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Abstract

Neuronal activity and neurotransmitter release cause use-dependent decline in protein function.
However, it is unclear how this is coupled to local protein turnover and quality control
mechanisms. Here we show that the endocytic protein Endophilin-A (EndoA/ENDOAT)
couples activity-induced calcium influx to synaptic autophagy and neuronal survival. We
identify single mutations in the EndoA flexible region that either increases EndoA diffusion
and promotes autophagosome formation in the absence of calcium, or immobilizes EndoA and
blocks autophagy, even in the presence of calcium. Hence, the EndoA flexible region is a switch
that responds to calcium, regulating EndoA nanoscale synaptic organization and association
with autophagosomes driving their formation. Interestingly, a pathogenic variant in the human
ENDOAL1 variable region that confers risk to Parkinson’s disease (PD), also confines ENDOA 1
to the synaptic plasma membrane and equally blocks autophagy in flies in vivo and in induced
human neurons. Thus, our work reveals a mechanism neurons use to connect neuronal activity
to local protein turnover by autophagy, which is critical for neuronal survival.

Introduction

Presynaptic terminals are complex machines that drive a multitude of functions such as memory
acquisition, complex coordinated movements and thought (Mayford et al., 2012). Synapses are
densely packed with proteins and lipids (Wilhelm et al., 2014) that power essential processes
such as neurotransmitter release, changes in plasticity, endocytosis, signaling, etc. (Sudhof,
2004; Siidhof, 2013; Siidhof and Malenka, 2008). Yet synapses are often located far from
neuronal cell bodies and thus, nerve terminals need to, at least in part, locally cope with turnover
of bio-molecules (Azarnia Tehran et al., 2018; Decet and Verstreken, 2021; Soukup et al., 2018;
Vijayan and Verstreken, 2017; Wang et al., 2017).

There are several cellular “homeostasis mechanisms”, that are involved in quality control and
protein turnover at the synapses, including macroautophagy, where double membrane
structures engulf parts of the cytoplasm destined for degradation and recycling. However,
synapses are fragile and it is likely they avoid “blunt” and “massive” turnover by gorging
sizeable parts of their cytoplasm. For example, based on electron microscopy studies,
autophagosomes can measure up to hundreds of nanometers in diameter and thus a single
autophagosome could engulf up to >10-20% of the synaptic cytoplasm at once (Baba et al.,
1997; Jin and Klionsky, 2014; Klionsky et al., 2021; Soukup et al., 2016; Vanhauwaert et al.,
2017). Hence, it is conceivable that autophagy at synapses is a well-regulated process.

There are several synapse-specific proteins that are implicated in the creation of
autophagosomes at nerve terminals and these same proteins are not involved in autophagy
elsewhere in the cell (Azarnia Tehran et al., 2018; Decet and Verstreken, 2021; Montenegro-
Venegas et al., 2020; Soukup et al., 2016; Vanhauwaert et al., 2017). This includes the active
zone protein Bassoon that binds to and sequesters Atg5, thus limiting the ability to create new
autophagosomes at synapses (Okerlund et al., 2017). We have also implicated Synaptojanin-1
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75  that dephosphorylates phosphoinositides at the autophagosomal membrane to facilitate Atgl 8-
76  cycling (Soukup et al., 2018; Vanhauwaert et al., 2017). Similarly, we found a role for EndoA1,
77  asmall BAR and SH3 domain-containing protein that, when phosphorylated by LRRK2, creates
78  membrane docking sites for autophagic proteins such as Atg3 or Atgl (Murdoch et al., 2016;
79  Soukup and Verstreken, 2017; Soukup et al., 2018, 2016). While the important question of how
80 key molecular pathways trigger autophagy at synapses is not answered, these discoveries are
81  starting to reveal exciting connections to neurodegenerative disease that we do not yet fully
82  understand. Indeed, the genes encoding Synaptojanin-1 and LRRK2 have been found mutated
83 in PD. There is also a GWAS signal close to the LRRK?2 locus and two independent GWAS
84  signals in the vicinity of the SH3GL2 gene that encodes ENDOAI1 (Daida et al., 2020; Satake
85 et al, 2009; Simon-Sanchez et al., 2009). Interestingly, there is also a mutation in the flexible
86  region of ENDOAI, between the BAR and SH3 domains that confers increased risk to develop
87  PD (Germer et al., 2019). However, the effect of this mutation on EndoA function is unknown.

