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Abstract 30 

Auxiliary 
2
 subunits are important proteins for trafficking of voltage-gated calcium channels 31 

(Ca
V
) at the active zones of synapses. We have previously shown that the post-translational 32 

proteolytic cleavage of 
2
 is essential for their modulatory effects on the trafficking of N-type 33 

(Ca
V
2.2) calcium channels (Kadurin et al. 2016). We extend these results here by showing 34 

that the probability of presynaptic vesicular release is reduced when an uncleaved 
2
 is 35 

expressed in rat neurons and that this inhibitory effect is reversed when cleavage of 
2
 is 36 

restored. We also show that asynchronous release is influenced by the maturation of 
2
-1, 37 

highlighting the role of Ca
V
 channels in this component of vesicular release. We present 38 

additional evidence that Ca
V
2.2 co-immunoprecipitates preferentially with cleaved wild-type 39 


2
. Our data indicate that the proteolytic maturation increases the association of 

2
-1 with 40 

Ca
V
 channel complex and is essential for its function on synaptic release. 41 

 42 

 43 
Key words:  calcium channel, 

2
 subunit, proteolytic processing, synaptic transmission, 44 

vesicular release.  45 
 46 
  47 

 48 

  49 
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Introduction 50 

Among the three families of Ca
V
 channels (Ca

V
1, Ca

V
2 and Ca

V
3), the Ca

V
2 family and more 51 

specifically Ca
V
2.1and Ca

V
2.2 channels (generating P/Q and N-type currents, respectively) 52 

are particularly important for synaptic transmission in central and peripheral nervous 53 

systems (Dolphin 2012). Ca
V
2.1 and Ca

V
2.2 are targeted to presynaptic terminals where 54 

they are responsible for triggering vesicular release (Catterall & Few 2008, Zamponi et al. 55 

2015). Ca
V
s are formed of several subunits: the 

1
 subunit, that constitutes the Ca

2+ 
56 

selective pore and the voltage sensor, and auxiliary subunits  (cytoplasmic) and 57 


2
(extracellular) (Flockerzi et al. 1986, Liu et al. 1996, Takahashi & Catterall 1987, Witcher 58 

et al. 1993). Four genes coding for 
2
 subunits have been identified (Dolphin 2012). They 59 

are translated into a single pre-protein 
2
 and post-translationally cleaved into 

2
 and  60 

peptides which remain attached by di-sulfide bonds (Dolphin 2012). In 
2
-1 and -2, 

2
 61 

contains a perfect metal ion adhesion site (MIDAS) motif essential for the interaction with 
1
 62 

subunit (Canti et al. 2005, Hendrich et al. 2008) and  which is glycophosphatidylinositol 63 

(GPI) anchored to the plasma membrane (Davies et al. 2010). The structure of the Ca
V
1.1 64 

channel complex has been recently determined using cryo-electron microscopy and has 65 

identified binding domains between Ca
V
1.1 and 

2
-1 including the interaction of the 

2
 66 

MIDAS motif with loop I of the first repeated domain of Cav1.1 (Wu et al. 2016). Site-directed 67 

mutagenesis studies have confirmed a functional interaction between 
2
-1 and the first 68 

extracellular loop of Ca
V
1.2 (Bourdin et al. 2017) and Ca

V
2.2 channels (unpublished results). 69 


2
 subunits are important for the trafficking of 

1
 subunits and their function, and they are 70 

also key proteins for synaptic function and synaptogenesis (Dickman et al. 2008, Eroglu et 71 

al. 2009, Hoppa et al. 2012, Saheki & Bargmann 2009, Zamponi et al. 2015). We have 72 

recently shown that the proteolytic maturation of 
2
-1 into disulfide-linked polypeptides 

2
 73 

and  is an essential post-translational step enabling its modulatory effect on the activation 74 
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and trafficking of N-type calcium channels in neurons (Kadurin et al. 2016). Indeed, we show 75 

that uncleaved 
2
-1 inhibits presynaptic calcium transient triggered AP in hippocampal 76 

neurons and that this effect is reversed by the cleavage of 
2
-1. 77 

Here we investigate the impact of the proteolytic maturation of 
2
-1 on synaptic release. We 78 

used optical tools to measure vesicular release parameters (Ariel & Ryan 2010, Hoppa et al. 79 

2012). Our data show that an uncleaved 
2
-1 reduces the probability of release in response 80 

to a single action potential, and also affects asynchronous release. These effects on 81 

presynaptic vesicular release are reversed when the cleavage of 
2
-1 is restored. We 82 

provide additional evidence that cleaved 
2
-1 interacts more than the uncleaved form with 83 

the Ca
V
2.2 channel pore-forming subunit. Our data indicate that the proteolytic maturation of 84 


