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Abstract 
 
This thesis focuses on the biology of synaptic vesicles (SVs) and their Ca2+-dependent fusion 
with the plasma membrane, which underlies rapid synaptic transmission. The primary Ca2+ 
sensor for synaptic vesicle (SV) fusion is a protein called synaptotagmin-1 (syt1), which is 
anchored in the SV membrane and contains two folded regions, or domains, that concurrently 
bind Ca2+ and membranes to trigger synaptic vesicle fusion. Chapter 2 comprises a biochemical 
comparison of syt1 and another Ca2+ sensing protein for SV fusion, Doc2β. Chapter 3 comprises 
a combined clinical, biophysical, and physiologic study of how mutations in syt1 cause profound 
intellectual disability. Using mutations discovered in human patients, this study demonstrates a 
reduction in the Ca2+ sensitivity of syt1 and a resulting deficit in excitation-secretion coupling to 
be responsible for syt1-associated neurodevelopmental disorder. This study also demonstrates 
the potential for an already-approved medication, 4-aminopyridine (4-AP), in the treatment of 
this disorder. Chapters 4 and 5 of this thesis describe new tools and their application to related 
topics in synaptic vesicle biology and excitation-secretion coupling. Chapter 4 describes a new 
approach for combined measurement of glutamate release and presynaptic Ca2+ entry, along with 
its application to study the synaptic vesicle protein SV2A. The results in Chapter 4 demonstrate 
that SV2A acts downstream of presynaptic Ca2+ entry to support synaptic exocytosis. In Chapter 
5, an improved method is described for the rapid isolation of synaptic vesicles from brain tissue. 
This method, 1D4-IP, uses readily-available antibodies and other reagents and allows for the 
isolation of synaptic vesicles 10-fold purer than with classical techniques in 1/10th the amount of 
time. This method was applied to the long-standing question of whether about synaptic vesicles 
contain adenine nucleotides such as ATP. 
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Chapter 1: Background 
 

 Animals, particularly higher-order species such as mammals, employ a complex set of systems to 

sense, move, grow, and procreate in their environments. Coordination among muscular appendages, 

digestive organs, and sensory organs relies upon systems for rapid communication of biochemical 

information. Moreover, decoding of the environment and the expression of behavior requires some 

internal representation of external stimuli. For optimal function, the systems underlying information 

representation and transfer should update as frequently as possible, and the underlying biological 

processes should therefore occur as rapidly as possible.  

 In most animals, systems of nerve cells, or neurons, carry out organismal coordination and 

internal representation. These systems may be tenable in their entirety, as with the well-catalogued 

nervous system of the nematode C. elegans, or may be formidably complex, as with the brain of a 

primate. In all cases, neurons employ systems for rapid communication to downstream cells, whether 

those cells are also neurons or part of some other specialized tissue. As the rate-limiting cellular elements 

of animal behavior, neuronal signaling systems have evolved under pressure to get faster. This thesis 

focuses on two categories of fast neuronal signaling: within the neuron, and from the neuron to other cells. 

 Within the neuron, electrical processes allow for the maintenance of a voltage across the cell 

membrane. This may be envisioned as a battery with its positive and negative contacts on opposite sides 

of the membrane. In neurons, proteins in the cell membrane allow for short “spikes” of voltage across the 

cell membrane, termed action potentials, that may be envisioned as a brief reversal of the battery’s 

orientation. The properties of the cell membrane, along with the rapid responses of the proteins 

controlling transmembrane voltage, permit action potentials to travel very quickly along the length of the 

neuron. In general, this process is termed excitation, and the membrane-embedded proteins that control 

transmembrane voltage are termed ion channels. The ion channels enabling the action potential are 

permeable primarily to sodium (Na+) or potassium (K+), but not both. These channels are voltage-gated, 

i.e., respond to changes in the transmembrane voltage. Both Na+ and K+ channels open in response to a 
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voltage spike in their membrane, but the two channels serve opposite purposes. Open Na+ channels 

depolarize the membrane (i.e., flip the battery) to initiate or propagate the spike, while open K+ channels 

repolarize the membrane (i.e., return the battery to its original orientation) to end the spike. To this end, 

K+ channels open slightly more slowly than Na+ channels, such that the spike can rise before it falls. A 

key property of the membrane enabling this process is its impermeability to ions in the absence of ion 

channels, which permits the process to be controlled largely by the properties of the channels themselves. 

In most mammalian neurons, the entire spike occurs very rapidly, rising and falling within a millisecond 

or a fraction thereof.  

 Once the action potential reaches the nerve terminal, a substantially different process occurs to 

transmit information to the receiving cell. At most nerve terminals, such as those between neurons in the 

brain or between neurons and muscles at the neuromuscular junction, the neuron closely abuts the 

receiving cell in a configuration called a synapse. At the synapse, the membrane of the presynaptic cell 

lies only a few nanometers away from the membrane of the postsynaptic cell, in which are embedded 

proteins called receptors that are poised to detect the chemical signals released from the presynaptic cell. 

These chemical signals comprise neurotransmitters, and signaling from presynaptic to postsynaptic cell is 

termed synaptic transmission.  

 To afford tight temporal control of synaptic transmission, neurons store neurotransmitter in 

membrane-enclosed packets within the nerve terminal. These packets, called synaptic vesicles (SVs), 

have membranes containing transporters, or pumps, that fill the vesicles with neurotransmitter molecules. 

Because these neurotransmitter molecules are also ions, they are largely unable to move across 

membranes on their own, and they are stored in large quantities in the vesicles. When the action potential 

arrives at the nerve terminal, the key step in neurotransmission occurs via exocytosis: the fusion of the 

synaptic vesicle membrane with the outer membrane of the nerve terminal, which creates a pore through 

which neurotransmitter can escape from the vesicle into the synaptic cleft to activate postsynaptic 

receptors. This event, which is a form of secretion, occurs very rapidly, and the process that links action 

potential to neurotransmitter release is termed excitation-secretion coupling.  
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 The most important molecule in excitation-secretion coupling is Ca2+. In general, cells use Ca2+ as 

a switch by tightly controlling how much is available in various parts of the cell. While Ca2+ is plentiful in 

the extracellular space and within organelles, cells contain numerous transporters that remove Ca2+ from 

the main intracellular space, also known as the cytoplasm. The concentration of Ca2+ ([Ca2+]) within 

organelles reaches around 100-500 µM, and in most extracellular fluid [Ca2+] is 1-2 mM, but in cytoplasm 

[Ca2+] is kept to about 10-100 nM – over 1,000 times lower than in the organelles, and over 10,000 times 

lower than in the extracellular fluid. Like neurotransmitters, Na+, and K+, Ca2+ is an ion, and so it is 

effectively regulated by transporters and channels embedded in the membrane. The presynaptic 

membrane contains voltage-gated Ca2+ channels that, when activated by the arriving action potential, 

flood the cytoplasm of the nerve terminal with Ca2+. At the same time, transporters act to remove Ca2+ 

from the cytoplasm, so the cytoplasmic Ca2+ concentration ([Ca2+]i) rapidly returns to resting levels. 

While [Ca2+]i peaks rapidly, within 1-2 ms, the decay of this signal is slower – taking tens of ms or more. 

Importantly, at the nanometer scale within the nerve terminal, [Ca2+] varies greatly over space and time, 

with the highest values found closest to the open Ca2+ channels themselves. After the channels have 

closed, [Ca2+] rapidly reaches an equilibrium such that it is uniform throughout the nerve terminal.  

 This thesis focuses, in part, on the proteins upon which Ca2+ acts in order to trigger membrane 

fusion. The primary Ca2+ sensor for SV fusion is a protein called synaptotagmin-1 (syt1), which is 

anchored in the synaptic vesicle membrane and contains two folded regions, or domains, that concurrently 

bind Ca2+ and membranes. Within fractions of a millisecond, Ca2+ ions bind syt1 and membranes to 

trigger SV fusion and neurotransmitter release.  Other, similar sensors, including a family of proteins 

called Doc2, are related to syt1 but act more slowly and are specialized for Ca2+ concentrations closer to 

the cell’s resting condition. Chapter 2 comprises a biochemical comparison of syt1 and a common Doc2 

protein, Doc2β. In this chapter, the effect of membrane composition on Ca2+-dependent and Ca2+-

independent membrane binding by these two proteins is established. Surprisingly, our results indicate that 

these proteins can not only bind to, but also partially insert into, membranes in the absence of Ca2+, a 

finding that raises the possibility of Ca2+-independent exocytosis.  
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Chapter 3 comprises a combined clinical, biophysical, and physiologic study of how mutations in 

syt1 cause profound intellectual disability. Using mutations discovered in human patients, this study 

demonstrates a reduction in the Ca2+ sensitivity of syt1 and a resulting deficit in excitation-secretion 

coupling to be responsible for syt1-associated neurodevelopmental disorder. This study also demonstrates 

the potential for an already-approved medication, 4-aminopyridine (4-AP), in the treatment of this 

disorder. 4-AP acts to block K+ channels, which slow action potential repolarization and thus lengthen 

the time that voltage-gated Ca2+ channels are open, increasing [Ca2+]i and compensating for defective 

syt1. As a result, at least one patient with syt1-associated neurodevelopmental disorder has received 4-

AP.  

 Chapters 4 and 5 of this thesis describe new tools and their application to related topics in 

synaptic vesicle biology and excitation-secretion coupling. Chapter 4 describes a new approach for 

combined measurement of glutamate release and presynaptic Ca2+ entry, along with its application to 

study a synaptic vesicle protein called SV2A. This protein, whose sequence suggests a function as a 

transporter, is a binding partner of syt1 and is required for normal brain development. Moreover, SV2A is 

a major drug target, as it has been unequivocally established as the binding site for the antiepileptic 

medications levetiracetam (Keppra) and brivaracetam (Briviact). SV2A is also under intense study as a 

positron emission tomography (PET) imaging agent for the measurement of synaptic density in human 

patients (Holmes et al., 2019). However, while biochemical studies suggest that SV2A may bind to and 

transport the sugar galactose (Madeo et al., 2014; Wibowo et al., 2014), its function – and its physiologic 

relevance – in neurons is unknown. The results in Chapter 4 demonstrate that SV2A acts downstream of 

presynaptic Ca2+ entry to support synaptic exocytosis.  

In Chapter 5, an improved method is described for the rapid isolation of synaptic vesicles from 

brain tissue. This method, 1D4-IP, uses readily-available antibodies and other reagents and allows for the 

isolation of synaptic vesicles 10-fold purer than with classical techniques in 1/10th the amount of time. 

This method was applied to the long-standing question of whether about synaptic vesicles contain adenine 

nucleotides such as ATP. 
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Finally, Chapter 6 describes future directions for this work, which involve the application of SV 

isolation methods and analysis to the study of the SV2A KO phenotype. While the work in these chapters 

covers several topics, the biology of the synaptic vesicle and its Ca2+-dependent membrane fusion are 

unifying themes throughout.  
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Chapter 2: PIP2 drives Ca2+-independent membrane penetration by the tandem C2 domain 
proteins synaptotagmin-1 and Doc2β 

 
Summary 
 

 Exocytosis mediates the release of neurotransmitters and hormones from neurons and 

neuroendocrine cells. Tandem C2 domain proteins in the synaptotagmin (Syt) and double C2 domain 

(Doc2) families regulate exocytotic membrane fusion via direct interactions with Ca2+ and phospholipid 

bilayers. Syt1 is a fast-acting, low-affinity Ca2+ sensor that penetrates membranes upon binding Ca2+ to 

trigger synchronous vesicle fusion. The closely related Doc2β is a slow-acting, high-affinity Ca2+ sensor 

that triggers spontaneous and asynchronous vesicle fusion, but whether it also penetrates membranes is 

unknown. Both syt1 and Doc2β bind the dynamically regulated plasma membrane lipid 

phosphatidylinositol(4,5)-bisphosphate (PIP2), but it is unclear whether PIP2 serves only as a membrane 

contact or enables specialized membrane-binding modes by these Ca2+ sensors. Furthermore, it has been 

shown that PIP2 uncaging can trigger rapid, syt1-dependent exocytosis in the absence of Ca2+ influx, 

suggesting that current models for the action of these Ca2+ sensors are incomplete. Here, using a series of 

steady-state and time-resolved fluorescence measurements, we show that Doc2β, like syt1, penetrates 

membranes in a Ca2+-dependent manner. Unexpectedly, we observed that PIP2 can drive membrane 

penetration by both syt1 and Doc2β in the absence of Ca2+, providing a plausible mechanism for Ca2+-

independent, PIP2-dependent exocytosis. Quantitative measurements of penetration depth revealed that, in 

the presence of Ca2+, PIP2 drives Doc2β, but not syt1, substantially deeper into the membrane, defining a 

biophysical regulatory mechanism specific to this high-affinity Ca2+ sensor. Our results provide evidence 

of a novel role for PIP2 in regulating, and under some circumstances triggering, exocytosis.  

 
Introduction 
 

Exocytosis, a fundamental physiologic process, relies on the fusion of cellular membranes. In many 

cases, membrane fusion is mediated by soluble N-ethylmaleimide sensitive factor receptor proteins 

(SNAREs), along with accessory proteins that integrate signals near the fusion site (Edwin R Chapman, 
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2008; Sudhof and Rothman, 2009). At neuronal synapses, a critical signal for exocytosis is Ca2+ (B Katz 

and Miledi, 1967), which acts upon tandem C2 domain proteins in the synaptotagmin (syt) (Bhalla et al., 

2008; Brose et al., 1992a; Geppert et al., 1994; Hui et al., 2005; Littleton et al., 1993) and Doc2 (Groffen 

et al., 2010; Orita et al., 1995) families to trigger SNARE-catalyzed fusion of vesicular and plasma 

membranes (Groffen et al., 2010; Tucker et al., 2004).   

Syt1 is a primary Ca2+ sensor for fast, synchronous neurotransmitter release (Geppert et al., 1994; 

Littleton et al., 1993). It is activated by relatively large increases (≥ 1 µM) in cytoplasmic Ca2+ ([Ca]i) 

which trigger the rapid insertion of side chains from each C2-domain into lipid bilayers containing 

anionic phospholipids (J Bai et al., 2004; Chapman and Davis, 1998).  It has been rigorously established 

that penetration of lipid bilayers by syt1 accelerates SNARE-catalyzed fusion in vitro and in cultured 

neurons (Bai et al., 2016a; Evans et al., 2015a; Wang et al., 2005). Doc2β, a closely-related protein that 

lacks a transmembrane domain but contains a munc13-interacting domain at its N-terminus (Orita et al., 

1997), regulates asynchronous (Yao et al., 2011) and spontaneous (Courtney et al., 2018a; Groffen et al., 

2010) neurotransmitter release from neurons, synaptic augmentation (Xue et al., 2018), vesicle priming in 

chromaffin cells (Houy et al., 2017; Pinheiro et al., 2013) and insulin secretion from β cells (Li et al., 

2014). In comparison to syt1, however, Doc2β-membrane interactions occur with slower kinetics and a 

much higher sensitivity for [Ca2+] (20-100 nM) (Courtney et al., 2018a; Groffen et al., 2010, 2006). Thus, 

while both syt1 and Doc2β are Ca2+ sensors for exocytosis, their divergent functional paradigms invite a 

closer comparison to establish common mechanistic principles for Ca2+-sensitive tandem C2 domain 

proteins. For example, while syt1 must penetrate membranes to stimulate membrane fusion, it has not 

been established whether—and if so, how—Doc2β penetrates membranes.  

Alongside proteins and Ca2+, phospholipid headgroups play key biophysical roles in Ca2+-triggered 

exocytosis. Of particular note is phosphatidylinositol(4,5)-bisphosphate (PIP2), a dynamically-regulated 

(Micheva et al., 2001a) poly-anionic phospholipid important for exocytosis in chromaffin cells (Eberhard 

et al., 1990a), PC12 cells (Hay et al., 1995), and neurons (Di Paolo et al., 2004). PIP2 is localized to the 

plasma membrane and interacts with key components of the vesicular release machinery including 
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SNARE proteins (James et al., 2008; van den Bogaart et al., 2011), calcium-activated protein for secretion 

(CAPS) (Grishanin et al., 2004), syt1 (J Bai et al., 2004; Tucker et al., 2003; Van den Bogaart et al., 

2012), and Doc2β (Courtney et al., 2018a; Groffen et al., 2010; Michaeli et al., 2017). In the case of syt1, 

binding to PIP2 under resting conditions “steers” the C2 domains of this protein—and thus its Ca2+-

dependent membrane-penetration activity—toward the plasma membrane to trigger release (J Bai et al., 

2004). PIP2 has also been shown to enhance the Ca2+ sensitivity of lipid binding by syt1 cooperatively 

with phosphatidylserine (PS) (Pérez-Lara et al., 2016; Van den Bogaart et al., 2012), the major anionic 

phospholipid of cytoplasmic face of the plasma membrane. Similarly, Doc2β binds PIP2-containing 

membranes in both the presence and absence of Ca2+, and PIP2 is required to localize Doc2β to the plasma 

membrane (Courtney et al., 2018a; Groffen et al., 2010; Michaeli et al., 2017). Because depletion of PIP2 

substantially reduces spontaneous neurotransmitter release in cultured neurons (Di Paolo et al., 2004), this 

form of neurotransmission may depend on PIP2 binding by Doc2β, but this interaction has not been 

studied in detail.  

According to current models of tandem C2-domain protein function, Ca2+ is required for membrane 

penetration and thus the triggering of exocytosis. However, recent findings have challenged this model by 

demonstrating that rapid uncaging of PIP2 can trigger syt1-dependent exocytosis without a measurable 

change in [Ca2+]i (Walter et al., 2017). Given the apparent requirement of Ca2+ for membrane penetration 

by syt1, how could a stepwise increase in available PIP2 evoke exocytosis?  

In the present study, we first demonstrate that, like syt1, Doc2β penetrates lipid bilayers upon binding 

Ca2+. We report the unexpected finding that, in membranes containing PS, PIP2 drives Ca2+-independent 

membrane penetration by both syt1 and Doc2β. This interaction stimulates Ca2+-independent fusion 

mediated by syt1 in vitro.  Moreover, in the presence of Ca2+, PIP2 significantly increases the membrane 

penetration depth of Doc2β, but not syt1, thus providing a mechanism by which PIP2 may selectively 

drive spontaneous release. Our results define key biophysical differences between syt1 and Doc2β and 

provide a potential molecular mechanism by which PIP2 can directly trigger exocytosis in the absence of 

increases in [Ca2+]i. 
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Results 
 
Doc2β penetrates and aggregates membranes in a manner analogous to syt1 

We first sought to determine whether the tandem C2 domains of Doc2β share key biochemical 

properties with those of syt1 (Figure 1A). We thus purified the tandem C2 domains (“C2AB”) of both 

proteins and used a series of assays to define their Ca2+-dependent and -independent interactions with 

lipid bilayers. To assess whether the Ca2+-binding loops of Doc2β C2AB penetrate membranes in a 

manner analogous to syt1, residues at the tips of loops 1 and 3 in each C2 domain of Doc2β (H158 and 

F222 in C2A, A298 and G361 in C2B) were individually mutated to cysteine and labeled with the 

environmentally sensitive probe N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)ethylenediamine (NBD) (Fig. 1B). 

Membrane insertion was monitored via fluorescence emission changes after adding liposomes and Ca2+ to 

NBD-labeled protein. Emission spectra from NBD probes at all four Ca2+-binding loops underwent 

hypsochromic shifts and substantial intensity increases when both Ca2+ and PS-containing liposomes were 

present.  Ca2+ triggered these fluorescence changes only in the presence of membranes, suggesting that 

each probe inserts into the bilayer in response to Ca2+ (Fig. 1C and Appendix – figure S1). To confirm a 

direct interaction between these probes and the acyl chains in the bilayer, we used liposomes containing a 

membrane-embedded nitroxide (doxyl) spin label on an acyl chain of PC; this moiety quenches 

fluorescence largely by direct collision with excited-state fluorophores (London and Chattopadhyay, 

1987). NBD fluorescence, in each loop, was efficiently quenched by a spin label at the 12-position of the 

acyl chain (12-doxyl PC, 15 mol %) (Fig. 1C), directly demonstrating that all four Ca2+-binding loops of 

Doc2β insert into the hydrophobic region of the bilayer.   

Aggregation of PS-containing liposomes is also a characteristic property of syt1 C2AB in vitro (Hui 

et al., 2011). This activity has not been described for Doc2β, a soluble protein whose function may also 

rely on its ability to juxtapose membranes. To assay for aggregation activity, Doc2β C2AB was mixed 

with liposomes and Ca2+, and the turbidity of the mixture was monitored by absorbance at 400 nm. As 

with syt1 C2AB, Doc2β C2AB rapidly and reversibly aggregated liposomes that harbored PS (Appendix 
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– fig. S2A). Moreover, this aggregation activity was strongly enhanced when copies of Doc2β C2AB 

were bound to separate liposomes and thus available to interact in trans (Appendix – fig. S2B,C). This 

behavior, which was also observed for syt1 (Hui et al., 2011) (Appendix – fig. S2), suggests a common 

mechanism of aggregation in which C2AB molecules, bound to liposomes via their Ca2+-binding loops, 

subsequently interact with other liposome-bound C2AB molecules.  

 
PIP2 triggers Ca2+-independent membrane penetration by Doc2β and syt1 

We next focused on the role of PIP2 in driving specific modes of membrane-binding by syt1 and 

Doc2β. Because previous studies of membrane penetration by syt1 were performed using non-physiologic 

mixtures of phospholipids (Bai et al., 2016a; J Bai et al., 2004; Hui et al., 2006), we assayed the 

membrane penetration activity of syt1 and Doc2β in the presence of model plasma membranes that 

included 15 mol % PS and 1 mol % PIP2, a composition that reflects the PIP2 content of neuronal and 

neuroendocrine cell plasma membranes (James et al., 2008; Wenk et al., 2003). Indo-1 was used to verify 

that [Ca2+]free remained very low, i.e., ≤10 nM, upon addition of PS:PIP2 lipids (Fig. S3). Surprisingly, 

under these conditions, we observed not only Ca2+-independent binding but also Ca2+-independent 

penetration of the bilayer by both proteins (Fig. 2A,C). In each case this activity, at 1 mol % PIP2, was 

limited to the Ca2+ binding loops of the C2B domain. Inclusion of 12-doxyl-PC in the liposomes resulted 

in quenching of NBD fluorescence, confirming a direct interaction of C2B, loop 3 with the interior of the 

membrane in the case of each protein (Fig. 2A,C). Syt1 and Doc2β C2AB diverged in terms of the 

behavior of C2B, loop 1, which failed to penetrate in the case of syt1 but engaged in shallow penetration 

in the case of Doc2β (Fig. 2A,C). PS and PIP2 were both required for Ca2+-independent penetration of 

membranes by both syt1 and Doc2β (Fig. 2B,D). Previous studies of membrane penetration by syt1 

included liposomes containing either PS or PIP2, but not both, thus explaining why this novel interaction 

was not previously observed (Bai et al., 2016a; J Bai et al., 2004; Hui et al., 2006).  

These data suggest that syt1 and Doc2β contain at least partially distinct binding sites for PS and PIP2 

that, when occupied simultaneously, drive Ca2+-independent insertion of C2B into the bilayer. To confirm 
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that these findings hold true for full-length syt1, we formulated nanodiscs containing the full-length, 

labeled protein (ND-syt1) (Fig. 3A). As in the case for C2AB, ND-syt1 underwent Ca2+-independent 

penetration of membranes containing PS and PIP2, but not PS alone (Fig. 3B) This result is of particular 

significance because, in chromaffin cells, optical uncaging of PIP2 drives a small, syt1-dependent 

exocytotic burst even in the absence of measurable changes in Ca2+ levels (Walter et al., 2017) (see 

Discussion).  

