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Abstract 39 

The exact function of the polybasic juxtamembrane region (5RK) of the plasma membrane 40 

neuronal SNARE, syntaxin 1A (Syx), in vesicle exocytosis, although widely studied, is currently 41 

not clear. Here, we addressed the role of 5RK in Ca2+-triggered release, using our Syx-based 42 

intramolecular FRET probe, which previously allowed us to resolve a depolarization-induced  43 

Ca+2- dependent close-to-open transition (CDO) of Syx that occurs concomitant with evoked 44 

release, both in PC12 cells and hippocampal neurons and was abolished upon charge neutralization 45 

of 5RK. First, using dynamic FRET analysis in PC12 cells, we show that CDO occurs following 46 

assembly of SNARE complexes that include the vesicular SNARE, synaptobrevin 2, and that the 47 

participation of 5RK in CDO goes beyond its participation in the final zippering of the complex, 48 

since mutations of residues adjacent to 5RK, believed to be crucial for final zippering, do not 49 

abolish this transition.  In addition, we show that CDO is contingent on membrane 50 

phosphatidylinositol 4,5-bisphosphate (PIP2), which is fundamental for maintaining regulated 51 

exocytosis, as depletion of membranal PIP2 abolishes CDO. Prompted by these results, which 52 

underscore a potentially significant role of 5RK in exocytosis, we next amperometrically analyzed 53 

catecholamine release from PC12 cells, revealing that charge neutralization of 5RK promotes 54 

spontaneous and inhibits Ca2+-triggered release events. Namely, 5RK acts as a fusion clamp, 55 

making release dependent on stimulation by Ca2+.  56 

57 
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Significance Statement 58 

Syntaxin 1A (Syx) is a central protein component of the SNARE complex, which underlies 59 

neurotransmitter release. Although widely studied in relation to its participation in SNARE 60 

complex formation and its interaction with phosphoinositides, the function of Syx’s polybasic 61 

juxtamembrane region (5RK) remains unclear. Previously, we showed that a conformational 62 

transition of Syx, related to calcium-triggered release, reported by a Syx-based FRET probe, is 63 

abolished upon charge neutralization of 5RK (5RK/A). Here we show that this conformational 64 

transition is dependent on phosphatidylinositol 4,5-bisphosphate (PIP2) and is related to SNARE 65 

complex formation. Subsequently, we show that the 5RK/A mutation enhances spontaneous 66 

release and inhibits calcium-triggered release in neuroendocrine cells, indicating a previously 67 

unrecognized role of 5RK in neurotransmitter release.68 
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Introduction 69 

The SNARE complex, composed of the plasma membrane (PM)-anchored syntaxin-1 70 

(Syx) and SNAP-25, along with the vesicle membrane-anchored synaptobrevin-2 (Syb2), plays a 71 

central role in neurosecretory dense-core vesicles release (Rothman, 1996; Jahn and Fasshauer, 72 

2012; Fang and Lindau, 2014; Rizo and Xu, 2015).  At a pre-fusion trans state (Fasshauer et al., 73 

1998), the SNARE domains of the proteins form a coiled-coil structure with helical extension 74 

through the linkers of Syx and Syb2 into their trans-membrane (TM) domains, at a post-fusion cis 75 

state (Stein et al., 2009). 76 

 Accumulating evidence suggests that in its primed state, the SNARE complex is assembled 77 

in the membrane-distal part of the SNARE domains, while membrane-proximal zippering is 78 

inhibited (Sorensen et al., 2006; Gao et al., 2012; Liang et al., 2013; Lou and Shin, 2016), possibly 79 

through a clamping interaction of the SNARE complex with complexin, until the arrival of a trigger 80 

mediated by Ca2+-bound Synaptotagmin1 (Syt1) to fully zipper and complete fusion (Chen et al., 81 

2002; Tang et al., 2006; Krishnakumar et al., 2011). Syt1, in addition to its role as the Ca2+ sensor 82 

for Ca2+-triggered release, has also been shown to clamp the frequency of miniature spontaneous 83 

events (Yoshihara and Littleton, 2002; Maximov and Sudhof, 2005; Kochubey and 84 

Schneggenburger, 2011). However, the origin of Syt1 clamping of spontaneous release, as well as 85 

the impact of complexin on spontaneous release, remains unresolved (Trimbuch and Rosenmund, 86 

2016). Although Syt1-SNARE interaction at physiological ionic strength has been questioned 87 

(Park et al., 2015), recent crystal structures of the Syt1-SNARE complex (Zhou et al., 2015) 88 

revealed a unit thought to promote Ca2+-triggered fusion via remodeling of PM. Notably, the Syt1-89 

SNARE structures did not include the juxtamembrane linkers of Syx and Syb2.  90 
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The polybasic stretch of 5 lysines and arginines, 5RK, in the juxtamembrane linker of Syx, 91 

the focus of our study, was shown to interact electrostatically with PIP2 and PI(3,4,5)P3, 92 

promoting Syx clustering (Aoyagi et al., 2005; James et al., 2008; Lam et al., 2008; Murray and 93 

Tamm, 2011; van den Bogaart et al., 2011; Honigmann et al., 2013; Khuong et al., 2013). 94 

However, the exact function of these interactions in vesicle exocytosis is currently unclear 95 

(reviewed in (van den Bogaart et al., 2013)), especially  in view of the only partially reduced 96 

evoked release reported for 5RK charge neutralization mutants (Lam et al., 2008; Khuong et al., 97 

2013).  98 

To gain insights into the domain-specific functioning of Syx associated with exocytosis in 99 

live cells, we previously constructed a novel Syx-based intramolecular fluorescence resonance 100 

energy transfer (FRET) reporter probe, termed CSYS, which reports a conformational close-to-101 

open transition (opening) of Syx (Greitzer-Antes et al., 2013), which allows Syx to enter SNARE 102 

complexes (Sutton et al., 1998; Margittai et al., 2003; Jahn and Scheller, 2006).  CSYS, shown to 103 

substitute for native Syx and to support secretion in PC12 cells (Greitzer-Antes et al., 2013) and 104 

in hippocampal neurons (Vertkin et al., 2015), enabled to resolve in PC12 cells a discrete opening 105 

of Syx in response to high K+ depolarization, which is dependent on Ca2+ entry through voltage-106 

gated Ca2+ channels that stimulate exocytosis. Importantly, this Ca2+-dependent opening (CDO) 107 

was found to be absolutely dependent on intact 5RK, since it does not occur upon 5RK charge 108 

neutralization (Greitzer-Antes et al., 2013). 109 

Here, we further demonstrate that CDO is specifically linked to 5RK and not to other 110 

residues in the juxtamembrane linker; we also establish a role for PIP2 as a key regulator of CDO. 111 