88  Synapses require intense metabolic activity to power the vesicle cycle and other membrane-
89  bound processes. This also causes protein stress and damage. An interesting idea is that this
90 stress and damage are coupled to protein- and organelle-turnover including that, across species,
91  neuronal activity induces the formation of autophagosomes at synapses (Decet and Verstreken,
92  2021; Hill et al., 2019; Kroemer et al., 2010; Kulkarni et al., 2021; Nakatogawa, 2020; Nixon,
93  2013; Shehata et al., 2012; Soukup et al., 2016; Wang et al., 2015; Yang et al., 2022). However,
94 how elements of neuronal activity such as calcium influx, neurotransmitter release or
95 endocytosis, drive the formation of autophagosomes at synaptic terminals has not been
96 investigated.

97  Here, we show that neuronal stimulation-induced calcium influx is necessary and sufficient to

98  drive the formation of autophagosomes at pre-synaptic terminals. This process is mediated by

99 ENDOAI and blocked by the pathogenic risk variant mutation, G276V, in the flexible region
100  of the human protein. This region controls EndoA nanoscale organization at synapses in a
101  calcium-dependent manner, such that at rest the protein is in the periphery, where it can promote
102  synaptic vesicle endocytosis, while during stimulation, it relocalizes to the synapse lumen to
103  facilitate autophagosome formation. Finally, balanced EndoA-dependent and stimulation
104  driven synaptic autophagy is required for neuronal survival. Our work reveals the impact of the
105  ENDOAI risk variant and suggests a critical function for synaptic autophagy in PD.

106
107

108
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109  Results
110  EndoA is required for Ca?*-induced pre-synaptic autophagy

111 It is not known how neuronal activity induces autophagy at synapses (Decet and Verstreken,
112 2021; Shehata et al., 2012; Soukup et al., 2016; Wang et al., 2015). We therefore tested if Ca**
113 influx induced by stimulation can trigger the process. We performed live confocal imaging of
114  Drosophila third-instar larval neuromuscular junction (NMJ) boutons expressing Atg8 fused to
115  mCherry (Atg8™™™) under endogenous atg8-promotor control. Motor neurons were
116  electrically stimulated within the range of their normal physiological firing ability (20 Hz)
117  (Chouhan et al., 2010, 2012). 30 min of stimulation induces the formation of Atg8 positive
118 puncta. These puncta do not form when neurons are not stimulated nor in the absence of
119  extracellular Ca®" (Figure 1A-B’, E). Likewise, Atg8 labeled structures do not form when
120  neurons are stimulated in the presence of the membrane-permeable Ca** chelator EGTA-AM
121 (Figure 1C-E). We conclude that Ca?' influx upon neuronal stimulation triggers the
122 accumulation of Atg8-labeled autophagosomes at synaptic boutons.

123 To find independent evidence for this, we used Nefiracetam (Nefi), a compound that opens
124  L/N-type Ca?" channels (Nishizaki et al., 1998; Yoshii and Watabe, 1994; Yoshii et al., 2000).
125  First, we confirmed that Nefiracetam causes Ca’" influx at Drosophila NMJ boutons using
126 GCaMP6 imaging (Supplemental Figure 1A-B). We then incubated live NMJs with
127  Nefiracetam and observed that this induces autophagy in the presence of extracellular Ca’, but
128  not when Ca?" is omitted (Figures 1F, F’, H). To verify that the process induced by Nefiracetam
129 and Ca?' is indeed autophagy, we lowered the expression of the essential autophagy protein
130  Atg3 using the expression of Atg3 RNAIi in neurons (Soukup et al., 2016). Under these
131 conditions Nefiracetam and Ca’?" do not cause Atg8 "™ to be recruited, and the marker
132 remains cytosolic (Figure 1G-H). Hence, Ca®" influx induced by Nefiracetam induces
133 autophagy at synapses.

134  EndoA is a synaptic protein involved in synaptic vesicle endocytosis (Milosevic et al., 2011;
135  Ringstad et al., 1999; Schuske et al., 2003; Verstreken et al., 2002). Previous reports have
136 suggested the protein is responsive to Ca?’, but the consequences and functional relevance of
137  this are not known (Chen et al., 2003; Kroll et al., 2019; Yang et al., 2021; Zhang et al., 2012a).
138  Moreover, we have previously shown that the expression of an EndoA phospho-mutant,
139  EndoAS7* instead of wild type EndoA blocks starvation-induced synaptic autophagy (Soukup
140 et al., 2016). We therefore wondered whether EndoA would also be required for synaptic
141  autophagy induced by Ca®'-influx. Interestingly, application of Nefiracetam and Ca*" in
142 EndoAS7A mutant animals did not induce synaptic autophagy (Figure 11-K). These results
143  indicate that EndoA is required for stimulation-induced synaptic autophagy.