 

PIP2 exhibits differential effects on Doc2β and syt1 

Our penetration experiments (Fig. 2) also revealed striking, lipid-dependent differences between syt1 

and Doc2β in the presence of Ca2+. In particular, Doc2β C2A loop 3 demonstrated a unique increase in 

fluorescence only when both PS and PIP2 were present (Fig. 2B). In contrast, we observed no such 

changes in the analogous position in syt1, which displayed equivalent Ca2+-dependent NBD fluorescent 

increases upon binding PS-bearing liposomes whether or not PIP2 was included (Fig. 2D). We explored 

this issue further by examining the impact of PS and PIP2 on the disassembly kinetics of Ca2+ sensor-lipid 

complexes. In this assay, pre-assembled C2AB-Ca2+-liposome complexes were rapidly mixed with EGTA 

to remove free [Ca2+] while FRET was monitored between protein and liposomes using a stopped-flow 

rapid mixing instrument (Fig. 4). The inclusion of 1 mol % PIP2 in PS-bearing liposomes had no effect on 

the disassembly kinetics of syt1 complexes (mean ± SEM: PS, 73.7 ± 10.0 s-1; PS:PIP2, 79.1 ± 7.8 s-1, p > 

0.5, Welch’s t-test) (Fig. 4B). In striking contrast, PIP2 slowed the disassembly of Doc2 complexes nearly 

ten-fold (PS, 4.90 ± 0.21 s-1; PS:PIP2, 0.49 ± 0.03 s-1, p = 0.0002, Welch’s t-test) (Fig. 4C). In 

combination with data from NBD-labeled penetration assays (Fig. 2), these findings further support a 

specific role for PIP2 in stabilizing the Ca2+-dependent activated state of Doc2β. 

 

Quantitative analysis of membrane penetration activity 

Our initial NBD fluorescence results (Figs. 1, 2) motivated a more quantitative comparison of 

membrane penetration by syt1 and Doc2β. We thus used the parallax method of London and colleagues 
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(Abrams and London, 1993; London and Chattopadhyay, 1987) to determine the insertion depth of NBD 

on each loop of syt1 and Doc2β, in the presence and absence of Ca2+ and PIP2. We used doxyl-PC labeled 

at either the 5- or 12-positions of the acyl chain, as well as on the choline headgroup (HG-doxyl, Fig. 5A, 

also known as TEMPO-PC). Quenching efficiencies in the presence of Ca2+ are shown in Fig. 5C,D while 

quenching efficiencies in the absence of Ca2+ are shown in Appendix – fig. S7. Increased quenching by 

deeper doxyls and decreased quenching by shallower doxyls indicate deeper insertion of the NBD probe. 

By comparing the quenching efficiencies of spin labels at various points on the alkyl chains, we 

quantitatively estimated the depth to which the NBD labels penetrate the membrane. For this analysis, we 

improved on previous implementations of the parallax analysis by using published molecular dynamics 

simulations of doxyl-PC quenchers (Kyrychenko and Ladokhin, 2013) to determine the uncertainty in the 

measured penetration depth for each probe (see Methods). Calculated depth parameters are shown in 

Table 1 and represented visually in Fig. 7.  

In the presence of Ca2+, PIP2 exerted strikingly different effects on membrane penetration by Doc2β 

versus syt1 (Fig. 5, Fig 7). While PIP2 drove all four loops of both syt1 and Doc2β deeper into the 

bilayer, this effect was far more pronounced for Doc2β. In particular, loop 3 of Doc2β C2A penetrated, on 

average, 3.7 Å deeper into the bilayer in the presence of PIP2. In contrast, PIP2 increased the average 

penetration depth of the loops of syt1 by, at most, 1 Å. Remarkably, Doc2β C2A penetrates only 

shallowly into PS-bearing membranes lacking PIP2, but penetrates approximately as deeply as syt1 if PIP2 

is present (Fig. 5C, Fig. 7). Syt1, by contrast, penetrates PS-bearing membranes to nearly its full extent 

even in the absence of PIP2 (Fig. 5D, Fig. 7) These results provide direct evidence that PIP2 substantially 

deepens Ca2+-dependent membrane penetration by Doc2, but has relatively subtle effects on syt1. Our 

findings define a mechanistic divergence between syt1 and Doc2β and a biophysical mechanism by which 

Doc2β acts specifically as a PIP2-dependent Ca2+ sensor.  

 

Elevation of PIP2 drives additional membrane penetration to stimulate membrane fusion 



 

 
 

13 

Physiologic [PIP2] in the plasma membrane is approximately 1 mol % but can reach >5 mol % at sites 

of vesicle docking and fusion (James et al., 2008; Wenk et al., 2003). Even at 1% PIP2, we noted some 

doxyl quenching of NBD probes on the C2A domains of syt1 and Doc2β, suggesting that further 

increases in PIP2 might drive additional membrane penetration by these sensors (Appendix – fig. S7). To 

assess how elevating [PIP2] might drive alternative membrane-penetration modes by syt1 and Doc2β, we 

measured emission from NBD-labeled syt1 and Doc2β C2AB in the presence of liposomes containing 

increasing mol % PIP2 (Fig. 6A, B). We observed significant, dose-dependent increases in NBD emission 

intensity for labels on C2A in both Doc2β and syt1 as PIP2 was increased from 1 mol % to 5 mol %. In 

the case of Doc2β, elevation of [PIP2] drove penetration by all four loops, with this effect approaching 

saturation at 5% PIP2 (Fig. 5A). In the case of syt1, increasing [PIP2] drove penetration by C2A, loop 3, 

demonstrating that elevation of [PIP2] can trigger activation of both C2 domains of this protein (Fig. 6B). 

These results support a specific role for PIP2 in activating both Doc2β and syt1 at physiologically relevant 

concentrations (illustrated in Fig. 7). Moreover, these findings suggest a mechanism by which syt1, under 

certain circumstances, may be partially activated by PIP2 to trigger Ca2+-independent vesicle fusion 

(Walter et al., 2017). 

Because PIP2-dependent, Ca2+-independent penetration by syt1 was less extensive than that of Doc2β, 

we sought to determine whether this novel penetration activity can enhance vesicle fusion in the absence 

of Ca2+. We thus performed in vitro fusion assays using v-SNARE vesicles containing syb2 and full-

length syt1 with t-SNARE vesicles containing syntaxin-1A:SNAP-25B heterodimer and increasing 

amounts of PIP2 (Fig. 6C-F). In both lipid and content mixing assays, elevation of [PIP2] enhanced fusion 

of v- and t-SNARE vesicles prior to the addition of Ca2+, consistent with the capacity of PIP2 to drive 

Ca2+-independent activation of syt1 (Walter et al., 2017).  Increasing PIP2 likewise enhanced membrane 

fusion after the addition of Ca2+, consistent with published findings using in vitro fusion assays (Wang et 

al., 2011a) and PIP2 uncaging in chromaffin cells (Walter et al., 2017).   
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Discussion 
 

Taken together, our results demonstrate key similarities and unanticipated differences between syt1 

and Doc2, tandem C2 domain Ca2+ sensors specialized for distinct physiologic functions. Our results 

reveal that, like syt1, Doc2β aggregates and penetrates membranes containing anionic phospholipids in 

response to Ca2+ (Fig. 1, Appendix – fig. S2). This activity, which likely results in a Ca2+-dependent 

deformation of the membrane due to the space occupied by the tips of the Ca2+-binding loops (Hui et al., 

2009a; Martens et al., 2007), thus appears to be a core feature of tandem C2 domain Ca2+ sensors. Given 

that Doc2β is not anchored to vesicles by a transmembrane domain and that vesicular membranes contain 

anionic phospholipids, it is possible that this aggregation activity may, in part, underlie the ability of this 

protein to promote membrane fusion.  

Our findings establish a new role for PIP2 in exocytosis by showing that PIP2 directly stimulates 

penetration of the target membrane by syt1 and Doc2β. While PIP2 has been understood as a key factor in 

defining exocytotic sites and priming vesicles for release, our work defines an additional downstream 

function, i.e., direct activation of Ca2+ sensors that trigger SNARE-catalyzed membrane fusion. Critically, 

while Ca2+ stimulates membrane penetration, we show that it is not strictly required for this activity when 

PIP2 is present (Fig. 2, Fig. 3, Fig. 6, Fig. 7). To our knowledge, this is the first evidence that a C2 

domain can penetrate (and thus presumably deform (Hui et al., 2009a; Martens et al., 2007)) a membrane 

without an elevation in [Ca2+]i. Thus, a rapid increase in [PIP2], e.g. via optical uncaging of caged PIP2 as 

performed by Walter et al (2017), might trigger syt1-dependent release via two non-exclusive 

mechanisms: recruitment of additional Ca2+ sensors that penetrate the plasma membrane, or by driving 

deeper penetration by Ca2+ sensors that are already present at release sites (Fig. 6, Fig.7). Furthermore, 

because [PIP2] can reach > 5 mol % at release sites (James et al., 2008) and the plasma membrane 

contains ~10-15 mol % PS (Cotman et al., 1969), it is likely that the docked and/or primed configurations 

of syt1 and Doc2β involve some degree of insertion into the plasma membrane. However, while the PIP2 

uncaging technique of Walter et al. (2017) provides useful mechanistic insights, we note that we are not 

aware of studies showing such rapid upregulation of PIP2 at exocytotic sites in endogenous systems. 
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Strikingly, the Ca2+-independent penetration activity of Doc2β reached near-saturation at 5 mol % 

PIP2, a dose-response that is well-tuned to the physiologic range of PIP2 levels at sites of fusion. We also 

note that, while Ca2+ plays key roles in physiologic exocytosis, multiple studies have demonstrated 

varying degrees of residual exocytosis after dramatically reducing [Ca2+]i (Kochubey and 

Schneggenburger, 2011a; Vyleta and Smith, 2011). Because [Ca2+]i increases leads to activation of 

phospholipase C and the cleavage of plasma membrane PIP2, the Doc2β-PIP2 interactions defined here 

may serve to maintain baseline spontaneous fusion rates during quiescent periods. Additionally, cAMP- 

and GTP-dependent signaling pathways have been shown to potentiate exocytosis in an apparently Ca2+-

independent fashion (Hille et al., 1999). Further studies, in which cellular ATP, PIP2, and Ca2+ are all 

carefully controlled, may more quantitatively define the role of PIP2 in driving Ca2+-independent 

exocytosis in live cells.  

This work lends key support to the physiologic relevance of PIP2 as a crucial biophysical regulatory 

factor for Doc2β (Figs. 4-7). Syt1, by contrast, appears to rely on PIP2 for pre-adsorption onto the plasma 

membrane (J Bai et al., 2004), rather than full membrane penetration per se. Our results correspond well 

to those reported by Pérez-Lara et al. (Pérez-Lara et al., 2016), who found that PIP2 did not substantially 

enhance the penetration depth of syt1 in the presence of PS. The divergence between syt1 and Doc2β is 

readily reconciled with the specialized functions of these proteins. Doc2β operates at near resting [Ca2+] 

on slow timescales and is thus well-poised to respond to the dynamic (but relatively slow) regulation of 

PIP2 levels at release sites. Syt1, on the other hand, must respond in microseconds to transient Ca2+ 

elevations. Additional lipid requirements for full penetration by syt1 might come at a kinetic cost that 

would impair its capacity for triggering rapid membrane fusion. Our stopped-flow data (Fig. 4) support 

this interpretation, demonstrating that PIP2 robustly stabilizes the active state of Doc2β but not syt1. The 

findings reported here provide an example of how two highly homologous protein sequences (the tandem 

C2 domains of syt1 and Doc2β) can retain core mechanistic principles while evolving highly specialized, 

lipid-dependent regulatory mechanisms. Other tandem-C2 domain Ca2+ sensors may be tuned to respond 

to other lipid headgroups, acyl chain compositions, regulatory proteins, or even small molecules. These 
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regulatory functions, and how they influence the corresponding physiologic processes, remain the focus 

of ongoing and future studies.  

 
Methods 
 

Protein purification Constructs encoding syt1 C2AB (aa 140-421) and Doc2β C2AB (aa 126-412) 

were expressed as N-terminal GST fusion proteins (pGEX4T-1 vector, GE) in E. Coli, purified via 

glutathione-Sepharose affinity chromatography, and cleaved with thrombin in reconstitution buffer (100 

mM KCl, 25 mM HEPES-NaOH pH 7.4) plus 5% glycerol. Full-length synaptobrevin-2 was likewise 

expressed as a GST fusion protein, purified, and cleaved in a similar buffer containing 400 mM KCl and 

1% n-octyl-D-glucopyranoside (OG). Full-length syt1 in the pTrcHis vector (Invitrogen) and full-length 

syntaxin-1A:SNAP-25B heterodimer in the pRSF Duet vector (EMD) were expressed as N-terminal his6 

fusion tags, purified via nickel-NTA-Sepharose affinity chromatography, and eluted in elution buffer (500 

mM imidazole, 400 mM KCl, 25 mM HEPES-NaOH, pH 7.4, 1% OG). DTT (2 mM) was added to 

syx1a:SNAP-25B heterodimer and full-length syt1 to prevent aggregation. Membrane scaffolding protein 

MSP1E3D1(Denisov et al., 2004) was likewise purified by Ni2+-NTA-Sepharose chromatography and 

eluted in elution buffer without detergent. For full-length syt1, endogenous cysteines were substituted 

with alanines, and the protein was expressed as an N-terminal his6-SUMO fusion construct in pET28. 

Purified protein was subjected to on-bead labeling (see below) and eluted in elution buffer containing 

0.05% n-β-dodecylmaltoside (Gold Biotechnology). Imidazole and residual free dye were removed by 

ultrafiltration, and the N-terminal tag was cleaved off with recombinant SENP2 protease followed by 

removal with Ni2+-NTA-Sepharose resin. During purification, all lysates were treated with DNAse and 

RNAse, and beads bearing each Doc2β or syt1 construct were washed extensively with 1 M NaCl, 1 mM 

Mg2+ to remove any bound nucleic acid contaminants. 

Protein mutagenesis and labeling Native cysteines (C277 in Syt1; C145, C217, C249, C290, C337, 

C387 in Doc2β) were removed and replaced with alanines, and exogenous cysteines were introduced at 

the indicated positions using site-directed mutagenesis. All mutagenesis was confirmed by Sanger 
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sequencing. For labeling, protein was diluted to 10 μM in 600 μl of reconstitution buffer plus 5% glycerol 

containing 100 μM TCEP. Iodoacetamidyl-NBD-amide (Thermo, 2 mM in DMSO) was added dropwise 

to this solution for a final dye:protein ratio of 10:1 (mol:mol) and the labeling reaction allowed to proceed 

for 2 hours at room temperature with rotation. The reaction was then quenched with DTT and the free dye 

removed by desalting on a column (PD MidiTrap, GE) equilibrated in reconstitution buffer plus 5% 

glycerol. Protein concentrations and labeling stoichiometry were determined by UV-vis absorption 

spectroscopy using an empirically determined extinction coefficient for NBD. Labeling efficiency ranged 

from 0.8-1.2 dye molecules per protein. Full-length syt1 was labeled during purification by incubating 

protein-bearing Ni2+-NTA-Sepharose resin in 1 ml containing 10% DMSO and 0.5 mg iodoacetamidyl-

NBD amide overnight at 4 ºC with rotation. Beads were washed extensively prior to elution.    

Liposome preparation Liposomes were prepared from POPC, POPS, POPE, brain PIP2, and 

cholesterol (all from Avanti Polar Lipids) stored individually as chloroform stocks, except for brain PIP2 

(stored in 20:9:1 CHCl3:MeOH:H2O). Unless noted otherwise, liposomes contained 30% POPC, 15% 

POPS, 20% POPE, and 35% cholesterol (all % mol/mol). For membrane-embedded quenching studies, 

15% 5-doxyl, 12-doxyl, or headgroup-doxyl-PC replaced POPC in equimolar quantity. In liposomes 

lacking PS, this lipid was replaced the same mole fraction of POPC. For stopped-flow rapid mixing 

experiments, 5% dansyl-PE replaced an equimolar amount of POPE. For liposome formulation, lipids 

were combined and 2-3 drops of methanol were added. The solvent was evaporated under a stream of 

nitrogen, and the films were dried under vacuum for at least 2 hr. Films were rehydrated in reconstitution 

buffer at a final concentration of 5 or 10 mM [lipid] and extruded 29 times through a single 100-nm 

polycarbonate filter (Whatman).  

Proteoliposome reconstitution for aggregation assays Proteoliposomes were formed using 15% PS, 

30% PE, 55% PC, all mol %. Lipids in chloroform stocks were combined, dried under vacuum, 

rehydrated in reconstitution buffer, and subjected to five freeze-thaw cycles. Protein-free unilamellar 

vesicles were prepared from this mixture by extrusion through a 50-nm polycarbonate filter (Whatman). 

Syntaxin1a-SNAP-25B heterodimer (for t-SNARE–bearing liposomes) or synaptobrevin 2 (for v-
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SNARE–bearing liposomes) were mixed with protein-free vesicles at a protein/lipid molar ratio of 1:200 

with ∼0.8 wt% octylglucoside in the buffer at 4 °C for 15 min. The mixture was diluted two times with 

reconstitution buffer, and this diluted mixture was then dialyzed against 2 L reconstitution buffer with 5 g 

of Bio-beads SM2 (Biorad) at 4 °C overnight. For aggregation studies, protein-free liposomes (pf-) were 

prepared in the same fashion but with the protein omitted. 

Nanodisc reconstitution POPC (100 nmol), MSP1E3D1 (10 nmol), and full-length labeled syt1 (2 

nmol) were combined in reconstitution buffer containing 5% glycerol and 0.05% DDM. Bio-beads SM2 

(Bio-Rad) were added (80 μl of a ~95% slurry in reconstitution buffer) and the mixture incubated 

overnight with rotation to remove DDM and permit nanodisc self-assembly. 

Aggregation assays C2AB (1 μM) and liposomes (113 μM lipid) were combined in 100 μl 

reconstitution buffer containing 200 μΜ EGTA, and absorbance at 400 nm was monitored in a 

spectrophotometer (Eppendorf) at room temperature. Ca2+ was added at indicated points for a total of 1 

mM free Ca2+. EGTA was subsequently added for a final concentration of 2 mM [EGTA]. Independent 

experiments were defined as replicates performed with a unique combination of separately-prepared 

batches of protein and lipid.  

Stopped-flow rapid mixing C2AB (4 μM), liposomes (1 mM lipid), and CaCl2 (250 μM for syt1, 40 

μM for Doc2β) were combined in reconstitution buffer. This mixture was loaded into one syringe of an 

SX-18.MV stopped-flow spectrometer (Applied Photophysics) at room temperature (23 ºC) and rapidly 

mixed with an equal volume of 2 mM EGTA in the same buffer. Samples were allowed to equilibrate in 

the spectrometer for 5 min prior to mixing. Excitation at 285 nm was provided via xenon arc lamp and 

monochromator (Applied Photophysics), and emission was monitored via photomultiplier tube through a 

470-nm long-pass filter (KV470, Schott). Single-exponential decays were fitted using Applied 

Photophysics Pro-Data SX software prior to normalization, with the first 2 ms of each trace omitted from 

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

performed with a unique combination of separately-prepared batches of protein and lipid.  
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Penetration assays NBD-C2AB (0.25 μM) or ND-syt1 (0.15 μM syt1), liposomes (117 μM total lipid) 

and Ca2+ (250 μM [Ca]free) were combined in 600 μl of reconstitution buffer containing 500 μM EGTA. 

Spectra (λex = 390 nm; λem = 470-630 nm) were acquired at room temperature (23 ºC) in a quartz cuvette 

using a QM-1 fluorimeter (Photon Technology International) after the addition of each component. In all 

cases, protein was added first, followed by liposomes and finally CaCl2. CaCl2 was added for a total 

[Ca2+] of 750 μΜ, of which 500 μM was chelated by EGTA, leaving a [Ca2+]free of 250 μM. A buffer 

blank was subtracted from all traces. For quantification, traces were integrated by taking the average 

background-subtracted fluorescence intensity between 510 nm and 610 nm. Averaged traces were 

normalized to the background-subtracted, integrated signals from labeled C2AB prior to the addition of 

lipids or Ca2+ for each replicate. Independent experiments were defined as replicates performed with a 

unique combination of separately-prepared batches of protein and lipid. Example spectra for penetration 

assays are shown in the Appendix. 

Depth calculations Measurements of bilayer penetration depths were performed according to the 

parallax method of London et al (Abrams and London, 1993; London and Chattopadhyay, 1987), with 

slight modifications used to estimate distribution widths for each probe location. This method relies on 

(1) a hard-sphere approximation of quenching by nitroxide radicals and (2) the relative quenching 

efficiencies of two quenchers at known depths in the bilayer to estimate the position of a fluorescent 

probe. The final equation used to derive penetration depths is (equation 1):  

 

"!" = $!# + & #
$%& ln

"!
""
− $'#'* /(2$'#)  

 

where ZcF is the distance of probe from the bilayer center, Lc1 is the distance from the bilayer center to 

the shallow quencher, L21 is the difference in depth between the two quenchers, F1 is the relative 

fluorescence intensity of the shallow quencher, F2 is the relative fluorescence intensity of the deeper 

quencher, and C is the concentration of quencher in molecules per square angstrom, assuming 20 mol % 
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quencher and an area of 70 square angstroms per lipid molecule. Both F1 and F2 are expressed as a 

fraction of the NBD-C2AB emission intensity obtained in the absence of doxyl-PC quencher. For values 

corresponding to the positions of quenchers in the bilayer, we used the results of the recent molecular 

dynamics simulations (Kyrychenko and Ladokhin, 2013), as these data matched previous experimental 

results well and also provided estimated distribution widths for the location of doxyl-PC quenchers in the 

bilayer. The half-widths of these distributions were propagated as errors across all mathematical 

operations in equation 1 to estimate half-widths for the location of each probe. Errors in F1 and F2 were 

also propagated, though the errors in these measurements were small compared to the errors 

corresponding to the quencher distribution widths. Distances from bilayer center were calculated using 

two pairs of doxyls (5- and 12-doxyl, and headgroup- and 12-doxyl).  We note that the deviation in 

measured depth between the two pairs of doxyls used tended to increase with more deeply-located NBD 

probes. These deviations were < 2 angstroms in almost all cases, however, and we speculate that they 

occurred due to depth-dependent changes in the mobility of the NBD fluorophore and/or deviation from 

the hard-sphere approximation for quenching by nitroxide radicals. The average calculated depth of each 

NBD labeled probe using this method was shallow enough (minimum 8.6 angstroms from bilayer center) 

that quenching by 12-doxyl PC from the opposite leaflet of the bilayer was ignored in our calculations.   

Lipid mixing assays For preparation of v-SNARE liposomes, full-length syt1 and full-length 

synaptobrevin-2 were diluted in elution buffer and added to dried lipid films (15% PS, 7% PE, 20% Chol, 

55% PC, 1.5% NBD-PE, 1.5% rhodamine-PE, all %mol/mol) at 1:2000 protein:lipid ratio, incubated for 

40 minutes on ice, and dialyzed extensively against reconstitution buffer containing 1 g/L Bio-beads SM2 

(Bio-Rad). The dialyzed liposome suspension was then purified by buffer exchange into reconstitution 

buffer using a PD-10 column (GE). T-SNARE liposomes were prepared similarly by adding t-SNARE 

heterodimer in elution buffer to lipid films of the same composition (1:2000 protein:lipid ratio) but 

without NBD-PE or rhodamine-PE and with 0, 1, 3, or 5% PIP2 substituted for an equimolar amount of 

PC. For lipid mixing assays, v-SNARE liposomes (0.5 μM) were mixed with t-SNARE liposomes (5 μM) 

in 100 μl reconstitution buffer. Fluorescence (460 nm ex/520 nm em) was monitored in a plate reader 
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(BioTek) while incubating the reaction at 37 ºC, with Ca2+ (500 μM) added at the indicated time point. 