2
-1 is important for its association with Ca

V
 channel complex and its function on synaptic 85 

release. 86 

 87 

Results 88 


2
 subunits play a crucial role in the trafficking of fully functional calcium channels to the 89 

plasma membrane and to presynaptic terminals (Dolphin 2012).  In order to determine the 90 

physiological impact of proteolytic maturation of 
2
-1, we used the cleavage site mutant 91 


2
(3C)-1 (Kadurin et al. 2016), which is resistant to endogenous proteolysis between 

2
 92 

and , to assess the effect of controlled cleavage by exogenous 3C-protease on vesicular 93 

release from presynaptic terminals, using the optical reporter vGlut-pHluorin. Transfected 94 

hippocampal neurons were identified by mCherry expression (Figure 1a). Neurons were 95 

subsequently stimulated (100 action potentials, AP, at 10 Hz), and fluorescence of vGlut-96 

pHluorin was monitored to identify functional boutons (Figure 1a). We first examined the 97 

effect of expression of 
2
(3C)-1 on synaptic release properties by measuring single AP-98 

evoked exocytosis (Figure 1b). Single AP stimulations were repeated 10 to 12 times with a 99 
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45 s rest between each trials. Signals from each bouton were averaged and normalized to 100 

the fluorescence value obtained by rapid alkalinization of the entire labeled vesicle pool 101 

using NH4Cl (Figure 1a and 1b). Overexpression of uncleaved 
2
(3C)-1 induced a decrease 102 

of 29 ± 6 % in exocytosis compared to the control empty vector condition (n = 28 and 41, 103 

respectively; P = 0.04) (Figure 1c). Conversely, inducing controlled cleavage of 
2
(3C)-1 by 104 

co-expressing 3C-protease resulted in an increase of 53 ± 18 % in exocytosis compared to  105 


2
(3C)-1 alone (n = 41 and 16, respectively; P = 0.014), thus completely reversing the 106 

inhibitory effect of uncleaved 
2
(3C)-1 (Figure 1b and 1c). 107 

Synaptic vesicle exocytosis properties are determined by the number of vesicles available 108 

for rapid release (the readily-releasable pool - RRP) and the probability (Pv) that a vesicle in 109 

the RRP will undergo fusion in response to a single AP stimulus (Schneggenburger et al. 110 

2002). RRP can be determined using a high frequency stimulation (Ariel & Ryan 2010, Ariel 111 

et al. 2012). During a 20 AP stimulus at 100 Hz, the fluorescence of vGlut-pHluorin in 112 

presynaptic terminals rapidly increases and reaches a plateau phase corresponding to the 113 

RRP (Figure 2a). The averaged response, obtained from 5-6 trials with a 5 min rest between 114 

each trial, were normalized to the size of the total presynaptic pool obtained with NH4Cl 115 

application (Figure 2a). To examine whether proteolytic maturation of 
2
-1 affects the size 116 

of the RRP, we imaged neurons transfected with either empty vector (Figure 2a) or 
2
(3C)-117 

1 (Figure 2b) or 
2
(3C)-1 together with 3C-protease (Figure 2c) and compared the size of 118 

the RRP. As summarized in Figure 2d, no difference was recorded between the 3 conditions 119 

(empty vector, 
2
(3C)-1 and 

2
(3C)-1 with 3C-protease: 6.9 ± 0.4 %, 6.2 ± 0.3 % and  6.4 120 

± 0.5 % of total pool, n = 22, 16 and 19, respectively, P = 0.78), indicating that proteolytic 121 

maturation of 
2
-1 affects the Pv, rather than the size of the RRP. 122 

After the plateau phase corresponding to the RRP, an additional increase in fluorescence 123 

takes place during the stimulation, and continues for more than 500 ms after the end of the 124 

stimulus before reaching a stationary phase (Figure 3a). It was proposed that this secondary 125 
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increase in fluorescence results from a combination of RRP refilling and slow decay of the 126 

elevated intracellular Ca2+ concentration (Ariel & Ryan 2010). This late increase in 127 

fluorescence occurs at lower rate than the initial increase and represents post-stimulus 128 

exocytosis. Overexpression of uncleaved 
2
(3C)-1 induced a decrease of about 30 % in 129 

this phase of exocytosis compared to control empty vector condition (n = 22 and 31, 130 

respectively; P < 0.001) (Figure 3b-c). This reduction of delayed exocytosis is completely 131 

prevented by the co-expression of 
2
(3C)-1 with 3C-protease (Figure 3a-b). 132 

We then wished to determine whether the results obtained on presynaptic release were due 133 

to differential interaction of cleaved and uncleaved α2δ with the α1 subunit. We have 134 

previously shown that transient expression of 
2
-1 in cell lines results in only a partial 135 

cleavage of wild type 
2
-1, such that a mixture of cleaved and uncleaved 

2
 protein 136 

appears in the whole cell lysate (WCL) (Kadurin et al. 2012, Kadurin et al. 2016). We 137 

performed co-immunoprecipitation of wild type 
2
-1 with Ca

V
2.2 from tsA-201 cell WCL and 138 

found that the percentage of cleaved 
2
-1 in the co-immunoprecipitated fractions is ~ 4 fold 139 

higher than the percentage of cleaved 
2
-1 in the input WCL (from 10.0 ± 0.6 % to 39.2 ± 140 