144
145  The EndoA flexible region regulates Dynamin binding

146  Past work suggests that a negatively charged residue, E264 (in Rat ENDOAZ2) in the
147  unstructured, flexible region between the BAR and SH3 domains of EndoA mediates its
148  sensitivity to Ca®" (Zhang et al., 2012a). This amino acid is evolutionary very well conserved
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149  and corresponds to D265 in Drosophila EndoA (Figure 2A). We mutated this residue to a
150  neutral alanine to mimic Ca?"-unresponsiveness (EndoAP?%°4) and to a positively charged
151  arginine to mimic Ca*"-induction (EndoAP2%R). We expressed these mutant proteins and wild
152 type EndoA in E. coli, purified them to homogeneity (Supplemental Figure 2A) and verified
153  the integrity of our proteins by SEC-MALS (Supplemental Figure 2B). To assess if the D265
154  mutations cause conformational changes, as speculated in literature (Chen et al., 2003; Zhang
155 et al., 2012a), we carried out a battery of biophysical analyses, including Fourier Transform
156  InfraRed (FTIR) spectroscopy, Dynamic Light Scattering (DLS), Small Angle X-ray Scattering
157  (SAXS) and assessed the proteins thermal stability (Supplemental data and Supplemental
158  Figure 2C-H). However, none of these methodologies revealed significant structural differences
159  between the mutant and wild type proteins. This indicates that the mutant proteins retain their
160  ability to dimerize, do not majorly affect secondary structure composition and have similar
161  hydrodynamic radii compared to the wild type protein. Furthermore, the D265 mutations also
162  do not cause obvious conformational rearrangements.

163  The E264 in the flexible region of rat ENDOAZ2 is thought to affect the binding efficiency of
164  proteins to the EndoA-SH3 domain. We therefore assessed the ability of EndoAP?%R and
165  EndoAP?%% to bind Dynamin, a well-known EndoA-interaction partner that mediates synaptic
166  vesicle endocytosis at the plasma membrane (Ringstad et al., 1999). We found that Drosophila
167  EndoAP?%R binds significantly less Dynamin than EndoA™7, and that EndoAP?$° binds more
168  Dynamin than EndoAP?*R (Figure 2B-B’). These findings indicate that D265 regulates the
169  association of EndoA with Dynamin, one of its major binding partners.

170
171 D265 in EndoA mediates Ca**-induced synaptic autophagy

172 To test if D265 mediates the Ca’?’ responsiveness of EndoA in autophagy, we generated
173 transgenic flies and expressed EndoAP?%2 EndoAP?%R or wild type EndoA using a pan-
174  neuronal driver (nSyb-Gal4) in endoA”" null mutants. We show that our conditions result in
175  very similar expression levels to endogenous EndoA expression in control animals
176  (Supplemental Figure 3A, A’) and that the proteins localize to presynaptic terminals (see
177  below). Next, we assessed if these mutant EndoA proteins can recapitulate in vivo functions of
178  the wild type protein. Unlike endoA”" mutants that die as pupae, neuronal expression of
179  EndoAP?%% or EndoAP?%°R rescues lethality and adult flies emerge (Supplemental Figure 3B).
180 However, most fail to expand their wings, suggesting the animals are weak (Supplemental
181  Figure 3C-C’). Additionally, endoA” animals that express EndoAP*°A or EndoAP?°R are
182  extremely uncoordinated and the animals die much earlier than endoA”" mutants that express
183  wild type EndoA (Figure 2G). Hence, these data suggest that mutations within EndoA flexible
184  region fundamentally affect EndoA function.

185  EndoA”" null mutants show a severe defect in synaptic vesicle endocytosis (Dickman et al.,
186  2005; Guichet et al., 2002; Verstreken et al., 2002). To assess whether EndoAP?®# and
187  EndoAP?%R affect synaptic vesicle cycling, we performed a FM 1-43 dye uptake assay. Larval
188 fillets were incubated with the lipophilic dye FM 1-43, which is internalized into newly formed
189  synaptic vesicles upon nerve stimulation (Ramaswami et al., 1994). EndoA” animals
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190  expressing EndoAP?%4 or EndoAP?%°R show efficient FM 1-43 dye uptake that is similar to that
191  measured in endoA”” mutants that express wild type EndoA (Figure 2C-C’). Endocytic defects
192  in endoA”” mutants also cause a decline in neurotransmitter release during prolonged 10 Hz
193  stimulation (Verstreken et al., 2002, 2003). To test if this response was affected in D265 mutant
194  flies, excitatory junctional potentials (EJPs) were recorded. The EJP amplitude during low
195  frequency stimulation (0.2 Hz-1 Hz) and during high frequency stimulation (10 Hz, 400 s) was
196  very similar across our conditions (Figure 2D-E). Moreover, defects in endocytosis in endod”
197 mutants severely affect vesicle replenishment at synaptic terminals (Guichet et al., 2002;
198  Verstreken et al., 2002, 2003). Therefore, we conducted transmission electron microscopy
199 (TEM) to reveal the ultrastructure of NMJ boutons, but did not find significant differences in
200  synaptic vesicle number per area (Figure 2F-F’). We conclude that the D265 EndoA mutants
201 do not affect synaptic vesicle endocytosis in a significant manner, but cause adult flies to be
202  uncoordinated resulting in early death (Figure 2G). This suggests that important EndoA
203  functions, other than endocytosis, are affected by D265.

