of syts, the probability of crosslink formation also depends on the 390 

PI(4,5)P2 levels. We therefore reasoned that upregulation of PI(4,5)P2 levels could potentially 391 

compensate for reduced syt expression. To investigate this, we refitted the model with reduced syt 392 

levels to the experimental Ca2+ uncaging data (Kochubey and Schneggenburger, 2011) and only 393 

allowed [PI(4,5)P2] to vary. Strikingly, increasing [PI(4,5)P2] could fully rescue the characteristics of NT 394 

release upon reductions in syt levels down to 3 syts per SV (corresponding to an 80% reduction)  by 395 

reversing the decreased probability of crosslink formation (Figure 4 – figure supplement 1A-C). The 396 

required increase in [PI(4,5)P2] ranged from ~1.1x (14 syts) to ~10x (3 syts, Figure 4 – figure 397 

supplement 1D). These elevations also fully restored simulated AP-evoked responses when at least 398 
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three syts were present per SV (Figure 4 – figure supplement 1E-F). Altogether these data indicate 399 

that upregulating [PI(4,5)P2] is a potential, powerful compensatory mechanism to rescue reductions 400 

of NT release in case the number of syts per SV is reduced which may provide difficulties while 401 

evaluating stoichiometric changes experimentally.  402 

As the number of syts per SV had a large impact on the fusion kinetics, we wondered to what 403 

extent fluctuations in the number of syts per SV affected the variance in AP-evoked responses. We 404 

varied the number of syts expressed per SV following a Poisson distribution with mean =15 (Figure 405 

4D1, top panel). Strikingly, varying the number of syts per SV over a large range did not increase the 406 

variability in synaptic responses and variance was mainly introduced by fluctuations in RRP size 407 

(Figure 4 D,E). This shows that although release kinetics strongly depend on the average number of 408 

syt per SV, the system is rather insensitive to fluctuations around this number. 409 

 410 

Evaluation of mutants affecting Ca2+ binding to the C2B domain reveals diverse effects on AP-411 

evoked transmission 412 

Having developed a mathematical model of syt functioning, we wanted to use its molecular 413 

resolution to explore the effects of different mutations in the C2B domain. For that, we designed two 414 

different hypothetical Ca2+ site mutations. The first mutant, the “Ca2+-binding” mutant, had a 415 

reduced Ca2+ affinity (10xKD,2Ca2+) but all other properties were the same as in the WT C2B domain. In 416 

the second mutant, we introduced a mutation causing an inability to bind Ca2+. This mutation 417 

mimicked the Ca2+-bound state and thereby featured high PI(4,5)P2 affinity as if the allosteric 418 

interaction between Ca2+ and PI(4,5)P2 was permanently in the ‘on’ state. We termed this mutant the 419 

“no Ca2+ binding, A-on" mutant (Figure 5A). As we explored the significance of the model’s 420 

stoichiometry (nsyt, Figure 4 and  Mslots, Figure 2) for accurate NT release, we particularly looked into 421 

how the stoichiometry of mutant and WT C2B domains affected synaptic transmission by 422 

investigating three different conditions (Figure 5B): (1) a homozygous expression condition, (2) a 423 

heterozygous expression condition (combined expression of mutant and WT, with a total of 15 syts 424 

per SV) and (3) an overexpression condition (expression of mutant together with 15 WT syts per SV). 425 

Since most SNAREopathy mutations appear de novo, condition 2 is expected to correspond to most 426 

patient conditions (Verhage and Sorensen, 2020), but experimentally, mutations are frequently 427 

tested upon overexpression in WT cells (condition 3)(Baker et al., 2018; Bradberry et al., 2020). 428 

Homozygous expression of the “Ca2+-binding” mutant generated eEPSCs with a ~50% 429 

reduced amplitude and faster kinetics compared to the WT condition (Figure 5C1, Figure 5D top). 430 

Heterozygous expression only caused a small decrease in mean eEPSC amplitude compared to the 431 

expression of 15 WT syts per SV (Figure 5C1, Figure 5D middle). Yet, when this mutant was expressed  432 
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 433 

 434 

Figure 5: Systematic evaluation of the effect of mutant syts on simulated AP-evoked fusion. A) Illustration of 435 
a WT syt and two mutant syts. The “Ca

2+
-binding” mutant has a lower affinity for Ca

2+ 
(KD,2Ca2+ 10x increased, i.e. 436 

β 10x increased). The “no-Ca
2+ 

binding, A-on" mutant is not able to bind Ca
2+

 and has a high binding affinity for 437 
PI(4,5)P2, which is equal to the affinity for PI(4,5)P2 when the allostericity between Ca

2+
 and PI(4,5)P2 is “active” 438 

in WT syts (Ca
2+

-bound state). Because of the inability to bind Ca
2+

,
 
allosteric interactions between Ca

2+
 and 439 

PI(4,5)P2 are not possible in this mutant. B) Illustration of homogeneous (top), heterogeneous (middle) and 440 
over- expression (bottom) of the mutants. Mutant syts are depicted in red, WT syts are depicted in black. C) 441 
Representative, stochastically simulated AP-evoked responses with homozygous (top, 15 mutant syt copies), 442 
heterozygous (middle, 8 WT and 7 mutant syt copies) and overexpression (bottom, 15 WT and 8 mutant copies 443 
of syt) of the different mutants (C1: “Ca

2+
-

 
binding” mutant, in blue; C2: “no Ca

2+
 binding, A-on" mutant, in red). 444 

For each of the settings a representative trace of a condition with 15 WT syts is shown in black (control 445 
condition). A third mutation, the “no Ca

2+ 
binding, A-on” was also explored (Figure 5 – figure supplement 1). D) 446 

Mean amplitudes of simulated AP-evoked responses (n=200) for the homogeneous (top), heterogeneous 447 
(middle) and overexpression (bottom) of the different mutants, and WT (for homozygous and overexpression 448 
condition only). Dotted line indicates the mean amplitude of simulated eEPSCs with 15 copies of WT syt 449 
(control). Arrow indicates the mutant condition that is depicted in panels C. Increasing the Ca

2+
 influx by 450 

prolonging the AP could rescue the “Ca
2+

-binding” mutant but not the “no Ca
2+

 binding, A-on” mutant (Figure 5 451 
– figure supplement 2). Simulation scripts can be found in Source code 2. Results from simulations (means and 452 
deviations) can be found in Source data 5. 453 

 454 
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on top of 15 WT syts (overexpression condition), eEPSC amplitudes were increased (Figure 5C1, 455 

Figure 5D bottom). The “no Ca2+ binding, A-on" mutant showed no NT release in response to the Ca2+ 456 

transient in a homozygous condition (Figure 5C2, Figure 5D top), which is explained by its inability to 457 

bind Ca2+. When half of the syts on the SV were mutated (heterozygote) and when this mutant was 458 

expressed in a WT background (overexpression), the amplitude of simulated eEPSCs was strongly 459 

reduced (Figure 5C2, Figure 5D). Merely four mutant proteins expressed on top of 15 WT proteins 460 

already decreased eEPSC amplitudes by 45% (Figure 5D bottom), indicating a strong dominant 461 

negative effect. The strong inhibition is a result of the mutant’s increased PI(4,5)P2 affinity leading to 462 

“blocking” of PI(4,5)P2 binding slots on the membrane with a Ca2+-insensitive mutant. In comparison, 463 

a mutant not able to bind Ca2+ but having a normal PI(4,5)P2 affinity (“no Ca2+ binding, A-off” mutant) 464 

had a much weaker effect (Figure 5 - figure supplement 1). This indicates that the allosteric 465 

interaction between Ca2+ and PI(4,5)P2 plays a prominent role in determining the severity of disease-466 

causing mutations. 467 

It was previously shown that boosting pre-synaptic Ca2+ influx by application of 4-468 

Aminopyridine (4-AP), which broadens APs by slowing down the repolarization phase (Alle et al., 469 

2011), could mitigate the effects of heterozygous expression of various syt mutants in vitro 470 

(Bradberry et al., 2020). We therefore investigated whether the effects of our hypothetical mutants 471 

could be reversed by a longer duration of the Ca2+ signal. We simulated AP-evoked responses using a 472 

Ca2+ transient with slower decay kinetics (rise kinetics as the original one, Figure 5 - figure 473 

supplement 2A). While this treatment resulted in very little improvement of synaptic responses 474 

under expression of the "no Ca2+ binding, A-on” mutant, it almost fully restored eEPSC amplitudes 475 

under heterozygous and homozygous expression of the “Ca2+-binding” mutant (Figure 5 - figure 476 

supplement 2B-C). Thus, while the two mutations in the C2B domain both reduce synaptic 477 

transmission in a heterozygous setting, we show that their treatment requires different strategies. 478 

This demonstrates a need for a molecular and functional understanding when developing systematic 479 

treatment approaches which can be facilitated by modeling studies as presented here.  480 
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Discussion 481 

We here propose a quantitative, experiment-based model describing the function of syt in SV fusion 482 

on a molecular level based on biochemical properties determined in vitro. In our model, syt acts by 483 

lowering the energy barrier for SV fusion by simultaneous binding of Ca2+ and PI(4,5)P2 (crosslinking). 484 

When allowing at least three crosslinking syts at a time, this model can explain the steep Ca2+ 485 

dependence of NT release observed at the calyx of Held synapse (Kochubey and Schneggenburger, 486 