To get a clue as to the physiological relevance of CDO to secretion, we determined the secretion 112 
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phenotype of a 5RK charge neutralization mutant. Our results suggest a significant role for 5RK 113 

in making transmitter release in PC12 cells dependent on stimulation by Ca2+. 114 
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Materials and Methods 115 

Plasmid construction- Double-labeled Syx (CSYS) and CSYS-5RK/A cDNA were 116 

generated as described in (Greitzer-Antes et al., 2013). CSYS-YQ/AA was generated by 117 

introducing two point mutations, Y257A and Q258A, at the linker region domain of CSYS. The 118 

BoNT-C1-resistant mutation (CSYS-R) was generated by introducing one point mutation, K253I, 119 

at the BoNT-C1 recognizing sequence (Lam et al., 2008).  For PC12 transfection, the constructs 120 

were cloned into pcDNA3 vector using EcoRI and XbaI restriction sites. The PLCη2 construct 121 

was kindly provided by T.F.J. Martin (University of Wisconsin). The 5-phosphatase Inp54p 122 

system constructs were purchased from Addgene. BoNT-C1α51 was kindly provided by M.B. 123 

Jackson (University of Wisconsin). BoNT-C1α51 and both PIP2 depletion constructs, described 124 

above, were subcloned into mRFP pcDNA3 vector containing IRES (internal ribosome entry site).  125 

PC12 cells preparation and transfection for FRET experiments - PC12 cells were 126 

maintained at 37°C/5% CO2 in Dulbecco's Modified Eagle's Medium (DMEM) with high glucose 127 

(Sigma) supplemented with 10% Bovine serum, 5% L-glutamin, 100 U/ml penicillin, and 0.1 128 

mg/ml streptomycin. For imaging, cells were replated to a ~60% confluence onto poly-L-Lysine 129 

(Sigma) coated 35mm glass bottom culture dishes and allowed to adhere overnight. Cells were 130 

transfected with 1.5μg of the CSYS mutation probes, using Lipofectamine 2000 (Invitrogen). 131 

Imaging experiments were conducted at room temperature, 24 hours after transfection. During the 132 

experiment the transfected cells were superfused through a 2ml bath, with physiological (2.8 mM 133 

K+) and high K+  (105 mM K+) solutions as described in (An and Almers, 2004)  134 

Dynamic FRET assay in PC12- PC12 cells were imaged using a C-Apochromat 40x/1.2 135 

NA water objective and excited with a 405-nm laser every 5 sec for a total of 400 sec. During the 136 

sequential imaging, the cells were imaged in a control, 2.8 mM K+ solution for 100 sec before and 137 
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after 200 sec of 105 mM high K+  solution, for a total imaging time of 400 sec. Fluorescent signals 138 

were collected with a Zeiss 510META confocal microscope using its "channel mode". Cells were 139 

excited with a 405 nm laser band and the emission was filtered through the main beam splitter 140 

HFT405/514/633nm and further separated by a secondary beam splitter, NFT515nm. CFP and 141 

YFP fluorescence were collected by a 470-500nm and 505-550nm band pass filter, respectively, 142 

and directed into two separate photomultipliers. Under these settings, the leak of YFP into the CFP 143 

recording window is purely optical, very low (<1%)  (Okamoto et al., 2004), and remained constant 144 

regardless of changes in FRET, thus not requiring any corrections. YFP and CFP intensities at a 145 

region of interest (ROI) on the cell`s membrane were calculated, and background fluorescence was 146 

quantified from an ROI in each image defined in an area containing no fluorescent cells. The 147 

background-subtracted fluorescence intensity at each exposure time point was normalized to the 148 

average of the initial measurements in each cell (before high K+ solution was added). The FRET 149 

ratio of normalized intensities was denoted as FYFP/FCFP. Changes in FRET are reflected as changes 150 

in the FRET ratio.  151 

Static FRET assay in PC12- PC12 cells were imaged in physiological solution (2.8 mM 152 

K+) in a 0.7 mm glass-bottom dish. Fluorescence emissions from CFP and/or YFP-tagged proteins 153 

were collected from the PM of the cells with a Zeiss inverted confocal microscope (Zeiss Axiovert 154 

LSM 510META), using a 20x0.75 NA air objective and laser excitations of 405 nm and 514 nm, 155 

respectively. We used a spectrum-based method to remove contamination caused by donor 156 

emission and for direct excitation of the acceptor. The FRET assay was performed as described in 157 

(Zheng and Zagotta, 2004). Briefly, two emission spectra were collected from each cell, one with 158 

405nm excitation and the other with 514nm excitation. A scaled CFP spectrum, collected from 159 

control cells expressing CFP-tagged proteins only, was used to normalize the CFP emissions from 160 
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the spectrum taken from cells expressing both fluorophores at 405nm excitation. This procedure 161 

allows one to dissect the YFP emission spectrum, termed 405F , into two components: one is due to 162 

the direct excitation of YFP ( directF405 ) and the other is due to FRET ( FRETF405 ). 405F  is normalized to 163 

the total YFP emission with 514nm excitation at the same cell, 514F .  The resulting ratio, termed 164 

RatioA, can be expressed as
514

405

514

405

514

405

F
F

F
F

F
F

RatioA
FRETdirect . The direct excitation component in the 165 

calculated RatioA, termed RatioA0, was experimentally determined from a large population of 166 

oocytes expressing only YFP-tagged proteins. This allows the bleed-through of the direct 167 

excitation of YFP to be precisely calculated by the 405nm laser. The difference between RatioA 168 

and RatioA0 (RatioA-RatioA0) is directly proportional to FRET efficiency: 
514

405
0 F

F
RatioARatioA

FRET . 169 

The apparent FRET efficiency from an individual cell, Eapp, can be calculated as170 

D

Aapp

RatioA
RatioAE 1

0

 , where D and A are molar extinction coefficients for the donor and acceptor, 171 

respectively, at the donor excitation wavelength (Takanishi et al., 2006; Gao et al., 2007). To avoid 172 

autofluorescence contamination in the CFP spectrum, the auto-fluorescence of native PC12 cells 173 

in the CFP spectrum was subtracted from each cell. 174 

5’ phosphatase PIP2 depletion assay in PC12 - PIP2 depletion was conducted as 175 

described (Suh et al., 2006). Briefly, this dimerizer strategy uses heterodimerization of protein 176 

domains from FKBP and from FRB by the immunosuppressant Rapamycin. FRB is anchored to 177 