204  In light of these results, we asked if Ca** influx-induced synaptic autophagy might be affected
205  in EndoAP?%* and EndoAP?%R mutants. We determined the distribution of Atg8™he™ in the
206  mutant animals in response to Ca’" influx. In non-induced conditions (absence of extracellular
207  Ca?"), Atg8™“I™ remains cytosolic and does not accumulate in puncta in endoA”” mutants that
208 express EndoAYT or EndoAP?%* (Figure 3A-C, E). In contrast, Atg8™“"™_labeled puncta do
209 form at uninduced NMJs of endoA”" mutants that express EndoAP?*R (Figure 3D-E). The
210  autophagy levels in uninduced EndoAP?*R mutants are similar to those observed in controls
211 treated with Nefiracetam and Ca?* (induced), indicating that autophagy is constitutively induced
212 in EndoAP?**R mutants (Figure 3E). Conversely, Atg8™"*™ puncta fail to be formed at induced
213 NMIs of endoA”" mutants that express EndoAP?%%A | indicating that in this mutant autophagy is
214  blocked (Figure 3A’-D’, E).

215  To reveal the ultrastructure of the Atg8™"*™_labeled structures, we resorted to correlative light
216  and electron microscopy (CLEM). First, we imaged by confocal microscopy Atg8™"*™ puncta
217 in NMIJs of endoA” animals that express EndoAP?%°R and used a two-photon laser to create
218  branding marks around the region of interest. We used these to identify relevant boutons in
219  block face scanning EM and processed the samples for imaging by TEM. We then manually
220  overlayed confocal light microscopy sections with the TEM images (Soukup et al., 2016). We
221 found that the Atg8™™™ puncta overlap with structures reminescent of degradative organelles
222  including lysosomes and autophagosomes (Figure 3F-K). This confirms the
223 autophagosome/degradative nature of the Atg8™™™ labeled organelles that form in
224  EndoAP?%R animals. Taken together, these results indicate that EndoA D265 mutants are
225  unresponsive to Ca?'-influx and that EndoAP?%°R consitutively induces autophagy at synapses,
226  while EndoAP?%34 is inert and fails to induce the process even upon Ca** influx.

227
228  Ca?" influx affects the nanoscale organization of EndoA at synapses

229  To understand how these EndoA mutants differentially affect autophagy at synapses, we
230  determined the localization of wild type and mutant EndoA proteins at live synapses with and
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231 without induction by Nefiracetam and Ca®". We took advantage of the nanoscale resolution
232 provided by the Airy scan detector in confocal laser-scanning microscopy (Huff, 2015). Ca?"
233 influx causes a redistribution of endogenous EndoA or EndoAW" neuronally expressed in
234 endoA”” mutants (single confocal slices in Figure 4A-F). Wild type EndoA moves from its
235  preferential peripheral localization towards the synaptic bouton lumen (Figures 4A-A’, C-C’
236 G). Interestingly, EndoAP?%** remains mostly at the bouton periphery even upon Ca>" influx
237  (Figure 4B-B’, E, G). Conversely, EndoAP?R ig distributed across the bouton already at rest
238 (Figure 4D-G). In contrast to wild type EndoA, the distribution of EndoAP?%# or EndoAP?%°R
239 does not change upon Ca?*-influx, confirming these mutants are Ca*" insensitive. We next asked
240  whether the redistribution of EndoA would cause increased localization of the protein close to
241 Atg8™h™ Jabeled autophagosomes. We therefore expressed Atg8m"™ and quantified the
242 amount of EndoA in the 100 nm zone around specified Atg8™"™ puncta. As predicted, EndoA
243 localizes more in the proximity of Atg8m"™ abeled structures in response to Ca?" influx and
244  when harboring the D265R mutation. Conversely, significantly less EndoA localizes around
245  (rare) Atg8 "™ Jabeled structures in unstimulated boutons, or upon expression of EndoAP2634
246  (Figure 4H-H’). These data suggest that increased Ca®" influx enables EndoA re-distribution,
247  including to synaptic autophagosomes.