2011). Exploring this model led to the following conclusions:  487 

(1) The positive allosteric interaction between Ca2+ and PI(4,5)P2 is crucial for fast SV fusion as it 488 

stabilizes the crosslinked state to allow multiple crosslinks to form that successively lower the fusion 489 

barrier;  490 

(2) At least three syt crosslinks must form to lower the energy barrier for fast SV fusion and to 491 

achieve the Ca2+ sensitivity inherent to synaptic transmission; 492 

(3) A high copy number of syt ensures high rates of NT release, because it speeds up the formation of 493 

three crosslinks;  494 

(4) The molecular resolution of this model can be used to study consequences of disease-causing 495 

mutations, which can help elucidate treatment options. 496 

 497 

An allosteric interaction between PI(4,5)P2 and Ca2+ is crucial for syt1/2 functioning 498 

Our modeling study shows that the biochemically measured allostericity between Ca2+ and PI(4,5)P2  499 

(van den Bogaart et al., 2012) is essential for the functioning of syt1/2 in synchronous NT release. 500 

Using affinity values of syt for both Ca2+ and PI(4,5)P2 obtained in microscale thermophoresis 501 

experiments (van den Bogaart et al., 2012), we could only reproduce the steep Ca2+ dependency of 502 

SV fusion measured at the calyx of Held if this feature was included (Figure 3 – figure supplement 1). 503 

With their experiment, van den Bogaart and colleagues (van den Bogaart et al., 2012) determined 504 

steady state affinities, which do not provide information on association/dissociation rates. 505 

Consequently, it is not known whether allosteric modulation of the C2B domain induces an increase 506 

in binding rates or a decrease in unbinding rates of Ca2+ and PI(4,5)P2. An increase in Ca2+/PI(4,5)P2 507 

association rates upon allosteric activation would increase the frequency of crosslink formation, but 508 

not the duration of the crosslinked state. We here implemented the allosteric interaction as a 509 

reduction of the unbinding rates of both Ca2+ and PI(4,5)P2 when both species were bound to the C2B 510 

domain. Functionally, this implies that the allosteric property of the C2B domain causes a 511 
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stabilization of the crosslinked state yielding dwell times long enough to build up multiple crosslinks 512 

for fast fusion (Figure 3).  513 

A stabilization of the Ca2+-bound state was also essential to reproduce the Ca2+ dependence 514 

of release with the previously proposed five-site binding model (Lou et al., 2005), which postulates 515 

consecutive binding of five Ca2+ ions in SV fusion triggering and has been used by us and others in 516 

several studies (Bohme et al., 2016; Kobbersmed et al., 2020; Kochubey and Schneggenburger, 2011; 517 

Schotten et al., 2015; Sun et al., 2007; Wolfel et al., 2007). In that model, a correction factor (b<1) 518 

was multiplied on the Ca2+ dissociation rate, but this factor has not been attributed to a known 519 

molecular mechanism. Our model simulations suggest that the allosteric coupling between Ca2+ and 520 

PI(4,5)P2 binding to the syt C2B domain is the underlying mechanism leading to crosslink stabilization. 521 

This property of the C2B domain also explains why its Ca2+ binding affinity is low (Radhakrishnan et 522 

al., 2009; van den Bogaart et al., 2012) compared to the Ca2+ sensitivity of SV fusion (Bollmann et al., 523 

2000; Burgalossi et al., 2010; Schneggenburger and Neher, 2000). 524 

 525 

The stoichiometry of the SV fusion machinery 526 

Each SV contains multiple copies of syt (Takamori et al., 2006) which can cooperate in the fusion 527 

process. However, the space between the vesicular and plasma membranes is constrained, and  528 

PI(4,5)P2 is organized in discrete clusters (Honigmann et al., 2013; Milosevic et al., 2005; van den 529 

Bogaart et al., 2011a), making it likely that the number of crosslinking syts is limited. A recently 530 

published study of docked SVs using cryo-EM also indicated a limited number of protein complexes 531 

between SV and plasma membrane (Radhakrishnan et al., 2021). We here showed that allowing 532 

three syts to simultaneously form PI(4,5)P2-Ca2+ crosslinks (i.e. Mslots = 3) is sufficient to explain the 533 

steep Ca2+-dependence of neurotransmitter release (Figure 2 A-C). Moreover, even when allowing 534 

more syts to form crosslinks (Mslots >3), most fusion events at [Ca2+]i > 1 M nonetheless occurred 535 

after the formation of three crosslinks (Figure 2 D-E), strongly arguing that no more than three syts 536 

are needed for fast vesicle fusion. This prediction matches experimental estimates of the number of 537 

SNARE-complexes zippering during fusion (Arancillo et al., 2013; Mohrmann et al., 2010; Shi et al., 538 

2012; Sinha et al., 2011). At lower [Ca2+]i (0.5-1 M, Figure 2 - Figure Supplement 2B), the number of 539 

crosslinks leading to fusion was reduced (to 1-2). Thus, our model indicates that higher [Ca2+]i recruits 540 

additional syts, thereby speeding up fusion rates, although no cooperative mechanism between syts 541 

was included in our model. Instead, higher-order complexes appear via ‘kinetic matching’ of single 542 

complexes forming at the same time, leading to a multiplicative effect on fusion rates. In this aspect, 543 

our model is fundamentally different from the suggestion that syts need to preassemble in higher-544 

order rings to execute their function in fusion (Rothman et al., 2017). This difference constitutes the 545 

main testable difference between the models; in our model, the function of a single syt is the same, 546 
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no matter the number of syts expressed on a vesicle, whereas the obligatory formation of a ring 547 

indicates that a cooperative process is needed before syts can execute their function in exocytosis. 548 

Although in our model only three syts can actively contribute to fusion, the model assigns a 549 

clear role for the large copy number of syt (15 copies per vesicle on average (Takamori et al., 2006). 550 

Synaptic transmission not only depends on syts active during fusion but more copies increase the 551 

collision probability of syts with Ca2+ and PI(4,5)P2, and thereby increase the probability of forming 552 

multiple crosslinks, which is required for fast synaptic transmission (Figure 4). Correspondingly, 553 

aberrant sorting of syts to SVs has shown to affect evoked neurotransmission (Kaempf et al., 2015) 554 

and has been linked to disease (Baker et al., 2018; Harper et al., 2020). Thus, increasing the 555 

expression level of syts during evolution may have been sufficient to ensure synchronous, reliable NT 556 

release. Similarly, high protein abundance might promote other collision-limited processes in fusion 557 

of SVs. If in fact SNARE complex assembly occurred downstream of syt crosslink formation (van den 558 

Bogaart et al., 2011b) this could give an intuitive explanation for the even higher abundance of 559 

synaptobrevin on vesicles (70 copies (Takamori et al., 2006)), because its collisions with membrane 560 

SNAREs would need to occur while syt is crosslinking. Besides increasing syt copy number, the 561 

formation of crosslinks could also be promoted by increasing PI(4,5)P2 levels. Correspondingly, loss of 562 

syts could be compensated by upregulation of PI(4,5)P2 levels (Figure 4 - figure supplement 1). Given 563 

that dynamically regulated signaling molecules can compensate for the loss of syts, this puts new 564 

demands on experimental procedures when investigating the role of syts and other synaptic proteins 565 

using (genetic) perturbations. Although the expression level of syts per SV are tightly regulated 566 

(Kaempf et al., 2015; Mutch et al., 2011), it is not unlikely that the number of syts is slightly variable 567 

between individual SVs. Strikingly, despite the relevance of the high syt copy number, our model 568 

simulations were largely insensitive to heterogeneity in syt copy number between SVs (Figure 4).   569 

 570 

Allosteric properties are a critical determinant of the severity of syt mutants 571 

Mutations in the syt C2B domain and in particular its Ca2+ binding pockets have been extensively 572 

researched (Bacaj et al., 2015; Bradberry et al., 2020; Kochubey and Schneggenburger, 2011; Mackler 573 

et al., 2002; Nishiki and Augustine, 2004). Because of the strong positive allosteric coupling between 574 

Ca2+ and PI(4,5)P2 binding sites (van den Bogaart et al., 2012), we expect that some of these Ca2+ 575 

binding site mutations increase the domain’s affinity for PI(4,5)P2 by inducing molecular changes 576 

similar to the ones induced by Ca2+ binding. Using theoretical and extreme mutants, we here showed 577 

that mutations in the Ca2+-binding pocket leading to an increased PI(4,5)P2 affinity have more severe 578 

effects on AP-evoked transmission than those mutations only affecting Ca2+ affinity (Figure 5, Figure 5 579 

- figure supplement 1). As the molecular mechanism underlying the allosteric coupling between the 580 

Ca2+ and PI(4,5)P2 binding sites of syt remains enigmatic, it is speculative which real Ca2+-site 581 
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mutations would affect the allosteric properties of the C2B domain. One possible allosteric 582 

mechanism involves electrostatic interactions between the negatively charged Ca2+ binding pockets 583 

and the positively charged PI(4,5)P2 binding site (van den Bogaart et al., 2012). This would imply that 584 

mutations altering the charge of the pockets, like the well-known ‘DN’ mutants (Mackler et al., 2002), 585 

could partially trigger the allosteric coupling mechanism and thereby affect PI(4,5)P2 affinity. In turn, 586 

mutations altering the size of the pocket without a change in charge, would only affect Ca2+ affinity 587 