1.6 % in WCL and co-immunoprecipitated fractions, respectively, n = 3) (Figure 4), 141 

suggesting stronger association of mature cleaved 
2
-1 with the Ca

V
 pore-forming subunit. 142 

 143 

Discussion 144 

Ca
V
2 channels are important for synaptic transmission and their targeting to the active zone 145 

is tightly regulated (Catterall & Few 2008, Simms & Zamponi 2014). 
2
 subunits have been 146 

shown to control the trafficking of Ca
V
2 to presynaptic terminals (Hoppa et al. 2012). 

2
 147 

subunits are post-translationally proteolysed, and this process is key for their regulatory 148 

action on Ca
V
2 channels (Kadurin et al. 2016). Here we show that the post-translational 149 
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proteolytic maturation of 
2
-1 is also essential for these proteins to fulfil their regulatory 150 

function on vesicular release in presynaptic terminals of hippocampal neurons in culture. 151 

Interestingly, we show that both synchronous and asynchronous releases are affected, both 152 

release mechanisms being highly dependent on Ca2+ influx through Ca
V
2 channels. 153 

Vesicular release is characterized by two key presynaptic parameters: the RRP and Pv (Ariel 154 

& Ryan 2012, Schneggenburger et al. 2002). A previous study has shown that over-155 

expression of 
2
 subunits and knock down of endogenous 

2
 increased and decreased 156 

Pv, respectively (Hoppa et al. 2012). In good agreement with this, our data show that 157 

uncleaved 
2
-1 (

2
(3C)-1) reduces Pv, and co-expression of the 3C-protease restores the 158 

control Pv. Interestingly, Pv is modulated by the number of Ca
V
2 channels in each active 159 

zone (Ermolyuk et al. 2012) and we have previously shown that uncleaved 
2
 subunits 160 

reduced the amplitude of calcium transients triggered by a single AP stimulation, by 161 

interfering with the trafficking of Ca
V
2 channels (Kadurin et al. 2016). The active zone 162 

proteins Rab-3 Interacting Molecules (RIMs) and Munc-13, critical in the orchestration of 163 

synaptic vesicular release, have been shown to control the targeting of Ca
V
2 channels within 164 

presynaptic terminals (de Jong et al. 2018, Sudhof 2012). These active zone proteins have 165 

also been shown to control the size of the RRP (Augustin et al. 1999, Calloway et al. 2015, 166 

Deng et al. 2011, Kaeser et al. 2011). The RRP is defined as a small fraction of vesicles in a 167 

presynaptic terminal that is available for immediate release with a brief stimulus train, and 168 

thus likely to equate to docked vesicles identified by electron microscopy (Ariel & Ryan 2012, 169 

Rizzoli & Betz 2005, Schneggenburger et al. 2002). Experimental methods used to estimate 170 

the size of the RRP have been recently reviewed and consist of two electrophysiological 171 

methods (post synaptic current recordings and presynaptic membrane capacitance 172 

measurements) and one optical method (Kaeser & Regehr 2017). Here, we used the optical 173 

technique that was developed by Ariel & Ryan (2010). This high-time resolution optical 174 

method measures exocytosis by detecting fluorescence from pHluorin tagged vGlut-1 175 
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(Voglmaier et al. 2006) associated with vesicle fusion. The high frequency stimulation 176 

protocol (20 APs at 100 Hz) induces a rapid rise in fluorescence followed by a plateau 177 

corresponding to a state during which all the vesicles in the RRP have fused with the 178 

membrane. The size of the RRP we describe here, which is determined by the amplitude of 179 

the fluorescence of the plateau (6-7 % of the total pool of vesicles) is in good agreement with 180 

previously described values of RRP in neonatal rodent hippocampal neuron synapses (Ariel 181 

& Ryan 2010, Fernandez-Alfonso & Ryan 2006, Rizzoli & Betz 2005). A previous study has 182 

shown that wild-type 
2
 subunits have no effect on the size of the RRP (Hoppa et al. 2012). 183 