PM via Lyn11. Inp54p, a yeast inositol polyphosphate 5-phosphatase that specifically cleaves the 178 

phosphate at the 5 position of PIP2 fused to FKBP, is recruited from the cytosol upon addition of 179 

Rapamycin, forming the tripartite complex Lyn11 FRB-Rapamycin-FKBP Inp54p. Membrane 180 

recruitment of Inp54p rapidly induces specific dephosphorylation at the 5 position of PIP2. In our 181 

experiments, PIP2 was depleted from PC12 cells transfected with plasmids encoding FRB (0.75 182 



 

9 
 

μg) and mRFP FKBP Inp54p (0.75 μg), by the addition of the dimerizing agent, Rapamycin 183 

(5μM), to the physiological and high K+ solutions. To verify PIP2 depletion from PM, PC12 cells 184 

were transfected with plasmids encoding the 5’ phosphatase system, described above, together 185 

with GFP-PH PLCδ1 (0.5 μg), and imaged by confocal microscopy. 186 

Cell culture for the amperometry experiments- PC12 cells were obtained from  187 

American Type Culture Collection (ATCC, Rockville, MD) and maintained in RPMI-1640 media 188 

supplemented with 10% heat-inactivated horse serum and 5% fetal bovine serum (Sigma), in 7% 189 

CO2 atmosphere at 37°C. The cells were grown on mouse collagen IV-coated flasks (Becton 190 

Dickinson, Bedford, MA) and were subcultured approximately every 7 days.  Cells were 191 

transfected using Lipofectamine-2000 (Invitrogen). 192 

Amperometry measurements- Amperometric currents were recorded with a VA-10 193 

amplifier (npi Electronics GmbH, Tamm, Germany). A constant voltage of +700 mV was applied 194 

to the 5 m OD carbon electrode (ALA Scientific, Westbury, NY). The currents were filtered at 1 195 

KHz and digitized at 10 KHz using a Digidata 1322A analog-to-digital converter and the Clampex 196 

9 software package (Axon CNS Molecular Devices, Sunnyvale, CA).  Data were analyzed by the 197 

customized macro for IGOR PRO software (Mosharov, 2008). Spikes smaller than 5 pA were 198 

considered as noise and were discarded. The bath solution contained (in mM): 150 NaCl, 5 KCl, 199 

1.2 MgCl2, 5 glucose, 10 Hepes, 2 CaCl2, pH 7.4, and the high K+ solution contained (in mM): 200 

100 KCl, 50 CaCl2, 0.7 MgCl2, Hepes 10, pH 7.4. Similarly to what was shown in chromaffin cells 201 

(Shang et al., 2014), in PC12 cells we observed reduced spontaneous release in the presence of 202 

elevated [Ca2+] (data not shown); therefore, spontaneous events were monitored in physiological 203 

[Ca2+] (2 mM).    204 
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Experimental design and Statistical Analysis- Data was summarized as means ± S.E.M. 205 

The number of samples (n) indicates the number of cells per group. Statistical analysis was 206 

performed in either SPSS v24 (IBM) or SigmaPlot v11. For time course FRET (dynamic FRET) 207 

experiments, one-way analysis of variance (ANOVA) for repeated measures was conducted. For 208 

amperometry experiments, where events were monitored before and after stimulation in each cell, 209 

paired t-test analysis was used; multiple groups were compared by ANOVA followed by post-hoc 210 

Tukey's test. Asterisks in the figures indicate statistically significant differences as follows: * 211 

P<0.05; ** P<0.001.  212 

3D alignment and electrostatic surface calculation- Swiss PDB Viewer 4.1 was used 213 

for: 1) 3D alignments, utilizing a built-in magic fit algorithm with subsequent RMS deviation 214 

calculation, and 2) electrostatic surface calculations utilizing the Poisson-Boltzmann method on 215 

atomic partial charges, setting the solvent ionic strength to 0.3 mol/l, the protein dielectric constant 216 

to 4, and the solvent dielectric constant to 80. Proteins were visualized in MolSoft MolBrowser 217 

3.8. 218 

219 
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Results 220 

The juxtamembrane basic residues, 5RK, in Syx are absolutely required for the Ca2+-221 

dependent opening (CDO) of CSYS induced by high K+ depolarization. 222 

Previously, we generated a Syx-based FRET probe, CSYS (Fig. 1A), which reports close-223 

to-open transitions (openings) of Syx during exocytosis (Greitzer-Antes et al., 2013).  Importantly, 224 

CSYS could rescue the inhibition of exocytosis by Botulinum Neurotoxin C1 (which cleaves 225 

native Syx) in both PC12 cells (Greitzer-Antes et al., 2013) and hippocampal neurons (Vertkin et 226 

al., 2015), demonstrating that it is functional and supports fusion.  Next, using dynamic FRET 227 

analysis in PC12 cells expressing CSYS, we monitored a significant reduction in the FYFP/FCFP 228 

ratio (FRET ratio), reporting opening of CSYS, in response to high K+ depolarization. The opening 229 

consisted of two distinct conformational transitions, a partial, Ca2+-independent opening (resistant 230 

to blockade by cadmium (Cd)) and a Ca2+-dependent opening (CDO) that is blocked by Cd 231 

((Greitzer-Antes et al., 2013); see also Fig. 1B; F(79,15800) = 22.68, p < 0.0001, ANOVA with 232 

repeated measures). Importantly, the same concentration of Cd blocked Ca2+ entry through 233 

voltage-gated Ca2+ channels and blocked secretion stimulated by high K+ depolarization (Greitzer-234 

Antes et al., 2013), suggesting that CDO may reflect a secretion-related conformational transition 235 

of Syx. Starting a quest to better understand the nature of this transition, we examined the 236 

involvement of the 5 positive charges, termed 5RK, in the juxtamembrane linker of Syx. Dynamic 237 

FRET analysis in cells expressing a 5RK charge neutralization mutant of CSYS, CSYS-5RK/A 238 

(in which the positive charges were replaced with alanines; Fig. 1A), revealed that CDO (blocked 239 

by Cd) did not occur in response to high K+ depolarization ((Greitzer-Antes et al., 2013) and Fig. 240 

1C).  Subsequently, we verified that the apparent elimination of this transition by 5RK 241 

neutralization was not due to a lower initial FRET signal that would indicate an inherent opening 242 
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imposed by the mutation itself.  Indeed, static FRET analysis showed that the initial FRET 243 

efficiencies, measured under resting conditions, of CSYS and CSYS-5RK/A were similar (Fig. 244 