Independent experiments were defined as replicates performed with a unique combination of separately-

prepared batches of protein and lipid. 

Content mixing assays v-SNARE liposomes for content mixing assays were prepared as for lipid 

mixing assays but without NBD-PE or rhodamine-PE. t-SNARE liposomes containing PIP2 and 

sulforhodamine B were prepared as above but with 10 mM sulforhodamine B (Acros Organics) in the 

elution buffer containing t-SNAREs. For content mixing assays, v-SNARE liposomes (5 μM) were mixed 

with t-SNARE liposomes (1 μM) in 100 μl reconstitution buffer. Fluorescence (530 nm ex/590 nm em) 

was monitored in a plate reader (BioTek) while incubating the reaction at 37 ºC, with Ca2+ (500 μM) 

added at the indicated time point. Ca2+ was added earlier in these experiments than in lipid-mixing 

experiments because longer incubations yielded content mixing that was almost entirely Ca2+-independent 

in the presence of PIP2. Incubation of dye-containing t-SNARE vesicles in the absence of v-SNARE 

vesicles did not result in dequenching (data not shown), indicating that this phenomenon was not due to 

leakage of dye from these vesicles. Independent experiments were defined as replicates performed with a 

unique combination of separately-prepared batches of protein and lipid. 

Indo-1 measurements Indo-1 (0.33 μM) was added to 600 uL reconstitution buffer containing 500 μM 

EGTA, followed by PS:PIP2 liposomes (0.117 μM) and Ca2+ (250 μM) with spectra taken (λex = 332 nm) 

after each addition. [Ca2+]free was estimated by comparison with reference spectra (Grynkiewicz et al., 

1985).  
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Tables and Figures 
 
Membrane penetration parameters for Doc2β C2AB                         

 
C2A*(1) 

 
C2A*(3) 

 
C2B*(1) 

 
C2B*(3) 

 
EGTA: 
C2B*(3) 

    PS    
 

PS:PIP2 
 

   PS    
 

PS:PIP2 
 

   PS    
 

PS:PIP2 
 

   PS    
 

PS:PIP2 
 

PS:PIP2 

zHG-12, Å: 13.6 ± 
8.4 

 12.8 ± 
8.4 

 14.2 ± 
8.5 

 12.2 ± 
8.4 

 13.2 ± 
8.4 

 12.1 ± 
8.4 

 12.6 ± 
8.4 

 11.5 ± 
8.4 

 13.8 ± 8.4 

z5-12, Å: 12.8 ± 
8.3 

 10.5 ± 
7.6 

 14.6 ± 
9.3 

 9.0 ± 
7.5 

 11.5 ± 
7.8 

 9.6 ± 
7.5 

 10.2 ± 
7.5 

 8.6 ± 
7.5 

 14.4 ± 7.5 

Δz(av), PS – PIP2, Å: 1.6 
 

3.7 
 

1.5 
 

1.3 
 

- 
                     
Membrane penetration parameters for Syt1 C2AB                         

 
C2A*(1) 

 
C2A*(3) 

 
C2B*(1) 

 
C2B*(3) 

 
EGTA: 
C2B*(3) 

    PS    
 

PS:PIP2 
 

   PS    
 

PS:PIP2 
 

   PS    
 

PS:PIP2 
 

   PS    
 

PS:PIP2 
 

PS:PIP2 

zHG-12, Å 12.9 ± 
8.4 

 12.9 ± 
8.4 

 12.5 ± 
8.4 

 11.9 ± 
8.4 

 13.4 ± 
8.4 

 13.0 ± 
8.4 

 12.4 ± 
8.4 

 12.1 ± 
8.4 

 13.9 ± 8.4 

z5-12, Å 10.8 ± 
7.6 

 10.4 ± 
7.5 

 10.2 ± 
7.5 

 8.9 ± 
7.5 

 11.6 ± 
7.8 

 10.8 ± 
7.6 

 9.3 ± 
7.5 

 8.9 ± 
7.5 

 12.9 ± 8.3 

Δz(av), PS – PIP2, Å 0.2   0.9   0.6   0.4   - 
 
Table 1. Calculated depth parameters from doxyl quenching experiments. Membrane insertion depth was calculated by measuring the relative 
quenching efficiencies of doxyl spin labels located at different positions on the lipid acyl chains according to the methods described by 
Chatthopadhyay and London (1987). Values of z indicate distance from the center of the bilayer, in Angstroms, and subscripts denote the doxyl 
pair used to calculate this distance. Each value represents the calculated average distance of the NBD label from the center of the bilayer. Errors 
represent half-widths of the calculated depth distributions based on molecular dynamics simulations of doxyl quenchers by Kyrychenko et al. 
(2013). See Methods for details on calculations and error propagation. 
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Figure 1. Doc2β penetrates membranes in response to Ca2+. (A) Schematic diagrams of syt1 and 
Doc2β. MID, munc13-interacting domain; TMD, transmembrane domain. (B) Model illustrating the 
putative membrane penetration activity of Doc2, where the distal tip of Ca2+-binding loop 1 was mutated 
to cysteine and labeled with the fluorescent dye NBD, shown at right. The shaded stripe in the bilayer 
leaflet depicts the approximate distribution of the quenching nitroxide on 12-doxyl-PC. Ribbon diagrams, 
C2A (PDB 4LCV) and C2B (PDB 4LDC) of Doc2β from Giladi et al. (2013)(Giladi et al., 2013). (C) 
NBD emission spectra from each of the four Ca2+-binding loops of Doc2β C2AB. Graph titles indicate the 
C2 domain and loop labeled (e.g., C2A*(1)-C2B corresponds to loop 1 of C2A, while C2A*(3)-C2B 
corresponds to loop 3 of C2A). Labeled C2AB was combined with liposomes (15% PS, 30% PC, 20% 
PE, 35% cholesterol) in 500 μM EGTA, after which Ca2+ was added (250 μM free [Ca2+]). Ca2+ triggered 
an intensity increase and blue shift in the emission spectra at all four labeling sites, suggesting burial of 
the probe into the bilayer. Membrane insertion was confirmed with the use of liposomes containing 15% 
12-doxyl PC, which efficiently quenched the fluorescence at each labeled site. Spectra are representative 
of data from at least 4 independent trials.  
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Figure 2. PS and PIP2 synergistically drive Ca2+-independent membrane penetration by syt1 and 
Doc2β but exert different effects on each protein. (A) Emission spectra of NBD labeled Doc2β C2AB 
before and after the addition of liposomes containing 15 mol % PS and 1 mol % PIP2 in 500 μM EGTA 
(≤10 nM [Ca]free). Under these conditions, loops 1 and 3 of C2B demonstrate robust increases in emission 
intensity. Emission from loop 3 is efficiently quenched by 12-doxyl PC, indicating Ca2+-independent 
insertion into the bilayer. Spectra are representative of data from at least 4 independent trials. (B) NBD-
labeled Doc2β C2AB was combined with the indicated liposomes and the NBD emission intensity was 
measured before and after the addition of Ca2+. For each replicate, emission intensity was normalized to 
the signal from NBD-labeled protein prior to liposome addition. For Doc2β, PS and PIP2 each support 
Ca2+-dependent penetration activity. However, when combined, PS and PIP2 drove a marked Ca2+-
dependent increase in the emission from C2A, loop 3. Both PS and PIP2 were required for Ca2+-
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independent penetration by loops 1 and 3 of C2B (arrows). (C,D) Same as above, but using syt1 C2AB. 
In contrast to Doc2β C2AB, PS drives penetration of syt1 C2A more efficiently than PIP2 in the presence 
of Ca2+. The combination of PIP2 and PS did not drive any additional NBD signal increases in C2A but 
marginally increased NBD signals in C2B. As with Doc2β, both PIP2 and PS were required for robust 
Ca2+-independent penetration by Syt1 C2B, loop 3 (arrow). Error bars, SEMs of 4 independent trials; *, p 
< 0.05; **, p < 0.005; ns, p > 0.5; all by Welch’s t-test.  
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Figure 3. Membrane penetration by full-length syt1 reconstituted into nanodiscs. (A) Experimental 
scheme. Full-length syt1 was purified, labeled with NBD on loop 3 of C2A or loop 3 of C2B, and 
reconstituted into 13-nm diameter nanodiscs comprising membrane scaffolding protein and POPC (ND-
syt1). ND-syt1 was combined with liposomes containing acidic phospholipids in EGTA (500 μM) 
followed by the addition of Ca2+ to assay Ca2+-independent and Ca2+-dependent membrane penetration 
activity. (B) Representative spectra for penetration experiments with ND-syt1. As with syt1 C2AB, Ca2+ 
and acidic phospholipids caused an increase and blue shift in NBD fluorescence. Likewise, in the 
presence of both PS and PIP2, Ca2+-independent penetration by C2B, but not C2A, was observed. Spectra 
are representative of results from 4 independent trials. 
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Figure 4. PIP2 slows the disassembly kinetics of C2AB-Ca2+-liposome complexes containing Doc2β 
but not syt1. (A) Schematic of disassembly assay. C2AB-Ca2+-liposome complexes were pre-assembled 
and then rapidly mixed with EGTA while monitoring FRET between tryptophan residues in C2AB and 
dansyl-PE acceptors on the liposomes. (B) Representative traces (left) and rate constants derived from 
single-exponential fits (right) for disassembly of Doc2β-Ca2+-membrane complexes. The inclusion of 1 
mol % PIP2 in liposomes containing 15% PS slowed the observed rates of disassembly by approximately 
ten-fold. (C) As above, but for syt1 C2AB. In contrast to the case of Doc2β, membrane complex 
disassembly rates for syt1 were unchanged with the inclusion of 1 mol % PIP2. Error bars, SEMs of 4 
independent trials; **, p < 0.005; ns, p > 0.5; both by Welch’s t-test. 
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Figure 5. PIP2 markedly deepens membrane penetration by Doc2β but not syt1. (A) Illustration 
depicting membrane-bound C2AB and the approximate distributions of nitroxide quenchers. Yellow star 
represents NBD label, green spheres represent Ca2+ ions. (B) Representative emission spectra for non-
quenching liposomes along with liposomes containing the indicated doxyl quencher. Relative quenching 
efficiencies at different probe locations correspond to the average location of the NBD label in the 
bilayer. Deeper insertion results in stronger quenching by 12-doxyl versus 5-doxyl and HG-doxyl 
liposomes, while shallower insertion results in stronger quenching by HG-doxyl and 5-doxyl liposomes. 
(C) NBD-labeled Doc2β C2AB was combined with liposomes and Ca2+ (250 μM); quenching efficiencies 
of doxyl-PC liposomes with and without PIP2 were quantified. Inclusion of PIP2 drives both loops of C2A 
deeper into the bilayer, as evinced by reduced shallow quenching and increased deep quenching. This 
effect is also apparent for Doc2β C2B. (D) Same as in (C), but using NBD-labeled syt1. In contrast to 
Doc2β, syt1 C2A penetrates deeply in the absence of PIP2, as shown by relatively efficient quenching by 
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12-doxyl liposomes. In contrast to the case of Doc2β, PIP2 exhibits only a weak tendency to drive 
additional penetration by syt1. Error bars, SEMs of 4 independent trials; *, p < 0.05; **, p < 0.005; ns or 
unmarked, p > 0.5; all by Welch’s t-test.   
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Figure 6. Increasing [PIP2] drives Ca2+-independent penetration by both C2 domains of Doc2β and 
syt1 and potentiates Ca2+-independent and -dependent vesicle fusion. (A) NBD-labeled Doc2β C2AB 
was combined with liposomes harboring PS and increasing concentrations of PIP2 in the absence of Ca2+, 
and NBD emission intensity was quantified. Increasing [PIP2] drove substantial intensity increases from 
NBD labels on all 4 loops of Doc2β. This effect appeared to reach near-saturation at 5 mol % PIP2. (B) as 
in (A) but for syt1 C2AB. In addition to robust penetration by C2B, loop 3, increasing [PIP2] drove partial 
penetration by C2A, loop 3. (C-F) v-SNARE liposomes containing full-length syb2 and full-length syt1 
were combined with t-SNARE liposomes containing full-length syntaxin-1a:SNAP-25B heterodimer and 
increasing mol % PIP2. (C) Scheme of lipid mixing assay. Fusion of vesicles was monitored by 
dequenching of NBD. (D) Results of lipid-mixing assays conducted with increasing mol % PIP2 in the t-
SNARE vesicles. Above, full traces; below, Ca2+-free portion of the trace shown on an expanded 
timescale. PIP2 drove Ca2+-independent and -dependent lipid mixing in a dose-dependent manner. (E) 
Scheme of content mixing assay. Fusion of vesicles was monitored by dequenching of sulforhodamine B. 
(F) Results of content-mixing assays conducted with increasing mol % PIP2 in the t-SNARE vesicles. 
Above, full traces; below, Ca2+-free portion of the trace shown on an expanded timescale.  As with lipid-
mixing experiments, a dose-dependent effect of PIP2 on Ca2+-independent and -dependent fusion was 
observed. Error bars, SEMs of 4 independent trials. 
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Figure 7. Model of Ca2+-dependent and -independent membrane penetration by Doc2β and syt1 in 
the presence and absence of PIP2. Calculated membrane penetration depths are illustrated, to scale, for 
Doc2β and syt1. Models of syt1 and Doc2 were created by rendering the molecular surfaces of the 
corresponding X-ray or NMR structures (Doc2: as above; syt1: PDB 1RSY (C2A), 1K5W (C2B), from 
Sutton et al. (1995) and Fernandez et al. (2001), respectively). The polybasic patch of C2B is rendered 
cyan in each model. Shaded areas in the bilayer represent the calculated half-widths of the penetration 
depth measurements for each probe. (A) Scale drawing of membrane penetration by Doc2β. Prior to 
binding Ca2+, C2B shallowly penetrates bilayers in the presence of 1% PIP2. After binding Ca2+, all four 
loops penetrate the bilayer. However, both loops in C2A are relegated to a shallow position unless PIP2 is 
also present, which enables C2A loop 3 to penetrate 3.7 angstroms deeper on average into the membrane. 
In the absence of Ca2+, increases in mol % PIP2 in the target membrane can drive partial penetration of the 
bilayer by all four loops of Doc2β. (B) Scale drawing of membrane penetration by syt1. As with Doc2β, 
1% PIP2 enables Ca2+-independent penetration by C2B, loop 3, and increasing [PIP2] drives penetration 
by C2A, loop 3. Upon binding Ca2+, however, all four loops of syt1 penetrate deeply into the membrane 
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even in the absence of PIP2.  
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Appendix 
 
 

 
 
Figure S1. NBD emission intensity increases require the presence of lipids and Ca2+. Labeled C2AB 
fragments of Doc2β were combined with Ca2+ (250 μM) prior to the addition of liposomes. No increase in 
NBD fluorescence was observed unless both Ca2+ and liposomes were present. Spectra are representative 
of results from two independent trials. 
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Figure S2. Doc2β, like syt1, aggregates membranes via a back-to-back trans mechanism. (A) 
Liposome aggregation mediated by syt1 and Doc2 was measured via absorbance at 400 nm after adding 
C2AB and Ca2+ to liposomes of the indicated composition. Ca2+ was added at 20 minutes, EGTA at 35 
minutes. t-SNARE vesicles harbored reconstituted full-length SNAP-25:syntaxin-1 heterodimer and v-
SNARE vesicles harbored reconstituted full-length synaptobrevin-2. Aggregation-induced absorbance 
increases were reversible for both proteins unless both t- and v-SNARE vesicles were included, in which 
case a residual absorbance increase persisted. (B) Schematic for pull-down assay to determine mechanism 
of vesicle aggregation. Liposomes bearing biotin-PE or NBD-PE were incubated with or without C2AB 
in EGTA or Ca2+; in the latter case, C2AB is “pinned” to the vesicles due to its very slow off-rate in the 
presence of Ca2+. NBD- and biotin-labeled liposomes were mixed, biotin liposomes were collected using 
avidin beads, and bead-bound NBD fluorescence was measured. (C) Quantification of bead-bound 
fluorescence. A small degree of liposome-liposome binding was observed when C2AB was pinned to one 
set of liposomes; pinning C2AB to both sets of liposomes dramatically increased liposome-liposome 
binding, suggesting that C2AB molecules associate in trans to mediate liposome aggregation. Error bars, 
standard error of the means (SEMs) of 3 independent trials. 
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Fig. S3: PS:PIP2 liposomes do not increase [Ca2+]free. Liposomes were added to 0.33 μM indo-1 in 
reconstitution buffer. A negligible increase at in the fluorescence at 400 nm, likely caused by scattering 
from liposomes, demonstrates that [Ca2+]free remained < 10 nM after addition of PS:PIP2 liposomes. 
Spectra are plotted as means +/- standard deviation for 3 separate batches of PS:PIP2 liposomes.  
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Fig. S4. Representative spectra from penetration assays demonstrating effect of 1% PIP2 on 
penetration of liposomes containing PS in the presence and absence of 250 μM [Ca2+]free (related to 
Figure 2, main text). 
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Fig. S5. Representative spectra from doxyl quenching experiments demonstrating effect of 1% PIP2 
on penetration of liposomes containing PS in the presence of 250 μM [Ca2+]free (related to Figure 5, 
main text). 
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Fig. S6. Representative spectra demonstrating effect of increasing PIP2 on penetration of liposomes 
containing PS in 500 μM EGTA (related to Figure 6, main text). 
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Figure S7. Doxyl quenching of NBD-labeled Doc2β and syt1 in EGTA. (A) NBD-labeled Doc2β 
C2AB was combined with PS:PIP2 liposomes (1 mol % PIP2) in 500 μM EGTA, and quenching 
efficiencies of doxyl-PC liposomes were quantified. Quenching of loops in C2A was far weaker than in 
C2B, consistent with localization of Ca2+-independent penetration to the C2B domain. (B) as in (A) but 
for syt1 C2AB. In contrast to Doc2β minimal quenching was observed for C2B, loop 1. Both proteins 
showed weak quenching of C2A, loop 3, along with the expected robust quenching of C2B, loop 3. Error 
bars, SEMs of 4 independent trials.  
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Chapter 3: Molecular basis for synaptotagmin-1-associated neurodevelopmental disorder 
 
Summary 
 

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

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

in syt1 have recently been associated with a severe but heterogeneous developmental syndrome, termed 

syt1-associated neurodevelopmental disorder. Well-defined pathogenic mechanisms, and the basis for 

phenotypic heterogeneity in this disorder, remain unknown. Here, we report the clinical, physiological, 

and biophysical characterization of three syt1 mutations from human patients. Synaptic transmission was 

impaired in neurons expressing mutant variants, which demonstrated potent, graded dominant-negative 

effects. Biophysical interrogation of the mutant variants revealed novel mechanistic features concerning 

the cooperative action, and functional specialization, of the tandem Ca2+-sensing domains of syt1. These 

mechanistic studies led to the discovery that a clinically approved K+ channel antagonist is able to rescue 

the dominant-negative heterozygous phenotype. Our results establish a molecular cause, basis for 

phenotypic heterogeneity, and potential treatment approach for syt1-associated neurodevelopmental 

disorder.  

 
Introduction 
 

At presynaptic terminals, neurotransmission is triggered by an elevation in cytosolic Ca2+ ([Ca2+]i) 

that occurs upon the arrival of an action potential (B. Katz and Miledi, 1967). In most terminals, tandem-

C2 domain proteins in the synaptotagmin (syt) family trigger the fusion of vesicular and plasma 

membranes via Ca2+-dependent interactions with phospholipid bilayers (Mackler et al., 2002; Tucker, 

2004). Synaptic vesicle (SV)-plasma membrane fusion is catalyzed by soluble N-ethylmaleimide sensitive 

factor attachment protein receptors (SNAREs) (Sudhof and Rothman, 2009; Weber et al., 1998), and 

several syt isoforms likely stimulate this process by promoting vesicle docking (Chang et al., 2018; Liu et 

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

by both C2 domains, C2A and C2B (Fig. 1A) (Bai et al., 2016b; Evans et al., 2015b; Hui et al., 2009b; 
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Liu et al., 2014), and potentially controlling the assembly of trans-SNARE complexes ((Bhalla et al., 

2006; Kiessling et al., 2018; Zhou et al., 2015), but see also (Bai et al., 2016b; Park et al., 2015)). Since 

each of these mechanistic findings continue to be the subject of debate, it is crucial to further address the 

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

secretion coupling  (Brose et al., 2019).  

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

in the gene encoding synaptotagmin-1 (syt1), the predominant syt isoform in the central nervous system 

(CNS), and a severe developmental syndrome (Baker et al., 2018, 2015). Patients with syt1-associated 

neurodevelopmental disorder demonstrate infantile hypotonia, profound intellectual disability, disordered 

movement, and electroencephalographic abnormalities without epilepsy or gross neuroanatomic 

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

phenotypic heterogeneity in syt1-associated neurodevelopmental disorder is not known. Previous studies 

indicate that other point mutations in syt1 can have dominant-negative effects in Drosophila (Mackler et 

al., 2002) and in cultured mouse neurons (Wu et al., 2017). Whether, and how, disease-associated 

mutations in syt1 exert dominant-negative effects on synaptic transmission are crucial issues that have not 

been explored. Moreover, it remains unclear why all disease-associated mutations are clustered in the 

Ca2+-binding, membrane-penetrating loops of the C2B domain.  

In the present study, we establish a molecular basis for the cause and potential treatment of syt1-

associated neurodevelopmental disorder. We first highlight three clinical cases that illustrate the severity 

and phenotypic heterogeneity of this disorder. X-ray crystallography of mutant syt1 variants demonstrates 

the physicochemical diversity of disease-associated mutations. Assays of synaptic transmission and 

neurotransmitter release, with controlled mutant:WT expression ratios, unambiguously provide evidence 

for a dominant-negative action that correlates in potency with the observed clinical severity. Biophysical 

and biochemical measurements establish a deleterious impact of the mutations that likewise correlates 

with the synaptic and human phenotypes. These experiments revealed a novel difference between the two 

C2 domains of synaptotagmin-1: while C2A and C2B bind Ca2+ cooperatively to penetrate membranes, 
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C2B exhibits a substantially higher sensitivity to Ca2+ that is impaired in a graded fashion by each 

disease-causing mutation. Finally, we show that the heterozygous mutant phenotype can be rescued with a 

clinically approved, centrally acting K+ channel antagonist, establishing a plausible approach to 

pharmacotherapy for syt1-associated neurodevelopmental disorder. 

 
 
Results 
 
Clinical manifestations of pathogenic syt1 mutations 

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

Clinical histories for each patient with a mutant variant were obtained from published studies (I368T) 

(Baker et al., 2015) or clinical records and interviews with parents (D304G, D366E). In each case, 

heterozygous de novo mutations in SYT1 were discovered by whole-exome sequencing, which excluded a 

causal role for inherited mutations. As noted in the case series by Baker et al (2018), these mutations are 

associated with a profound global developmental delay that varies widely in severity. All patients 

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

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

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

underlying metabolic abnormalities. Developmental regression and seizures are absent in all cases, but 

electroencephalogram (EEG) revealed background slowing and intermittent high-amplitude, low-

frequency spiking activity in each case. Strikingly, the electroencephalographic disturbance was also 

graded, and the amplitude of spiking activity correlated with the severity of developmental delay (i.e., 

I368T > D366E). Two of these patients, D366E and I368T, underwent visual evoked potential recording, 

which demonstrated abnormally prolonged latency in both cases. Behavioral phenotypes also vary in type 

and severity, with two of these patients (D304G and I368T) exhibiting frequent agitation and self-

injurious behavior. These cases highlight the phenotypic variability of syt1-associated 

neurodevelopmental disorder, with patient D366E demonstrating a substantially milder global phenotype 

than patients D304G and I368T.  
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Crystal structures of syt1 C2B domains harboring pathogenic mutations 

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

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

(Figure 1A). X-ray crystallographic structures of the Ca2+-binding region in apo-syt1 C2B variants are 

shown in Fig. 1B. Compared with the wild-type domain, each mutant variant C2B is correctly folded in 

the canonical β-sandwich of a C2 domain (Fig. 1B). While subtle differences in the position of Ca2+-

binding/membrane-penetration loops were apparent (Fig. 1B), these residues are likely to be highly 

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

Fig. 1 also highlights the physicochemical diversity of these mutations. D304G neutralizes a Ca2+-binding 

aspartic acid and confers a +2 charge on the Ca2+-binding pocket. D366E preserves a carboxylate ligand 

but shrinks the Ca2+-binding pocket (Fig. 1B). I368T substitutes a polar threonine for a bulky, 

hydrophobic isoleucine that normally penetrates the plasma membrane upon Ca2+ binding by syt1 (Bai et 

al., 2002). As other authors have emphasized (Baker et al., 2018), the affected residues are highly 

conserved in syt1 homologs across the metazoan phylogeny.   