Consistent with this study, our data shows that uncleaved 
2
-1 does not affect the size of 184 

the RRP indicating that, unlike RIMs & Munc13, 
2
-1 does not have the same dual function 185 

on synaptic vesicular release. 186 

There are two potential mechanisms to account for the reduction in Pv by 
2
(3C)-1. It is 187 

likely that 
2
(3C)-1 reduces the trafficking of endogenous Ca

V
2 channels into active zones, 188 

as we showed for exogenously expressed Ca
V
2.2 (Kadurin et al. 2016). However, 

2
(3C)-1 189 

can also traffic alone into presynaptic terminals (Kadurin et al. 2016), where it could then 190 

displace the endogenous 
2
 interacting with channels in active zones, thus forming non-191 

functional channels. The finding here that uncleaved 
2
 interacts less than cleaved 

2
 with 192 

Ca
V
2.2 may indicate that the former mechanism is more likely. 193 

Several reports have also described a role for 
2
 subunits in synaptogenesis, independently 194 

from their role as a Ca
V
 auxiliary subunit (Dickman et al. 2008, Eroglu et al. 2009, Kurshan et 195 

al. 2009). 
2
 subunits are extracellular proteins anchored to the plasma membrane via a 196 

GPI moiety (Davies et al. 2010) which makes them potentially good candidates to interact 197 

with extracellular ligands such as thrombospondins, low density lipoprotein receptor-related 198 

protein and -neurexin (Eroglu et al. 2009, Kadurin et al. 2017, Tong et al. 2017). Although a 199 

direct interaction between 
2
 and thrombospondin and its role in the mediation of 200 
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synaptogenesis remains controversial (Lana et al. 2016, Xu et al. 2010), altogether these 201 

reports suggest that 
2
 subunits could play a role as an extracellular coordinator of synaptic 202 

function. Furthermore, the modulation of presynaptic Ca
V
 channels by proteolytic cleavage of 203 


2
 subunits could serve as an additional regulatory mechanism for their complex synaptic 204 

functions at the post-translational level. 205 

Ca
V
2 channels and BK potassium channels are known to be part of multi-molecular 206 

complexes in neurons (Berkefeld et al. 2006, Muller et al. 2010). 
2
-1 has very recently 207 

been shown to interact with BK channels, and this interaction was found to reduce the 208 

stability of Ca
V
2.2 channels at the plasma membrane by preventing 

2
-1 interacting with 209 

Ca
V
2.2 channels (Zhang et al. 2018). Functionally, BK channels were shown to control 210 

neurotransmitter release by shortening the AP duration and reducing Ca
2+

 influx into 211 

presynaptic elements at neuro-muscular junctions (Protti & Uchitel 1997, Yazejian et al. 212 

1997). Although their presence in presynaptic boutons has been disputed (Hoppa et al. 213 

2014), BK channels are also expressed in axons from central neurons (Debanne et al. 2011, 214 

Johnston et al. 2010). Furthermore, 
2
-1 has also recently been shown to interact with 215 

NMDA glutamate receptors (NMDARs) (Chen et al. 2018), albeit via a C-terminal domain of 216 


2
-1 that is beyond the GPI-anchor attachment site and would therefore not be present in a 217 

mature GPI-anchored form (Davies et al. 2010, Kadurin et al. 2012, Wu et al. 2016). This 218 

interaction was found to promote the trafficking of the NMDARs to synaptic sites between 219 

peripheral dorsal root ganglion neurons and dorsal horn neurons in the spinal cord and is 220 

involved in the development of neuropathic pain (Chen et al. 2018). Therefore, it will be of 221 

great interest to determine whether fully mature 
2
-1 is required for the interaction with BK 222 

potassium channels and with NMDARs. 223 

Synchronous stimulated release is often followed by a delayed release occurring after the 224 

end of the stimulus, also called asynchronous release (Atluri & Regehr 1998, Goda & 225 
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Stevens 1994, Kaeser & Regehr 2014). Asynchronous release is thought to be activated by 226 

residual Ca
2+

 remaining in the presynaptic terminal after the stimulation (Atluri & Regehr 227 

1998, Cummings et al. 1996). Although the source of Ca
2+

 responsible for the initiation of 228 

synchronous release is indisputably identified from many studies as voltage-gated calcium 229 

channels within the active zone (Catterall & Few 2008, Dolphin 2012, Nakamura et al. 2015, 230 

Zamponi et al. 2015), the source of Ca
2+

 involved in asynchronous release remains 231 

uncertain. To study asynchronous release in this work, we took advantage of the optical 232 

method developed previously (Ariel & Ryan 2010) to monitor the slow increase of 233 

fluorescence of pHluorin tagged to vGlut-1 after the end of the high frequency stimulation (20 234 