248  To further understand the movements of EndoA at the bouton periphery we resorted to
249  photoactivated localization microscopy (PALM) under oblique illumination that was developed
250  for Drosophila NMJs (Bademosi et al., 2017, 2018; Vanhauwaert et al., 2017). This technology
251  allows the tracking of proteins tagged with photoconvertible fluorescent probes at <50 nm
252 resolution and within 200-400 nm proximity to the synaptic plasma membrane (Tokunaga et
253 al., 2008). We tagged wild type, EndoAP?*** and EndoAP?$°R mutants with mEOS3.1 and
254  expressed the proteins in endoA”" mutants. mEOS is a photoconvertible fluorescent protein
255  whose stochastic change in emission spectrum from green to red allows for single molecule
256  localization (Manley et al., 2008; Zhang et al., 2012b). Animals were or were not stimulated
257  with Nefiracetam and Ca?’, fixed and analyzed by PALM (Supplementary Figure 4A-A""").
258  Interestingly, wild type EndoAWT™mE0s3-1 groanizes in ‘hot-spots’ or ‘nanometer-sized cluster of
259  proteins — nanodomains’ at the bouton periphery (Supplementary Figure 4A’’’). These
260  EndoAWT:mEes3-l nanodomains are significantly smaller when NMJs are stimulated or when
261  imaging EndoADP?6SR:mEes3.l aq compared to unstimulated samples or when imaging
262 EndoADP265AsmEes3.1 (Rioyre 41°-K’, Supplemental Figure 4B-D’). Our data are consistent with
263  the idea that EndoAP?%* interacts with other proteins in the periphery including Dynamin
264  (Figure 2B-B’) and is thus more confined within larger nanodomains located juxtamembrane,
265  while EndoAP?%°R is more localized to the synaptic lumen and thus away from the nanodomains
266  (Figure 4D-D’,QG).

267  Finally, we characterized the re-arrangements of EndoA in nanodomains upon Ca** influx using
268  live single particle tracking PALM (sptPALM) (Supplemental Figure SA-B’) (Manley et al.,
269  2008). We incubated NMJs with Nefiracetam and Ca?" and tracked individual EndoAWT=mEes3-1,
270  EndoAP263A:mEes3-l op BndoAP26SR=mEes3.1 molecules (neuronally expressed in endoA™ ) and
271 plotted their trajectory map (Figure 4L-N; Supplemental Video 1). We first confirmed the
272 existence of EndoA-nanodomains at the bouton periphery using the high-resolved intensity
273  maps that are generated during the sptPALM processing (Supplemental Figure SC—C’). Then,

7
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274  we assessed the mobility behavior of EndoA in these nanodomains by analyzing the mean
275  square displacement (MSD) of the single proteins within the nanodomains. This parameter
276  reveals the level of confinement of motion. Upon Ca*" influx, EndoADPZ63AsmEos3.1 g
277  significantly more confined within these nanodomains than EndoAWTmEes3l  or
278  EndoAP265R:mEes3-l (Rioyre 40-P). We reach a similar conclusion when analyzing the
279  instantaneous diffusion coefficients of EndoA across entire NMJs, revealing increased mobility
280  of EndoAWT"mEes3-1in response to Ca?" influx, while EndoAP?65R=mEes3-1 and EndoAD265A:mEes3.1
281  are insensitive (Supplemental Figure SD-F’’’). Mechanistically, these results indicate that the
282  D265A mutation confines EndoA in nanodomains at the bouton periphery and that Ca?*-influx
283 alters the diffusion of the wild type protein to localize to the bouton lumen.

284
285  EndoA D265 mutations cause neurodegeneration

286  Having characterized the involvement of EndoA in synaptic autophagy, we turned to examine
287  its potential implication in neurodegeneration as defects in autophagy are frequently connected
288  to these disorders. We specifically tested if defects in stimulation-induced synaptic autophagy
289 lead to neuronal demise by assessing neuronal integrity in endoA”" mutants expressing
290  EndoAP?*R EndoAP?°A or EndoAYT. We started by placing animals for 3 or 7 days in constant
291  dark to avoid retinal stimulation and then used these animals to record electroretinograms
292 (ERGs). ERGs measure the depolarization of photoreceptors in response to a brief (1 s) light
293 pulse. When photoreceptor neurons degenerate, the amplitude of this depolarization is reduced
294  (Chouhan et al., 2016; Soukup et al., 2016; Wang and Montell, 2007). While the amplitude of
295  depolarization in 3-day-old and 7-day-old control and EndoAP?*** mutant flies is similar,
296  EndoAP?%R already show a clear age-dependent reduction in ERG amplitude when kept in dark
297  conditions (Figure 5A, A’, C, C’, E, E’, G, G’, I). We also placed the flies in constant light to
298  cause light-induced stress and repeated this experiment. While control and endoA™ flies
299  expressing EndoAWT are fine, now both endoA™ flies expressing EndoAP?*>* and EndoAP?R
300 show strongly reduced ERG depolarization amplitudes (Figure SA”’,C*’,E’’,G”’,1), a hallmark
301  of neurodegeneration. To further corroborate these findings we also evaluated neuronal
302 morphology in toluidine blue-stained retinal sections. Quantification of the number of intact
303 ommatidia with 7 visible photoreceptors validated the ERG data and also shows age-dependent
304  degeneration in 7-day old dark-reared EndoAP?$°R_expressing flies and in EndoAP?*>R- and
305 EndoAP?%A_expressing flies kept for 7 days in constant light (Figure 5B-H’’, J). These data
306 further indicate that expression of EndoAP?%®R is a more severe condition than EndoAP?6%A, but
307  that both EndoAP?**R and EndoAP?%°A cause neurodegeneration. They also provide evidence
308 that a tight balance of stimulation-induced autophagy under control of EndoA is critical for
309 neuronal survival.