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

Each disease-associated mutation occurs at a residue with a defined function in the loops of C2B 

(Chang et al., 2018; Evans et al., 2015b; Hui et al., 2009b). However, studies of synaptic transmission in 

neurons expressing syt1 with C2B loop mutations have only rarely examined single point mutations, and 

mutations at some of these sites appear inconsequential (Mackler et al., 2002; Nishiki and Augustine, 

2004). While limited evidence points to deficits in vesicular recycling of disease-associated syt1 variants 

(Baker et al., 2018), neurotransmission in neurons expressing these variants has not been assessed. We 

thus assessed the trafficking and synaptic function of each variant using immunocytochemistry and 

electrophysiological recordings of synaptic currents using cultured mouse hippocampal and cortical 

neurons (Fig. 2; please note: in these and all subsequent experiments, amino acid numbers for the rat and 

mouse syt1 sequences are used). Using a specific, KO-validated monoclonal antibody against syt1 
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(Appendix - Fig. S2), we found that each mutant variant trafficked as effectively as WT to the 

presynaptic compartment (Fig. 2A-B). Next, we measured evoked GABAergic postsynaptic currents 

(IPSCs) from WT or syt1 KO cortical neurons expressing mutant syt1 variants (Fig. 2C). Despite 

localizing correctly to presynaptic terminals, mutant syt1 variants largely failed to support evoked 

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

phenotypes of D303G and I367T appeared nearly identical to the syt1 KO (Fig. 2D-G), D365E preserved 

the rapid kinetics of wild-type syt1 (Fig. 2E,H), despite also exhibiting the low amplitude and total 

charge transfer properties of the KO (Fig. 2F-G).  

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

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

spontaneous vesicle fusion, as represented by the frequency of miniature IPSCs (mIPSCs), also varied 

among the genotypes, with partial rescue by I367T and D365E (Fig. 2I), consistent with an established 

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

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

impact evoked release. Importantly, and in correlation with the observed clinical phenotypes, D303G and 

I367T cause an even more severe impairment of evoked synaptic release than D365E. 

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

release 

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

expression of mutant and WT syt1, in combination with optical imaging of evoked glutamate release (Fig. 

3) (Marvin et al., 2013). Hippocampal neurons cultured from SYT1fl/fl mice were transduced with 

lentivirus encoding Cre recombinase along with separate lentiviruses encoding WT and mutant syt1, 

respectively (Fig. 3A-B). In each experiment the WT and mutant syt1 expression levels obtained using 

each dose of lentivirus were measured in separate, parallel samples by immunoblot analysis (Fig 3A-B). 

A range of WT:mutant expression ratios was assessed, and evoked glutamate release was measured as the 
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normalized change in fluorescence across a field of view in response to a 10-AP, 10-Hz field stimulus 

(Fig. 3C-H). iGluSNFR fluorescence transient amplitudes were plotted against the relative expression of 

WT and mutant protein in Fig. 3E, clearly demonstrating a dominant-negative action of each mutant syt1 

variant. Even at sub-stoichiometric expression levels, mutant variants dose-dependently inhibited action-

potential-evoked glutamate release (Fig. 3E). Strikingly, we observed a graded dominant-negative 

potency (D303G » I367T > D365E) that again correlated with the observed clinical phenotypes (Fig. 3E-

F). As a relative measure of synaptic release probability, we also measured the amplitude of the tenth 

iGluSNFR transient normalized to that of the first transient (dF/F0(tenth/first)) (Fig. 3G-H). As expected, 

dF/F0(tenth/first) increased with the expression of mutant protein, indicating a dose-dependent reduction 

in relative release probability (Fig. 3G). As with the amplitude of the first response, mutant syt1 variants 

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

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

strongly suggest a physiologic basis for the phenotypic heterogeneity observed in these patients. 

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

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

dependent membrane insertion of residues in two flexible loops in both C2A and C2B (Bai et al., 2016b; 

Courtney et al., 2019; Evans et al., 2015b; Liu et al., 2014; Tucker, 2004). This interaction requires 

negatively-charged phospholipids, namely phosphatidylserine (PS) and/or phosphatidylinositol(4,5)-

bisphosphate (PIP2) (Wang et al., 2011b). PIP2, in particular, is a dynamically-regulated phospholipid 

(Micheva et al., 2001b) that plays an important role in exocytosis (Eberhard et al., 1990b). Importantly, 

syt1 can bind and partially penetrate PIP2-containing membranes even in the absence of Ca2+, allowing for 

enhanced kinetics of Ca2+-dependent membrane penetration (Jihong Bai et al., 2004; Bradberry et al., 

2019).  

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

syt1 variants interact with Ca2+ and membranes (Fig. 4). In saturating [Ca2+] (1 mM), the purified tandem 



 

 
 

46 

C2 domains (C2AB) of each syt1 variant displayed largely intact Ca2+-dependent and -independent 

binding to phospholipid bilayers containing PS with or without PIP2 (Fig. 4A-C). However, each mutant 

variant showed diminished binding to bilayers containing PIP2 as the sole acidic phospholipid, consistent 

with an established role for C2B as the primary PIP2-binding domain of syt1 (Fig. 4A-C) (Jihong Bai et 

al., 2004). A detailed titration of [Ca2+] in the presence of PS:PIP2 vesicles demonstrated a substantial 

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

was graded in a fashion that correlated with the severity of both the synaptic and human phenotypes for 

each mutation (Fig. 4E). In particular, at 10 μM Ca2+, a relevant Ca2+ concentration at release sites during 

action potential firing in cultured hippocampal neurons (Burgalossi et al., 2010), D365E exhibited 

substantially more Ca2+-dependent binding than either D303G or I367T (Fig. 4E). t-SNARE binding, by 

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

[Ca2+]free (Appendix - Fig. S3). 

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

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

(Fig. 4F-H) (Nalefski et al., 2001). In this assay, the fluorescent Ca2+ chelator quin-2 is rapidly mixed 

with pre-assembled C2AB-Ca2+-phospholipid complexes in a stopped-flow fluorescence spectrometer, 

and observable kinetic information corresponds to liberation of Ca2+ from the protein-lipid complex 

(Appendix - Fig. S4). We observed that Ca2+ release was more rapid in complexes containing mutant 

C2AB (Fig. 4G-H). Fitting of double exponential decay functions to the observed data revealed a fast and 

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

Ca2+ release (Fig. 4H), indicating that in the activated, membrane-bound state, WT syt1 forms more 

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

Disease-associated mutations impair high-affinity Ca2+-dependent membrane penetration by C2B and 

define cooperativity between C2A and C2B 
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Thus far, all disease-causing syt1 mutations occur in the C2B domain of the protein (Baker et al., 

2018), and a host of studies have found that syt1 is more functionally susceptible to mutations in C2B 

than in C2A (Edwin R. Chapman, 2008; Shin et al., 2009). However, the biophysical basis for this C2B-

dependence remains unclear, as C2A has an equal number of Ca2+-binding residues and binds at least as 

many Ca2+ ions (Fernandez et al., 2001; Shao et al., 1998; Sutton et al., 1995). Moreover, studies using 

the individual C2 domains are difficult to meaningfully interpret, as significant evidence exists for a 

functional linkage between the two domains (Bai et al., 2002; Courtney et al., 2019; Evans et al., 2016; 

Herrick et al., 2006).  

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

membrane penetration by either domain in the context of the tandem domains (Fig. 5). Purified syt1 

C2AB was first labeled at introduced cysteine residues with an environmentally-sensitive probe, NBD, on 

a Ca2+-binding/membrane penetration loop in C2A (F234C-NBD) or C2B (I367C-NBD). This dye 

undergoes a blue shift and substantial emission intensity increase when buried in the hydrophobic bilayer 

(Fig. 5B). We emphasize that only bulky, hydrophobic residues (F234, V304) were replaced with cysteine 

labels. Labeled syt1 was then combined with PIP2-containing vesicles such that NBD-syt1 was 

completely adsorbed to the surface of the liposomes even in the absence (<10 nM) of free Ca2+ 

(Appendix - Fig. S5). Under these conditions, the Ca2+-dependent membrane penetration activities of 

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

C2A and C2B due to an entropic benefit of one domain following binding by the other) are largely 

avoided.  

 Changes in NBD fluorescence, while titrating Ca2+ in samples containing WT or mutant syt1 

C2AB, are depicted in Fig. 5B-C. Two important features emerge from these data: first, in WT syt1, C2B 

exhibits a substantially higher sensitivity to Ca2+ than C2A. Second, each mutation reduces the Ca2+-

sensitivity of membrane penetration by both C2A and C2B, though with a more pronounced effect on 

C2B (Fig. 5C-D). These results demonstrate that, in WT syt1, Ca2+ binds more tightly to C2B than C2A 

at the protein-membrane interface, implying that more free energy is liberated by Ca2+-triggered 
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penetration by C2B (ΔG = RT ln K). For each mutant variant, this high-affinity mode is abolished in a 

graded fashion, and the Ca2+-dependence of membrane penetration by C2B more closely resembles that of 

C2A (Fig. 5C,D). As with our previous studies, this effect was graded, with D303G having the most 

potent effect on membrane penetration (Fig. 5B-C). Each mutant also showed a reduction in the Ca2+ 

sensitivity of penetration by C2A (Fig. 5D-E), consistent with reports of functional cooperativity between 

C2A and C2B when linked (Bai et al., 2002; Courtney et al., 2019; Evans et al., 2016; Herrick et al., 

2006). Together, these data establish a biophysical basis for the functional dominance of syt1’s C2B 

domain and, in turn, the clustering of disease-causing mutations in this region of the protein (Fig. 5F).  

Rescue of dominant-negative synaptic impairments by the clinically-approved drug 4-aminopyridine 

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

challenging prospect given the paucity of suitable gene therapies. However, depending on the 

consequences of a given mutation, rationally guided medical or surgical treatment may benefit some 

patients. Because each mutation described here reduces the Ca2+ sensitivity of membrane binding and 

penetration by syt1, we reasoned that interventions to boost presynaptic Ca2+ influx might mitigate the 

synaptic deficits associated with each mutant. 4-aminopyridine (4-AP, fampridine, dalfampridine) (Fig. 

6A) is a K+ channel antagonist clinically approved for the treatment of walking symptoms in multiple 

sclerosis (Leussink et al., 2018). This drug, which is selective for Kv3 channels at low concentrations 

(Alle et al., 2011), would be expected to broaden action potentials and thus enhance presynaptic Ca2+ 

influx. In neurons transduced to express roughly equal amounts of mutant and WT syt1, 4-AP dose-

dependently enhanced evoked glutamate release and restored normal short-term plasticity over the course 

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

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

mitigated, and responses appeared similar to those of WT neurons in the absence of drug. We emphasize 

that additional considerations apply in the clinical setting, particularly given the convulsant effects of 

higher doses of 4-AP. However, these results—particularly given the lack of epilepsy in patients with syt1 
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mutations—suggest that 4-AP or other centrally-acting Kv channel blockade presents a plausible approach 

to pharmacotherapy for these patients.  

 
Discussion 
 
De novo mutations in synaptotagmin-1 have been associated with a severe neurodevelopmental syndrome 

(Baker et al., 2018, 2015). In this study, we provide the first evidence that these mutant variants can cause 

disease by impairing synaptic transmission in a dominant-negative, but also graded, manner. We extend 

these findings to define key mechanistic insights into the action of syt1, and we provide a plausible basis 

for pharmacotherapy of syt1-associated neurodevelopmental disorder.  

Dominant-negative potency and genotype-phenotype correlation in mutant syt1 variants 

Each of the mutant variants studied here alters the physicochemical properties of the Ca2+-

binding, membrane-penetrating loops of syt1 C2B while preserving the overall fold of this domain. We 

found that each disease-associated mutation studied here had a dramatic and deleterious impact on 

synaptic transmission, as shown in our whole-cell voltage clamp studies (Fig. 2). Even the most 

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

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

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

highlighting the difficulty of predicting a mutation’s functional impact based on biochemical principles 

alone. Moreover, our observations strongly suggest that these mutant syt1 variants likely provide little 

support for synaptic transmission in vivo, supporting a role for these mutations in the observed clinical 

phenotypes.  

An unambiguous causal role for these mutations, however, requires a capacity for mutant syt1 to 

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

undergo impaired vesicular recycling (Baker et al., 2018), and unrelated heterozygous mutations in 

Drosophila syt1 have been shown to impair neurotransmitter release (Mackler et al., 2002). The current 

study, by contrast, is the first to quantitatively assess how disease-associated syt1 variants can disrupt 
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neurotransmitter release when expressed alongside WT protein (Fig. 3). Our findings unequivocally 

demonstrate the capacity for these heterozygous mutations to cause profound impairment of 

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

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

phenotype versus D303G and I367T (Fig. 3). We note that substantial phenotypic heterogeneity is also 

observed for each given genotype (Baker et al., 2018), suggesting that allelic expressivity also plays an 

important role in determining disease severity. However, when controlling for allelic expression ratio, the 

human D366E variant can be expected to produce a less severe clinical phenotype than either D304G or 

I368T—as observed in the limited number of mutation-bearing patients described so far (Baker et al., 

2018).  

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

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

penetration of membranes by syt1. Across these studies, variants D365E and I367T were more evenly 

matched, with a trend toward more severe impairment in I368T (Figs. 4,5). In comparison, variant 

D303G, which is associated with the most severe human phenotype (Baker et al., 2018) and showed the 

most substantial impairment of synaptic release at low mutant:WT expression ratios (Fig. 3), also 

exhibited the most severe biophysical impairments. These results thus provide strong support for a 

mechanism of action of syt1 that specifically involves Ca2+-dependent penetration of the plasma 

membrane to trigger synaptic vesicle fusion (Bai et al., 2016b; Evans et al., 2015b; Liu et al., 2014). 

Further studies may define whether these mutations also impact other roles for syt1, such as SV-plasma 

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

Functional segregation and cooperative interactions between the tandem C2 domains of syt1 

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

prototypical Ca2+-dependent protein-lipid interaction involving tandem protein domains. By adsorbing 

syt1 C2AB to the lipid bilayer prior to the addition of free Ca2+, our approach allowed for a rigorous 
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assessment of membrane-penetration activity for each domain in the tethered pair (Fig. 5, Appendix - 

Fig. S5). To our surprise, the Ca2+ responses of C2A and C2B were distinct in WT syt1, with C2B 

exhibiting a higher-affinity mode of Ca2+-dependent membrane penetration (Fig. 5). While the basis for 

the higher Ca2+ sensitivity of C2B is not clear, this effect is likely due to the substantial cooperativity 

between Ca2+- and PIP2-binding activities of syt1 C2B (Jihong Bai et al., 2004; Li et al., 2006; van den 

Bogaart et al., 2012).  Indeed, each disease-associated mutation inhibited Ca2+-dependent membrane 

penetration (Fig. 5) and dramatically disrupted Ca2+-dependent binding to PIP2 (Fig. 4). Thus, in addition 

to binding a polybasic patch on the side of C2B and juxtaposing the cytoplasmic domain of syt1 with the 

target membrane (Jihong Bai et al., 2004), PIP2 may directly interact with the Ca2+-binding, membrane-

inserting residues of C2B. This interpretation is supported by the capacity of PIP2 to drive Ca2+-

independent membrane penetration by syt1 (Bradberry et al., 2019). Further studies will help define a 

structural picture of how syt1 binds PIP2 in concert with Ca2+ to promote SV fusion. 

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

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

Sullivan, 2003), mutations in C2B readily disrupt the function of this protein (Mackler et al., 2002), as 

evidenced by the clustering of disease-associated mutations in C2B (Baker et al., 2018). The higher Ca2+ 

sensitivity of membrane penetration by C2B (Fig. 5) implies that penetration by this domain liberates 

more free energy than penetration by C2A and suggests a biochemical basis for the sensitivity of 

mutations in C2B. This high Ca2+ sensitivity may also be critical for the role of C2B in dynamic, Ca2+-

dependent docking of synaptic vesicles (Chang et al., 2018). C2A, by contrast, penetrates the membrane 

with a lower Ca2+ sensitivity than C2B (Fig. 5). This may serve to enable a wider dynamic range of Ca2+ 

sensitivity for syt1-triggered membrane fusion, which is sensitive to changes in [Ca2+]i across a range of 

[Ca2+]i spanning orders of magnitude (Burgalossi et al., 2010; Neher and Sakaba, 2008; Stevens and 

Sullivan, 2003).  

A closely related problem is the question of how and whether C2A and C2B exhibit cooperativity 

in terms of Ca2 +-dependent membrane binding activity. Several previous studies have suggested a 
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functional link between the two domains that depends on their relative orientations (Bai et al., 2016b, 

2002; Evans et al., 2016; Herrick et al., 2006; Liu et al., 2014; Tran et al., 2019). However, these studies 

have not addressed Ca2+ cooperativity per se, i.e., does Ca2+ and lipid binding by one domain drive Ca2+ 

and lipid binding by the other domain? Our penetration studies, which rigorously address this problem by 

pre-tethering syt1 C2AB to the membrane surface, formally establish a cooperative action between C2A 

and C2B by demonstrating that each mutation in C2B reduces the Ca2+ sensitivity of penetration by C2A 

(Fig. 5). Our data help establish a clear mechanistic picture for how Ca2+ activates syt1: C2B, by binding 

PIP2 and penetrating the membrane with high Ca2+ sensitivity, drives the adjacent C2A to likewise bind 

Ca2+ and penetrate the membrane to increase release probability (Courtney et al., 2019). The interactions 

underlying this cooperativity are unclear but likely involve changes in the membrane-water interface that 

occur with penetration of the membrane by each C2 domain.  

Molecular correlates of synaptic Ca2+ cooperativity 

Another critical but poorly understood cooperative relationship is the logarithmic dependence of 

synaptic vesicle fusion rate on [Ca2+]i (Dodge and Rahamimoff, 1967; Neher and Sakaba, 2008). Because 

syt1 binds 4-5 Ca2+ ions (Brose et al., 1992b; Fernandez et al., 2001; Shao et al., 1996), this 

stoichiometric relationship has long been proposed to mediate the Ca2+ dependence of synaptic release 

(Brose et al., 1992b). However, in a number of studies, including data reported here, the Ca2+-dependent 

membrane binding and penetration by syt1 exhibits a far shallower dependence on Ca2+ (Brose et al., 

1992b; Evans et al., 2016; Gaffaney et al., 2008; Tran et al., 2019; van den Bogaart et al., 2012) (Fig. 4, 

Fig. 5). In particular, the present study demonstrates this relatively low degree of Ca2+ cooperativity using 

two different assays of Ca2+-dependent syt-membrane interaction (Fig. 4, Fig. 5). The high Ca2+ 

cooperativity of release but low Ca2+ cooperativity of membrane penetration by syt1 can be readily 

reconciled by the participation of multiple copies of syt1 in the membrane fusion reaction. Our finding 

that disease-associated syt1 variants potently disrupt the function of WT syt1 at sub-stoichiometric 

expression ratios, particularly for variant D303G (Fig. 3), supports this notion. Further studies, combining 
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accurate syt1 copy number measurements in situ with more rigorous measurements of vesicle release 

rates, may better define a role for syt1 in the Ca2+ cooperativity of neurotransmitter release.  

 

Pharmacologic strategies for treatment of syt1-associated neurodevelopmental disorder 

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

approved for clinical use (Leussink et al., 2018), may help to mitigate the synaptic deficits in syt1-

associated neurodevelopmental disorder (Fig. 6). In patients with more severe phenotypes (D304G and 

I368T, in this series), treatment targets may include agitation and self-injurious behavior. In patients with 

less severe phenotypes (D366E in this series), treatment targets may include improved attention and 

learning ability. The concentrations used in this study are higher than, but within fivefold, of typical 

serum concentrations achieved with standard doses of 4-AP (Bever et al., 1994), and even a partial 

recovery of presynaptic function may allow for functional improvement in these patients. Importantly, the 

concentrations of 4-AP studied here are several orders of magnitude lower than those expected to cause 

cardiotoxicity (Renganathan et al., 2009). We also emphasize that, given the importance of brain 

developmental processes, any pharmacologic intervention is unlikely to cause complete functional 

recovery, though this may also depend on the age at which such interventions are initiated. Regardless, 

given the lack of other viable and specific treatment options, centrally acting Kv blockade by 4-AP 

appears to be a rational, plausible option for treatment of patients with this profound neurodevelopmental 

disorder.   

 
Methods 
 
Experimental model and subject details All neuronal cultures were prepared from early postnatal (P0-P1) 

mouse pups in accordance with all relevant regulations and with the approval of the University of 

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

from syt1+/- breeders (Jackson Labs stock # 002478) were used; for imaging studies (Figs. 2, 3, 6), pups 

from syt1fl/fl breeders (Quadros et al., 2017) were used. Clinical histories for patients harboring syt1 
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variants D304G and D366E were obtained through interviews with the parents of these patients and 

through standard record request protocols. All procedures were performed with the approval of the 

University of Wisconsin Health Sciences Institutional Review Board. 

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

extraction of genomic DNA from saliva samples (Oragene collection kit and Prep-IT L2P reagent, both 

from DNA Genotek) using the primers: gcaagagaaattgggtgatatctgcttctccc (D303G, forward); 

cgcagcatgtgcgccatgc (D303G, reverse); gggccttatctctagagctagatgattcatattcatttcatggc (D365E, forward); 

cttcttgacggccagcatggcatc (D365E, reverse).  

Protein purification and labeling The cDNA encoding human syt1 C2B (amino acids 272-422) was 

cloned into a pET-based expression vector that included a His6-tagged maltose binding protein and a 

tobacco etch virus protease (TEV) restriction site. Site-directed mutagenesis (Stratagene QuikChange) of 

syt1 C2B was performed to make three single-point mutant constructs. All mutations were confirmed by 

DNA sequencing. Plasmids containing the recombinant C2B domains were transformed into BL21(DE3) 

E. coli, which were grown in Terrific Broth and induced with IPTG for protein production. The cell 

pellets were frozen at -80 °C and stored until needed. Cells were thawed in lysis buffer [20 mM HEPES 

(pH 7.4), 150 mM NaCl], lysed using a Microfluidizer, and clarified by centrifugation using a Beckman 

JA-20 rotor at 19,500 rpm (45,900 g) for 45 min. The supernatant was passed through a Ni-NTA affinity 

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

followed by a wash in lysis buffer plus 30 mM imidazole. Finally, His6-MBP-C2B was eluted with 80 ml 

lysis buffer including 300 mM imidazole. The resulting fusion protein was cleaved with TEV protease 

overnight at 4°C. Next, an SP-Sepharose column was used to separate the C2B domain from MBP, TEV 

protease, and uncleaved fusion proteins. Elution from the cation exchange column was done with a 0 to 1 

M NaCl gradient and the solution containing the protein of interest was concentrated and loaded onto a 

Superdex 75 column to remove the remaining contaminants. Purity was assessed using SDS-PAGE Stain-

Free gels from BioRad, and protein concentrations were quantified by OD280 using each protein’s 
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calculated extinction coefficient. For membrane binding and penetration studies, WT and mutant rat syt1 

C2AB (residues 96-421), with or without cysteines introduced for labeling, were purified as glutathione-

S-transferase fusion constructs (pGEX4T-1 vector, GE healthcare) and eluted by thrombin cleavage as 

described previously (Bradberry et al., 2019). Labeling was performed using IANBD-amide followed by 

desalting with size-exclusion chromatography, also as described previously (Bradberry et al., 2019). For 

SNARE binding assays, HaloTag-syt1 C2AB and the syntaxin1A/SNAP-25B t-SNARE heterodimer were 

expressed as N-terminal his6 fusion constructs (pTrcHis vector, Thermo), purified by immobilized metal 

affinity chromatography, and eluted with imidazole as described previously (Bradberry et al., 2019; 

Courtney et al., 2018b). 