AP at 100Hz). We show that asynchronous release is reduced in hippocampal presynaptic 235 

terminals when uncleaved 
2
-1 (

2
(3C)-1) is expressed, and this inhibitory effect is 236 

abolished when 3C-protease is co-expressed. Together with our previous report showing 237 

that the proteolytic cleavage of 
2
 is critical for the functional trafficking of Ca

V
2.2 channels 238 

to the presynaptic terminals (Kadurin et al. 2016), our data demonstrate that asynchronous 239 

release is mediated by Ca
2+

 influx generated by Ca
V
 localized at the presynaptic terminals. 240 

Relevant to our data, a study has characterized an asynchronous Ca
2+

 current, recorded 241 

after the end of the stimulation pulse, conducted by both Ca
V
2.1 and Ca

V
2.2 channels and 242 

activated by the increase of intracellular Ca
2+

 generated by the activity of these channels 243 

(Few et al. 2012). This asynchronous current was also identified in mouse hippocampal 244 

neurons and this led the authors to suggest that the asynchronous current could contribute 245 

to asynchronous release (Few et al. 2012). Other Ca
2+

 sources for asynchronous release 246 

have been proposed (Kaeser & Regher 2014). Ca
2+

-permeable P2X2 ATP receptors have 247 

been involved in asynchronous release in excitatory synapses between CA3 neurons and 248 

interneurons in the CA1 region in the hippocampus (Khakh 2009). At these synapses, P2X2 249 

receptors would be activated by ATP released from vesicles in presynaptic terminals. 250 

Further pharmacological characterization would be needed to ascertain the involvement of 251 
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P2X2 receptors in the asynchronous release we are monitoring in our experimental model. 252 

Additionally, in the nucleus of the solitary tract, TRPV1 channels had been suggested to be a 253 

source of Ca
2+

 for asynchronous release at excitatory synapses from unmyelinated cranial 254 

visceral primary afferent neurons (Peters et al. 2010). However recent data from the same 255 

group have suggested instead that the Ca
2+

 source for asynchronous release would 256 

originate from spill-over of intracellular Ca2+ from Ca
2+

 nanodomains created by Ca
V
2 257 

channels (Fawley et al. 2016). This latter hypothesis would fit well with our data showing that 258 

mature 
2
-1 is needed to traffic Ca

V
 to the presynaptic terminals to modulate asynchronous 259 

release. 260 

Building on our previous report, we show here that the maturation of 
2
 is crucial for CaV 261 

channels to fulfil their functional role on synaptic transmission. As 
2
-1 expression is 262 

upregulated during chronic pain and increases presynaptic Ca
V
2 trafficking (Bauer et al. 263 

2009, Kadurin et al. 2016, Patel et al. 2013, Zamponi et al. 2015), 
2
-1 represents a 264 

therapeutic target (Zamponi 2016), and an important question to address for future studies 265 

will be to identify endogenous protease(s) involved in the proteolytic maturation of 
2
 266 

proteins. 267 

  268 
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 269 

Materials & Methods 270 

Neuronal culture and transfection 271 

All experiments were performed in accordance with the Home Office Animals (Scientific 272 

procedures) Act 1986, UK, using a Schedule 1 method. Hippocampal neurons were obtained 273 

from male P0 Sprague Dawley rat pups as previously described (Hoppa et al. 2012). 274 

Approximately 75 × 103 cells in 200 l of plating medium (MEM (Thermo Fisher Scientific) 275 

supplemented with B27 (Thermo Fisher Scientific, 2%), glucose (Sigma, 5 mg/ml), 276 

transferrin (Millipore, 100 g/ml), insulin (Sigma, 24 g/ml), fetal bovine serum (Thermo 277 

Fisher Scientific, 10%), GlutaMax (Thermo Fisher Scientific,1%)) were seeded onto sterile 278 

poly-L-ornithine-coated glass coverslips. After 24 h, the plating medium was replaced with 279 

feeding medium (MEM supplemented with B27 (2%), glucose (5 mg/ml), transferrin (100 280 

g/ml), insulin (24 g/ml), Fetal bovine serum (5%), GlutaMax (1%) and cytosine arabinose 281 

(Sigma, 0.4 M)) half of which was replaced every 7 days. At 7 days in vitro (DIV) and 2 h 282 

before transfection, half of the medium was removed, and kept as ‘conditioned’ medium, and 283 

fresh medium was added. The hippocampal cell cultures were then transfected with 284 

mCherry, vGlut-pHluorin and either empty vector or α2(3C)δ−1 or α2(3C)δ−1 + 3C-protease 285 