310
311 A Parkinson’s disease risk variant in SH3GL2 impairs Ca*"-induced synaptic autophagy

312  There are several lines of human genetic evidence that indicate a role for ENDOAI in the
313  development of PD. There are two independent GWAS signals in the vicinity of the SH3GL?2
314  gene that encodes ENDOA1 (Alfradique-Dunham et al., 2021; Chang et al., 2017; Germer et

8


https://doi.org/10.1101/2022.04.29.490010
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.29.490010; this version posted April 30, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

315 al., 2019; Nalls et al., 2019). Furthermore, there is a risk-conferring missense mutation in the
316  SH3GL?2 gene of PD patients (Germer et al., 2019) that encodes a Glycine to Valine transition
317  at position 276 in the flexible region of ENDOAI. Given the proximity of G276V to the
318 autophagy-controlling D265 position (E264 in ENDOAL) (Figure 6A), we speculated that this
319  risk mutation might also affect Ca®" influx-induced synaptic autophagy.

320  We first verified that the G276V mutation in human ENDOA 1 does not destabilize the protein.
321 We produced recombinant ENDOA1YT and ENDOA 1?7V and analyzed them by SAXS. This
322 indicates that there are no large conformational differences between them (Supplemental Figure
323 6A) and that the proteins are both well-folded (Supplemental Figure 6B). Next, we generated
324 endoA” flies expressing human ENDOA1WYT and ENDOA1%27%Y pan-neuronally. Western blot
325  analysis confirms the proteins are expressed at similar levels (Supplemental Figure 6C-C’) and
326  they are localized to synapses (see below). We also assessed synaptic vesicle endocytosis by
327  measuring the uptake of FM 1-43 during stimulation. Consistent with the other tested mutations
328 in the flexible region, we found no significant difference (Supplemental Figure 6D-D’).
329  Together, these results indicate that the G276V mutation does not destabilize ENDOA1, that
330  human ENDOALI can functionally replace Drosophila EndoA when expressed in flies and that
331  the G276V mutation does not affect synaptic vesicle endocytosis under the tested conditions.

332 To test if Ca*" influx-induced autophagy is affected by the G276V pathogenic mutation, we
333 quantified the number of Atg8™“"™ puncta upon induction by Ca*" influx. While endoA™
334  mutants expressing wild type human ENDOA1WT show a significant increase in Atg8mchem-
335 labeled autophagosomes upon induction (Figure 6B-B’, D), ENDOA19%76Y expressing animals
336  fail to upregulate autophagy even when induced (Figure 6C-D). We next also tested the
337  localization of the human protein at Drosophila synapses using Airy scan confocal imaging.
338 While Ca?'-influx causes ENDOA1YT to redistribute from the periphery to a more lumenal
339 localization (Figure 6E-E’, G), ENDOA1%?7%V remaines confined to the periphery (Figure 6F-
340  G). Collectively these data indicate that the G276V mutation in ENDOA1 impairs Ca?" influx-
341  induced synaptic autophagy.