1D), indicating that the 5RK/A mutation abolished CDO.  245 

In order to better understand the role of 5RK in Syx conformational transition, we had to 246 

determine the characteristics of CDO and whether it reports Syx conformational transition before 247 

or following SNARE complex assembly. To determine whether CDO occurs in the context of the 248 

ternary SNARE complex, which includes the vesicular SNARE Syb2, we used the light chain of 249 

tetanus toxin (TeTx LC) to cleave Syb2, previously shown to inhibit exocytosis (Huang et al., 250 

2001). Importantly, we showed that the opening of CSYS was significantly reduced following 4 251 

hours of incubation with the toxin (Fig. 1Ea; F(79,6636)= 5.232, p<0.0001, ANOVA with repeated 252 

measures), whereas the opening of CSYS-5RK/A, which lacks CDO (see above), was not affected 253 

by the toxin (Fig. 1Eb). Notably, the opening of CSYS in the presence of the toxin was similar to 254 

that of CSYS-5RK/A (Fig. 1E). Together, these data show that CDO involves the ternary SNARE 255 

complex, underscoring a critical role for 5RK in Syx conformational transition following ternary 256 

SNARE complex assembly. 257 

The next question that arose was whether the role of 5RK is related to the final zippering 258 

of the SNARE complex, which is mediated by the formation of continuous helices throughout the 259 

linker regions and the TM domains of Syx and Syb2 (Stein et al., 2009). In such a case, mutation 260 

of any residue in the Syx linker that makes contact with the Syb2 linker will result in impaired 261 

CDO. Thus, we targeted the YQ motif, which forms an aromatic layer with residues in the Syb2 262 

linker, thought to be crucial for the linker contacts (Stein et al., 2009). Notably, dynamic FRET 263 

analysis in response to high K+ depolarization of cells expressing the mutant CSYS-YQ/AA (Fig. 264 

1A) revealed a conformational opening that did consist of CDO (sensitive to Cd blockade; Fig. 1F; 265 
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(F(79,3239) = 5.621, p < 0.0001, ANOVA with repeated measures), underscoring a unique role 266 

for 5RK in CDO, which is not related to the final zippering.  267 

PIP2 is absolutely and specifically required for CDO.   268 

 In continuing our quest to better understand the nature of CDO, we considered the role of 269 

Syx-phospholipid interactions, implicated in exocytosis regulation (Lam et al., 2008; Murray and 270 

Tamm, 2009; Honigmann et al., 2013; Khuong et al., 2013), focusing specifically on the most 271 

characterized candidate underlying these interactions, PIP2 (reviewed in (Martin, 2015). To assess 272 

the involvement of PIP2 in CDO regulation, two different experimental approaches of PIP2 273 

depletion from PM were taken. First, we used the strongly Ca2+-activated phospholipase, Cη2 274 

(PLCη2), shown to hydrolyze PIP2 from the PM of PC12 cells upon activation by high K+ 275 

depolarization (Kabachinski et al., 2016). PC12 cells transfected with CSYS, with or without 276 

mRFP-tagged PLCη2 were subjected to dynamic FRET analysis during high K+ depolarization. 277 

The opening of CSYS in the presence of PLCη2 was significantly smaller than in its absence (Fig. 278 

2A; F(79,7110)=7.192, p < 0.0001 ANOVA with repeated measures), insensitive to Cd and similar 279 

in size to the opening in the absence of the phospholipase but in the presence of Cd (Fig. 2B), 280 

indicating that the phospholipase eliminated CDO. To further substantiate this notion, the opening 281 

of CSYS-5RK/A, which completely lacks CDO ((Greitzer-Antes et al., 2013) & Fig. 1C), was 282 

compared in the absence and presence of co-expressed PLCη2 and indeed was found to be 283 

insensitive to the presence of the phospholipase (Fig. 2C), thus confirming that the phospholipase 284 

eliminates CDO in CSYS. 285 

Bearing in mind that hydrolysis of PIP2 by PLCη2 generates two second messengers, 286 

inositol 1,4,5-trisphosphate(IP3), which releases Ca2+ from intracellular stores (Nakahara et al., 287 

2005),  and diacylglycerol (DAG), which mediates the activation of protein kinase C, it was 288 



 

14 
 

essential to demonstrate that the effect of PLCη2 is directly related to PIP2 depletion and not to 289 

the generation of second messengers. Thus, we employed an additional PIP2 depletion system, the 290 

5-phosphatase Inp54p, with the aim of replicating the above results obtained by PLCη2 expression. 291 

Activation by Rapamycin of the Inp54p system, previously shown to deplete, within seconds, PM–292 

associated PIP2 in living cells without producing DAG, IP3, or calcium signals ((Suh et al., 2006) 293 

see Methods), resulted in recruitment of the phosphatase to PM and subsequent PIP2 depletion 294 

(Fig. 2D), significantly reducing the opening of CSYS in PC12 cells (Fig 2E; F(79,2686) = 7.63, 295 

p < 0.0001, ANOVA with repeated measures; compare with Fig. 2A), as expected. Taken together, 296 

we concluded that PIP2 depletion directly abolishes CDO, indicating that PIP2 is essential for this 297 

conformational transition of Syx.  298 

Next, in an attempt to assess the unique role of PIP2 in CDO, we tested the role of another 299 

acidic phospholipid, phosphatidic acid (PA), previously shown to form functional interactions with 300 

Syx to facilitate membrane fusion (Lam et al., 2008). Additionally, it has been shown that 301 

overexpression of  PLD1, a stimulus-activated enzyme that cleaves phosphatidylcholine to 302 

generate PA, enhances regulated exocytosis, whereas knockdown of PLD1 activity results in 303 

decreased secretion (Humeau et al., 2001; Vitale et al., 2001; Hughes et al., 2004; Huang et al., 304 

2005; Zeniou-Meyer et al., 2007). Here, inhibition of PA production by PLD1 upon a one-hour 305 

incubation in 6μM of the PLD-inhibitor VU0155056 (Fig. 3A) had no effect on CDO (Fig. 3B), 306 

underscoring the unique role of PIP2 in CDO. 307 

Neutralization of the basic residues (5RK) in the juxtamembrane region of Syx increases 308 

spontaneous release but inhibits evoked release.  309 

At this point we were convinced that CDO reports one (or more) specific conformational 310 

transition of Syx following SNARE complex assembly, triggered by the elevation of intracellular 311 



 

15 
 

[Ca2+] in response to high K+ depolarization; this transition is absolutely dependent on both PIP2 312 

levels and intact 5RK. To gain insights into possible secretion-related correlates of the transition, 313 

we decided to pursue the 5RK dependence, rather than the PIP2 dependence, since 5RK is specific 314 

to Syx functioning, whereas PIP2 is involved in a growing number of processes, including synaptic 315 

growth  as well as synaptic vesicle cycling and formation (Cremona et al., 1999; Wenk et al., 2001; 316 