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

sulfate (pH 6.0), 30% PEG3350 (pH 6.0); the D304G mutant was crystallized in 2.0 M ammonium sulfate 

(pH: 4.6), 0.1 M sodium acetate; the D366E mutant was crystallized in 1.6 M ammonium sulfate (pH 

4.0), 0.1 M citrate; and the I368T mutant was crystallized in 1.5 M ammonium sulfate (pH range: 4.5-

4.8), 0.1 M sodium acetate. All crystals were grown at 20 °C using the hanging droplet method with 

purified protein at a stock concentration of 20 mg/ml. The crystals were captured into nylon loops and 

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

were collected at SLAC beamline 7-1. The wavelength of each dataset were wild type 1.097 Å, D304G 

0.984 Å, D366E 0.9795 Å, and I368T 1.099 Å and the data were collected at 90 K. X-ray data were 

processed and scaled using XIA2 (Evans, 2006; Kabsch, 2010; Winn et al., 2011; Winter, 2010; Winter et 

al., 2018). The X‐ray crystal structure was solved using molecular replacement techniques (Phaser) 

(McCoy et al., 2007) and subsequently refined using Phenix (Adams et al., 2010). 

Cell culture and lentiviral transduction Briefly, cortices (syt1 WT/KO, data in fig. 2) or hippocampal 

formations (syt1fl/fl, data in Fig. 3) were obtained by microdissection and kept in Hibernate-A until the 

completion of dissection, at which point they were incubated with trypsin-EDTA (Corning, 0.25%) for 30 

minutes at 37 ºC with periodic agitation. Trypsin was then replaced with plating medium (DMEM +10% 
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FBS) and tissue was triturated 10-20 times with a 1 ml pipette before plating at ~100,000 cells/cm2 onto 

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

(Neurobasal-A medium supplemented with B-27 (1X, Gibco) and Glutamax (1X, Gibco) after 1 hour. For 

imaging experiments, lentivirus encoding Cre recombinase under the control of a synapsin promoter and 

lentivirus encoding a modified iGluSNFR construct were added to cultures at 0-2DIV. Lentivirus 

encoding WT or mutant syt1 variants was added at 5-7DIV. 

Molecular biology and lentiviral preparation For lentiviral constructs, DNA sequences encoding WT 

syt1 or mutant variants generated by site-directed mutagenesis (QuikChange Lightning, Agilent) were 

subcloned into the FUGW lentiviral transfer plasmid (Addgene plasmid #14883, a gift from Dr. David 

Baltimore) modified to include the human synapsin promoter and an internal ribosome entry sequence 

followed by the red fluorescent protein mRuby3. A lentiviral transfer plasmid encoding Cre recombinase 

under the control of the human synapsin promoter was used in experiments with syt1fl/fl neurons (Addgene 

plasmid #86641, a gift from Dr. Fan Wang). Lentivirus was generated by CaPO4-mediated cotransfection 

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

#17531, a gift from Dr. Jakob Reiser) and pLTR-G (Addgene plasmid #17532, a gift from Dr. Jakob 

Reiser) followed by concentration of virus-bearing supernatant by ultracentrifugation as described 

(Kutner et al., 2009). iGluSNFR (Addgene plasmid # 41732, a gift from Dr. Loren Looger) was modified 

to remove the final four amino acids and include a Golgi export sequence (Parmar et al., 2014) and ER 

exit motif (Stockklausner et al., 2001). This construct was subcloned into the FUGW lentiviral transfer 

plasmid modified to include the CamKIIα promoter.  

Immunocytochemistry and confocal microscopy At 14-16 DIV, coverslips of hippocampal neurons from 

syt1fl/fl mice expressing WT or mutant variant syt1 were rinsed 2-3 times with phosphate-buffered saline 

(PBS) and fixed by incubation with pre-warmed 4% paraformaldehyde for 10 minutes at 37 ºC. Cells 

were washed in PBS, incubated for 10 minutes in PBS containing 0.2% saponin and 50 mM Tris-HCl pH 

8.0, washed in PBS, and blocked for 1 hour at room temperature in PBS containing 5% normal goat 



 

 
 

57 

serum, 5% BSA, and 0.02% saponin. Coverslips were then incubated with primary antibodies against syt1 

(mouse mAb 48 (Matthew et al., 1981), 1:250 dilution of a 3.7 mg/ml purified stock) and synaptophysin 

(guinea pig pAb, Synaptic Systems, 1:250 dilution of a 1 mg/ml stock) in PBS containing 1% BSA and 

0.02% saponin at 4ºC overnight. Coverslips were washed in PBS containing 0.02% saponin and incubated 

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

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

washed in PBS containing 0.02% saponin, followed by PBS without saponin, and mounted on glass 

slides. Fixed, stained slides were later imaged on a Zeiss LSM 880 confocal microscope equipped with a 

40x 1.3NA oil objective with identical laser power and gain settings used for all experiments. Replicates 

represent single fields of view from at least 2 separate dissections.  

Immunoblotting Coverslips of neurons (14-18 DIV) from syt1fl/fl mice expressing WT or mutant syt1 

variants were rinsed 2-3 times in PBS and lysed by repeated pipetting of 150 μl lysis buffer (50 mM Tris 

pH 8.0, 150 mM NaCl, 2% SDS, 0.1% Triton X-100, 10 mM EDTA) containing protease inhibitors 

(cOmplete mini EDTA-free, Roche, 1 tablet / 10 ml lysis buffer). These samples were combined with 50 

μl 4X Laemmli sample buffer, heated to 70 ºC for 10 minutes, and stored at -20 ºC until use. For each 

experiment, samples were subjected to SDS-PAGE, transferred to PVDF membrane, blocked in Tris-

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

antibody (mAb 48 (Matthew et al., 1981), 1:500 dilution of hybridoma supernatant (Developmental 

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

incubated with HRP-conjugated goat anti-mouse IgG2b 2º antibody (Invitrogen) in TBS-T for 1 hr at 

room temperature, washed in TBS-T, and imaged with a CCD gel imaging device (GE). Equal protein 

loading across lanes was confirmed by Coomassie staining gels after transfer. 

Electrophysiology Whole-cell voltage-clamp recordings of cultured neurons (13-14DIV) were performed 

at room temperature in a bath containing (in mM): 128 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2 25 HEPES-NaOH, 

30 glucose) using patch pipettes pulled from borosilicate glass (Sutter instruments, 1.5 mm OD, 1.1 mm 
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ID, 3-5 MOhm) with an internal solution containing (in mM): 130 KCl, 1 EGTA, 10 HEPES-NaOH, 2 

ATP (Mg salt), 0.3 GTP (Na salt), 5 phosphocreatine (Na salt). Recordings were performed using a 

MultiClamp 700B combined amplifier and digitizer (Molecular Devices) under the control of Clampex 10 

software (Molecular Devices). GABAA-mediated currents were isolated using CNQX (20 μM) and APV 

(50 μM); for mIPSC recordings, 1 μM TTX was included in the bath. Neurons were held at -70 mV in all 

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

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

bipolar electrode (FHC, 125/50 um extended tip) was placed 100-200 um away from the patched soma 

and stimulation currents were adjusted evoke maximal responses. For mIPSC recordings, sixty seconds of 

data were recorded for each cell. mIPSCs were quantified for each recording using a template-matching 

algorithm in Clampfit (Molecular Devices). Each replicate represents an individual cell from at least 2 

separate dissections.  

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

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

blockade of synaptic currents achieved using CNQX (20 μM), APV (50 μM), and picrotoxin (50 μM). 

Coverslips were mounted in a field stimulus chamber (RC-49MFSH, Warner Instruments) and imaged on 

a motorized inverted epifluorescence microscope (Olympus IX81) equipped with a 60x, 1.45 NA oil 

immersion objective (Olympus) and standard GFP filter set (49002, Chroma). Illumination was provided 

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

camera (OrcaFLASH V2.0, Hamamatsu) operated in 4x4 binning mode (256 x 256 pixels, 111 x 111 μm 

field of view) using a 10 ms exposure time. The optical setup was controlled using Micro-Manager 

(Edelstein et al., 2010), with LED intensity controlled using a USB DAQ (National Instruments). 

Stimulus control was accomplished using the input/output section of a HEKA EPC 10 combined 

amplifier and digitizer connected to the timing input of the sCMOS camera and controlled with 

PatchMaster software (HEKA). Stimuli (100 V, 0.5 ms) were delivered using a stimulation box (Grass 
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SX88). For each coverslip, responses to 10-AP, 10-Hz stimulus trains were acquired with at least 4 

minutes of rest in between acquisitions. dF/F0 was calculated for the whole field of view to normalize for 

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

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

City Labs) and the same fields of view were imaged in control and 4-AP conditions. Conversion of raw 

fluorescence to dF/F0 was performed using a custom-written R script. Replicates were defined as average 

traces for a whole coverslip (Fig. 3) or fields of view (Fig. 6) across 2-5 separate dissections. 

Liposome preparation Liposomes were prepared by evaporation from chloroform:methanol lipid stocks, 

rehydration at 10 mM [lipid] in reconstitution buffer (25 mM HEPES-NaOH pH 7.4, 100 mM KCl), and 

extrusion as described (Bradberry et al., 2019). In Fig. 2C, liposomes contained 30% POPE and the 

indicated amount of POPS and PIP2, with the remainder comprising POPC. For Fig. 2D-H and Fig. 5, 

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

1% PIP2 (all from Avanti Polar Lipids).  

Cosedimentation assays In Fig. 2C, liposomes (2 mM [lipid]) were mixed with C2AB (4 uM) in 

reconstitution buffer containing 0.5 mM EGTA in volume of 100 µl; where indicated, 1.5 mM Ca2+ was 

added, yielding 1.0 mM [Ca]free. Reaction mixtures was incubated with shaking for 30 minutes, 

transferred to small polycarbonate centrifuge tubes, and centrifuged at 65,000 RPM in a TLA-100 rotor 

(Beckman). Supernatants were combined with Laemmli sample buffer, run out on SDS-PAGE gels, and 

C2AB was detected by staining with Coomassie Brilliant Blue. For Fig. 2D-E, conditions were the same 

except that the reconstitution buffer contained 5 mM nitrilotriacetic acid (NTA) and 1 mM EGTA, along 

with 0-5 mM CaCl2. [Ca2+]free in these buffers was established using home-built Ca2+ minielectrodes (Bers 

et al., 2010; Hove-Madsen et al., 2010). For fig. S5, NBD-C2AB (250 nM) was combined with liposomes 

of the same formulation in reconstitution buffer containing 5 mM NTA and 1 mM EGTA. This mixture 

was immediately centrifuged at 90,000 RPM in a TLA-100 rotor, the supernatants mixed with Laemmli 

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



 

 
 

60 

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

separately prepared batches of C2AB and liposomes. 

Syt1-t-SNARE binding assays Binding assays were performed as described previously (Courtney et al., 

2018b). Briefly, purified WT or mutant C2AB protein containing an N-terminal HaloTag was bound to 

HaloLink beads, the beads were washed, and these Halo-C2AB beads were incubated with purified t-

SNARE heterodimer in buffer containing 150 mM NaCl, 25 mM HEPES-NaOH pH 7.4, 1% Triton X-

100, and 1 mM EGTA +/- 1.5 mM CaCl2 for 30 minutes at room temperature with rotation. The beads 

were washed (3 x 1 ml) in the same buffer and the bound t-SNAREs eluted with Laemmli sample buffer. 

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

Independent experiments were defined as replicates performed with separately prepared batches of C2AB 

and t-SNAREs. 

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

in reconstitution buffer and loaded into one syringe of an SX-18.MV stopped-flow spectrometer (Applied 

Photophysics). The second syringe of the stopped-flow device was filled with quin-2 (500 μM) in 

reconstitution buffer. Equal volumes from the two syringes were rapidly mixed at room temperature while 

monitoring quin-2 fluorescence. Excitation at 335 nm was provided by a xenon arc lamp via 

monochromator while emission was monitored via a 470 nm long-pass filter (KV470, Schott). 

Exponential decays were fitted using Prism (GraphPad) before normalization, with the first 1.5 ms of 

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

replicates performed with a unique combination of separately prepared batches of protein and lipid.  

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

reconstitution buffer containing 5 mM NTA, 1 mM EGTA (500 μl total volume) in a quartz cuvette. 

CaCl2 (100 mM or 1 M stocks) were added to achieve the [Ca2+]free indicated in Fig. 5. Spectra (470 nm 

excitation, 490-630 nm emission scan) were acquired before and after the addition of lipids, as well as 
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after each Ca2+ addition, using a fluorimeter with excitation and emission monochromator slits set to 4 nm 

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

additional scattering after addition of Ca2+ did not contribute substantially to the observed signal in the 

[Ca2+]free range used. dF/F0 values were calculated by averaging the raw, baseline-corrected intensity from 

510-610 nm and normalizing to the fluorescence observed prior to the addition of liposomes. Independent 

experiments were defined as replicates performed with separately prepared batches of protein and lipid. 

Quantification and statistical analysis All electrophysiological data in Fig. 2 were acquired and analyzed 

by an investigator blinded to the genotype of each condition. All other data were collected and analyzed 

in a non-blinded fashion. Values are reported as mean ± standard error of the mean (SEM) or as means 

with 95% confidence intervals as indicated in the figure legends. Replicates are defined as indicated in the 

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

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

statistical analysis was performed using Prism (GraphPad).  
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Tables and Figures 
 
 
        

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

Infantile hypotonia   Yes   Yes   Yes 
First sat 

independently 
  3 yrs   14 mo.   4 yrs 

First walked   -   2 yrs   10 yrs 

Self-injurious 
behavior 

  Yes   No   Yes 

Movement disorder   Yes: dystonia   No   
Yes: dystonia, 

ballismus of lower 
limbs, chorea 

Receptive 
language 

  None   Responds to name   None 

Expressive 
language 

  None   4-5 words at age 4 
yrs   None 

MRI brain   Normal   Normal   Normal 

Epilepsy   No   No   No 

EEG   

(at 4 yrs, asleep) 
High-amplitude 
slow waves with 

intermittent 
epileptiform spikes 

  

(at 2 yrs, awake) 
Diffuse slow 

background rhythm 
with frequent high-
voltage (180-240 
uV) slow waves 

  

(at 2 yrs, awake) 
Diffuse slow 

background rhythm, 
frequent very-high 
amplitude (300-600 

uV) slow waves  

Visual Evoked 
Potentials  

Not assessed  Increased latency, 
reduced amplitude 

 Increased latency, 
reduced amplitude 

Other conditions   
Scoliosis, 

gastroesophageal 
reflux, esotropia 

  
Atrial septal defect, 

laryngomalacia, 
esotropia 

  
Talipes 

equinovarus, 
esotropia 

 
Table 1. Clinical histories of patients with de novo heterozygous missense mutation in SYT1. 
Histories were obtained directly from patient records and interviews with family members (D304G, 
D366E) or from previously published case histories (I368T). Phenotypes associated with these mutations 
are highly variable; among these patients, mutation D365E is associated with a substantially milder 
phenotype.  
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Figure 1. X-ray crystallographic structures of human syt1 C2B domains harboring disease-
associated mutations. (A) Schematic diagram of full-length syt1 embedded in a synaptic vesicle 
membrane. Each C2 domain was rendered from an X-ray crystal structure (C2A: PDB 1RSY, Sutton et al. 
1995; C2B: 6TZ3, this work). The membrane is drawn to scale, and the N-terminal segments before C2A 
were added with a drawing program to illustrate the topology of syt1.  Ca2+ ligands are rendered in 
wireframe, and Ca2+ ions are shown as orange spheres. (B) X-ray crystal structures of human syt1 C2B 
domains harboring disease-associated mutations. In each case, the overall fold of the WT C2 domain is 
preserved, and differences in the positions of Ca2+-binding/membrane-penetration loops are attributable to 
crystal packing artifacts. (C) Comparison of mutant Ca2+-binding sites to the WT protein. The WT 
structure was rendered in grey and overlaid on each mutant, to illustrate the effect of each mutation on the 
Ca2+-binding pocket: D304G removes an acidic Ca2+ ligand; D366E preserves the ligand but makes the 
binding pocket smaller; and I368T reduces the hydrophobicity of the membrane-penetrating tip of loop 3. 
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Figure 2. Disease-associated syt1 variants fail to support synaptic transmission but have distinct 
phenotypes. (A) Confocal micrographs of cultured hippocampal neurons expressing WT or mutant syt1 
variants immunolabeled for syt1 and the presynaptic marker synaptophysin (syp). Scale bar, 10 μm. (B) 
Colocalization of syt1 variants and syp was quantified via calculation of Pearson’s correlation coefficient. 
No significant differences were observed between WT and mutant variants (n = 9-12 fields of view from 
3-4 coverslips from at least 2 cultures). (C) Scheme of whole-cell patch clamp measurement of synaptic 
transmission in cultured cortical neurons. GABAergic responses to maximal field stimulation using a 
bipolar field electrode were isolated pharmacologically. (D) Average traces of evoked IPSCs from 
neurons expressing no syt1 (KO), WT, or mutant syt1 variants. Stimulus artifacts are removed from KO 
and mutant traces for clarity. (E) Evoked IPSCs shown with normalized amplitude on an expanded 
timescale. (F) Quantification of evoked IPSC amplitudes. (G) Quantification of total evoked IPSC charge. 
(H) Quantification of IPSC time to peak. D365E was the only variant that yielded rapid release kinetics 
comparable to the WT protein. (I) Quantification of miniature IPSC frequency, recorded in TTX without 
stimulation. For panels. F-I, n = 10-15 cells from at least 2 separate cultures. Significance values: *, p < 
0.05 vs. WT; **, p < 0.006 against WT; #, p < 0.05 vs KO, ##, p < 0.005 vs KO (Kruskal-Wallis test with 
Dunn’s multiple comparison test). 
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Figure 3. Co-expression of mutant and WT syt1 defines a dominant-negative action for each 
mutation that varies in potency. (A) Scheme of approach used to address dominant-negative activity for 
each mutant. Quantification of expression level was performed in parallel with optical imaging of evoked 
neurotransmitter release. (B) Representative immunoblot and loading control (CBB: Coomassie Brilliant 
Blue) for syt1 quantification experiments. (C) Representative field of view for iGluSNFR imaging; scale 
bar, 25 μm. (D) Representative raw traces for iGluSNFR imaging of samples expressing only WT syt1 or 
WT syt1 in combination with mutant syt1. These traces correspond to the same experiment for which 
protein quantification is shown in panel (B). In each case, the same amount of lentivirus used to achieve 
the WT expression shown in panel (B) was used, with either a low or high dose lentivirus encoding 
mutant syt1 added simultaneously. (E) The normalized fluorescence transient (dF/F0) upon the first 
stimulus pulse was plotted against the ratio of WT and mutant protein expressed using the same lentivirus 
dose in the same experiment. Each point represents an average of 4 fields of view from a single coverslip 
(N = X coverslips, Y experiments). Pooled results were plotted on a log-linear plot and fit by linear 



 

 
 

66 

regression. Lines display best-fit with shaded regions depicting 95% confidence intervals.  (F) The 95% 
confidence intervals corresponding to the linear model at 1:1 mutant:WT expression are plotted, 
demonstrating the increased dominant-negative potency of variants D303G and I367T over D365E. (G) 
As in panel (E), but with y-axes displaying the amplitude of the tenth fluorescence transient normalized to 
the first fluorescent transient of a 10 Hz, 10-pulse stimulus train (dF/F0(tenth/first)). (H) as in panel (F), 
but with 95% confidence interval of the fit to dF/F0(tenth/first) at 1:1 mutant:WT expression plotted. For 
all experiments, n = 13-14 coverslips from at least 4 separate cultures.  
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Figure 4. Disease-associated syt1 variants cause deficits in Ca2+-dependent lipid binding activity. 
(A) Scheme of the cosedimentation assay used to monitor lipid binding. (B) Representative Coomassie-
stained gel of a cosedimentation assay showing depletion of the protein from supernatant upon binding to 
liposomes. (C) Pooled results of cosedimentation assays using the indicated lipid compositions (n = 3 
independent batches of liposomes and proteins). (D) Representative Coomassie-stained gel of a 
cosedimentation assay performed while titrating [Ca2+]free using an EGTA-NTA Ca2+ buffering system. 
(E) Pooled results of Ca2+ titration cosedimentations. Each point is depicted as the mean  ± SEM of at 
least 4 experiments. Dose-response curves were fitted using the Hill equation. The right panel depicts the 
derived [Ca2+]1/2 values; error bars represent the standard error. Calculated Hill coefficients are noted for 
each variant. (F) Assay scheme for measuring the kinetics of Ca2+ release from protein-membrane 
complexes. Ca2+, syt1 C2AB, and liposomes are combined, then mixed with the fluorescent Ca2+ indicator 
Quin-2 in a stopped-flow rapid-mixing spectrometer. (G) Average traces for Ca2+ release kinetics; these 
were fitted with double exponential functions (smooth lines) extrapolated to t = 0. (H) Parameters from 
the biexponential fits are plotted. Each mutation had minor effects on the slow component of Ca2+ release 
but also increased the relative amplitude of the fast component of Ca2+ release (n = 5 unique combinations 
of protein and lipid batches). Significance values: indicated p-values indicate results of one-way 
ANOVA; *, p < 0.05 vs. WT, Dunnett’s multiple comparisons test. 
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Figure 5. Disease-associated syt1 variants disrupt a low Ca2+ affinity membrane penetration mode 
in C2A and a novel, high Ca2+ affinity penetration mode in C2B. (A) Scheme illustrating the 
membrane penetration assay. Syt1 C2AB was labeled with the environmentally-sensitive probe NBD 
(green star) and adsorbed to liposomes containing 15% PS and 3% PIP2, which together mediate Ca2+-
independent syt1 C2AB-liposome binding, before the addition of Ca2+. Pre-adsorption of C2AB mitigates 
the entropic benefit that accompanies binding by a single high-affinity site and thus allows for specific 
examination of penetration by C2A and C2B (see text). (B) Representative raw traces of NBD 
fluorescence emission upon titration of Ca2+. (C) NBD fluorescence emission from C2AB labeled on 
either C2A or C2B was integrated from 510-610 nm and plotted against [Ca2+]free (n = 4 unique 
combinations of lipid and protein batches) for WT and each mutant variant form of syt1. Overlaid lines 
represent fits from single-site binding models. (D) The [Ca2+]1/2 value was calculated for penetration by 
C2A and C2B for WT and mutant variants. Error bars represent standard errors. (E) [Ca2+]1/2 values for 
Ca2+-dependent membrane penetration normalized to WT. Error bars represent propagated standard 
errors. (F) Model depicting specialization of the individual C2 domains of syt1. C2B contains a higher-
affinity Ca2+-binding site and is more sensitive to mutations, whereas C2A contains a lower-affinity site 
and is functionally less sensitive to mutations.  
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Figure 6. Rescue of dominant-negative syt1 mutant phenotypes by a clinically approved, centrally 
acting K+ channel blocker. (A) Structure and generic names of 4-aminopyridine, a centrally-acting 
voltage-gated K+ channel antagonist clinically approved for the treatment of walking symptoms in 
multiple sclerosis. (B) Representative iGluSNFR dF/F0 traces from individual fields of view before and 
after treatment of 5 μM 4-aminopyridine. Cultures were transduced with lentivirus to achieve ~1:1 
expression of mutant and WT protein. (C) dF/F0 transients upon the first stimulation of a 10-AP train are 
plotted for each genotype in control bath, followed by the addition of 4-AP to 2.5 and 5 μM. The same 
fields of view were imaged in control and each 4-AP condition, enabling the use of paired statistics. (D) 
as in (C) but for dF/F0 transients for the tenth response normalized to the first response. Both synaptic 
release parameters normalized in response to 4-AP in a dose-dependent fashion, with near-complete 
rescue of WT glutamate release at 5 μM 4-AP. For all experiments, n = 12-16 fields of view from 3-4 
coverslips from at least 2 separate cultures. Significance values: ns, p > 0.3 vs. WT (One-way ANOVA 
with Dunnett’s multiple comparisons test), #, p < 0.01 vs ctrl for the same genotype (paired t-test).  
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Appendix 
 