342 To assess the validity of our result in human cells, we investigated the role of the ENDOA 19276V
343  mutation in induced human dopaminergic neurons. Therefore, we generated ENDOA19%76Y
344  homozygous knock-in mutations by CRISPR/Cas9-facilitated homologous recombination in
345  Ctrl65 “wild type” (Baumann et al., 2021) induced pluripotent stem cells (iPSCs) (Figure 7A-
346 A’, Supplemental Figure 7A-B). Then, ventral midbrain dopaminergic neurons (vmDAn) were
347  produced using an optimized protocol for midbrain floor plate differentiation (Supplemental
348  Figure 7C). Terminal differentiation in vitro until day 55-60 ultimately yields ~50% of TH-
349  positive neurons for both unedited and ENDOA 127V mutant cells (Figure 7B-B”). Finally, we
350 assessed autophagy by quantifying the number of LC3B puncta (by antibody labeling) within
351 TH-labeled neurites. This antibody labels lipidated LC3, the human orthologue of Atg8a
352  (Klionsky et al., 2021; Martinet et al., 2013). We observed significantly less autophagosomes
353 in ENDOA1%?7®Y mutant vmDAn compared to control neurons (Figure 7C-C’). These results
354  support the conclusion that the PD risk-conferring variant ENDOA 19?7V impaires autophagy
355 in neurites of induced vmDA~.
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357
358  Discussion

359  This work reveals that EndoA links neuronal activity-dependent Ca** influx to synaptic
360 autophagy and that a human mutation conferring risk to PD disrupts this process.

361  Synapses require regulated turnover systems to maintain protein homeostasis and disrupting
362  this process causes synaptic and -ultimately- neuronal degeneration (Soukup et al., 2016;
363  Vanhauwaert et al., 2017; Vijayan and Verstreken, 2017). There are several reasons why
364  synapses are vulnerable, including that they need to cope with metabolically demanding
365  processes, such as the synaptic vesicle cycle that is fueled by mitochondrial energy generation,
366  thus causing the production of damaging ROS (Verstreken et al., 2005). Synapses are also often
367 located at relatively long distances from neuronal cell bodies, imposing logistics problems that
368 include the need to transport degradative organelles along long axons (Wang et al., 2020).
369  Finally, individual synaptic boutons are fragile and uncontrolled autophagy could cause the
370 (unwanted) engulfment of large parts of the cytoplasm, disrupting homeostasis. We propose
371  that by coupling the activation of synaptic autophagy to neuronal activity, protein and organelle
372 turnover are activated to maintain a healthy and functional synapse.

373 Inthis paper, we find that Ca** influx at stimulated synapses induces autophagosome formation.
374  Work in AIY neurons in C. elegans also show a correlation between an increase in
375  autophagosome formation and Ca®" waves (Hill et al., 2019), suggesting this is a universal
376  mechanism. The Ca?’ that induces synaptic autophagy upon stimulation appears to be largely
377  derived from extracellular sources, as the L/N-type Ca®" channel agonist Nefiracetam and the
378  availability of extracellular Ca*" promote the process (Nishizaki et al., 1998; Yoshii and
379  Watabe, 1994; Yoshii et al., 2000). However, contributions from intracellular sources, such as
380 ER-Ca®", are not excluded or could further tune the process (Kuijpers et al., 2021) .

381  Mechanistically, we provide evidence that EndoA is critically required to relay this Ca" signal.
382  In vitro work found a negatively charged residue at position 264 in the flexible region of rat
383  ENDOAZ2 that is involved in regulating the Ca®*-dependent association of EndoA with binding
384  partners at the plasma membrane, including Dynamin and voltage-gated Ca** channels (Chen
385 etal., 2003; Zhang et al., 2012a; Kroll et al., 2019). We confirm this is the case for fly EndoA,
386 but based on several biophysical methods, we do exclude large-scale Ca®"-induced
387  conformational changes in EndoA. This is in agreement with recent data that also exclude direct
388  binding of Ca*" to EndoA (Yang et al., 2021) and leaves open the possibility that other, as of
389  yetunidentified, intermediary partners could be needed. Nonetheless, our data clearly show that
390 mutating the negatively charged residue of EndoA (D265 in flies) eliminates the protein’s
391  proper response to Ca*’. Our data also indicate that Ca®" regulates the mobility of EndoA in
392  plasma-membrane nanodomains (this could be through binding the endocytic factor Dynamin)
393  and its localization with nascent autophagosomes in the synapse lumen. Based on our results,
394  we propose a model where under normal conditions, EndoA supports endocytic processes at
395 the plasma membrane (Milosevic et al., 2011; Ringstad et al., 1999; Verstreken et al., 2002;
396  Watanabe et al., 2018), and that Ca®" influx at synapses liberates a (limited) pool of EndoA
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397  from nanodomains to drive synaptic autophagy. As only a fraction of EndoA re-localizes to the
398  synapse lumen, leaving a large enough amount of protein at the membrane, both EndoAP26R
399  and EndoAP?*3* can support endocytosis. The liberation of the EndoA-pool for autophagy
400 appears a neuron- and synapse-specific process because KCI stimulation of chromaffin cells
401  causes redistribution of EndoA towards the plasma membrane, suggesting a different

402  mechanism is at play in these cells (Gowrisankaran et al., 2020).