(like in the ‘Ca2+-binding’ mutant investigated here, Figure 5). In line with this reasoning and our 588 

observation that the mutations affecting the allosteric coupling have more severe dominant-negative 589 

effects, a disease-causing mutation neutralizing one of the Ca2+-binding aspartic acids showed a 590 

stronger phenotype than a mutation reducing the size of the pocket (Bradberry et al., 2020). 591 

Likewise, in Drosphila, neutralization of the aspartic acid residues caused a potent dominant-negative 592 

effect with decreased apparent Ca2+ affinity and close to no NT release (Mackler et al., 2002). Thus, 593 

although the mechanisms of the allosteric coupling remain enigmatic, it is likely that this mechanism 594 

is a critical determinant for the severity of disease-causing mutations.   595 

 596 

Molecular interplay of the release machinery 597 

Syt’s actions to promote vesicle fusion are mediated by the SNARE complex, which in our model is 598 

implicitly described in the energy provided to lower the fusion barrier. How the syt and the SNARE 599 

complex cooperate in the fusion process is not known. One possibility is that fusion is mediated via 600 

direct interactions (Zhou et al., 2015). Alternatively – or in addition –  the crosslinking syts might 601 

promote SNARE-mediated fusion by providing an electrostatic potential for induction of membrane 602 

curvature or lipid rearrangement (Araç et al., 2006; Lai et al., 2011; Martens et al., 2007; Ruiter et al., 603 

2019). Furthermore, membrane proximation induced by crosslinking syts (Araç et al., 2006; Chang et 604 

al., 2018; Honigmann et al., 2013; Hui et al., 2011; Lin et al., 2014; Nyenhuis et al., 2021; Nyenhuis et 605 

al., 2019; Xue et al., 2008) might promote SNRARE-mediated fusion, as shown in vitro (Hui et al., 606 

2011). Accordingly, crosslinking syts might reduce the membrane distance below an upper limit for 607 

full SNARE complex assembly (Lin et al., 2014; van den Bogaart et al., 2011b). Reduced distances 608 

between vesicular and plasma membranes could also promote formation of more crosslinking syts. 609 

While it is furthermore possible that the energy provided by each crosslink changes during their 610 

successive engagement, we show here that the simplest model (constant and independent 611 

contribution) is sufficient to reproduce the biological response. 612 

Besides syt1/2, Munc13 and syt7 have been proposed to function by bridging the vesicular 613 

and plasma membranes (Liu et al., 2016; Quade et al., 2019; Tawfik et al., 2021; Voleti et al., 2017).  614 

Differences in the distance these bridges may span, the binding rates and affinities for Ca2+ and 615 
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membranes, which determine the Ca2+ sensitivity, duration, speed and sequence of molecular 616 

interaction, might explain their diverse roles in SV docking, priming and fusion and versatile effects 617 

on spontaneous-, synchronous- and delayed neurotransmission (Augustin et al., 1999; Bacaj et al., 618 

2013; Basu et al., 2007; Liu et al., 2014; Luo and Sudhof, 2017; Quade et al., 2019; Varoqueaux et al., 619 

2002; Vevea et al., 2021; Wen et al., 2010; Xu et al., 2017). Further research will be necessary to gain 620 

understanding how these processes shape the energetic landscape of neurotransmitter release. The 621 

parrallel extension of models based on molecular interactions such as presented here should allow 622 

the recapitulation of more complex synaptic activity patterns relevant for neural processing. 623 

Particularly the molecular resolution of such models will be useful to conceptualize the importance of 624 

specific molecular interactions for physiological and pathological processes at the synapse.  625 
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Materials and Methods 626 

In this paper we propose a model for SV fusion induced by Ca2+ and PI(4,5)P2 binding to nsyts syts per 627 

SV and with at most Mslots syts per SV engaging in PI(4,5)P2 binding at the same time. We 628 

implemented the model in two ways for different simulation purposes: (1) an implementation based 629 

on the analytical solution of the model (Matlab procedures for simulation can be found in Source 630 

code 1), and (2) an implementation following the Gillespie algorithm (Gillespie, 2007) (Matlab 631 

procedures for simulations can be found in Source code 2). In the first implementation we assume a 632 

constant [Ca2+]i, (allowing us to simulate Ca2+ uncaging experiments), whereas the second version was 633 

implemented to allow for [Ca2+]i to vary over time (allowing us to simulate AP-evoked responses). 634 

Another important difference between the two approaches is that the analytical solution describes 635 

the binding state of an entire SV and the Gillespie version describes the binding state of each 636 

individual syt. Both implementations allow for stochastic evaluation of the model. The first 637 

implementation is used in Figure 2,  2 supplement 2, 2 supplement 3, 3, 3 supplement 1, 4A-B and 4 638 

supplement 1A-D. The second implementation is used to simulate the AP-evoked responses and 639 

individual SV binding states in Figures 4C-E, 4 supplement 1E-F, 5B-C, and 5 supplements. Consistency 640 

between the two approaches was validated by comparison of simulation result distributions in 641 

quantile-quantile (Q-Q) plots (Figure 1 – figure supplement 2).  642 

SV states and possible reactions in the analytical version of the model 643 

In the analytical solution of the model, we describe for each SV the number of syts having bound two 644 

Ca2+ ions, PI(4,5)P2, or both species. Since syts were assumed to work independently, their order is 645 

not relevant, and we therefore do not need to describe the binding state of each individual syt. The 646 

possible binding states of an SV are described in Figure 1 – figure supplement 1. Each state is 647 

represented by the triplet (n,m,k), with k denoting the number syts having bound PI(4,5)P2, m 648 

denoting the number of syts having bound two Ca2+ ions, and n denoting the number of syts having 649 

bound both species and thereby having formed a crosslink. nsyts is the total number of syts per SV. 650 

Mslots restricts the number of syts having bound PI(4,5)P2 simultaneously (this includes syts having 651 

bound PI(4,5)P2 only (k), and those having formed a crosslink (n). Taken together, this implies that for 652 

all states in the model, it holds that 653 

𝑘 +𝑚 + 𝑛 ≤ 𝑛𝑠𝑦𝑡𝑠 and  𝑘 + 𝑛 ≤ 𝑀𝑠𝑙𝑜𝑡𝑠 

We numbered the states systematically following a lexicographic ordering, excluding the states that 654 

violate the inequalities described above. To illustrate, we write the ordering of all the states (m,n,k) 655 

with nsyts=3 and Mslots=2: 656 
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(0,0,0),(0,0,1),(0,0,2),(0,1,0),(0,1,1),(0,1,2),(0,2,0),(0,2,1),(0,3,0),(1,0,0),(1,0,1),(1,1,0),(1,1,1),(1,2,0),(2657 

,0,0),(2,1,0).  658 

Besides these binding states, an additional state, F, describes whether the SV has fused. With nsyts=15 659 

and Mslots=3, a single SV in our model has 140 + 1 states. 660 

From any state, there are at most 9 possible reactions, one being SV fusion and the other 8 661 

being (un)binding of Ca2+ or PI(4,5)P2 to/from a syt. The rates for the possible reactions of a single SV 662 

in this model are summarized in Table 3. In many cases, only a subset of the 8 (un)binding reactions 663 

are allowed because of the inequalities above (noted under “Condition” in the table).  664 

Table 3. Overview of possible reactions and their rates in the model 665 

Reaction Condition Triplet notation Reaction rate 

Binding of PI(4,5)P2 to 

empty syt 

n+m+k<nsyts and 

n+k<Mslots 

(n,m,k)->(n,m,k+1) (nsyts-n-m-k)(Mslots-n-k) 

[PI(4,5)P2] 

Unbinding of PI(4,5)P2 k>0 (n,m,k->(n,m,k-1) k 

Binding of Ca
2+

2 to empty 

syt 

n+m+k<nsyts (n,m,k)->(n,m+1,k) (nsyts-n-m-k)[Ca
2+

]
2
 

Unbinding of Ca
2+

2 m>0 (n,m,k)->(n,m-1,k) m 

Binding of PI(4,5)P2 to 

form crosslink 

n+k<Mslots and m>0 (n,m,k)->(n+1,m-1,k) m(Mslots-n-k)[PI(4,5)P2]  

Unbinding of PI(4,5)P2 

from a crosslink 

n>0 (n,m,k)->(n-1, m+1,k) An 

Binding of Ca
2+

2 to form 

crosslink 

k>0 (n,m,k)->(n+1,m,k-1) k[Ca
2+

]
2
 

Unbinding of Ca
2+

2 from a 

crosslink 

n>0 (n,m,k)->(n-1,m,k+1) An 

Fusion  (n,m,k)->(F) L+f
n
 

 666 

The reaction rates of (un)binding Ca2+ or PI(4,5)P2 are calculated as the number of syts available for 667 