(all cloned in pCAGGs) using Lipofectamine 2000 (Thermo Fisher scientific). After 2 h, the 286 

transfection mixes were replaced with feeding medium consisting of 50% ‘conditioned’ and 287 

50% fresh medium.  288 

 289 

Co-Immunoprecipitation  290 

The protocol was adapted from a procedure described previously (Gurnett et al. 1997). 291 

Briefly, a tsA-201 cell pellet derived from one confluent 75-cm2 flask was resuspended in co-292 

IP buffer (20 mM HEPES (pH 7.4), 300 mM NaCl, 1 % Digitonin and PI), sonicated for 8 s at 293 

20 kHz and rotated for 1 h at 4 °C.  The samples were then diluted with an equal volume of 294 

20 mM HEPES (pH 7.4), 300 mM NaCl with PI (to 0.5 % final concentration of Digitonin), 295 
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mixed by pipetting and centrifuged at 20,000 x g for 20 min. The supernatants were collected 296 

and assayed for total protein (Bradford assay; Biorad). 1 mg of total protein was adjusted to 297 

2 mg/ml with co-IP buffer and incubated overnight at 4 °C with anti-GFP polyclonal antibody 298 

(1:200; BD Biosciences). 30 μl A/G PLUS Agarose slurry (Santa Cruz) was added to each 299 

tube and further rotated for 2 h at 4 °C. The beads were then washed three times with co-IP 300 

buffer containing 0.2 % Digitonin and deglycosylated as previously described alongside with 301 

aliquots of the initial WCL prior to co-IP. Laemmli buffer with 100 mM DTT was added to 1 x 302 

final concentration and samples were analysed by SDS-PAGE and Western blotting with the 303 

indicated antibodies as described previously (Kadurin et al. 2016). 304 

The human embryonic kidney tsA-201 cells were obtsined from the European Collection of 305 

Authenticated Cell Cultures (# 96121229) and tested to be mycoplasma-free. 306 

 307 

Live cell imaging 308 

Coverslips were mounted in a rapid-switching, laminar-flow perfusion and stimulation 309 

chamber (RC-21BRFS, Warner Instruments) on the stage of an epifluorescence microscope 310 

(Axiovert 200M, Zeiss). Live cell images were acquired with an Andor iXon+ (model DU-311 

897U-CS0-BV) back-illuminated EMCCD camera using OptoMorph software (Cairn 312 

Research, UK). White and 470nm LEDs served as light sources (Cairn Research, UK). 313 

Fluorescence excitation and collection was done through a Zeiss 40x1.3 NA Fluar objective 314 

using 450/50nm excitation and 510/50nm emission and 480nm dichroic filters (for pHluorin) 315 

and a 572/35nm excitation and low-pass 590nm emission and 580nm dichroic filters (for 316 

mCherry). Action potentials were evoked by passing 1 ms current pulses via platinum 317 

electrodes. Cells were perfused (0.5ml min-1) in a saline solution at 32°C containing (in mM) 318 

119 NaCl, 2.5 KCl, 4 CaCl2, 25 HEPES (buffered to pH 7.4), 30 glucose, 10M 6-cyano-7-319 

nitroquinoxaline-2,3-dione (CNQX) and 50M D,L-2-amino-5-phosphonovaleric acid (AP5, 320 

Sigma). NH4Cl application was done with this solution in which 50mM NH4Cl was substituted 321 

for 50mM NaCl (buffered to pH 7.4). Images were acquired at 100 Hz over a 512 x 266 pixel 322 
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area in frame transfer mode (exposure time 7ms) and analyzed in ImageJ 323 

(http://rsb.info.nih.gov/ij) using a custom-written plugin (http://rsb.info.nih.gov/ij/plugins/time-324 

series.html). Regions of interest (ROI, 2 m diameter circles) were placed around synaptic 325 

boutons responding to an electrical stimulation of 100 AP at 10 Hz.  326 

 327 

Analysis 328 

Data are given as mean ± SEM or as box (25–75%) and whiskers (10–90%) plots with mean 329 

and median (open squares and solid lines). Statistical comparisons were performed using 330 

unpaired Student's t test or one-way ANOVA with Bonferroni post-hoc test, using OriginPro 331 

2016. 332 
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Figure legends 511 

 512 
Figure 1. Effect of proteolytic cleavage of a2(3C)d-1 on vesicular release in 513 

presynaptic terminals of hippocampal neurons.  514 

a) Fluorescence changes in presynaptic terminals of hippocampal neurons expressing vGlut-515 

pHluorin (vG-pHluorin) in response to electrical stimulation. Left panel, mCherry-positive 516 

boutons. Three right panels, vG-pHluorin fluorescence: at rest (left), after 100 AP at 10 Hz 517 