 

 Syt1 C2B WT  Syt1 C2B D304G  Syt1 C2B D366E  Syt1 C2B I368T  

PDB Code 6TZ3 6U41 6U4W 6U4U 

Wavelength 1.097 0.984 0.9795 1.099 

Resolution range 
23.64  - 1.17 

(1.212  - 1.17) 
34.59  - 1.7 (1.761  

- 1.7) 
27.91  - 1.4 (1.45  

- 1.4) 
26.32  - 1.3 (1.347  

- 1.3) 

Space group P 32 2 1 P 32 2 1 P 32 2 1 P 32 2 1 

Unit cell 
54.594 54.594 

103.904 90 90 120 
54.29 54.29 

103.77 90 90 120 
54.39 54.39 

103.93 90 90 120 
54.41 54.41 

103.77 90 90 120 

Total reflections 279817 (28084) 369674 (24602) 328559 (32897) 197826 (12066) 

Unique reflections 59556 (5530) 20015 (1882) 35709 (3505) 44121 (4117) 

Multiplicity 4.7 (4.7) 18.5 (13.1) 9.2 (9.4) 4.5 (2.9) 

Completeness (%) 96.36 (91.03) 99.50 (96.32) 99.14 (96.64) 99.06 (93.21) 

Mean I/sigma(I) 16.71 (5.28) 50.73 (16.99) 16.44 (2.45) 20.99 (2.70) 

Wilson B-factor 15.76 14.94 12.27 11.90 

R-merge 0.03867 (0.3145) 0.03775 (0.1251) 0.07736 (1.309) 0.03336 (0.4135) 

R-meas 0.04362 (0.3532) 0.0388 (0.1302) 0.08231 (1.386) 0.03779 (0.4988) 

R-pim 0.01979 (0.1578) 0.008874 
(0.03528) 0.02758 (0.4533) 0.01742 (0.2734) 

CC1/2 0.999 (0.914) 1 (0.994) 0.998 (0.746) 1 (0.859) 

CC* 1 (0.977) 1 (0.999) 0.999 (0.924) 1 (0.961) 

Reflections used in 
refinement 

59044 (5532) 20014 (1883) 35500 (3397) 44117 (4117) 

Reflections used 
for R-free 

1992 (187) 1085 (87) 1852 (151) 2002 (182) 

R-work 0.1554 (0.1415) 0.1569 (0.1606) 0.1864 (0.5205) 0.1434 (0.1991) 

R-free 0.1750 (0.1736) 0.1783 (0.1982) 0.2104 (0.6876) 0.1695 (0.2321) 

CC(work) 0.935 (0.939) 0.961 (0.954) 0.928 (0.342) 0.966 (0.926) 
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CC(free) 0.942 (0.945) 0.963 (0.935) 0.933 (0.304) 0.968 (0.914) 

Number of non-
hydrogen atoms 

1425 1568 1414 1640 

  macromolecules 1231 1351 1284 1378 

  ligands 15 25 20 45 

  solvent 179 192 110 217 

Protein residues 148 148 149 148 

RMS(bonds) 0.013 0.008 0.011 0.008 

RMS(angles) 1.25 0.85 1.12 1.02 

Ramachandran 
favored (%) 

97.26 100.00 97.96 98.60 

Ramachandran 
allowed (%) 

2.74 0.00 2.04 1.40 

Ramachandran 
outliers (%) 

0.00 0.00 0.00 0.00 

Rotamer outliers 
(%) 

1.43 1.96 1.41 1.27 

Clashscore 1.58 2.14 2.26 3.84 

Average B-factor 24.37 22.82 21.98 18.57 

  macromolecules 21.90 20.37 20.02 15.53 

  ligands 50.91 69.67 69.86 50.20 

  solvent 39.13 33.99 36.16 31.35 

Table S1.  Data collection and refinement statistics for syt1 C2B X-ray crystallography, related to 
Figure 1. Statistics for the highest-resolution shell are shown in parentheses. 
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Patient D304G 

 
 

Patient D366E 

 
 

Figure S1. Chromatograms from Sanger sequencing of genomic DNA from patients harboring 
mutations D304G and D366E, related to Table 1. Genomic DNA was extracted from saliva samples, 
amplified with PCR, and subjected to Sanger sequencing. Results confirm heterozygosity at the positions 
in question, indicated with arrows (D304G: A/G; D366E: A/C).  
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Figure S2. Immunocytochemical staining for syt1 is specific, related to Figure 2. Samples from 
Syt1fl/fl coverslips were transduced with lentivirus encoding Cre recombinase +/- lentivirus encoding WT 
syt1. Samples transduced with Cre alone did not stain with anti-syt1 antibody (upper panels) despite a 
qualitatively normal distribution of nerve terminals, as shown by staining with anti-synaptophysin 
antibody (lower panels). Scale bar, 10 μm.  
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Extra sum-of-squares F 
test       

 dF/F(first stim) dF/F(tenth/first) 

Null hypothesis One curve for all data sets One curve for all data sets 
Alternative hypothesis Different curve for each data set Different curve for each data set 

P value 0.0053 0.0219 
Conclusion (alpha = 0.05) Reject null hypothesis Reject null hypothesis 

Preferred model Different curve for each data set Different curve for each data set 
F (DFn, DFd) 4.433 (4, 35) 3.284 (4, 35) 
       

       
Aikike information 

criteria       
   dF/F(first stim)   dF/F(tenth/first) 

Simpler model One curve for all data sets One curve for all data sets 
Probability it is correct 4.61% 23.86% 

Alternative model Different curve for each data set Different curve for each data set 
Probability it is correct 95.39% 76.14% 

Ratio of probabilities 20.7 3.19 
Preferred model Different curve for each data set Different curve for each data set 

Difference in AICc 6.06 2.32 
 
 
Table S2. Tests supporting the use of separate curves to fit the data in Figures 3F and 3H. Log-
linear fits (shown in Figure 3) were compared among D303G, D365E, and I367T. 
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Figure S3. Comparison of dominant-negative effects among mutant variants without controlling for 
expression level, related to Figure 3. (A-B) Quantification of iGluSnFR responses on the first field 
stimulus (A) as well as those of tenth stimulus normalized to the first (B) in cultures expressing WT and 
variable amounts of mutant variant syt1. *, p < 0.05, **, p < 0.006 vs. WT; #, p < 0.05 vs. WT+D365E 
(One-way ANOVA with Holm-Sidak multiple comparison test (A); Kruskal-Wallis with Dunn’s multiple 
comparison test (B)). Each data point represents the average of four fields of view from one coverslip. 
Error bars represent SEMs. 
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Figure S4. Mutant variants exert dominant-negative effects on GABAergic synaptic transmission, 
related to Figure 3. (A) Representative IPSC traces from cultured Syt1fl/fl hippocampal neurons 
transduced with lentivirus to express Cre along with WT syt1 alone or WT and mutant syt1 variants at a 
~1:1 ratio. (B-D) Quantification of amplitude (B), charge (C), and time to peak (D) of evoked IPSCs for 
each expression condition (n = 15-16 cells from 2 cultures per condition). **, p < 0.005 vs. WT (Kruskal-
Wallis with Dunnett’s multiple comparison test). Error bars represent SEMs. 
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Figure S5. SNARE binding is unaffected in disease-associated syt1 variants, related to Figure 4. (A) 
Scheme of HaloTag-C2AB•t-SNARE binding assay. (B) Representative Coomassie-stained gel of Halo-
C2AB constructs and eluted t-SNARES. Binding assays were performed in 1 mM EGTA (condition E) or 
1 mM EGTA plus 1.5 mM CaCl2 (0.5 mM [Ca2+]free, condition Ca). (C) Bands corresponding to eluted t-
SNAREs were quantified by densitometry and normalized to WT binding in EGTA. No differences were 
observed between WT and mutant constructs binding to t-SNAREs in EGTA or Ca2+. Error bars represent 
SEMs. 
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Figure S6. Quin-2 detects kinetics of Ca2+ release from syt1-Ca2+-liposome complexes, related to 
Figure 4. (A) Representative data from an experiment measuring Ca2+ release from syt1-Ca2+-liposome 
complexes. Each trace is the average of 5-7 single shots in the stopped-flow device. (B) Mixing quin-2 
with Ca2+ in the absence of C2AB and liposomes yields traces that are dependent on [Ca2+] but do not 
provide kinetic information, demonstrating that Quin-2 binds Ca2+ within the dead time of the instrument.  
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Figure S7. Ca2+-independent binding of NBD-C2AB to PS:PIP2 vesicles, related to Figure 5. 
Cosedimentation was performed with NBD-C2AB, labeled at F234C, and PS:PIP2 vesicles containing 3% 
PIP2 under the same conditions used for the penetration assays shown in Figure 5. Following 
sedimentation, the supernatant was subjected to SDS-PAGE and NBD-syt1 was detected by in-gel 
fluorescence. At 0.5 mM [lipid], the supernatant was completed depleted of NBD-C2AB. For penetration 
assays (Figure 5), a lipid concentration of 0.6 mM was used.  
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Chapter 4: SV2A supports synaptic vesicle fusion downstream of evoked Ca2+ entry 

 
Summary 
 
SV2A, an essential transporter-like synaptic vesicle protein, has no well-defined molecular function at the 

synapse despite being a major target for antiepileptic drugs. While SV2A is required for normal levels of 

evoked neurotransmitter release, the mechanism underlying this role remains unclear. Here, we introduce 

a new chemogenetic approach for all-optical monitoring of excitation-secretion coupling, and we 

demonstrate its use in characterizing the SV2A KO phenotype in cultured hippocampal neurons. This 

method employs the HaloTag system to target a fast small-molecule Ca2+ indicator, JF646-BAPTA, to the 

presynaptic compartment. The far-red fluorescence of this indicator enables multiplexing with the 

fluorescent glutamate sensor iGluSnFR for detection of presynaptic Ca2+ influx and glutamate release at 

the same axonal boutons. Evoked glutamate release probability was reduced in SV2A KO neurons 

without a change in presynaptic Ca2+ entry or sensitivity to Ca2+, suggesting that SV2 supports vesicle 

fusion by increasing the availability of Ca2+-sensitive release machinery. 

Introduction 
 

Many basic tenets of synaptic vesicle cycle are well-accepted: at the nerve terminal, vesicles are 

assembled locally from precursors (Rizalar et al., 2021), and these vesicles accumulate neurotransmitter 

and undergo Ca2+-dependent fusion with the plasma membrane (Brose et al., 2019). However, major 

questions remain about basic elements of this process: which molecules and interactions drive the 

assembly of synaptic vesicles (Park et al., 2021)? How are these assemblies maintained during rapid 

vesicle recycling (Fernández-Alfonso et al., 2006; Hua et al., 2011)? What are the mechanisms for 

synaptic vesicle quality control and degradation? 

One protein that exemplifies the need for further study is SV2A, one of the first-cloned synaptic 

vesicle proteins (Bajjalieh et al., 1992; Buckley and Kelly, 1985; Feany et al., 1992). These pioneering 

studies established that SV2A is homologous to transport proteins in the major facilitator superfamily, 

whose members largely carry out secondary active transport processes and include the vesicular 
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transporters for classical neurotransmitters (Yan, 2015). Mice lacking SV2A (SV2A KO) fail to gain 

weight, develop seizures, and die by ~14 days of age (Crowder et al., 1999; Janz et al., 1999). Action-

potential-dependent neurotransmitter release is attenuated in cultured SV2A KO neurons (Chang and 

Sudhof, 2009; Custer, 2006), suggesting a mechanism for epileptogenesis, but how SV2A modulates the 

release machinery is unknown. In particular, whether SV2A affects presynaptic Ca2+ entry, a key factor in 

neurotransmitter release, has not been established. 

Strikingly, SV2A is also a major drug target in the treatment of epilepsy (Löscher et al., 2016). 

The anti-epileptic drugs levetiracetam (Keppra) and brivaracetam (Briviact) bind SV2A (Klitgaard et al., 

2016; Lynch et al., 2004), and it is well-established that this interaction underlies these drugs’ anti-

epileptic action (Kaminski et al., 2009, 2008). However, as with SV2A’s endogenous function, the 

antiepileptic mechanism of these drugs is otherwise undefined at the molecular level. While most 

antiepileptic drugs directly inhibit the excitatory machinery of neurons or enhance inhibitory processes, 

several clues indicate an unusual mechanism of action for racetam antiepileptics. Their profile in rodent 

epilepsy models is atypical, and they have only subtle effects on neurotransmission even at high 

concentrations (García-Pérez et al., 2015; Löscher et al., 2016; Yang et al., 2015). The clinical 

presentation of levetiracetam overdose is unusually benign (Kartal, 2017), suggesting a mechanism of 

action that relies specifically on epileptic processes. 

Whether SV2A affects presynaptic Ca2+ entry, a key factor in neurotransmitter release, has not 

been conclusively established. While one report has suggested role for the related protein SV2B in 

presynaptic Ca2+ signaling in bipolar neurons of the retina (Wan et al., 2010), other reports have used 

indirect methods to suggest that SV2A does (Janz et al., 1999) or does not (Chang and Sudhof, 2009; 

Custer, 2006) modulate presynaptic Ca2+ signaling at small boutons in cultured neurons. To clarify the 

relationship between SV2A and presynaptic Ca2+, we developed and applied an all-optical approach to 

monitor excitation-secretion coupling, determining that SV2A supports SV fusion downstream of 

presynaptic Ca2+ entry.  
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Results 
 

Because it is unclear at what step SV2A acts in exocytosis, we sought to definitely establish 

whether SV2A modulates presynaptic Ca2+ or Ca2+-secretion coupling. Sv2a-/- mice do not gain weight 

and die before reaching 2 weeks of age (Crowder et al., 1999), making brain slice studies impractical and 

potentially confounded by a global failure to thrive. Neuronal cultures from neonatal mouse hippocampus 

thus provide an ideal model to study the role of SV2A in synaptic transmission. However, the irregular 

morphology, long processes, and absence of tissue organization in neuronal cultures present obstacles to 

measuring presynaptic Ca2+ fluxes using Ca2+indicators loaded either by bath application or by whole-cell 

dialysis. Published approaches have involved combining bath-loaded Ca2+ indicators with presynaptic 

markers (Hoppa et al., 2012) or targeting genetically-encoded Ca2+ sensors to the nerve terminal (de Juan-

Sanz et al., 2017), but these techniques suffer from poor rejection of non-presynaptic Ca2+ signals or poor 

temporal resolution of Ca2+ signals, respectively.  

We thus took advantage of the HaloTag system (Los et al., 2008) along with recent advancements 

in synthetic Ca2+ indicators (Deo et al., 2019) to target a sensitive, small-molecule Ca2+ sensor to the 

presynaptic compartment. The indicator used here, JF646-BAPTA, offers several advantages over existing 

Ca2+ indicators. In particular, this far-red indicator undergoes substantial brightness increases when bound 

to the HaloTag protein via a chloroalkane linker, enabling spatially-resolved measurements of Ca2+ 

depending on the subcellular targeting of the HaloTag protein (Deo et al., 2019). In neurons expressing a 

synaptophysin-HaloTag fusion protein, incubation with the acetoxymethyl ester of JF646-BAPTA-

HaloTag ligand generated a presynaptic Ca2+ sensor with the punctate presynaptic localization of 

synaptophysin (syp) (Fig. 1B) along with the speed and sensitivity of small-molecule Ca2+ ligands (Fig. 

1C). While JF646-BAPTA is a high-affinity Ca2+ indicator (KD ~ 150 nM) (Deo et al., 2019) and thus 

tracks Ca2+ fluxes slightly less faithfully than lower-affinity dyes (Sabatini and Regehr, 1998), this 

approach provided a substantial improvement in kinetic fidelity over a similarly targeted Syp-GCaMP6f 

construct (Fig. 1C). For each field of view, a dye-saturating stimulus performed at the end of each 
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experiment allowed estimation of absolute [Ca2+]i using the known properties of the dye (Methods) (de 

Juan-Sanz et al., 2017; Deo et al., 2019; Maravall et al., 2000).  

Co-expression of the fluorescent glutamate sensor iGluSnFR (Marvin et al., 2018), which is 

spectrally well-separated from JF646-BAPTA, permitted paired measurements of glutamate release from 

the same fields of view as used for Ca2+ measurements. In this all-optical approach to measuring 

excitation-secretion coupling, cultured hippocampal neurons were transduced with lentiviruses to express 

a synaptophysin-Halotag fusion protein as well as iGluSnFR (Fig. 2A-B). We applied this method to 

hippocampal neurons cultured from Sv2a WT and KO mouse pups (Fig. 2C-F). Resting [Ca2+] was 

unchanged between WT and KO mice (Fig. 2C), consistent with the absence of a change in spontaneous 

synaptic current frequency in Sv2aA KO mice (Chang and Sudhof, 2009; Crowder et al., 1999; Custer, 

2006). Syp-HaloTag-JF646-BAPTA reported peak [Ca2+]i values that increased linearly with [Ca2+]e under 

all conditions studied here, and Ca2+ entry was unchanged between WT and KO (Fig. 2D). By contrast, 

glutamate release was attenuated in the SV2A KO at every [Ca2+]e studied, in accordance with previous 

reports (Chang and Sudhof, 2009; Custer, 2006). For both genotypes, the relationship between iGluSnFR 

dF/F0 and [Ca2+]e (Fig. 2E) was well-fit by a cooperative binding model with a Hill parameter of ~2.3 

(WT: 2.2, 95% CI 1.7-2.9; KO: 2.5, 95% CI 1.9-3.0). Plotting the paired data for iGluSnFR versus peak 

[Ca2+]i in each field of view (Fig. 2F) yielded a similar relationship, which was noisier but converged on 

values closer to 4 (WT: 4.3, 95% CI 2.9-6.1; KO: 3.5, 95% CI 2.3-5.2). These results are comparable to 

those obtained in young cultured hippocampal neurons using flash photolysis (Burgalossi et al., 2010), 

which estimate this parameter to be approximately 3. Values for the Hill coefficient and half-maximal 

[Ca2+] were nearly identical between SV2A WT and KO neurons, and the reduction in glutamate release 

in the SV2A KO was well-approximated by linearly scaling down the Ca2+-glutamate release curves 

observed for WT neurons (Fig. 2D-E).  

Application of 10-Hz stimulus trains (Fig. 2G) demonstrated that the reduced glutamate release 

resulted from a reduction in initial release probability (Fig. 2H-K), as supported by an increase in the 

paired-pulse ratio in SV2A KO neurons (Fig. 2I) as well as a normalization of evoked glutamate release 
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over the course of the stimulus train (Fig. 2H, J-K). Our results are in accordance with previous studies 

of glutamatergic and GABAergic transmission in SV2A KO neurons (Chang and Sudhof, 2009; Custer, 

2006). Together, these results strongly suggest that SV2 does not modulate Ca2+ influx or the direct action 

of Ca2+ effector molecules, but instead controls the functional abundance of these effectors in a dynamic 

manner influenced by ongoing activity.  

Discussion 
 

The role of SV2A in synaptic transmission has been enigmatic since its discovery. The ubiquity 

and physiologic importance of a synaptic vesicle transporter, which does not appear to transport 

neurotransmitter, suggests important aspects of synaptic vesicle biology are yet to be defined. Because it 

is already a major drug target (Löscher et al., 2016), defining a molecular function for SV2A at the 

synapse would have likewise have important clinical ramifications. 

A role for SV2 proteins as Ca2+ regulators has been suggested by some studies (Janz et al., 1999; 

Wan et al., 2010) but not others (Chang and Sudhof, 2009; Custer, 2006). None of these studies, however, 

assessed Ca2+ dynamics in small nerve terminals lacking SV2A. The chemogenetic Ca2+-sensing construct 

described here (Fig. 1) represents a useful tool for probing presynaptic Ca2+ and represents a favorable 

compromise among speed, spatial resolution, and temporal resolution versus existing techniques (Fig. 1). 

Future studies that capitalize on the spatial resolution of Syp-Halo-JF646-BAPTA, particularly using 

confocal imaging techniques, may expand the use of this tool for monitoring heterogeneity of synaptic 

Ca2+ transients among nerve terminals in genetically-specified populations of neurons.  

Integration of Syp-Halo-JF646-BAPTA with iGluSnFR enabled the monitoring of excitation-

secretion with a convenient all-optical approach, which was employed to determine that presynaptic Ca2+ 

entry is unaltered by the loss of SV2A (Fig. 2). The unchanged sensitivity of glutamate release to 

extracellular [Ca2+] is consistent with this finding, as a reduction in Ca2+ entry per action potential should 

cause a shift in this curve (Fig. 2E-F) to the right. Our results are likewise consistent with previous 

studies in cultured hippocampal neurons (Chang and Sudhof, 2009; Custer, 2006). Rather than change 
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Ca2+ dynamics, SV2A appears to influence the release machinery itself. However, we interpret these data 

to favor an indirect mechanism of action of SV2A rather than a direct allosteric effect on the Ca2+-

secretion coupling process per se. The loss of a direct modulator is more likely to change the Ca2+ 

dependence of exocytosis, exemplified by the phenotype observed in neurons lacking the syt1-SNARE-

binding protein complexin (Reim et al., 2001) or synaptotagmin (Kochubey and Schneggenburger, 

2011b). In any case, these results establish unambiguously that SV2 modulates excitation-secretion 

coupling downstream of Ca2+ entry. Our results differ from those obtained from synaptic terminals of 

retinal bipolar neurons from SV2B knockout mice (Wan et al., 2010), though it is difficult to draw 

meaningful comparisons across SV2 isoforms and synapse types.  

While our results help to define the physiologic role of SV2A, a well-defined molecular function 

remains elusive. The normalization of synaptic deficits during sustained activity (Fig. 2G-K) suggests 

that ongoing action potential firing, Ca2+ entry, and vesicular recycling may help compensate for the 

absence of SV2A. One explanation for this could involve a role for SV2A in SV protein trafficking 

during periods of rest or development (Custer, 2006), and changes in abundance or localized trafficking 

of proteins such as syt1 (Yao et al., 2010; Zhang et al., 2015) may play a role in the SV2A KO phenotype. 

Because SV2A co-immunoprecipitates with the Ca2+ sensor synaptotagmin-1 (syt1) (Schivell et al., 

1996), and because presynaptic syt1 is less abundant at synapses lacking SV2A (Yao et al., 2010), altered 

trafficking of syt1 provides an attractive candidate mechanism for SV2A’s role in exocytosis. However, 

certain point mutants suggest that presynaptic syt1 abundance does not correlate with SV2A’s function 

(Nowack et al., 2010). Further studies are underway to determine how the SV2A KO phenotype depends 

on syt1, and whether it may be rescued e.g. by chimeric variants of syt1 harboring additional trafficking 

motifs (Hui et al., 2009a).  