(un)binding (computed using nsyts, n, m, k) times the reaction rate constant (α, β, γ, δ), and, in the 668 

case of binding reactions, times the concentration of the ligand ([PI(4,5)P2] or [Ca2+]). We assumed 669 

binding of two Ca2+ ions to a single C2B domain. In our model this two-step process is simplified to a 670 

single reaction step by taking [Ca2+]i to the power of two. This simplification is valid, because we 671 

assumed that syt could only associate to the vesicular membrane when two Ca2+ ions are bound, and 672 

binding of one Ca2+ ion would not induce an ‘intermediate’ association state to the membrane, nor 673 

would it affect the allosteric interaction. To account for the limit on the number of syts bound to 674 
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PI(4,5)P2, the number of available, empty slots, (Mslots-n-k), was multiplied on the PI(4,5)P2 binding 675 

rates. The fusion rate of the SV is computed by L+·f
n (similar to (Lou et al., 2005)), with L+ denoting the 676 

basal fusion rate and f the factor of increase in fusion rate by each crosslink being formed. L+ was set 677 

to 4.23e-4 s-1 to match the release rate measured at low [Ca2+]i, given an average size of the RRP of 678 

4000 SVs (see below). 679 

The affinities for Ca2+ and PI(4,5)P2 binding to syt were set to previously determined 680 

dissociation constants (KD,Ca2+=/=2212 µM2, KD,PI(4,5)P2=/=20 µM) obtained using in vitro microscale 681 

thermophoresis experiments (van den Bogaart et al., 2012). For determination of the dissociation 682 

constant of Ca2+, van den Bogaart and colleagues assumed binding of a single Ca2+ ion to the C2AB 683 

domain (van den Bogaart et al., 2012). Assuming that in our model the two Ca2+ ions bind to the C2B 684 

domain with the same affinity, the KD,2Ca2+ of the reaction describing binding of two Ca2+ ions can be 685 

computed from the experimentally derived dissociation constant by taking it to the power of two. 686 

This was verified by re-fitting the experimental data with a hill coefficient of 2, which yielded an 687 

KD,2Ca2+ of ~2212 (data not shown).  688 

The in vitro experiments revealed a change in syt1 Ca2+ affinity upon binding PI(4,5)P2, and 689 

vice versa (van den Bogaart et al., 2012), indicating a positive allosteric relationship between the two 690 

species. We assumed this allosteric effect was due to a stabilization of the crosslinked state by 691 

lowering of the unbinding rates of Ca2+ and PI(4,5)P2 with a factor (A=(3.3/221)2 =0.00022) and occurs 692 

when both species have bound. Upon crosslink formation, both the unbinding rates of Ca2+ and 693 

PI(4,5)P2 are multiplied by A, since any closed chemical system must obey microscopic reversibility 694 

(Colquhoun et al., 2004). Using the biochemically defined affinities, the number of free parameters in 695 

our model was constrained to:  696 

𝜉 = (𝛼, 𝛾, [𝑃𝐼(4,5)𝑃2], 𝑓) 

The values of  and  were determined according to the affinities for each choice of  and .  697 

 698 

The steady state of the system 699 

The steady state of the system before stimulation was determined at a resting, global [Ca2+]i of 0.05 700 

µM (except for simulations with Ca2+ levels below this basal value, for those we assumed 701 

[Ca2+]rest=[Ca2+]i). To compute the steady state, we assumed that no fusion took place, ignoring the 702 

very low fusion rate at resting [Ca2+]i. Under these conditions the model is a closed system of 703 

recurrent states and obeys microscopic reversibility, i.e. for every closed loop state diagram, the 704 

product of the rate constants around the loop is the same in both directions (Colquhoun et al., 2004). 705 

Microscopic reversibility implies detailed balance, meaning that every reaction is in equilibrium at 706 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.22.465434doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465434
http://creativecommons.org/licenses/by/4.0/


26 
 

steady state. Thus, for any two states Si and Sj which are connected by a reaction, the steady state 707 

distribution obeys 708 

[𝑆𝑗] =
𝑟𝑗𝑖

𝑟𝑖𝑗
[𝑆𝑖] 

where [Si] and [Sj] are steady state quantities and rij and rji are the reaction rates between Si and Sj. 709 

Using this property, we calculated the steady state iteratively by setting the population of the first 710 

state (state (0,0,0)), equal to 1, and thereafter iteratively computing the states in the order of the 711 

state numbering presented above using the following formula’s: 712 

𝐼𝑓 𝑘 > 0: [(𝑛,𝑚, 𝑘)] =
𝑟𝑘−1,𝑘
𝑟𝑘,𝑘−1

[(𝑛,𝑚, 𝑘 − 1)] 

𝐼𝑓 𝑚 > 0 𝑎𝑛𝑑 𝑘 = 0: [(𝑛,𝑚, 0)] =
𝑟𝑚−1,𝑚
𝑟𝑚,𝑚−1

[(𝑛,𝑚 − 1,0)] 

𝐼𝑓 𝑛 > 0 𝑎𝑛𝑑 𝑚 =  𝑘 = 0: [(𝑛, 0,0)] =
𝑟𝑛−1,𝑛
𝑟𝑛,𝑛−1

[(𝑛 − 1,0,0)] 

Afterwards, each state was divided by the sum of all state values and multiplied by the number of 713 

SVs in the RRP. In our model simulations, the size of the RRP was variable and followed a gamma 714 

distribution with a mean of 4000 SVs and a standard deviation of 2000 SVs, based on experimental 715 

estimates from the calyx of Held (Wölfel and Schneggenburger, 2003). In the following calculations 716 

we use 𝜑 to denote the steady state probability vector (i.e. normalised the sum to 1).  717 

 718 

Computation of fusion probabilities and fusion rate 719 

The analytical implementation of our model allowed us to compute the fusion rate and cumulative 720 

fusion probabilities with a constant [Ca2+]i after stimulus onset (t=0), thereby mimicking conditions in 721 

Ca2+ uncaging experiments. The constant [Ca2+]i makes the model a homogenous Markov Model. The 722 

transition rates of the model can be organized in the intensity matrix, Q, such that, 723 

𝑄𝑖,𝑗 = 𝑘𝑖,𝑗 𝑓𝑜𝑟 𝑖 ≠ 𝑗 

𝑄𝑖,𝑖 = −∑𝑘𝑖,𝑗
𝑗≠𝑖

 

where ki,j is the rate of the reaction from state i to state j. Given initial conditions, (steady state 724 

normalized to a probability vector), free model parameters, , and calcium concentration, C,  725 

𝑝𝜉,𝐶(𝑡) = 𝜑 exp(𝑄𝜉,𝐶𝑡) 
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is the distribution of SV states a time t, i.e., a 1 x nstates vector with element i being the probability of 726 

being in state i at time point t. The single SV cumulative fusion probability is the last element, which 727 

we will denote with a subscript F, 728 

𝐺𝜉,𝐶(𝑡) = (𝑝𝜉,𝐶(𝑡))
𝐹
= (𝜑 exp(𝑄𝜉,𝐶𝑡))𝐹

   (1) 

The fusion rate of a single SV can be calculated directly as the last element of the derivative of (1): 729 

𝐺𝜉,𝐶
′ (𝑡) = (

𝑑𝑝𝜉,𝐶(𝑡)

𝑑𝑡
)
𝐹
 = (𝜑𝑄𝜉,𝐶exp(𝑄𝜉,𝐶𝑡))𝐹

 (2) 730 

Multiplying (1) and (2) with the number of SVs yields the cumulative fusion function and fusion rate 731 

function, respectively. For simulation of peak release rates and release latencies (in Figure 2-4), we 732 

computed (1) and (2) using the best fit parameters from fitting with Mslots=3 and nsyts=15. This was 733 

done for 31 [Ca2+]i values ranging from 0.001 µM to 80 µM for t[0,100] ms with a time step of 0.01 734 

ms (attached data file, “Fusion_calc.mat”). In addition, the functions were calculated in the same way 735 

using the best fit parameters for Mslots=1,2,4,5,6 with nsyts=15 for simulations depicted in Figure 2A-C. 736 

In some conditions, especially at low [Ca2+]i, a longer span of the cumulative fusion probability was 737 

required and was calculated with the same time step size.  738 

 739 

Computation of peak release rates  740 

The peak of the fusion rate can be computed by multiplying the maximum value of the single SV 741 

fusion rate function, (2), with nves. To allow for a variable RRP size, a set of 1000 nves values were 742 

drawn according to the RRP size distribution, the peak release rates were determined, and the mean 743 

and 95 % prediction interval determined (Figure 2A, 2 supplement 3, 3 supplement 1, 4A, 4 744 

supplement 1A) for each Ca2+ concentration. 745 

For initial parameter exploration (Figure 2G) and for computing the release rates in the 746 

fitting routine, it was not feasible to simulate the fusion rate over 100 ms with high temporal 747 

precision. Instead, we implemented a custom search algorithm (scripts can be found in 748 

accompanying zip-file “Sourcecode1.zip”), which was constructed to shorten calculation time by 749 

taking advantage of the release rate function being unimodal. We first found a time point, tmax, at 750 

which 75-90 % of the SVs had fused. Having computed different time points in the time interval 751 

[0,tmax], gave us an interval in which the fusion rate showed a local maximum. The algorithm then 752 

narrowed the time interval down until a time of peak was found with a precision of 0.01 ms. This 753 

method shortened simulation time considerably.  754 

 755 
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Stochastic simulation of release latencies 756 