Verstreken et al., 2009; Khuong et al., 2010; Martin, 2012). Thus, to address the secretion 317 

correlates of CDO, we used CSYS-5RK/A and compared its secretion phenotype with that of 318 

CSYS, using carbon fiber amperometry in PC12 cells. Specifically, we were interested in 319 

evaluating the impact of 5RK neutralization on both spontaneous and evoked releases, since 320 

previous studies that substituted native Syx with 5RK charge neutralization mutants reported an 321 

impact on evoked release only (Lam et al., 2008; Khuong et al., 2013). To reduce potentially 322 

confounding effects from endogenous Syx, we used cells transfected with the light chain of BoNT-323 

C1α51 (BoNT-C1), which spares SNAP-25 cleavage and cleaves only endogenous Syx (Wang et 324 

al., 2011), precluding it from mediating membrane fusion (Schiavo et al., 1995). Previously, we 325 

showed that CSYS-R, a CSYS mutant bearing a K253I mutation, which confers resistance to 326 

BoNT-C1 (Lam et al., 2008), co-expressed with BoNT-C1 in PC12 cells, is resistant to the toxin 327 

and retains its PM expression (Greitzer-Antes et al., 2013). Importantly, CSYS-R was shown to 328 

rescue the inhibition of exocytosis by the toxin, both in PC12  cells (Greitzer-Antes et al., 2013) 329 

and in hippocampal neurons (Vertkin et al., 2015). Accordingly, here we showed that also the 330 

toxin-resistant CSYS-5RK/A-R retains its PM expression in cells co-expressing the toxin, in 331 

contrast with its toxin-non-resistant version   (Fig. 4A).   Thus, the secretion phenotype of CSYS 332 

was examined in cells co-expressing CSYS-R with the toxin by amperometric measurements, 1 333 

min before (to detect spontaneous events) and 1 min following a 10 sec application of the high K+ 334 
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solution (to detect evoked events). Whereas no release, measured as amperometric spikes, was 335 

detected in cells expressing the toxin alone (mRFP-tagged; not shown), in cells co-expressing the 336 

toxin with the toxin-resistant version of CSYS a small spontaneous release and a significant 337 

evoked release were detected, both in terms of charge release and number of spikes per cell (Fig. 338 

4C; t(19)= 2.22, p = 0.038 and: t(19 )= 2.1, p = 0.05, respectively; paired t test). Importantly, this 339 

pattern of secretion with a few spontaneous events and a significant evoked release, driven by the 340 

expressed CSYS, was quite similar to that driven by the endogenous Syx in native (not treated 341 

with the toxin; control) cells, both in terms of charge release and the number of events per cell 342 

(Fig. 4B; t(19)= 2.72,  p = 0.012 and  t(19)= 3.98, p = 0.001, respectively; paired t test). In addition, 343 

the single-spike characteristics, quantal size, half-width, and peak amplitude were similar between 344 

the two groups (Fig. 4E). 345 

Strikingly, the pattern of secretion of the 5RK neutralization mutant CSYS-5RK/A, 346 

examined in cells co-expressing the toxin with CSYS-5RK/A-R (Fig. 4D), was markedly different 347 

from that of CSYS (Fig. 4C), assayed in parallel in the same experiments.  First, spontaneous 348 

release in CSYS-5RK/A -expressing cells was 6-fold higher in the number of spikes per cell (F(2, 349 

52) =  9.763, p < 0.0001) and about 7-fold higher in the charge release per cell (F(2, 52) = 7.517, 350 

p < 0.001; ANOVA followed by post-hoc Tukey's test). Second, whereas in CSYS- expressing 351 

cells the evoked release was about 4-fold higher than the spontaneous release, both in the number 352 

of spikes and in the charge release per cell (Fig. 4C), in CSYS-5RK/A-expressing cells there was 353 

no significant difference between the spontaneous and evoked releases (Fig. 4D), suggesting that 354 

the evoked release was inhibited by the 5RK/A mutation. To substantiate this notion, we performed 355 

additional kinetic analysis, looking at the time course of the amperometric events by plotting the 356 

normalized cumulative spike frequency distribution and the normalized cumulative charge release 357 
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distribution (Fig. 5A & B, respectively). Remarkably, in contrast to those of CSYS, the plots of 358 

CSYS-5RK/A could be well fitted to one-line function throughout periods before and after the 359 

high K+ depolarization, confirming the absence of evoked release.  360 

Although the secretion phenotype of CSYS was completely different from that of CSYS-361 

5RK/A, the single-spike characteristics, quantal size, half-width, and peak amplitude were not 362 

appreciably different between the two groups and were similar to those of control cells (Fig. 4E). 363 

Taken together, these results strongly suggest that 5RK neutralization enhances spontaneous 364 

release and inhibits evoked release, suggesting that 5RK plays a role in clamping spontaneous 365 

release and in promoting Ca2+-triggered release. 366 

Neutralization of residues adjacent to 5RK in the juxtamembrane region of Syx has no 367 

apparent effect on secretion . 368 

Correlation of the FRET analyses of CSYS and CSYS-5RK/A (Fig. 1B & C) with the 369 

corresponding amperometric analyses (Fig. 4C & D) suggested a link between the absence of CDO 370 

in CSYS-5RK/A in the FRET analysis and its unique secretion phenotype, with enhanced 371 

spontaneous release and inhibited evoked release. To substantiate this link, we characterized the 372 

secretion phenotype of CSYS-YQ/AA, which exhibited CDO in the FRET analysis (Fig 1E). 373 

Indeed, in contrast to CSYS-5RK/A, the secretion phenotype of CSYS-YQ/AA, with few 374 

spontaneous events and a significant evoked release, was not appreciably different from that of 375 

CSYS, assayed in parallel in the same experiments (Fig. 6 ; CSYS t(16)= 2.89, p = 0.011; CSYS-376 

YQ/AA t(13)= 2.17, p = 0.048; paired t test).  The single-spike characteristics were not appreciably 377 

different between the two groups (data not shown).  378 
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Discussion 379 

Using our Syx-based FRET probe, CSYS, we captured a Ca2+-dependent opening (CDO) 380 

of Syx in response to high K+ depolarization (Greitzer-Antes et al., 2013), which occurs  following 381 

SNARE complex assembly (Fig. 1E), and is absolutely dependent on the juxtamembrane  5RK 382 

stretch (Greitzer-Antes et al., 2013); and Fig. 1B,C), but not on the adjacent YQ motif, believed to 383 

be crucial for final zippering of the complex  (Fig. 1G). This indicated that the participation of 384 