(middle) and after a brief application of NH4Cl (right). Scale bar 5 μm. The pseudocolour 518 

scale is shown on the first panel. b) Representative vG-pHluorin responses to a single AP 519 

(10-12 trial average, 25 to 50 boutons) from presynaptic terminals of neurons co-transfected 520 

with empty vector (black trace), a2(3C)d-1 (red trace) or a2(3C)d-1 + 3C-protease (blue 521 

trace). Arrow indicates stimulation with one AP. c) vG-pHluorin fluorescence changes 522 

(expressed as % of NH4Cl response) in response to 1 AP from boutons co-transfected with 523 

empty vector (black), a2(3C)d-1 (red) or a2(3C)d-1 + 3C-protease (blue) (n = 28, 41 and 16 524 

independent experiments, respectively). Box and whiskers plots; *P = 0.044 and #P = 525 

0.014, one way ANOVA and Bonferroni post-hoc test.  526 

Figure 2. The proteolytic cleavage of a2(3C)d-1 does not affect the readily releasable 527 

pool (RRP) in presynaptic terminals of hippocampal neurons.  528 

a-c) vG-pHluorin responses (mean ± SEM) to 20 AP at 100 Hz (5-6 trial average, 25 to 50 529 

boutons) from presynaptic terminals of neurons co-transfected with empty vector (a), 530 

a2(3C)d-1 (b) or a2(3C)d-1+ 3C-protease (c). Horizontal red lines identify RRPs. d) Average 531 

RRP (expressed as % of NH4Cl response) from boutons co-transfected with empty vector 532 

(black), a2(3C)d-1 (red) or a2(3C)d-1 + 3C-protease (blue) (n = 22, 16 and 19 independent 533 

experiments, respectively, P = 0.78). Box and whiskers plots; one way ANOVA and 534 

Bonferroni post-hoc test.  535 

Figure 3. Effect of the proteolytic cleavage of a2(3C)d-1 on delayed vesicular release 536 

in presynaptic terminals of hippocampal neurons. a) Average vG-pHluorin responses 537 

(mean ± SEM) to 20 APs at 100 Hz (5-6 trial average, 25 to 50 boutons) from presynaptic 538 

terminals of neurons co-transfected with empty vector (black), a2(3C)d-1 (red) or a2(3C)d-1 539 

+ 3C-protease (blue). The black bar indicates the stimulation period (20 AP at 100 Hz). b) 540 

Average delayed vesicular release (expressed as % of NH4Cl response) measured 1 s 541 

after the beginning of the stimulation from boutons co-transfected with empty vector (black), 542 
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a2(3C)d-1 (red) or a2(3C)d-1 + 3C-protease (blue) (n = 22, 31 and 15 independent 543 

experiments, respectively). Box and whiskers plots with superimposed individual 544 

experiments; ***P < 0.001 and # P = 0.021, one way ANOVA and Bonferroni post-hoc test.  545 

Figure 4. Quantified co-immunoprecipitation of CaV2.2 with cleaved and uncleaved 546 

fractions of wild-type a2d-1 from WCL of tsA-201 cells.  a) Left panels show WCL input 547 

from tsA-201 cells transfected with GFP-CaV2.2 (lanes 1 and 2) or GFP (lane 3), plus β1b 548 

and HA-tagged a2d-1: upper panel, HA-a2d-1 input; lower panel, CaV2.2-GFP input. Right 549 

panels show immunoprecipitation (IP) of GFP-CaV2.2 with anti-GFP Ab; immunoblots 550 

with CaV2.2 II-III loop Ab (lower panels, lanes 4 and 5) produced co-immunoprecipitation 551 

(co-IP) of HA-a2d-1 (corresponding upper panels lanes 4 and 5), revealed by anti-HA mAb. 552 

All samples deglycosylated. b) Proteolytic cleavage of a2d-1 expressed as percentage of 553 

cleaved a2-1 moiety to total a2d-1 calculated for input WCL fractions (squares) and for 554 

fractions co-immunoprecipitated with GFP- CaV2.2 (triangles). The cleaved a2-1 moiety in 555 

the co-IP fractions is increased by 29.2 ± 1.7 % compared with the WCL fractions (average 556 

of 3 independent experiments). *** P = 0.0032, paired t-test.  557 
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Figure 1

Effect of proteolytic cleavage of a2(3C)d-1 on vesicular release in presynaptic terminals
of hippocampal neurons.
a) Fluorescence changes in presynaptic terminals of hippocampal neurons expressing

vGlut-pHluorin (vG-pHluorin) in response to electrical stimulation. Left panel, mCherry-positive

boutons. Three right panels, vG-pHluorin fluorescence: at rest (left), after 100 AP at 10 Hz (middle)

and after a brief application of NH4Cl (right). Scale bar 5 µm. The pseudocolour scale is shown on

the first panel.