Release latencies (Figures 2A, 2 supplement 3, 3 supplement 1, 4A, and 4 supplement 1), which are 757 

defined as the time point of the fifth SV fusion event after the onset of simulation, were simulated 758 

stochastically by drawing pi(0,1), i = 1,…,nves, from the uniform distribution for each of the 1000 759 

repetitions and each evaluated [Ca2+]i. Each of these random numbers corresponds to the fusion time 760 

of an SV, which can be determined using the single SV cumulative fusion probability function (1). To 761 

obtain the time point of the fifth SV fusion, the fifth lowest pi was selected. The corresponding time 762 

of fusion was found by interpolation of the single SV cumulative fusion probability, (1). In the 763 

corresponding figures, the medians were plotted, since the probability distribution of the release 764 

latencies (derived below) was skewed, and the reported data points were single measurements.  765 

 766 

Fitting the model to experimental data 767 

We next aimed to fit the model to already published data describing the Ca2+-dependence of NT 768 

release in the mouse calyx of Held (Kochubey and Schneggenburger, 2011). The data consist of 769 

measurements from Ca2+ uncaging experiments, where the release latency, defined as the time point 770 

of the fifth SV fusion event, and the peak release rate were estimated at different [Ca2+]i. Besides the 771 

four free model parameters, 𝜉, an additional parameter, d, was fitted. d is a constant added to the 772 

release latencies computed by the model to account for the experimentally observed delay 773 

(Kochubey and Schneggenburger, 2011).  774 

 The best fit was obtained by minimizing the following cost function: 775 

𝑐𝑜𝑠𝑡𝜉,𝑑 = 2 ⋅ ∑ 𝑆𝜉,𝑖

𝑛,𝑟𝑎𝑡𝑒𝑠

𝑖=1

− ∑ ℓ𝜉,𝑑,𝑖

𝑛,𝑙𝑎𝑡𝑒𝑛𝑐𝑖𝑒𝑠

𝑗=1

 

where i=1,…, 𝑛𝑟𝑎𝑡𝑒𝑠 and  j=1,…, 𝑛𝑙𝑎𝑡𝑒𝑛𝑐𝑖𝑒𝑠 are the indices of the experimentally measured [Ca2+]i, 776 

𝑆𝜉,𝑖 = (𝑟𝑚𝑎𝑥,𝑚𝑜𝑑𝑒𝑙 − 𝑟𝑚𝑎𝑥,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡)
2

 

are the squared deviations of the peak release rates (1/ms2) and ℓ is the logarithm of the likelihood 777 

of the release latencies (see derivation below). To combine the two measures of distance between 778 

model and experimental data, which are in different units, the squared deviation of the peak release 779 

rates was multiplied by a factor 2 before subtracting the logarithm of the likelihood of the release 780 

latencies. The cost value was minimized using the inbuilt Matlab function fminsearch, which uses a 781 

Nelder-Mead simplex method. fminsearch was run with different initial parameter values to verify 782 

that the global minimum of the cost function was found. During the fitting, the lower and upper 783 
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bounds of d were set to, respectively, 0.3 ms and 0.405 ms (with the upper bound corresponding to 784 

the smallest release latency in the experimental data set). α,γ, and [PI(4,5)P2] had an upper bound of 785 

1010, and all free parameters needed to be positive. The maximum number of iterations and function 786 

evaluations was set to 5000. 787 

 788 

The likelihood function of release latencies with fixed RRP size 789 

To fit the model to the experimental release latency measurements, we derived the likelihood 790 

function, which is the probability density function of the model for given parameters evaluated at the 791 

experimental data points. Thus, optimizing the likelihood function yields parameters for which the 792 

data points are most likely if the model is true. We first derive the likelihood of release latency in the 793 

case of a fixed RRP size (nves).  794 

We define the stochastic variable X, which describes the stochastic process of the state of a 795 

single SV in our model. The fusion time of the SV, , is defined as 796 

𝜏 = inf{𝑡 > 0|𝑋(𝑡) =  𝐹} 

where itself is a stochastic variable. We define a stochastic vector, Z, which consists of all nves fusion 797 

time points in a single experiment. They come from independent, identically distributed stochastic 798 

processes with cumulative distribution function G,C(t), given in (1). As the release latency is defined 799 

as the time of the fifth SV fusion, we order the Z variable outcomes (z(1), z(2), … , z(nves)) from first to 800 

last fusion time. Using the transformation 801 

𝑈(𝑖) = 𝐺𝜉,𝐶(𝑍(𝑖)) 

we obtain a sequence of stochastic variables, U(i), which are uniformly distributed on the interval 802 

(0,1). The ordering is preserved, since G,C(t) is monotonely increasing, and U has probability density 803 

function 804 

𝑓𝑈𝑖(𝑡) = |𝐺𝜉,𝐶
′ (𝑍(𝑖))| 

with respect to t. G,C’(t)≥0 is given in (2). From order statistics it follows that the kth ordered U is 805 

beta-distributed with probability density 806 

𝑓𝑈(𝑘)(𝑢) = 𝐺𝜉,𝐶
′ (𝐺𝜉,𝐶

−1(𝑢)) ⋅
𝑛𝑣𝑒𝑠!

(𝑘 − 1)! (𝑛𝑣𝑒𝑠 − 𝑘)!
𝑢𝑘−1(1 − 𝑢)𝑛𝑣𝑒𝑠−𝑘 

where u = G,C(t). Thus, the transformed variable U(k), is beta-distributed, with 807 

𝑈(𝑘)~Beta(𝑘, 𝑛𝑣𝑒𝑠 + 1 − 𝑘) 
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In the case of the release latency, we are interested in the fifth fusion event (k=5). Thus, with a fixed 808 

RRP size, the likelihood value for the release latency observations, T*=(t*
1, t

*
2, …, t*

M), at all M Ca2+ 809 

concentrations is 810 

ℒ𝜉(𝑇
∗) =  ∏𝐺𝜉,𝐶𝑖

′(𝑡𝑖
∗)

𝑛𝑣𝑒𝑠!

4! (𝑛𝑣𝑒𝑠 − 5)!
𝐺𝜉,𝐶𝑖(𝑡𝑖

∗)4(1 − 𝐺𝜉,𝐶𝑖(𝑡𝑖
∗))

𝑛𝑣𝑒𝑠−5
𝑀

𝑖=1

 

In the optimization we minimize minus the log-likelihood: 811 

ℓ𝜉(𝑇
∗) =  −log (ℒ𝜉(𝑇

∗) = −∑(log 𝐺𝜉,𝐶𝑖
′(𝑡𝑖

∗)
𝑛𝑣𝑒𝑠!

4! (𝑛𝑣𝑒𝑠 − 5)!
𝐺𝜉,𝐶𝑖(𝑡𝑖

∗)4 (1 − 𝐺𝜉,𝐶𝑖(𝑡𝑖
∗))

𝑛𝑣𝑒𝑠−5
)

𝑀

𝑖=1

 

which is equivalent to maximizing the likelihood function.  812 

 813 
The likelihood of release latencies with variable RRP size 814 

In our model, the RRP size is assumed to follow a Gamma distribution. Let x denote the RRP size, 815 

fRRP(x) the probability density of the Gamma distribution, and u= G,C(t). The probability density of the 816 

release latency at Ca2+ concentration Ci is given by 817 

𝑓𝑈(𝑘)(𝑢) =
1

𝐾
∫ 𝑓𝑅𝑅𝑃(𝑥)
∞

5

𝐺𝜉,𝐶𝑖
′ (𝐺𝜉,𝐶𝑖

−1 (𝑢)) ⋅
𝑥!

4! (𝑥 − 5)!
𝑢4(1 − 𝑢)𝑥−5𝑑𝑥 

=
𝐺𝜉,𝐶

′ (𝐺𝜉,𝐶
−1(𝑢))

𝐾
∫ 𝑓𝑅𝑅𝑃(𝑥)
∞

5

⋅
𝑥(𝑥 − 1)(𝑥 − 2)(𝑥 − 3)(𝑥 − 4)

4!
𝑢4𝑒log(1−𝑢)𝑥𝑒−5log(1−𝑢)𝑑𝑥 (3) 

where K is a normalization constant, K=1-P(x<5)≈1. The lower limit of the integral reflects that the 818 

release latency is only defined when there are more than 5 SVs in the RRP. In simulations this 819 

corresponds to redrawing the RRP size whenever an RRP size < 5 SVs occurs, which happens with 820 

probability ~3e-11, and is accounted for in the normalization constant K in the following. Inserting 821 

the probability density function of a Gamma distribution with shape parameter k and scale 822 

parameter , we get: 823 

𝑓𝑈(𝑘)(𝑢) =
𝐺𝜉,𝐶

′ (𝐺𝜉,𝐶
−1(𝑢))

𝐾
∫

1

𝛤(𝑘)𝜃𝑘
⋅ 𝑥𝑘−1 ⋅ 𝑒

−𝑥
𝜃

∞

5

⋅
𝑥(𝑥 − 1)(𝑥 − 2)(𝑥 − 3)(𝑥 − 4)

4!
𝑢4𝑒log(1−𝑢)𝑥𝑒−5log(1−𝑢)𝑑𝑥 

We now define the following variables: 824 

�̃� =
𝜃

1 − 𝜃log (1 − 𝑢)
, 𝑎 =  

𝑢4𝑒−5log (1−𝑢)𝐺𝜉,𝐶
′ (𝐺𝜉,𝐶

−1(𝑢))

4! (1 − 𝜃 log(1 − 𝑢))𝑘
   (4) 

By factoring out and substituting in the above equation we get 825 
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𝐾𝑓𝑈(𝑘)(𝑢) =
𝐺𝜉,𝐶