5RK in CDO goes beyond its participation in the final zippering and  that CDO may reflect a 385 

highly important functional  property of Syx, as indicated by the conservation of juxtamembrane 386 

charge clusters and the essential role of the juxtamembrane domain of the yeast syntaxin proteins 387 

Sso1/2p in SNARE function in vivo (Van Komen et al., 2005). The finding that PIP2, fundamental 388 

for maintaining regulated exocytosis (reviewed in (Martin, 2012)), is specifically essential for 389 

CDO (Figs. 2&3), underscored the notion of an important, secretion-related, structural transition 390 

of Syx in which 5RK plays a significant role. Guided by this notion, we conducted amperometric 391 

analysis to assess the role of 5RK in catecholamine release from PC12 cells. Remarkably, we 392 

found that the charge neutralization mutation 5RK/A  that abolished CDO (Fig. 4&5), but not the 393 

YQ/AA mutation  that retained CDO (Fig. 6), induced the enhancement of spontaneous release, 394 

with a 6-fold increased number of events and a 7-fold increased charge per cell, and the 395 

concomitant inhibition of Ca2+-triggered release. In fact, studies of the molecular basis of vesicle 396 

fusion conducted at various synapses have shown that Ca2+-triggered and spontaneous release are 397 

often concomitantly regulated, in either opposing or equal directions (Schneggenburger and 398 

Rosenmund, 2015)). Our data suggest that 5RK is involved in the concomitant regulation of both 399 

release processes, but in opposing directions. Although the regulation of these two processes do 400 

not necessarily share a single underlying mechanism, the convergence at 5RK enables this stretch 401 
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to act as a fusion clamp that makes catecholamine release from PC12 cells dependent on 402 

stimulation that elevates the intracellular Ca2+ concentration.  403 

The role of 5RK in Ca2+ triggering 404 

To elucidate the mechanism underlying the role of 5RK in Ca2+-triggered dense-core 405 

vesicle release one should consider the groups of proteins that, upon binding to Ca2+, trigger the 406 

merger of vesicles with the PM. The fast kinetics of Ca2+ sensors belonging to the synaptotagmin 407 

family, especially Syt1,2 play a direct role in triggering membrane fusion. Other Ca2+ sensing 408 

proteins having intrinsically slower kinetics, such as Munc13 proteins, act on Ca2+-dependent 409 

processes upstream of fusion (Bittner and Holz, 1992; von Ruden and Neher, 1993) such as 410 

mobilization and priming of vesicles (Pinheiro et al., 2016). The slow time scale of CDO, which 411 

may reflect one or more Ca2+-dependent transitions of Syx along the sustained high K+ 412 

depolarization that are related to the replenishment of the readily-releasable pool (RRP) of 413 

vesicles, corresponds to the slow Ca2+ sensors’ longer temporal scale. Specifically, the well-414 

documented role of Munc13s in mediating the opening of Syx, by accelerating the transition from 415 

the closed Syx-Munc18-1 complex to the SNARE complex (Rizo and Xu, 2015), supports their 416 

involvement in  CDO. Furthermore, a possible link between the function of Munc13s as effectors 417 

for PIP2 in evoked release (Martin, 2015) and the well documented PIP2-binding ability of 5RK 418 

(see Introduction), may underlie a crucial role of 5RK in RRP replenishment.  419 

 Nevertheless, by acknowledging the role of Syt1 as the main Ca2+ sensor for Ca2+-420 

triggered fusion (Xu et al., 2007), we reasoned that Syt1, despite its fast kinetics, could still be 421 

relevant to CDO. According to this scenario CDO may reflect one or more Ca2+-dependent 422 

transitions of Syx directly related to fast Syt-1-driven Ca2+-triggered fusion events. However, these 423 

events involve a non-homogenous population of vesicles undergoing a series of maturation steps 424 
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and reaching the RRP, poised for Ca2+-triggered fusion, at different times throughout the sustained 425 

high K+ depolarization.  Along these lines, we considered the suggested model for Syx’s role in 426 

Ca2+ - triggered release, based on the recently resolved crystal structures of the Syt1-SNARE 427 

complex (Zhou et al., 2015). This model assigns an important functional role to a flat face of the 428 

Syt1-SNARE complex, with an extensive pattern of positive charges comprising the polybasic 429 

Syt1 region and the C terminal end of the SNARE complex, which upon Ca2+ elevation, forms 430 

simultaneous PM interactions that deform the PM and promote fusion. Noting that this model 431 

relies on SNARE structures up to the juxtamembrane linkers of Syx and Syb2, we reasoned that 432 

an extended model that includes the linkers may reveal that the positive charges of 5RK extend 433 

and enhance the positively charged surface of the C-terminal end of the SNARE complex, 434 

providing substantial leverage for more efficient PM deformation. To test this notion, we 435 

attempted to extend the model so that it includes the linkers.  First, we conducted a structural 436 

alignment by superimposing on the structure of the Syt1-SNARE complex (Zhou et al., 2015); 437 

5ccg.pdb) the previously resolved structure of the SNARE complex in its cis state, which includes 438 

the linkers and the TM domains of Syx and Syb2 (Stein et al., 2009); 3ipd.pdb). Successful 439 

structural alignment with RMS = 0.95Å (involving 65 atoms) generated a combined complex (Fig. 440 

7A) that could potentially serve as a basis for an extended model that incorporates 5RK. We 441 

Focused only on the linker regions in the combined complex. A plot of the electrostatic surface of 442 

the linker region of Syx (AA 259-265: SKARRKKI), alone (Fig. 7Ba) or together with that of 443 

Syb2 (AA 91-95: KNLKM) (Fig. 7Bb) shows a positive charge density, as was previously shown 444 

for the resolved cis SNARE complex (Stein et al., 2009). Zooming in (Fig 7Ca,b), it becomes clear 445 

that the 5RK residues K260, R263, and R262 create a positive surface that points in  the same 446 

direction as that of the Syt1 polybasic region; the latter is thought to point towards the PM (Zhou 447 
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et al., 2015). Taken together, we suggest that, upon entry of Ca2+ and helical extension of the 448 

SNARE complex, the positively charged surface created by K260, R262, and R263 extends and 449 

enhances the positively charged surface of the C-terminal end of the SNARE complex. Thus, it 450 

acts in concert with the positive surface created by the Syt1 polybasic region and forms 451 

simultaneous PM interactions, resulting in membrane deformation that promotes fusion.  In this 452 

context, 5RK plays a crucial role in Ca2+-triggered PM deformation that promotes fusion.  453 