Another major question regarding SV2A centers on the mechanism for the racetam antiepileptic 

drugs. The clinical pharmacology of levetiracetam may provide some important clues. Unlike other 

antiepileptic drugs, levetiracetam is not a broad-spectrum CNS depressant (Kartal, 2017), though it is as 

effective as the sodium-channel blocker phenytoin as a second-line treatment for status epilepticus 
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(Klowak et al., 2021), which indicates a rapid mechanism of action. Several investigators have found that 

these drugs, even at high concentrations, exert only subtle effects on neurotransmitter release (García-

Pérez et al., 2015; Nowack et al., 2011; Yang et al., 2015). A role for levetiracetam in changing the 

trafficking of SV proteins, particularly under the conditions of SV2 overexpression, has also been 

proposed (Nowack et al., 2011). It is thus possible that racetam antiepileptics stabilize particular 

conformations of SV2A with altered protein-protein interaction profiles to disrupt SV protein trafficking, 

which may have selective importance during epileptic activity. Alternatively, racetam antiepileptics may 

stabilize conformations of SV2A that have alternative, inhibitory functions at the nerve terminal, such as 

ionic conductances. It is not uncommon for transporters to function as ion channels, e.g., the Cl- 

conductance of the vesicular glutamate transporter (Eriksen et al., 2016). These effects may then depend 

on accumulation of SV2A in the plasma membrane, which may happen selectively under epileptic 

conditions. Further studies may rigorously establish whether any of these mechanisms contributes to the 

anti-epileptic effect of levetiracetam and brivaracetam, which remains one of the outstanding mysteries of 

clinical neuroscience. 

Finally, it is important to affirm that the amino acid sequence of SV2A strongly suggests some 

type of recognition and/or transport function for ions or small molecules. Multiple independent lines of 

work have suggested glycobiological roles for SV2A, including the transport of galactose in yeast (Madeo 

et al., 2014) and the binding of fucose-α(1,2)-galactose motifs (Wibowo et al., 2014). While sugar 

transport and protein glycosylation are key for protein and membrane trafficking in the secretory 

pathway, only a few studies have begun to characterize these processes at the nerve terminal (Boll et al., 

2020; Bosmann, 1972), and it remains possible that SV2A may support exocytosis through biochemical 

pathways that remain to be defined. It is also possible that SV2A may carry out multiple important 

functions, such as both molecular transport and trafficking, of which only a fraction may influence 

synaptic transmission.   
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Tables and Figures 
 

 
 
Fig. 1. A chemogenetic sensor for presynaptic Ca2+. (A) Ca2+ sensor scheme. The HaloTag protein was 
targeted to nerve terminals by expression as a fusion construct with the SV protein synaptophysin. JF646-
BAPTA bearing a HaloTag chloroalkane ligand was added to the bath in AM ester form and allowed to 
undergo fluorogenic binding to Syp-HaloTag. (B) The reaction yields Syp-HaloTag-JF646-BAPTA, a Ca2+ 
sensor with bright resting fluorescence that matches the expected punctate distribution of synaptophysin 
labeling and readily reports presynaptic Ca2+ fluxes from single action potentials. (C) Comparison 
between Syp-HaloTag-JF646-BAPTA and Syp-GCaMP6f, a high-performance genetically encoded 
presynaptic Ca2+ sensor, demonstrates the enhancement in signal:noise and temporal fidelity afforded by 
the chemogenetic approach shown here. Estimated [Ca2+]i was determined using a dye-saturating stimulus 
train following the single action potential shown here (see Methods).  
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Fig. 2: SV2A supports release probability independently of presynaptic Ca2+. (A) Representative 
field of view for Syp-HaloTag-JF646-BAPTA (left) and fluorescence responses in that field of view from 
single action potentials triggered at increasing [Ca2+]e. (B) The same field of view as in (A) was imaged in 
the GFP channel, showing the plasma-membrane localized iGluSnFR construct (left) and corresponding 
fluorescence responses from action potentials triggered at increasing [Ca2+]e (right). (C) Resting [Ca2+]i at 
2 mM [Ca2+]e did not differ between SV2A WT and KO neurons (p > 0.4, Mann-Whitney test). (D) Peak 
[Ca2+]i was plotted for each field of view at each [Ca2+]e examined. [Ca2+]i was calculated using a 
normalization procedure after applying an indicator-saturating stimulus at the end of each experiment. (E) 
iGluSnFR responses were plotted against [Ca2+]e for each field of view.. Lines show the fit using a 
cooperative binding model with a Hill coefficient of ~2.3. (F) iGluSnFR responses were plotted against 
peak [Ca2+]i for each field of view. Lines show the fit of a cooperative binding model with Hill coefficient 
of ~4. In panels (E) and (F), no difference in the [Ca2+]e (E) and [Ca2+]i (F) at which glutamate release was 
half-maximal was observed for the WT and KO. The value of the Hill coefficient likewise did not differ 
between WT and KO. P values for panels (E) and (F) are given as the probability that two separate curves 
are required to fit the data as determined via the Aikike Information Criteria. For the data showin in panel 
(E), SV2A KO neurons released less glutamate per action potential at all [Ca2+]e values studied (p < 
0.0001, Mann-Whitney test). (G) Averaged iGluSnFR signals from SV2A WT and KO neurons in 
response to 10-AP, 10-Hz stimulus trains. (H-I) Parameters describing short-term plasticity calculated 
from each stimulus train response and plotted. The exocytosis deficit in SV2A KO neurons normalized 
over the course of the stimulus train, indicating that SV2A acts to support initial release probability. In 
panels (H-I), values stated indicate results of Mann-Whitney tests (ns, p > 0.08). For panels (A-F), n = 16-
24 fields of view from 2-3 neuronal cultures; for panels (H-K, n = 24 fields of view from 2 neuronal 
cultures.  
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Methods 

Cell culture and lentiviral transduction P0-P2 newborn mouse pups from SV2B-/-, SV2A+/- breeders 

were genotyped prior to dissection. Hippocampal formations from SV2A+/+ and SV2A-/- pups were 

obtained by microdissection and kept in Hibernate-A until the completion of dissection, at which point 

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

Trypsin was then replaced with plating medium (DMEM +10% FBS) and tissue was triturated 10-20 

times with a 1 ml pipette before plating at ~100,000 cells/cm2 (two pups per 12-well plate) onto poly-D-

lysine coated glass coverslips. Plating medium was replaced with complete growth medium (Neurobasal-

A medium supplemented with B-27 (1X, Gibco) and Glutamax (1X, Gibco) after 1 hour. Lentivirus 

encoding iGluSnFR A184V and lentivirus encoding GAP43-jRGECO1a P2A synaptophysin-HaloTag 

were added on 5DIV.  

Molecular biology and lentiviral preparation A modified iGluSnFR A184V bearing endoplasmic 

reticulum and Golgi export signals (Bradberry et al., 2020) was subcloned into the FUGW transfer 

plasmid under the synapsin promoter. GAP43-jRGECO1a (Dana et al., 2016) P2A synaptophysin-

HaloTag was generated by overlap extension PCR. DNA sequences were subcloned using the In-Fusion 

cloning system (Takara) into the FUGW lentiviral transfer plasmid (Addgene plasmid #14883, a gift from 

Dr. David Baltimore) modified to include the human synapsin promoter. Lentivirus was generated by 

CaPO4-mediated cotransfection of HEK293-T cells with transfer plasmid and the helper plasmids 

pCD/NL-BH*ΔΔΔ (Addgene plasmid #17531, a gift from Dr. Jakob Reiser) and pLTR-G (Addgene 

plasmid #17532, a gift from Dr. Jakob Reiser) followed by concentration of virus-bearing supernatant by 

ultracentrifugation as described (Kutner et al., 2009). The GAP43-jRGECO1a P2A Syp-Halo construct 

was used because we observed more even and widespread expression of Syp-HaloTag with this construct 

than with constructs expressing Syp-HaloTag alone. Fluorescence from GAP43-jRGECO did not 

interfere with glutamate or Ca2+ measurements, nor did it affect the well-described SV2 KO phenotype of 

reduced glutamate release (Fig. 1).  
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Glutamate and Ca2+ imaging Neurons (15-18DIV) were washed twice with an artificial cerebrospinal 

fluid (ACSF) containing (in mM) NaCl 128, KCl 2.5, MgCl 1, CaCl2 1.2, HEPES 25, glucose 30 and 

incubated for 20 minutes at 37 ºC in the same ACSF containing JF646-BAPTA-HTL-AM (a gift from Dr. 

Luke Lavis, Janelia Research Campus). JF646-BAPTA-HTL-AM was aliquoted as a 1 mM stock in 

anhydrous DMSO. For each experiment, an aliquot was diluted to 100 µM in anhydrous DMSO, and 1 μl 

of this diluted solution was added to 550 μl ACSF immediately prior to this incubation. After incubation 

with dye, the coverslip was washed (3 x 1 ml) and incubated for 20 more minutes at 37 ºC in dye-free 

ACSF before being mounted in an imaging chamber with platinum electrodes (Warner Instruments). 

Imaging was carried out with a 40X 1.4 NA objective on an inverted epifluorescence microscope (IX81, 

Olympus) equipped with CMOS camera (Orca Flash 4.0 V2, Hamamatsu), motorized stage (Mad City 

Labs), and a custom illumination source containing three LEDs (470 nm, 530 nm, 625 nm) (Thorlabs). 

The system was controlled using Micro-Manager (Edelstein et al., 2010). Stimulus pulses (100V, 0.5 ms) 

were delivered with a stimulation box (SD9, Grass) controlled via a HEKA EPC 10 DAQ-amplifier and 

PatchMaster software, which was also used to synchronize the start of image sequence acquisition. For 

iGluSnFR measurements, the 470 nm LED, a standard GFP filter set (49002, Chroma) and a 10 ms 

exposure time was used, while JF646-BAPTA signals were acquired using the 625 nm LED, custom 3-

band pass dichroic mirror (Chroma) and far-red emission filter with a 20 ms exposure time. Images were 

collected using binning at 2x2 (0.325 μm pixels, Fig. 1) or 4x4 (0.65 µm pixel size, Fig. 2). For each 

coverslip, four fields of view were selected, and each field of view was imaged sequentially for glutamate 

release and presynaptic Ca2+ entry, with at least 15 seconds allowed between stimuli. This was repeated 

for each field of view for each ACSF solution containing varying CaCl2, and the motorized stage was 

used to return to the same 4 fields of view for all external solutions. At the end of each experiment, each 

field of view was subjected to a saturating stimulus (100 AP @ 50 Hz) while imaging Syp-HaloTag-JF646-

BAPTA to establish a maximum fluorescence (Fmax) for that field of view, which was used to derive 

[Ca2+]i values (see below). Given the expected presynaptic localization of Syp-HaloTag-JF646-BAPTA, 

the fluorogenic properties of the complete HaloTag-bound Ca2+ sensor (Deo et al., 2019) the dense 
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expression of this marker, and the difficulty of obtaining the exact focal plane for each Ca2+ condition, 

image sequences were analyzed as entire fields of view. For the data shown in Fig. 2 panels (H-K), no 

Ca2+ sensing constructs were expressed, and coverslips were simply transferred from the incubator to the 

microscope and equilibrated at room temperature for at least 5 minutes before recording. At least 4 

minutes were allowed between stimulus trains.  

 
Data analysis iGluSnFR image sequences were converted to ∆F/F0 traces after background subtraction 

using custom-written scripts in FIJI and R. Syp-Halo-HF646-BAPTA traces were background-subtracted, 

and the Fmax for each field of view was used to derive [Ca2+]i using the following equation (de Juan-Sanz 

et al., 2017; Maravall et al., 2000):  

["#]! = &" '
( (#$%) − 1 ,&)
1 − ( (#$%)

-

' ()

 

Where Kd is the dissociation constant of the indicator, Fsyp is the average fluorescence across all ROI’s in 

the field of view, Rf is the dynamic range of the indicator, and n is the Hill coefficient. For Kd, Rf, and n, 

we used in vitro measurements from Deo et al. (2019). Data for glutamate release versus Ca2+ were 

plotted and fit in Prism (GraphPad) using a cooperative binding equation with Hill slope.  
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Chapter 5: Ultra-purification of brain synaptic vesicles 
 
Summary 
 
Synaptic vesicles (SVs) are the fundamental packets, or quanta, of rapid neurotransmission. Much 

remains to be learned about the processes underlying their function, particularly how SVs are assembled 

from precursors and how molecular interactions shape this process. A rate-limiting step in these studies is 

the isolation of pure SVs, which usually requires specialized materials and up to >24 hours. Here, a robust 

method is described for rapid isolation of native SVs using the widely available rho1D4 monoclonal 

antibody. Rho1D4-coated beads rapidly immunoprecipitate SVs from a mouse brain supernatant, and 

elution of the beads with the 9-mer 1D4 peptide readily affords native vesicles >10-fold purer than with 

classical techniques in <1/10th the amount of time. We employ 1D4-IP to show that, in contrast to 

chromaffin granules and some peripheral nerve endings, ATP is not an abundant cargo of rodent brain 

synaptic vesicles.  

 
Introduction 
 

The current state-of-the-art procedure for isolating free synaptic vesicles (SVs) relies on the size, 

physical properties, and abundance of these protein-rich organelles (Ahmed et al., 2013). Based on 

techniques developed in the 1960s (Nagy et al., 1976; Whittaker et al., 1964), this approach takes 

approximately 24 hours and involves gradient centrifugation and pelleting vesicles at high speed prior to 

size exclusion chromatography. The chromatography media typically used for the final size-exclusion 

step, controlled pore glass (CPG) or Sephacryl S-1000, are no longer widely available, and these 

preparations are unavoidably contaminated with other cellular components (Ahmed et al., 2013). Other 

approaches for SV purification, in which rapid purification of SVs is achieved by immunoprecipitation, 

have been limited by elution steps that damage or destroy the resin-bound vesicles (Burger et al., 1989; 

Chantranupong et al., 2020; Takamori et al., 2000b). These techniques have been valuable in determining 

SV membrane composition (Takamori et al., 2006), neurotransmitter content (Burger et al., 1991, 1989; 

Chantranupong et al., 2020), and transport activity (Burger et al., 1989, 1991; Takamori et al., 2000b). 
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However, each of these approaches also requires highly specialized materials, such as custom antibodies 

or mice expressing exogenous genes. Investigators seeking deeper insights into the biogenesis, 

composition, and function of SVs would be substantially aided by gentler, more selective, and more 

convenient procedures for their isolation. Here, a method is presented for SV purification that yields 

vesicles >10 times purer than with classical techniques in <1/10th the amount of time using readily 

available reagents. We provide an example of its application, demonstrating that mouse brain synaptic 

vesicles contain, on average, fewer than 50 molecules of ATP.  

 
Results 
 

During exploratory metabolomic studies of SVs, we were surprised by preliminary findings (not 

shown) that beads bearing the rho1D4 monoclonal antibody (mAb) could immunoprecipitate synaptic 

vesicle proteins from a mouse brain supernatant (35,000 x g, 20 minutes) containing soluble proteins and 

light membranes (Burger et al., 1989). We thus performed pulldown experiments comparing rho1D4 to 

monoclonal antibodies against the ubiquitous SV proteins synaptotagmin-1 (syt1) and SV2A (Figure 

1A). When coupled to 2.7-µm diameter nonporous magnetic beads, each antibody precipitated a similar 

subset of proteins (Fig. 1B). For each antibody immunoprecipitate, the protein bands observed on 

reducing SDS-PAGE corresponded well to those observed in previous studies of SVs isolated by either 

conventional means or immunoprecipitation (Ahmed et al., 2013; Burger et al., 1989; Jahn et al., 1985) 

(Fig 1B). In particular, a dominant band at 38 kDa, representing synaptophysin, was observed, along with 

strong bands around 65 kDa, representing Syt1 and vesicular transporters, and 18 kDa, representing 

synaptobrevin (Fig. 1C). Among the antibodies used here for IP, the anti-SV2 antibody precipitated 

synaptic vesicles most efficiently, likely due to higher affinity for SVs versus the other antibodies. The 

minor differences in protein content observed could, in part, be attributed to differences in the molecular 

weights of antibody fragments eluted by SDS. In each case, the bead-bound fraction was highly enriched 

in synaptic vesicle proteins and largely devoid of contaminants from mitochondrial or plasma membranes 

(Fig. 1C). 
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Fluorescence HPLC analysis of polar amines eluted from the beads demonstrated the near-

exclusive presence of glutamate and GABA, as expected for pure synaptic vesicles isolated at 0 ºC (Fig. 

1D) (Burger et al., 1991; Chantranupong et al., 2020). These data likewise indicate the absence of intact 

lysosomes or mitochondria, which contain many other polar amines (Abu-Remaileh et al., 2017; Chen et 

al., 2016). Beads coated with pooled bovine IgG did not immunoprecipitate SV proteins or vesicular 

amino acids (Fig. 1B-D). Reassuringly, the amount of neurotransmitter immunoprecipitated by each 

antibody correlated well with the yield of synaptophysin, confirming that these antibodies pull down a 

similar set of vesicles despite differences in affinity for SVs (SV2 > syt1 > rho1D4) (Fig. 1 E-F). The 

rho1D4 monoclonal antibody is thus comparable to antibodies against established SV proteins for rapid 

immunoprecipitation of a general SV sample.  

The rho1D4 mAb was originally isolated after immunization of mice with bovine retinal 

membranes (Molday and MacKenzie, 1983). We note that many monoclonal antibodies named “1D4” 

have been described in the literature, and thus refer to this antibody as rho1D4. This antibody was 

determined to bind to the C-terminus of bovine rhodopsin in a manner allowing competitive peptide 

elution (MacKenzie et al., 1984). The 9-mer 1D4 peptide sequence (TETSQVAPA) has been 

commercialized as C-terminal affinity tag, and the free 1D4 peptide gently elutes rho1D4 mAb-bound 

targets under native conditions (Wong et al., 2009).  

We thus assessed the effects of incubating rho1D4 bead-bound SVs with the 1D4 peptide. A 

single incubation of SV-bearing rho1D4 beads with 200 uM 1D4 peptide eluted a substantial fraction of 

the bead-bound protein (Fig. 2A). This eluate, which typically contained ~20 ng/ul protein but a 

concentration of synaptophysin ~2-fold that of the 3.5 mg/ml input fraction (Fig 2A), represents an 

enrichment of vesicular protein by over 300-fold (Table 1). By contrast, classical techniques typically 

report a synaptophysin enrichment of ~20-fold (Ahmed et al., 2013). Examination of this eluate by 

dynamic light scattering demonstrated a population of particles 40-60 nm in diameter (Fig. 2B). Negative-

stain transmission electron microscopy (TEM) of these samples likewise demonstrated population of 

vesicular structures 40-60 nm across, studded with ~8-nm tall structures that likely represent the V1 
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sector of the V-ATPase (Fig. 2C). 1D4-eluted vesicles were also free of the residual, bead-adsorbed 

antibody that inevitably eluted with SDS (Appendix – Fig S1). 1D4 immunoprecipitation and elution 

thus enables the rapid (< 2 hr) isolation of an exceptionally pure SV sample without contamination from 

antibodies or exposure to harsh physical or chemical conditions. Vesicles can readily be eluted in volatile 

buffers such as ammonium acetate to facilitate downstream analyses. If native vesicles are not needed, 

harsh elution of the beads provides a favorable compromise of purity for yield (Table 1). 

It is clear in Fig. 1 that several bands are enriched in the rho1D4 immunoprecipitate relative to 

the anti-Syt1 and anti-SV2 material. Because it is likely that one of these proteins is the SV antigen bound 

by the rho1D4 mAb, studies are underway to determine their identity (see Future Directions).  

1D4-IP was applied to definitively answer the question of whether brain synaptic vesicles contain 

adenine nucleotides. The presence of adenine nucleotides in secretory vesicles is common, with notable 

examples including chromaffin granules (Douglas and Poisner, 1966; Zhang et al., 2019) and nerve 

terminals of the autonomic nervous system (Ren et al., 2003), but the role of vesicular nucleotides in the 

brain is less clear. A recent SV metabolomic study (Chantranupong et al., 2020) did not report the 

detection of adenine nucleotides in a rapidly prepared SV sample, though it is unclear what the limit of 

detection for these molecules was in that study. Because the presence of nucleotides as ubiquitous 

vesicular cargoes has been suggested by a number of studies (Estévez-Herrera et al., 2016; Larsson et al., 

2012; Sawada et al., 2008), we sought to address the matter directly by analysis of 1D4-

immunoprecipitated vesicles. Adenine nucleotides were detected by fluorescence HPLC after etheno-

derivatization with chloroacetaldehyde (Fig. 3A) (Levitt et al., 1984). In agreement with previous work 

(Chantranupong et al., 2020) we did not detect large quantities of adenine nucleotides in brain SVs (Fig. 

3B-C). Analysis of SV samples spiked with ATP demonstrated a robust response with 1 pmol ATP in the 

sample, which corresponds to ~60-100 molecules of ATP per vesicle, or 15 mM ATP in vesicles 

assuming a volume of 20 zL (Fig. 3B). While the possibility remains that adenine nucleotides may be 

weakly concentrated (< 5 mM) in most SV’s, or highly concentrated in a subset of vesicles, our results 

argue against a role for ATP as a widespread, concentrated vesicular cargo in mammalian brain.  
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1D4-IP was next applied to the study of protein glycosylation in synaptic vesicles. The abundant 

SV proteins synaptophysin, synaptotagmin, and SV2 are N-glycosylated, and glycosylation is essential for 

the trafficking of most of these proteins. However, a direct role for glycans in the synaptic vesicle cycle 

has not been established. Furthermore, while glycosylation is critical to protein biogenesis in the early 

secretory pathway, the fates of glycans on proteins that accumulate far away from the cell body, in 

neuronal processes, are largely unknown. Classical studies suggest the presence of enzymes for cleavage 

and extension of glycans at nerve terminals, and a recent study has suggested that sialylation is 

depolarization-responsive process in synaptosomes. Maturation of N-linked glycans is essential for dense 

core vesicle targeting in PC12 cells. Some studies point to a role for galectin, a galactose-binding protein, 

in clathrin-independent exocytosis, which plays an important role at the synapse. However, while some 

studies have been performed to assess glycosylation in dissected brain tissue, the cell-type-specific and 

organelle-specific glycosylation patterns in the brain are also largely undefined.   

We thus analyzed the N-linked glycans of 1D4-immunoprecipitated SVs using derivatization, 

enzymatic digestion and fluorescence HPLC analysis (Fig. 4). Beads were eluted with detergent, subject 

to N-linked glycan removal by PNGase F, and the glycans were labeled with procainamide by reductive 

amination (Fig. 4A). After desalting, the labeled glycans were subject to structure characterization by 

treatment with specific enzymes followed by HILIC-HPLC with fluorescence detection. As an example, 

the N-linked glycans of the rho1D4 antibody were sequenced in this manner (Appendix – Fig S2), which 

may aid in reproducibility of rho1D4 reagents in the future. Analysis of N-glycans from SVs (Fig. 4B) 

revealed three striking characteristics:  

 
Discussion 
 

Our results demonstrate that the rho1D4 mAb specifically binds a synaptic vesicle antigen, and 

that this interaction is well-suited for affinity purification of native SVs from mammalian brain. The 

entire process, from homogenization to elution, takes less than two hours. Ultracentrifugation, density 

gradients, and size-exclusion chromatography are avoided, and the vesicles are not pelleted at any point. 
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Critically, the materials required for 1D4 immunoprecipitation are chemically definable, relatively 

inexpensive, and readily available to investigators. A single P10-P20 mouse brain (0.3-0.4 g) comfortably 

provides enough material for two IP experiments (3 mg Ab-Dynabeads each) including protein and 

neurotransmitter analyses (Fig. 1). The preparation can easily be scaled up, but satisfactory results may 

also be obtained with substantially smaller amounts of starting material, depending on the target of 

analysis. At present, it is unclear which protein or proteins mediate the SV-rho1D4 interaction, but efforts 

are ongoing to clarify this matter (see Chapter 6: Future Directions).  