′ (𝐺𝜉,𝐶
−1(𝑢)) 𝑢4𝑒−5(1−𝑢)

4! (1 − 𝜃 log(1 − 𝑢))𝑘
∫

(1 − 𝜃 log(1 − 𝑢))𝑘

𝛤(𝑘)𝜃𝑘
⋅ 𝑥𝑘−1 ⋅ 𝑒

−(1−𝜃 log(1−𝑢))𝑥
𝜃

∞

5

⋅ 𝑥(𝑥 − 1)(𝑥 − 2)(𝑥 − 3)(𝑥 − 4)𝑑𝑥 

== 𝑎∫
1

𝛤(𝑘)�̃�𝑘
⋅ 𝑥𝑘−1 ⋅ 𝑒

−𝑥

�̃�

∞

5

⋅ 𝑥(𝑥 − 1)(𝑥 − 2)(𝑥 − 3)(𝑥 − 4)𝑑𝑥   (5) 

 826 

Furthermore, we have 827 

𝑥(𝑥 − 1)(𝑥 − 2)(𝑥 − 3)(𝑥 − 4) = 𝑥5 − 10𝑥4 + 35𝑥3 − 50𝑥2 + 24𝑥   (6) 

Since 828 

𝛤(𝑥 + 1) = 𝑥𝛤(𝑥) 

we can derive the following useful formula: 829 

𝐼𝑛 = ∫
1

𝛤(𝑘)�̃�𝑘
⋅ 𝑥𝑘−1 ⋅ 𝑒

−𝑥

�̃�

∞

5

⋅ 𝑥𝑛𝑑𝑥 

= (∏𝑘 +𝑚

𝑛−1

𝑚=0

) �̃�𝑛∫
1

𝛤(𝑘 + 𝑛)�̃�𝑘+𝑛
⋅ 𝑥𝑘+𝑛−1 ⋅ 𝑒

−𝑥

�̃�

∞

5

𝑑𝑥 

= (∏𝑘 +𝑚

𝑛−1

𝑚=0

) �̃�𝑛 (1 − 
1

𝛤(𝑘 + 𝑛)
𝛾 (𝑘 + 𝑛,

5

�̃�
))   (7) 

 830 

The third equality follows from the fact that the function in the second integral from above is the 831 

probability density function of a gamma distribution with shape parameter k+n and scale parameter 832 

�̃�. We therefore replace it with the cumulative distribution function of the gamma distribution, 833 

where 𝛾 is the lower incomplete gamma function. Combining (4), (5), (6), and (7) yields an explicit 834 

expression of the likelihood of a single delay in (3), as 835 

𝑓𝑈(𝑘)(𝑢) =
𝑎 ⋅ (𝐼5 − 10𝐼4 + 35𝐼3 − 50𝐼2 + 24𝐼1)

𝐾
 

with  836 

𝐾 = 1 − 𝑃(𝑥 < 5) = 1 −
1

𝛤(𝑘)
𝛾 (𝑘,

5

𝜃
) 

We then minimize the sum of minus the log-likelihoods of the release latency observations. 837 

 838 
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Syt binding states in the Gillespie simulation of model 839 

In the Gillespie algorithm, the binding state of each individual syt is tracked. The state of the system 840 

at time point t, X(t), is given by a nsyt x nves matrix. Each element in this matrix describes the binding 841 

state of an individual syt using a 2-digit coding system; 00 for no species bound to syt, 01 for PI(4,5)P2 842 

bound, 10 for two Ca2+ ions bound, and 11 for both species bound (crosslinking syt). As with the 843 

analytical implementation, each syt can undergo in total 8 different (un)binding reactions (Figure 1A), 844 

depending on the binding state of the respective syt. The fusion rate, which depends on the number 845 

of crosslinking syts per SV, is determined for the entire SV. 846 

 847 

Determining the initial state of the system 848 

The steady state (initial state, X(0)) was computed using the same method as described above (see 849 

section ‘The steady state of the system’) using [Ca2+]i = 0.05 µM as the resting condition. This resulted 850 

in , the probability vector of a single SV to be in the different SV-states at steady state. To 851 

stochastically determine X(0), we first determined the binding state for each SV, i.e. how many 852 

crosslinks are formed (n) and how many syts have bound Ca2+ (m) and how many PI(4,5)P2 (k). For 853 

that we drew pj(0,1), j = 1…,nves, from the uniform distribution. The state number of the jth SV, s, 854 

was determined by: 855 

s =  smallest integer satisfying  ∑ 𝜑i 
𝑠
𝑖=1 ≥ 𝑝𝑗   856 

Via the ordering of states explained above, s can be linked to the state triplet (ns,ms,ks). As the order 857 

of syts is irrelevant for model simulation, this information on the state of SVj was transferred to the 858 

jth column of the X(0) matrix in a systematic way: The first ns elements were labeled with ‘11’; 859 

elements ns+1 to ns+ms were labeled with ‘10’; and elements ns+ms+1 to ns+ms+ks were labeled with 860 

‘01’, and the remaining elements (ns+ms+ks+1):nsyt were set to ‘00’. 861 

 862 

Gillespie algorithm-based simulations of the model  863 

For stochastic evaluation of the model by the Gillespie algorithm (Gillespie, 2007), we next 864 

introduced the propensity function b, which is defined by: 865 

𝑏𝑖,𝑗(𝑥)𝑑𝑡 ∶= the probability given (X(t) = X), that the ith syt of the jth SV will undergo a reaction in the 866 

next infinitesimal time interval [t, t+dt].  867 

For element i,j in b, the total reaction propensity is the sum of propensities of possible reactions 868 

given the binding state of the syt and can be computed as follow: 869 
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𝑏𝑖,𝑗(𝑋𝑖,𝑗) =  

{
 
 

 
 
max( 𝑀𝑠𝑙𝑜𝑡𝑠 − 𝑃𝐼𝑃𝑡𝑜𝑡,𝑗 , 0) 𝛾 [𝑃𝐼(4,5)𝑃2] +  𝛼[𝐶𝑎

2+]2, 𝑋𝑖,𝑗 = 00 

𝛿 +  𝛼[𝐶𝑎2+]2,                                                                       𝑋𝑖,𝑗 = 01

𝛽 +max( 𝑀𝑠𝑙𝑜𝑡𝑠 − 𝑃𝐼𝑃𝑡𝑜𝑡,𝑗, 0) 𝛾 [𝑃𝐼(4,5)𝑃2],                     𝑋𝑖,𝑗 = 10 

𝐴𝛿 +  𝐴𝛽,                                                                                      𝑋𝑖,𝑗 = 11

  

with PIPtot,j the total number of syts of SV j bound to PI(4,5)P2. To include the propensity for fusion of 870 

an SV, an additional row in b, bf, describes the propensity of fusion for each SV in the matrix; 871 

𝑏𝑓,𝑗 = 𝑙+𝑓
∑ 𝟏(𝑋𝑖,𝑗=11)
𝑛𝑠𝑦𝑡
𝑖=1  

This makes b a matrix of (nsyt+1)  nves. We denote the sum of all elements in b by b0. Using b0 and 3 872 

random numbers (rn (0,1), n = 1,2,3) drawn from the uniform distribution, we determined the time 873 

step to the next reaction and which SV and syt this reaction affects.  The time to next reaction, 𝜏, is 874 

given by  875 

𝜏 =
1

𝑏0
 ln (

1

𝑟1
)  

since it is exponentially distributed with rate b0. The index, j, of the SV undergoing a reaction is the 876 

first index that satisfies: 877 

∑ ∑ 𝑏𝑖,𝑗′

𝑛𝑠𝑦𝑡+1 

𝑖=1

 

𝑗

𝑗′=1

≥ 𝑟2 𝑏0 

Similarly, the index i of the syt in SV j undergoing a reaction is the smallest integer fulfilling:  878 

∑𝑏𝑖′,𝑗 ≥ 𝑟3 ∑ 𝑏�̂�,𝑗

𝑛𝑠𝑦𝑡+1 

�̂�=1

𝑖

𝑖′=1

 

If the row index i equals nsyt+1, a fusion reaction occurs. The fusion time (t + 𝜏) is saved and all the 879 

propensities of SV j in b are set to 0. If i is smaller or equal to nsyt a binding or unbinding reaction of 880 

one of the two species occurs. To determine which of the four possible reactions is occurring, we 881 

define an additional propensity matrix, breact. The first element in breact denotes the propensity of 882 

PI(4,5)P2 binding, the second element the propensity of Ca2+ binding, and the third and fourth 883 

element the unbinding of PI(4,5)P2 and Ca2+, respectively. These elements are given by: 884 

𝑏𝑟𝑒𝑎𝑐𝑡,1 =  𝟏(𝑋𝑖,𝑗=00 ∨ 𝑥𝑖,𝑗=10)max( 𝑀𝑠𝑙𝑜𝑡𝑠 − 𝑃𝐼𝑃𝑡𝑜𝑡,𝑗, 0) 𝛾 [𝑃𝐼(4,5)𝑃2] 