The role of 5RK in spontaneous release 454 

In considering the mechanism underlying the clamping of spontaneous release by 5RK, we 455 

envision two possible scenarios, not mutually exclusive. The first scenario relies on the well-456 

accepted role of Syt1 in suppression of spontaneous release that is separated from its function in 457 

evoked release (see (Schupp et al., 2016)). This function of Syt1 was suggested to possibly involve 458 

a specific configuration of the C2B lob, which differs from that involved in its function in evoked 459 

release  (Bai et al., 2016), and to possibly arrest the SNARE complex in a partially assembled trans 460 

state (Chicka et al., 2008) for long enough that complexin can bind and stabilize clamping (Schupp 461 

et al., 2016). The fusion clamp property of 5RK can be incorporated into this scenario, assuming 462 

that its interaction with the PM, possibly via the well-documented interaction with phospholipids 463 

(see the Introduction), stabilizes the specific configuration of the Syt1-SNARE complex that 464 

clamps spontaneous fusion. 465 

In a second, more minimalistic scenario, the interaction of 5RK with phospholipids before 466 

the Ca2+ stimulus acts as a membrane anchor that clamps spontaneous release by preventing 467 

spontaneous fluctuations of the loose Syx linker (in the partially zippered SNARE complex). 468 

Consequently, this phospholipid-5RK interaction prevents Syx’s linker from interacting with that 469 

of Syb2 to finalize zippering of the complex, which will draw the plasma and vesicular membranes 470 
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closely together to promote the formation of the fusion pore. This scenario is along the lines of the 471 

fusion clamp role suggested for the tryptophans, W89 and W90, in the Syb2 linker (Lindau, 2012; 472 

Lindau et al., 2012) and suggests for the 5RK stretch a complementary role, on the PM side, in 473 

clamping spontaneous release. 474 

Our results support the notion (Schneggenburger and Rosenmund, 2015) that at various 475 

instances both evoked and spontaneous releases are highly regulated processes that utilize the same 476 

pool of vesicles (as suggested in our study by the similar single spike parameters for spontaneous 477 

and evoked events). Moreover, in line with studies that have shown that proteins involved in 478 

regulating the final steps of vesicle fusion often concomitantly regulate Ca2+-triggered and 479 

spontaneous releases (Schneggenburger and Rosenmund, 2015), we wish to put forward the notion 480 

that the 5RK stretch acts as a molecular target for these regulations. 481 

Noteworthy, our Syx-based FRET probe enabled us to gain insights about novel Syx 482 

functions in vivo, lending credence to the use this probe as a tool to gain insights into mechanistic 483 

questions linked to Syx functionality in secretion. 484 

485 
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 Figure Legends 656 

Figure 1. 5RK is crucial for the Ca2+-dependent opening (CDO) of CSYS. A, Domain structure of 657 

CSYS (Greitzer-Antes et al., 2013), and its mutants, CSYS-5RK/A and CSYS-YQ/AA. Two 658 

fluorescent molecules, CFP and YFP, are fused to Syx via flexible linkers (L). B, Changes in the 659 

average normalized FRET ratio in PC12 cells expressing CSYS in response to high K+ 660 

depolarization. Addition of 200 μM Cd to both physiological and high K+ solutions results in a 661 

smaller decrease in the FRET ratio, compared with its absence (white diamonds, n=109, and black 662 

diamonds, n=122, respectively; 9 experiments; F(79,15800)=22.68,  P<0.0001 ANOVA with 663 

repeated measures). C, No significant difference in the FRET ratio reduction between cells 664 

expressing CSYS-5RK/A in the presence and absence of Cd (white squares, n=67, and gray 665 

squares, n=51, respectively; 5 experiments). D, The initial FRET efficiencies (Eapp) of PC12 cells 666 

expressing CSYS and CSYS-5RK/A are similar (black bar, n=31, and gray bar, n=25, respectively; 667 

2 experiments). E, CDO involves ternary SNARE complex assembly Ea, The reduction in the 668 

FRET ratio of CSYS (black diamond, n=47, 4 experiments) was statistically smaller (F(79,6636)= 669 

5.232, p<0.0001, ANOVA with repeated measures) upon Syb2 cleavage by 30nM TeTx-LC (grey 670 

diamond, n=39, 4 experiments). Eb, On the contrary, the FRET ratio of CSYS-5RK/A (grey 671 

square, n=31, 4 experiments) is not affected by the Syb2 cleavage (black square, n=35, 4 672 

experiments). Dashed lines indicate a similar FRET ratio reduction of CSYS-5RK/A compared to 673 

CSYS+TeTx-LC. F, Addition of Cd to CSYS-YQ/AA-expressing cells results in a smaller 674 

decrease in the FRET ratio, compared with its absence (white triangles, n=33 and black triangles, 675 

n=41, respectively; 3 experiments; F(79,3239)=5.621, P<0.0001 ANOVA with repeated 676 

measures).  677 
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Figure 2. PIP2 depletion abolishes CDO of CSYS. A-C, PIP2 hydrolysis by PLCη2 (tagged with 678 

m-Kate fluorophore) in PC12 cells. A, PLCη2 co-expression with CSYS resulted in a significantly 679 

smaller decrease in the FRET ratio in response to high K+ depolarization, compared with no 680 

treatment (black diamonds, n=49, and gray diamonds, n=50, respectively; 3 experiments; 681 

F(79,7110)=7.192, P<0.0001, ANOVA with repeated measures). B, Addition of Cd had no effect 682 

on the FRET ratio reduction of CSYS co-expressed with PLCη2 (black circles n=9 and gray 683 

circles, n=8), which was similar to that of CSYS alone but in the presence of Cd (white diamonds, 684 

n=11); all cells were assayed in a single experiment. C, Hydrolysis of PIP2 by PLCη2 did not have 685 

any effect on the FRET reduction of CSYS-5RK/A (gray squares n=17, and black squares, n=17; 686 

2 experiments). D, E, PIP2 depletion induced by the 5-phosphatase Inp54p system in PC12 cells. 687 

Da, Rapamycin addition induced heterodimerization between FRB and mRFP FKBP Inp54p, 688 

resulting in mRFP tagging of PM (upper) and a decrease in the PM tagging of GFP-PH PLCδ, 689 

which binds PIP2 (lower). White bar = 5 μm. Db, Normalized fluorescence intensity profiles of 690 

the above cells, indicating PM expression, determined from line scans (white lines in Da) taken 691 

from the outside to the middle of each cell. E, PIP2 depletion by the 5-phosphatase Inp54p system 692 

resulted in a significantly smaller decrease in the FRET ratio of CSYS in response to high K+ 693 

depolarization (white triangles, n=16, and black diamonds, n=20; 2 experiments; 694 