In comparison to classical techniques (Ahmed et al., 2013; Nagy et al., 1976; Whittaker et al., 

1964), the yield of a typical 1D4-IP experiment is lower, but the final product is of >20-fold higher purity 

(with peptide elution), and the procedure is completed in ~1/10th the amount of time. Thus, unlike 

classical techniques, 1D4-IP is well-suited to the isolation of SVs containing native neurotransmitter and 

intact assemblies of multi-subunit complexes such as the v-ATPase, which may disassemble during 

prolonged purification steps (Bodzęta et al., 2017; Kane, 1995). For most functional and biochemical 

studies, the presence of the 1D4 peptide should not interfere, but the free peptide may be removed from 

eluted SVs using ultrafiltration or size-exclusion chromatography if needed. For applications not 

requiring native elution, the performance of the anti-syt1 and anti-SV2 antibodies (Fig. 1) indicate that 

immunoprecipitation is generally favorable to classical fractionation techniques for the analysis of SVs. 

In comparison to the recently-described SV-tag approach (Chantranupong et al., 2020), 1D4-IP of 

vesicles does not afford genetic specification of the target vesicles, but introduction of exogenous 

epitopes by transgenic breeding approaches or viral transduction is not required. Compared to SV-tag and 

other reported immunoprecipitation approaches (Burger et al., 1989; Takamori et al., 2000b, 2000a), 1D4-

IP has the advantage of native vesicle elution.  

We emphasize the purity and native state of the peptide-eluted SV product, which is enriched 

>300-fold for synaptophysin and represents a new gold standard for the synaptic vesicle preparation 

(Table 1). Modern mass spectrometry methods allow semi-quantitative analysis of whole proteomes with 

< 1 ug of total peptide analyte, and the reduced yield of 1D4-IP compared to classical techniques is 
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unlikely to pose a major technical hurdle for such studies. Recent ultra-high-definition proteomic studies 

using classically prepared SVs have described a synaptic vesicle proteome containing >1600 proteins 

(Taoufiq et al., 2020). Deeper mass spectrometric characterization of rho1D4 immunoprecipitates, which 

are at least 10- to 20-fold purer, will thus likely yield further insights into synaptic vesicle biology. Future 

experiments may also employ these vesicles in functional assays for, e.g., neurotransmitter transport or 

membrane fusion. 

Our results provide clarity to the long-standing question of whether ATP is a widespread co-

transmitter in brain synaptic vesicles. The concentration of ATP in presynaptic cytoplasm is 1-1.5 mM 

(Rangaraju et al., 2014), and our results indicate that brain synaptic vesicles do not concentrate ATP 

much beyond this (Fig. 3). While the presence of ATP in some secretory vesicles has led to the 

hypothesis that ATP is also a widespread vesicular cargo in brain (Larsson et al., 2012; Sawada et al., 

2008), electrophysiological studies have indicated that ATP likely plays a minor role and is released 

distinctly from both glutamate and GABA (Pankratov et al., 2006). Our results are consistent with the 

latter interpretation and agree with recent metabolomic studies of synaptic vesicles (Chantranupong et al., 

2020). However, our results do not rule out a modulatory role for adenine nucleotides in the central 

nervous system, particularly as a gliotransmitter (Lalo et al., 2014; Pougnet et al., 2014). Additionally, 

because at least some neuroendocrine cells in the periphery use adenine nucleotides as vesicular 

transmitters (Ren et al., 2003; Zhang et al., 2019), a small subset of central nervous system synapses, e.g. 

in the lateral habenula (Robertson and Edwards, 1998) may rely on such molecules for fast synaptic 

transmission.  

 
The robustness and convenience of 1D4-IP reagents represent a major improvement in the 

accessibility of the brain synaptic vesicle preparation. We anticipate that 1D4-IP will enable substantial 

progress among structural, chemical, and functional studies of SVs. These organelles contain both 

proteins and lipids involved in synaptic signaling, and they require functioning, metabolically active 

axonal processes. By enabling preparation of analytical quantities of SVs from small amounts of starting 
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material, 1D4-IP may expand the use of SV analysis in the study of normal and disease-related brain 

processes, such as aging, neuroinflammation, and metabolic disease. We speculate that 1D4-IP may allow 

for isolation of SVs directly from human tissue samples, though further study is required to determine the 

species specificity of the rho1D4-SV interaction. Finally, it remains to be seen whether the rho1D4 mAb 

may precipitate other organelles, proteins, or whole cells from other tissues and bodily fluids. 
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Tables and Figures 
 

 
 
Fig. 1 The rho1D4 mAb immunoprecipitates synaptic vesicles,. (A) Scheme for vesicle 
immunoprecipitation and analysis. Each mouse brain provided sufficient material for analysis of protein 
and neurotransmitter using two different mAbs. (B) Staining of proteins separated by SDS-PAGE 
demonstrates broad similarity among anti-SV2, anti-Syt1, and rho1D4 immunoprecipitates, with minimal 
protein binding by control beads bearing pooled bovine IgG. Note the dominant band at 38 kDa, 
corresponding to synaptophysin (C). Western blot analysis of immunoprecipitated material. Each 
antibody yields strong enrichment of synaptic vesicle proteins, but not proteins associated with 
mitochondria (VDAC) or the plasma membrane (syntaxin-1).  (D) Representative HPLC fluorescence 
traces for NBD-derivatized amines obtained by eluting the beads with 50% methanol. Peak identities 
were determined by running glutamate and GABA standards. Blue trace corresponds to eluate from α-
SV2 Dynabeads, and black trace corresponds to eluate from bIgG Dynabeads. (E) For each experiment, 
the area of the HPLC peak corresponding to glutamate was plotted against the normalized intensity of the 
synaptophysin band on immunoblot. (F) As in (E) but for the HPLC peak corresponding to GABA. For 
panels E and F, n = 4 experiments using 2 separately prepared batches of Ab-Dynabeads for each mAb, 
from which representative examples were used for panels B-D.  
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Fig. 2 Native synaptic vesicles are readily eluted from rho1D4-coated magnetic beads. (A) Purification 
scheme for 1D4-IP. The amino acid sequence of the 1D4 peptide sequence is shown. (B) SDS-PAGE 
with fluorescent stain of protein eluted from rho1D4 beads using the 1D4 peptide. Synaptic vesicle 
proteins were readily eluted from the beads. (C) Dynamic light scattering measurements (n = 3 biological 
replicates) of eluted material indicates a single population of particles ca. 50 nm in diameter. This 
population represented 99% of particles detected in the sample. (D) Negative-stain transmission electron 
microscopy of 1D4-eluted material demonstrates vesicles of the appropriate size with minimal 
contamination by non-vesicular structures.  
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Fig. 3: Adenine nucleotides are not highly concentrated in SVs. (A) Scheme for derivatization of adenine 
compounds. Reaction with chloroacetaldehyde generates fluorescent etheno-adenine products that can be 
separated by HPLC. (B) Example HPLC fluorescence traces of samples prepared from bIgG and rho1D4-
bearing magnetic beads. The bottom trace shows the same eluate spiked with 1 pmol ATP (50 fmol on 
column), corresponding to ~50-100 molecules of ATP per vesicle (~15 mM inside the vesicle).  Peak 
identities were established using authentic standards. (C) The peaks for each adenine compound were 
integrated and plotted (n = 3 biological replicates using two batches of beads). While a trend toward 
greater nucleotide content was observed for rho1D4 immunoprecipitates, this value was either near the 
limit of detection (ATP, ADP) or close to the background observed with negative control bIgG beads 
(AMP, adenosine).   
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Table 1 Quantitative comparison of 1D4-IP with classical methods. Enrichment factor is calculated as the 
ratio of synaptophysin to total protein by mass. The yields described in Ahmed et al. (2013) were derived 
using their stated enrichment factors and scaled to the amount and fraction of starting material used here 
(see Methods for details). Data shown represent the result of a typical experiment using 3 mg of rho1D4 
coated beads.  
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Methods 
 
Animals C57B/6J mice of both sexes between 12 and 20 days of age were used for all experiments. All 

work was conducted according to protocols approved by the University of Wisconsin Institutional Animal 

Care and Use Committee. 

Antibodies for immunoprecipitation Mouse monoclonal anti-syt1 (mAb 48) and anti-SV2 antibodies 

were purified by protein G chromatography from stocks of ascites generated prior to 2010. Rho1D4 mAb 

was purchased from the University of British Columbia. Bovine IgG was purchased from Sigma. All 

antibodies were dialyzed extensively against PBS (140 mM NaCl, 10 mM sodium phosphate buffer, pH 

7.4) aliquoted, and stored frozen at -20 ºC prior to bead coupling.  

Bead preparation Dynabeads M-270 epoxy (300 mg, Thermo Fisher 14302D) were stored as a 30 mg/ml 

suspension in anhydrous, amine-free DMF for up to 18 months prior to coupling. For each coupling 

reaction, 10 mg beads were transferred to a fresh 1.7 ml microcentrifuge tube and the DMF was removed 

after collecting the beads with a magnetic stand (Promega). A 250-ug aliquot of each antibody was 

brought up to 200 ul with borate buffer (100 mM sodium borate pH 8.5) and this was used to resuspend 

the beads. An additional 200 ul borate buffer was added to each tube and mixed by pipetting up and 

down, followed by the addition of 200 ul 3 M ammonium sulfate in borate buffer and further mixing by 

pipetting up and down. The reaction mixture was incubated with rotation at 37 ºC overnight. After 

removal of the supernatant, the beads were washed with 3 cycles of 1 ml 500 mM NaCl, 50 mM 

ammonium acetate pH 4.5 followed by 500 mM NaCl, 50 mM Tris-HCl pH 8.0 (6 x 1 ml washes total). 

The Ab-Dynabeads beads were then washed (1 x 1 ml) and resuspended at 30 mg/ml in 150 mM KCl, 50 

mM Tris-HCl pH 8.0 and stored at 0-4 ºC until use. For experiments shown in Fig. 2 and Fig. 3, 150 mM 

KCl, 10 mM potassium phosphate buffer, pH 7.2 was used as the final wash and storage buffer, with no 

discernable change in performance. 

SV immunoisolation All buffers and equipment were cooled to 0-1 ºC prior to beginning experiments, 

and all operations from homogenization until bead elution were carried out in a cold room. 1-2 C57B6/J 
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mice were euthanized with carbon dioxide and the brains, including cerebellum and brain stem, were 

rapidly removed. Each brain was homogenized in 4.2 ml of homogenization buffer (125 mM KCl, 20 mM 

potassium phosphate buffer, 5 mM EGTA, protease inhibitors [cOmplete Mini EDTA-free, 1 tablet / 10 

ml], pH 7.3 at 0 ºC) using 10 strokes in a Teflon-glass Dounce homogenizer with rotation at 850-900 

RPM. The homogenate was then centrifuged (20 minutes, 35,000 x g, 1 ºC). During centrifugation, 3 mg 

of Ab-Dynabeads were transferred to a fresh 2 ml microcentrifuge tube, washed with 1 x 1 ml wash 

buffer (150 mM KCl, 10 mM potassium phosphate buffer, pH 7.2 at 0 ºC) and resuspended with 100 ul 

homogenization buffer. Following centrifugation, the supernatants (~3.5-4 mg/ml protein) were pooled, 

and 1.9 ml was added to each tube containing Ab-Dynabeads. The tubes were incubated with rotation for 

25 minutes, with the temperature maintained at 0 ºC by placing the tubes inside 50-ml conical tubes 

packed with ice. The beads were then collected via magnetic stand, the supernatant was discarded, and the 

beads were washed 4 times by resuspending in 1 ml ice-cold wash buffer. In all cases, the final wash was 

used to transfer the beads to fresh 1.5-ml microcentrifuge tubes for elution. For Fig. 1, the beads were 

split into two equal portions (1.5 mg each). For protein analysis, one portion was eluted by adding 30 ul 

2% SDS, 25 mM Tris pH 8.0 and heating to 50 ºC for five minutes. For polar amine analysis, the other 

portion was eluted by adding 30 ul of 50:50 MeOH:borate buffer and incubating on ice for 5 minutes. In 

Fig. 1, immunoprecipitations using all 4 Ab-Dynabead conjugates were carried out in parallel for each 

experiment. 

SDS-PAGE and immunoblot Following elution with peptide or SDS, 1/3 volume of 4x SDS sample 

buffer containing β-mercaptoethanol was added to the eluate, and the input fraction was prepared by 

mixing 30 ul brain supernatant with 60 ul 4X SDS sample buffer. Samples were reduced and denatured by 

heating to 50 ºC for 15 minutes and subjected to SDS-PAGE on 4-20% polyacrylamide gradient gels 

(Bio-Rad). For total protein analysis, 15 ul of each sample was loaded, and the gel was fixed and stained 

with Lumitein One-Step fluorescent protein stain (Biotium). For immunoblot, the same amount of input 

was run, but the IP samples were diluted 10-fold in 4X sample buffer prior to SDS-PAGE. Proteins were 

transferred to PVDF membranes, blocked in 5% nonfat dry milk in 150 mM NaCl, 10 mM Tris, pH 7.4 
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plus 0.1% Tween-20 (TBS-T), and incubated overnight with primary antibody in TBS-T containing 1% 

nonfat dry milk. The primary antibodies used were: mouse anti-synaptobrevin monoclonal (clone 69.1, 

Synaptic Systems 104 211, 1:1000 dilution of an 0.1 mg/ml stock); guinea pig anti-synaptophysin 

polyclonal (Synaptic Systems 101 004, 1:1000 dilution of a 0.5 mg/ml stock); mouse anti-synaptotagmin 

monoclonal (mAb 48, available at the Developmental Studies Hybridoma Bank, 1:1000 dilution of a 3.7 

mg/ml stock purified from ascites fluid); mouse anti-syntaxin monoclonal (clone HPC-1, 1:1000 dilution 

of a 3 mg/ml stock concentrated from Abcam ab3265); rabbit polyclonal anti-VDAC (Millipore 

AB10527, 1:1000 dilution of the supplied solution). HRP-labeled secondary antibodies were used for 

detection. Synaptophysin band intensity was determined in ImageJ using blank adjacent lanes for 

background subtraction. For the protein quantification shown in Table 1, BSA standards were used to 

determine a ratio of fluorescence units to protein mass, and lanes containing protein material were 

quantified after background subtraction using an adjacent blank lane.  

Amine analysis For experiments in Fig. 1, 8 ul of bead eluate (50:50 MeOH:borate buffer) was combined 

with 4 ul of derivatization solution (5 mg/ml NBD-Cl in MeOH) and heated to 60 ºC for 70 minutes on a 

PCR block. Samples were diluted 100-fold in 95:5 H2O:MeCN containing 10 mM ammonium acetate 

prior to analysis. NBD-derivatized amines were analyzed on an HPLC system (Agilent Infinity 1260 Bio-

Inert) with a reversed-phase C18 column (Agilent Peptide Mapping, 2.1 x 150 mm, 2.7 um particle size) 

and fluorescence detector (Agilent 1260 FLD Spectra, 470 nm excitation, 530 nm emission). The 

instrument was operated using a manual injector, the column was kept at 40 ºC, and samples were applied 

to overfill a 5-ul sample loop. Mobile phase A was 95:5 H2O:MeCN containing 10 mM ammonium 

acetate, mobile phase B was 95:5 MeCN:H2O containing 5 mM ammonium acetate. For Fig. 1, GABA 

and glutamate were separated using an optimized gradient as follows: 0-20 minutes, 10%-100% B; 20-25 

minutes, 100% B; 25-30 minutes, 100%-10% B.  Peak identities were confirmed by running authentic 

standards, and areas were determined by integration in Agilent Chemstation software.  
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Adenine nucleotide analysis Beads (1-3 mg from a total of 3 mg used for IP) were eluted by incubation 

with 50% methanol on ice for 5 minutes (20 ul/mg beads). 10 ul of eluate was combined with 2 ul 1 M 

ammonium acetate buffer pH 4.0, 1 ul of 50% aqueous chloroacetaldehyde solution, and for some 

samples, 1 ul of ATP standard containing 1 pmol ATP. Concentrated chloroacetaldehyde was kept in a 

fume hood during all handling steps. The reaction mixture was heated to 60 ºC for 60 minutes on a PCR 

block, then diluted tenfold with water containing 100 mM potassium phosphate buffer, pH 6.1. This 

mixture was analyzed by fluorescence HPLC with the same manual injector, sample loop, and C18 

column (Agilent Peptide Mapping, 2.1 x 150 mm, 2.7 um particle size, thermostatted at 40 ºC) used for 

NBD-amine analysis. Mobile phase A was water containing 100 mM potassium phosphate buffer, pH 6.0-

6.1, prepared by mixing concentrated potassium phosphate buffer stocks. Mobile phase B was 65% 

mobile phase A, 35% methanol by volume. Adenine nucleotides and adenosine were separated using an 

optimized gradient as follows: 0-35 minutes, 0%-60% B. This was followed by a wash gradient using 

pure H2O and MeOH prior to re-equilibration with 100% A. Peak identities were confirmed by running 

authentic standards for ATP, ADP and adenosine, and the peak identity of AMP was inferred by presence 

in ADP standard and elution time. Peak areas were determined by automatic integration in Agilent 

Chemstation software. 

Dynamic light scattering 3 ul of 1D4 peptide eluate was analyzed in a micro-cuvette on a dynamic light 

scattering instrument (Wyatt). For each sample, 10 acquisitions were performed, and data from those 

acquisitions showing good autocorrelation functions (>90% of scans) were averaged to produce a single 

replicate. Data corresponding to the distribution of particle sizes were exported and plotted in Prism.  
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Appendix 

 
Fig. S1: Immunoblot of synaptic markers and the IgG heavy chain from peptide- and SDS-eluted 
vesicles. Rho1D4-Dynabeads were eluted sequentially with the 1D4 peptide (200 µM, 30 minutes on ice) 
followed by 2% SDS for 5 minutes at 50 ºC.    
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Chapter 6: Future directions 
 

The remainder of my time in Dr. Chapman’s lab will be spent developing further methods for SV 

analysis and applying these methods to characterize the SV2A KO phenotype.  

The work in Chapter 5 will be submitted in a manuscript for publication pending a few additional 

studies. At the very least, additional replicates are required to shore up the quantitative analysis of SV 

material for 1D4-IP. More excitingly, plans have been made for a mass spectrometric analysis of the 

immunoprecipitated material at the Human Proteomics Program at UW SMPH. This study should allow 

for a deeper characterization of the material and, ideally, identification of 1D4-enriched bands, giving 

important clues into the nature of the 1D4 binding site. Depending on the protein(s) identified, these 

studies may yield new insights into SV biology, as well as additional applications for the 1D4 antibody.  

The primary clues towards SV2A’s mechanism of action come from biochemical studies hinting 

at a role in glycobiological processes. SV2A has been shown to allow galactose uptake in yeast (Madeo et 

al., 2014) and to bind a specialized disaccharide motif, fucose-α(1,2)-galactose, presented on synthetic 

polymers (Wibowo et al., 2014). Another study suggested that SV2A binds adenine nucleotides and 

nucleosides (Yao and Bajjalieh, 2008). Unfortunately, nucleotide sugars, the primary “activated” sugars 

used for glycan biosynthesis, were not examined in this study. Glycobiological processes at the nerve 

terminal are largely uncharacterized, though they are likely dynamic (Boll et al., 2020), and classical 

work indicates the presence of enzymes for glycan modification in nerve terminals (Bosmann, 1973, 

1972; Goodrum et al., 1979).  

The provocative finding that SV2A allows yeast to survive on galactose (Madeo et al., 2014) and 

the identification of SV2A on a screen of fucose-α(1,2)-galactosyl binding proteins (Wibowo et al., 2014) 

both suggest a role in presynaptic glycobiology. Because glycosylation dynamics are key to protein 

synthesis, quality control, and export in the secretory pathway, it is likely that glycosylation is important 

for synaptic vesicle recycling. SV2A and synaptophysin, another SV glycoprotein, both require intact 

glycosylation sites for normal trafficking to nerve terminals (Kwon and Chapman, 2012). However, sugar 

dynamics at the nerve terminal itself remain under-characterized. While a recent study has shown that 
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sialylation in synaptosomes changes with depolarization (Boll et al., 2020), the glycosylation patterns of 

synaptic vesicle proteins themselves has not been rigorously established. Determining SV protein 

glycosylation in SV2A WT and KO neurons will thus help establish an understanding of glycan dynamics 

at the nerve terminal and a role for SV2A in these processes. Likewise, more in-depth chemical analysis 

of synaptic vesicles from SV2A WT and KO neurons may allow for an investigation into potential roles 

for SV2A in lipid or glycolipid metabolism. Several possible mechanistic links may exist between 

glycosylation and synaptic vesicle fusion, including proper sorting or assembly of vesicular proteins and, 

potentially, the properties of the intravesicular space (Reigada et al., 2003).  

The other immediate analysis goal for purified SV’s is to identify their N-linked glycans. As 

described in Chapter 4, little is known about glycobiology at the nerve terminal, and several clues suggest 

that SV2 may play a role in sugar-dependent processes. Because glycan modification is a dynamic 

process, glycosylation of synaptic vesicle proteins may reflect important aspects of presynaptic biology. 

In general, I plan to establish methods for SV glycan analysis and include this work with the 1D4-IP 

manuscript, then apply these methods to SV2 WT and KO vesicles. These analysis methods involve 

enzymatic cleavage of N-linked sugars and subsequent fluorescence derivatization by reductive amination 

at the reducing end of the free oligosaccharide. Analysis is carried out by fluorescence HPLC, with the 

identifies of the sugars established using standards and successive enzymatic cleavage of terminal 

saccharides.   

Another potential approach to SV glycomics involves the purification of SV glycoproteins from 

detergent extracts in higher quantities than possible in SV pulldowns. The SV2 monoclonal antibody (see 

Chapter 3) is capable of precipitating large quantities of SV2 from brain detergent extracts, and I plan to 

determine the glycosylation of this material in the coming months. More sophisticated approaches may be 

possible in cultured neurons, e.g. with exogenous expression of the SV glycoprotein synaptophysin as an 

affinity-tagged construct, followed by immunoprecipitation and glycan analysis. I have established a 

highly robust method for small-scale affinity purification using the GFP nanobody that may be applied for 

this purpose.  
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Work to establish a glycan analysis method is ongoing. At the time of this writing, I have 

successfully cleaved, labeled, and detected synaptic vesicle glycans. Preliminary analyses using specific 

enzymatic cleavage approaches suggest that SVs bear a striking number of hybrid and high-mannose 

glycans, which are typically associated with early processing in the secretory pathway. 

 To further both the analysis of synaptic vesicles, I have made tentative arrangements to work 

collaboratively with Dr. Josh Coon in the Chemistry Department to perform analyses of 1D4-

immunoprecipitated SV’s. While these plans are still being formed, my goal is to perform mass 

spectrometric analyses of the proteome and lipidome of 1D4-isolated SVs, as well as of the purified and 

labeled vesicular N-glycans. I intend also to perform glycoproteomic analysis of purified SV2; as SV2 is 

a major SV glycoprotein, this analysis will shed light on the nature of synaptic vesicle glycosylation. This 

will also provide an opportunity for more hands-on experience with mass spectrometry and training in 

analytical chemistry, both of which I hope to use during my next phase of research work.  

My work in the Chapman lab will probably come to a close sometime in winter 2021-22. May 

and June of 2021 will be occupied with clinical duties, and 2021 will be busy with psychiatry residency 

interviews come October. This leaves only a few months left to accomplish these goals. While the 1D4-IP 

project will certainly be completed in a few months, the timeline for the SV2 project is less certain. I am 

confident that others in the Chapman lab will be willing to collaborate on the project if needed. In any 

case, the role of SV2A remains one of the brain’s mysteries, and I look forward to continuing work on it 

in the coming months and years.  
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