𝑏𝑟𝑒𝑎𝑐𝑡,2 = 𝟏(𝑋𝑖,𝑗=00 ∨ 𝑋𝑖,𝑗=01) 𝛼[𝐶𝑎
2+]2 

𝑏𝑟𝑒𝑎𝑐𝑡,3 = 𝟏(𝑋𝑖,𝑗=01 ∨𝑋𝑖,𝑗=11)  𝐴
𝟏(𝑋𝑖,𝑗=11)𝛿 
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𝑏𝑟𝑒𝑎𝑐𝑡,4 = 𝟏(𝑋𝑖,𝑗=10 ∨𝑋𝑖,𝑗=11) 𝐴
𝟏(𝑋𝑖,𝑗=11)𝛽 

Additionally, we define the transition matrix V, which describes the change in the state of Xi,j induced 885 

by the four reactions: 886 

𝑉 = (+01,+10,−01,−10) 

A fourth random number, r4 (0,1), drawn from the uniform distribution, determines which reaction 887 

occurs via: 888 

h = smallest integer satisfying  ∑ 𝑏𝑟𝑒𝑎𝑐𝑡,ℎ′  
ℎ
ℎ′=1 ≥ 𝑟4  ∑ 𝑏𝑟𝑒𝑎𝑐𝑡,ℎ̂

4 
ℎ̂=1    889 

The state of the corresponding SV and syt, Xi,j, is replaced by 𝑋𝑖,𝑗 + 𝑉ℎ and t by 𝑡 +  𝜏. Then b is 890 

updated according to the change in X, and all steps are repeated. This iterative process continues 891 

until all SVs are fused, when simulating the model with a fixed [Ca2+]i.  892 

When simulating AP-evoked responses, we used a Ca2+ transient describing the microdomain 893 

[Ca2+]i sensed locally by primed SVs in the mouse calyx of Held upon AP stimulation (Wang et al., 894 

2008). Similar to the uncaging simulations, the [Ca2+]i before the onset of the stimulus was 0.05µM. 895 

Since the Ca2+ concentration is a factor in the reaction rates, the propensity matrices b and breact were 896 

not only updated to the new state matrix, 𝑋(𝑡 +  𝜏), but also to a new [Ca2+]i at time 𝑡 +  𝜏. [Ca2+] at 897 

time 𝑡 +  𝜏 was determined from the Ca2+ transient using linear interpolation, and b and breact were 898 

updated correspondingly. As the propensity of Ca2+ binding is largely dependent on [Ca2+]i, the time 899 

step between two updates in [Ca2+]curr and the propensity matrices was set to be at most 8e-4s. If 𝜏 900 

determined from b at time t was larger than this time step, no reaction occurred, but the system and 901 

[Ca2+]curr were updated to time t+8e-4s. The model was evaluated until the end of the Ca2+ transient.  902 

Because this approach requires simulation of all individual (un)binding reactions and fusion events it 903 

is not feasible to perform 1000 repetitions. Instead, simulations were repeated 200 times. Like with 904 

the computation of the release latencies and maximal fusion rates, we assumed a variable RRP. 905 

However, instead of drawing random pool sizes from a gamma distribution, we used the 200 906 

quantiles of the pdf of the RRP sizes, because of the limited number of repetitions and the large 907 

impact of the RRP size on the model predictions. 908 

 909 

Simulating the model with mutant syts 910 

For mutations in syt that affect the binding and unbinding rates of PI(4,5)P2 and Ca2+, the procedure 911 

described above was repeated with adjusted parameters when simulating a model containing only 912 

mutant syts. For a model in which mutant proteins were expressed together with WT syts 913 
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(simulations of heterozygous and overexpression conditions in Figure 5), the procedure was changed 914 

slightly.  915 

For a model with p WT and q mutant syts, the number of states of an SV increases drastically 916 

and was now described by six values; the number of WT syts bound to Ca2+, PI(4,5)P2 or both, and the 917 

number of mutant syts bound to Ca2+, PI(4,5)P2 or both. The dimensions of the Q-matrix used to 918 

compute the steady-state probability of a single SV increased proportionally with nstates. X(t=0) was 919 

computed using the same principle as described above, with the important difference that the first p 920 

rows represented the binding status of the WT syts, and row p+1:p+q that of the mutants. In b this 921 

ordering of WT and mutant syts is the same. The parameters used to compute breact depended on 922 

whether a reaction occurred to a WT syt, 𝑖 ≤ 𝑝, or a mutant syt, 𝑛𝑠𝑦𝑡 ≥ 𝑖 > 𝑝. 923 

 924 

Simulation of EPSCs 925 

Simulated EPSCs were obtained using both model implementations. The analytical implementation of 926 

our model was used to simulate fusion times for a constant [Ca2+]i (Figure 3D). The Gillespie version 927 

of the model was used to simulate AP-evoked EPSCs with or without mutant syts (Figure 4C-E, Figure 928 

4 - figure supplement 1, Figure 5C-D and 5 supplements). In both approaches the stochastically 929 

determined fusion times, determined as described above, were rounded up to the next 0.02 ms, 930 

leading to a sampling rate of 50 kHz. The sampled fusion times were convolved with a mEPSC to 931 

generate simulated EPSCs. The standard mEPSC used for deconvolution followed the equation 932 

described by Neher and Sakaba (Neher and Sakaba, 2001):  933 

𝐼𝑚𝑖𝑛𝑖(𝑡) = 𝐴 ⋅ (1 − 𝜌) exp (−
𝑡

𝜏1
) + 𝜌 ⋅ exp (−

𝑡

𝜏2
) − exp (−

𝑡

𝜏0
) 

with 1 = 0.12 ms (time constant of fast decay), 2 = 13 ms (time constant of slow decay), 0 = 0.12 ms 934 

(time constant of rise phase),  = 1.e-5 (proportion of slow phase in decay), and A being a 935 

normalization constant making the amplitude 60 pA. Parameter values were chosen such that the 936 

kinetics of the mEPSC would match events measured in the Calyx of Held (Chang et al., 2015). In 937 

Figure 3 traces show three randomly chosen eEPSCs. Representative eEPSC traces shown in Figures 4 938 

and 5 are simulated eEPSCs with the amplitude closest to the mean eEPSC amplitude. 939 

Simulating AP-evoked EPSCs with variable syt 940 

To investigate the effect of variability in the number of syts expressed per SV on variance between 941 

simulated AP-evoked traces model (Figure 4), we first had to determine the steady state. For this we 942 

computed the probability vector of a single SV to be in the different SV-states at steady state () for 943 

nsyt=1,…,50. Subsequently, for each SV and each repetition (n=1000) a random number of nsyt was 944 
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drawn from the Poisson distribution with mean=15. When the value 0 was drawn, it was replaced by 945 

nsyt=1. Using these values and  determined for each nsyt, we computed the steady state matrix (X(0)) 946 

as described above (“Determining the initial state of the system”). To reduce computation time, we 947 

evaluated a model containing 100 vesicles 40 times instead of evaluating 4000 vesicles 948 

simultaneously. The fusion times obtained when driving the model with the Ca2+-transient were 949 

combined afterwards. This is valid since all SVs act independently in the model. For the condition 950 

with a variable RRP size, fusion times were selected randomly until the RRP size of that specific 951 

repetition was reached. Afterwards, the fusion times were convolved with the mEPSC to obtain 952 

simulated AP-evoked responses. To quantify the variance in the traces, we computed the standard 953 

deviation of the simulated eEPSCs at each data point (300 data points corresponding to the time 954 

interval 0-6ms) and summed those values.  955 

 956 

The interpretation of PI(4,5)P2 concentration  957 

The binding affinities of syt for both Ca2+ and PI(4,5)P2 in the model are based on biochemical 958 

experiments performed by van den Bogaart et al. (van den Bogaart et al., 2012). These experiments 959 

were carried out in bulk, i.e. the C2AB-domain of syt1 and PI(4,5)P2 were both dissolved at known 960 

concentrations. However, at the release site, PI(4,5)P2 is not dissolved but is embedded in the inner 961 

leaflet of the plasma membrane. Therefore, the estimated, effective PI(4,5)P2 concentration of 1.11 962 

μM at release sites obtained in this study corresponds to whatever density of PI(4,5)P2 in the inner 963 

leaflet that would lead to the same PI(4,5)P2-occupancy of SV-anchored syt as its concentration 964 

would in bulk. As this density depends on the localization of syt with respect to PI(4,5)P2 clusters on 965 

the plasma membrane, it is currently not possible to recalculate the fitted value of [PI(4,5)P2] to an 966 

actual PI(4,5)P2 density. However, these considerations have one notable consequence: there are 967 

two ways in which the effective PI(4,5)P2 concentration in the model could be reduced, either by 968 

reducing the PI(4,5)P2 density in the membrane, or by mislocalizing the SV. 969 
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Supplementary figures 1264 

 1265 

Figure 1 – Figure supplement 1 1266 

 1267 

Figure 1 – figure supplement 1: Reaction scheme for all syt reactions of an entire SV. The diagram shows the 1268 
possible (un)binding reactions and indicates the relative fusion rate of an SV with nsyts syts and Mslots slots. The 1269 
state in the center of the diagram represents an SV with k syts having bound only PI(4,5)P2, m syts having 1270 
bound only two Ca