F(79,2686)=7.632, P<0.0001, ANOVA with repeated measures). 695 

Figure 3. Inhibition of Phosphatidic Acid (PA) production in the PM has no effect on CSYS 696 

opening. A, Left: Confocal images, taken with a 488 excitation laser, demonstrating the cellular 697 

distribution of a wild-type PA-binding probe coupled to EGFP (wt-PABD) in PC12 cells. The cells 698 

were incubated for one hour with (c, d) or without (a, b) 6μM PLD-inhibitor, VU0155056.  In both 699 

groups the cells were maintained under resting conditions (a, c) and stimulated for 5 min with high 700 
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K+ solution (b, d). Middle: Normalized fluorescence intensity profiles, as determined by line scans 701 

(5 μm- white line) taken from the outside to the middle of each cell, corresponding to PA 702 

distribution on PM shown on the left. Line scans were normalized and the peaks were aligned, for 703 

each condition. Right: Changes in membrane fluorescence before and after high K+ depolarization 704 

from cells expressing wt-PABD, in the presence (right) or absence (left) of the PLD-inhibitor (**, 705 

p< 0.001). B, No significant difference between the changes of the FRET ratio of CSYS in 706 

response to high K+ depolarization in the absence (n=22) and presence (n=21) of the PLD-707 

inhibitor. 708 

Figure 4. Neutralization of 5RK increases the frequency of spontaneous events and diminishes 709 

evoked events. A.  CSYS-5RK/A-R is resistant to cleavage by BoNT-C1 and targets to PM regions 710 

in PC12 cells. Upper panel: confocal images of PC12 cells demonstrating that CSYS-5RK/A-R 711 

expression with (iv) or without (iii) BoNT-C1 is distributed to the PM, in contrast with the 712 

cytosolic expression of CSYS-5RK/A in the presence of BoNT-C1 (compare ii with i). Scale bar: 713 

5 mm. Lower panel: normalized fluorescence intensity profiles of the above cells indicating PM 714 

or cytosolic expression. The fluorescence profiles were determined from line scans (red lines, 715 

upper panel) taken from the outside to the middle of each cell. B-E, Representative amperometric 716 

recordings of catecholamine release (left), total charge release (middle), and average number of 717 

events (right) for spontaneous and evoked release from either native PC12 cells (control, B; t(19)= 718 

2.72,  p = 0.012 and  t(19)= 3.98, p = 0.001, for total charge release and average number of events, 719 

respectively; paired t test) or those transfected with BoNT-C1 and co-transfected with either 720 

BoNT-C1-resistant CSYS (C; t(19)= 2.22, p = 0.038 and: t(19 )= 2.1, p = 0.05, for total charge 721 

release and average number of events, respectively; paired t test) or BoNT-C1-resistant CSYS-722 

5RK/A (D), before and after application of high K+ depolarization by a 10 sec pressure pulse 723 
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(horizontal line) through a micropipette positioned close to the cell. E, a, An amperometric spike 724 

example. b-d, Single-spike analysis of the cells in A-C: mean half width (b), mean peak amplitude 725 

(c), and mean quantal size (d) of individual events.  726 

Figure 5. 5RK neutralization mutation diminishes evoked release. Cumulative distribution of 727 

spike frequency (A) or quantal release (B) normalized to the total number of spikes or to the total 728 

quantal release, respectively, in all cells in Figure 4B & C. Each point was normalized to the total 729 

number of spikes or to the total quantal release in each group before and after application of high 730 

K+ solution (horizontal line). The cumulative distribution of each plot was fitted with a 731 

linear function; r2 (A) = 0.98 and 0.99, r2 (B) = 0.97 and 0.98 for CSYS and CSYS-5RKA, 732 

respectively. 733 

Figure 6. YQ neutralization mutant, CSYS-YQ/AA, does not affect the secretion phenotype. A, 734 

Average number of events for spontaneous and evoked release per cells transfected with BoNT-C 735 

and either CSYS or CSYS-YQ/AA, both of which are resistant to BoNT-C cleavage (CSYS t(16)= 736 

2.89, p= 0.011; CSYS-YQ/AA t(13)= 2.17, p= 0.048; paired t test:) . B, Cumulative distribution 737 

of spike frequency in the cells of A, normalized to the total number of spikes in each group after 738 

120 sec of recording; 60 sec in low K+ (5 mM K+) and 60 sec after 10 sec application of high K+ 739 

(100 mM) solutions (indicated by a line).   740 

Figure 7. 3D-alignment-based reconstitution of Syt1-SNARE model. A, SNARE complex protein 741 

alignment based on magic fit (Swiss-prot viewer) derived from the pdb files 5ccg.pdb (containing 742 

the Syt-SNARE complex without the linker and transmembrane regions of Syx and Syb2) and 743 

3ipd.pdb (containing the cis SNARE complex with linker and transmembrane regions of Syx and 744 

Syb2). Aa, Superimposition of SNARE complex proteins (red/purple-Syx; gray/yellow-SNAP25; 745 

dark/light blue- Syb2) together with the C2B domain of Syt1 (green). Ab, Underlined alignment 746 
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of Syx helices from 5ccg.pdb (purple) and 3ipd.pdb (red) files. Amino acid stretches of Syx used 747 

in 5ccg.pdb (purple) and 3ipd.pdb (red) files are denoted. The root mean square deviation of the 748 

alignment was 0.95Å. B, A reconstituted Syt1-SNARE complex with an electrostatic surface for 749 

the Syx linker region, alone (Ba) and together with the Syb2 linker region (Bb). Stick model 750 

representing amino acids of the linker regions of Syx and Syb2 (denoted in red and blue, 751 

respectively). C, Close-up views of the electrostatic surface of the linker region (the electrostatic 752 

potential was visualized within a -5 to 5 kT/e range) composed of Syx, alone (Ca) and together 753 

with Syb2 (Cb), in longitudinal projection along the helices (left) and projection through a cross-754 

section (black bars) at the Syx-K264 level, looking towards the N-termini of Syx and Syb2 (right). 755 

D, Electrostatic surface relevant for synaptotagmin-SNARE complex (reconstituted based on the 756 

cis SNARE complex model, see A) interaction with presynaptic PM and a vesicular membrane, in 757 

longitudinal (Da) and cross sectional (black bar in Da; Db) projections. The linker region of Syx 758 

and the polybasic region of Syt1 are denoted to emphasize the similar orientations of their positive 759 

charges with respect to the PM.   760 

 
