b) Representative vG-pHluorin responses to a single AP (10-12 trial average, 25 to 50 boutons)

from presynaptic terminals of neurons co-transfected with empty vector (black trace), a2(3C)d-1

(red trace) or a2(3C)d-1 + 3C-protease (blue trace). Arrow indicates stimulation with one AP.

c) vG-pHluorin fluorescence changes (expressed as % of NH4Cl response) in response to 1 AP

from boutons co-transfected with empty vector (black), a2(3C)d-1 (red) or a2(3C)d-1 + 3C-protease

(blue) (n = 28, 41 and 16 independent experiments, respectively). Box and whiskers plots;

*P = 0.044 and #P = 0.014, one way ANOVA and Bonferroni post-hoc test.



0

2

4

6

8

10

12

DF
/F
0
(%
N
H
4C
l)

no a2d

Time (s)
0.1 0.20-0.1

20AP@100Hz

6

8

10

12

F/
F0
(%
N
H
4C
l)

+ 3C-protease

20AP@100Hz

0

2

4

6

8

10

12

DF
/F
0
(%
N
H
4C
l)

Time (s)
0.1 0.20-0.1

a2(3C)d-1

20AP@100Hz

c

a b

6

8

10

12
R
R
P
(%
N
H
4C
l)

d

Figure 2

0

2

4

DF
/F
0
(%
N
H

Time (s)
0.1 0.20-0.1

0

2

4

no a2d a2(3C)d-1 + 3C-protease

R
R
P
(%
N
H

The proteolytic cleavage of a2(3C)d-1 does not affect the readily releasable pool (RRP) in
presynaptic terminals of hippocampal neurons.

a-c) vG-pHluorin responses (mean ± SEM) to 20 AP at 100 Hz (5-6 trial average, 25 to 50 boutons)

from presynaptic terminals of neurons co-transfected with empty vector (a), a2(3C)d-1 (b) or

a2(3C)d-1+ 3C-protease (c). Horizontal red lines identify RRPs.

d) Average RRP (expressed as % of NH4Cl response) from boutons co-transfected with empty

vector (black), a2(3C)d-1 (red) or a2(3C)d-1 + 3C-protease (blue) (n = 22, 16 and 19 independent

experiments, respectively, P = 0.78). Box and whiskers plots; one way ANOVA and Bonferroni

post-hoc test.
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Figure 3

Effect of the proteolytic cleavage of a2(3C)d-1 on delayed vesicular release in
presynaptic terminals of hippocampal neurons.
a) Average vG-pHluorin responses (mean ± SEM) to 20 APs at 100 Hz (5-6 trial average, 25 to 50

boutons) from presynaptic terminals of neurons co-transfected with empty vector (black),

a2(3C)d-1 (red) or a2(3C)d-1 + 3C-protease (blue). The black bar indicates the stimulation period

(20 AP at 100 Hz).

b) Average delayed vesicular release (expressed as % of NH4Cl response) measured 1 s after

the beginning of the stimulation from boutons co-transfected with empty vector (black), a2(3C)d-1

(red) or a2(3C)d-1 + 3C-protease (blue) (n = 22, 31 and 15 independent experiments, respectively).

Box and whiskers plots with superimposed individual experiments; ***P < 0.001 and # P = 0.021,

one way ANOVA and Bonferroni post-hoc test.
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Quantified co-immunoprecipitation of CaV2.2 with cleaved and uncleaved fractions of wild-type
a2d-1 from WCL of tsA-201 cells.
a) Left panels show WCL input from tsA-201 cells transfected with GFP-CaV2.2 (lanes 1 and 2) or GFP

(lane 3), plus β1b and HA-tagged a2d-1: upper panel, HA-a2d-1 input; lower panel, CaV2.2-GFP input.

Right panels show immunoprecipitation (IP) of GFP-CaV2.2 with anti-GFP Ab; immunoblots with

CaV2.2 II-III loop Ab (lower panels, lanes 4 and 5) produced co-immunoprecipitation (co-IP) of HA-a2d-1

(corresponding upper panels lanes 4 and 5), revealed by anti-HA mAb. All samples deglycosylated.

b) Proteolytic cleavage of a2d-1 expressed as percentage of cleaved a2-1 moiety to total a2d-1 calculated

for input WCL fractions (squares) and for fractions co-immunoprecipitated with GFP- CaV2.2 (triangles).

The cleaved a2-1 moiety in the co-IP fractions is increased by 29.2 ± 1.7 % compared with the WCL

fractions (average of 3 independent experiments). *** P = 0.0032, paired t-test.
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