2+
, and n syts having formed crosslinks by binding both PI(4,5)P2 and two Ca

2+
. From this 1271 

state, the SV can (un)bind Ca
2+

 or PI(4,5)P2 (unbinding moves the SV to the state to the left or up, binding to the 1272 
right or down). The number of syts, nsyts, and the number of slots, Mslots, limit the possible number of syts 1273 
engaging in ligand binding in general and in binding of PI(4,5)P2, respectively, which is indicated by the 1274 
assumption in the top right corner. Whether the SV can undergo a specific reaction (that is, whether a certain 1275 
state exists and the SV can transit to it) depends on its current binding state as indicated by the assumptions 1276 
above some of the states. The color shading of the states indicates the value of the fusion rate relative to the 1277 
other states in the diagram. Yellow shading means a fusion rate equal to that from the state in the center. Red 1278 
and green shading means a factor f lower and higher fusion rate, respectively. For detailed description of the 1279 
reaction rate equations, see Methods. 1280 

 1281 

  1282 
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Figure 1 – Figure supplement 2 1283 

 1284 

Figure 1 – Figure supplement 2: Comparing the two different model implementations. QQ-plots comparing 1285 
the first five fusion times obtained using stochastic simulations with an implementation based on the analytical 1286 
solution of the model (pre-calculated functions) and using the Gillespie algorithm for three different [Ca

2+
]i. 1287 

Black line respresent 1:1 correspondence. Red squares indicate fusion time simulated with both methods for 1288 
1000 repetitions.   1289 
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Figure 2 – figure supplement 1 1291 

 1292 

Figure 2 – figure supplement 1: RRP distribution. We assumed the RRP size to follow a gamma distribution 1293 
with mean 4000 and SD 2000.   1294 
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Figure 2 – figure supplement 2 1295 

 1296 

 1297 

Figure 2 – figure supplement 2: Exploration of the number of crosslinks formed before fusion of an SV with 1298 
Mslots=6A). The Ca

2+
 signal used in simulations with step (left) and ramp (right) Ca

2+
 functions. In simulations 1299 

with step Ca
2+

 the concentrations rises instantly at t=0 from the basal Ca
2+

 of 50 nM to various constant 1300 
concentrations. In simulations with ramp Ca

2+
 the Ca

2+
 concentration increases linearly from the basal 1301 

concentration of 50 nM to 100 µM Ca
2+

 with various rise times. B) The number of crosslinks formed before 1302 
fusion for various Ca

2+
 concentrations (step Ca

2+
, left) or Ca

2+
 rise times (ramp Ca

2+
, right) as depicted in A. The 1303 

bars show percentages of 10000 stochastically simulated SVs. The number of crosslinks formed before fusion 1304 
increases with increasing step Ca

2+
 concentrations and decreasing Ca

2+
 rise times. At high concentrations or fast 1305 

rise times, most fusions take place after forming 3-4 crosslinks. C) Average number of crosslinks formed before 1306 
fusion in simulations of 10000 SVs with Ca

2+
 signals as depicted in A. The average number of crosslinks formed 1307 

before fusion increases with step Ca
2+

 concentration and decreases with increasing Ca
2+

 rise time. A plateau is 1308 
reached at an average of 3.4 crosslinks at high step Ca

2+
 concentrations. Error bars show ± standard deviation.  1309 
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Figure 2 – figure supplement 3 1310 

 1311 

Figure 2 – figure supplement 3: Effect of the free parameters on release latencies and peak release rates. 1312 
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A-E) Effect on release latencies (left) and peak release rates (right) when varying α (A), γ (B), [PI(4,5)P2] (C), f 1313 
(D), and d (E). The best-fit values of each of the parameters were increased and decreased by a factor 2, 3 and 1314 
5. Varying α and γ leads to a change in β and δ so that the measured affinities for both Ca

2+
 and PI(4,5)P2 are 1315 

still matched (van den Bogaart et al., 2012). (A) When varying α the release latency is mostly affected in the 1316 
middle range of [Ca

2+
]i. The effect on the peak release rates is very small B) The effect of varying γ on release 1317 

latency is a bit larger compared to varying α(A), but still modest. The effect of varying γ on peak release is 1318 
larger at high [Ca

2+
]i compared to low [Ca

2+
]i reflecting that at high [Ca

2+
]i PI(4,5)P2 binding limits crosslink 1319 

formation. C) Varying [PI(4,5)P2] has a large effect on the release latencies and peak release rates.  The effect of 1320 
varying [PI(4,5)P2] is much larger compared to varying γ, as changing [PI(4,5)P2] only affects the binding rate of 1321 
PI(4,5)P2, whereas changing γ leads to an equal change in δ to match the published affinity values. Furthermore 1322 
[PI(4,5)P2] affects the steady state distribution. D) Varying f has a large effect on both release latency and 1323 
fusion rate, as it directly impacts the effect of crosslink formation on SV fusion rates. E) Varying the added 1324 
delay, d, only shifts the release latencies linearly and does not affect the peak release rates. Experimental data 1325 
points in these figures are replotted from Kochubey and Schneggenburger (Kochubey and Schneggenburger, 1326 
2011).  1327 
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Figure 3 – figure supplement 1 1328 

 1329 

 1330 

Figure 3 – figure supplement 1: Fitting of the model without allosteric interaction between Ca
2+

 and PI(4,5)P2 1331 
fails to reproduce the Ca

2+
-dependency of NT release. A-B) The best fit results for a model with 3 slots and no 1332 

allosteric interaction between Ca
2+

 and PI(4,5)P2 (A=1). In A the median release latency and the 95% prediction 1333 
interval of the best fit model are shown. Note that the y-axis range is different from Figure3A, but the 1334 
proportions figure scaling is maintained to help comparison. B) The mean maximal fusion rate as a function of 1335 
[Ca

2+
]i and the corresponding 95% prediction interval.  Best fit parameters used to generate these curves are: 1336 

α=2.174 µM
-2

s
-1

, γ=6.773e
5
 µM

-1
s

-1
, [PI(4,5)P2]=2991 µM, f=3.943e

5
, d=0.4036 ms. Experimental data points in 1337 

the figures are replotted from Kochubey and Schneggenburger (2011).   1338 
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Figure 4 – figure supplement 1 1339 

 1340 

 1341 

Figure 4 – figure supplement 1. Upregulation of PI(4,5)P2 can compensate for loss of syts A) Release latencies  1342 
(A1) and peak release rates (A2) for a model with 15 syts (green) and with 3 syts before (red) and after (blue) 1343 
refitting of [PI(4,5)P2]. Experimental data points in panels A are replotted from Kochubey and Schneggenburger 1344 
(2011).B) The average number of SVs with three crosslinks formed (top) and the corresponding release rates 1345 
(bottom) as a function of time upon stimulation with a Ca

2+
-flash of 50 µM for a model with 15 syts (green), and 1346 

with 3 syts before (red) and after (blue) refitting of [PI(4,5)P2]. C) The costs values associated with the Ca
2+

-1347 
uncaging data for different levels of syt with the original best fit parameters (black line) and after re-fitting 1348 
[PI(4,5)P2] for each choice of nsyts (blue line). D) The fold-increase in [PI(4,5)P2] obtained by re-fitting the model 1349 
as a function of the number of syts. E) Representative AP-evoked response of a model with 3 syts per SV 1350 
obtained after increasing [PI(4,5)P2] plotted together with representative responses for a model with 3 and 15 1351 
syts with the original [PI(4,5)P2]. F) Average amplitudes of simulated AP-evoked responses at original [PI(4,5)P2] 1352 
and using the increased values.   1353 
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Figure 5 – figure supplement 1 1354 

 1355 

 1356 

Figure 5 – figure supplement 1. The dominant negative effect of a mutant that is unable to bind Ca
2+

 depend 1357 
on whether the mutation affects PI(4,5)P2-binding affinities. A) Schematic illustration of the “No Ca

2+
-binding, 1358 

A-off” mutant, which is not able to bind Ca
2+

 implying that the allosteric interaction between Ca
2+

 and PI(4,5)P2 1359 
is always ‘inactive’. B) Representative, stochastically simulated AP-responses with homozygous (left, 15 1360 
mutants), heterozygous (middle, 7 mutants + 8 WT) and overexpression (right, 8 mutants +15 WT) of the A-off 1361 
mutant. For each of the examples representative trace of a condition with 15 WT syts is shown in black. C) 1362 
Comparison of the mean amplitudes of AP-evoked responses (n=200) simulated with “No Ca

2+
-binding, A-off” 1363 

mutant to the mean amplitudes of the “No Ca
2+

-binding, A-on” mutant (Figure 5).   1364 
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Figure 5 – figure supplement 2 1365 

 1366 

Figure 5 – figure supplement 2. AP-evoked responses of only the Ca
2+

-binding mutant can be rescued by 1367 
increased Ca

2+
 influx. A) Ca

2+
 transient with slower decay kinetics (dotted line) and the original Ca

2+
 signal (solid 1368 

line, (Wang et al., 2008)). B) AP-evoked EPSCs simulated using the broader Ca
2+

 signal (dotted line) for 1369 
homozygous (15 mutants, top) and heterozygous (7 mutants and 8 WT protein, bottom) with the “Ca

2+
-1370 

binding” (B1) and “no-Ca
2+

, A-on” mutant (B2). For each setting a representative trace of a condition with 15 WT 1371 
syts is shown in black. C) Mean amplitudes of eEPSCs simulated with the broader Ca

2+
 signal normalized to the 1372 

amplitudes obtained with the original Ca
2+

 signal for homozygous (top) and heterozygous (bottom) expression 1373 
of the mutant (n=200). 1374 
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