403  The early stages of neurodegenerative diseases are associated with synaptic failure (Burke and
404  O’Malley, 2013; Caminiti et al., 2017; Delva et al., 2020; Soukup et al., 2018). In PD, there is
405  strong genetic evidence pointing to synaptic dysfunction and several proteins mutated in PD
406  are enriched at synapses (eg. alpha-synuclein) and/or play essential roles in synaptic function
407  (eg. DNAJC6 and Synjl) (Krebs et al., 2013; Kriiger et al., 1998; Olgiati et al., 2016;
408  Polymeropoulos et al., 1997; Proukakis et al., 2013; Quadri et al., 2013; Zarranz et al., 2004).
409  Similarly, ENDOALI is emerging as a key protein in PD and this is supported by human genetics:
410  there are GWAS signals in the vicinity of the SH3GL2 locus (Nalls et al., 2019) and there is the
411  mutation associated with increased risk to PD in the open reading frame that we modelled here
412 (Chang et al., 2017; Germer et al., 2019). We report that this PD risk mutation in ENDOA
413  does not strongly affect synaptic vesicle endocytosis, but it does block synaptic autophagy.
414  Excitingly, this role of EndoA in synaptic autophagy may be a central node in PD (Soukup et
415  al., 2018) that includes Synjl (that binds EndoA), LRRK2 (that phosphorylates EndoA) and
416  possibly Parkin (that ubiquitinates EndoA) (Kitada et al., 1998; Krebs et al., 2013; Matta et al.,
417  2012; Olgiati et al., 2014; Paisan-Ruiz, 2009). Mutations in each of these proteins causes
418  alterations in autophagic function (Oliveira et al., 2015; Schondorf et al., 2014; Soukup et al.,
419  2016; Vanhauwaert et al., 2017; Yue et al., 2015) and also analyses of post-mortem tissue of
420  PD patients found autophagy defects (Alvarez-Erviti et al., 2010; Murphy et al., 2015; Tanji et
421  al.,2011). The exact function of the interactions between these PD-related proteins in pathology
422 has not been elucidated. However, our finding that the PD risk mutant ENDOA 19?7V blocks
423  stimulation-induced synaptic autophagy is an important piece in this puzzle and indicates the
424  important role of synaptic autophagy in PD pathogenicity.

425

426

427

428
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429 STAR Methods

430  Contact for Reagent and Resource Sharing

431  Further information and requests for resources and reagents should be directed to the Lead
432 Contact Patrik Verstreken (patrik.verstreken@kuleuven.be). Human control iPSC line
433  (SFCO065) was used in accordance with an MTA with the University of Liibeck (Germany).

434
435  Experimental Model and Subject Details
436  Fly stocks and maintenance

437  Flies were grown on standard cornmeal and sugar beet syrup medium at 25 °C. The Drosophila
438  wild type and mutant (D265A, D265R) cDNA of EndophilinA, as well as human wild-type and
439  mutant (G276V) SH3GL2 were cloned into the pUAST-attB vector and flies generated by in-
440  house embryo injection or at Bestgene Inc into the VK37 locus to establish U4S-EndoA"”,
441 UAS-EndoAP?**, UAS-EndoAP?**%, UAS-SH3GL2"", UAS-SH3GL2%?%V lines and the
442  mEOS3.1 tagged lines. Genomic w';;Atg8>*mher’y (hereafter Atg8™Che™) flies were a gift from
443  Gabor Juhasz (Hegedus et al., 2016).

444
445 iPSC maintenance and differentiation

446  1PSC from a control line (SFC065) and SH3GL2 p.G276V knock-in line were differentiated
447  into ventral midbrain dopaminergic neurons as described in the methods section. Briefly, hiPSC
448  were maintained on matrigel-coated plates with mTeSR-Plus medium (Stem Cell
449  Technologies) and medium changes were performed every two days. At day 18 of
450  differentiation, neural progenitors were plated on coverslips coated with poly-D-lysine and
451  mouse laminin in terminal differentiation medium.

452

453

454  Method details

455  Genotypes

456  The following genotypes were used:

457  w* UAS-endoA""/+ endoA’S/endoA** GMR57C10-GAL4 (where GMRS57C10-Gal4 is referred
458  to as nSyb-Gal4)

459  w* :UAS-endoAP?%4/+:endoA*%/endoA*, GMR57C10-GAL4
460  w* UAS-endoAP?R/+:endoA*®/endoA*, GMR57C10-GAL4
461 w* GMR57C10-GAL4/+;

462  w*:; endoA’S/endoA™?
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463  w!l5CS

464 w!l8:: genomic Atg83 mCher/+

465  w*:genomic endoAS/+; endoA’S/EndoA**, genomic Atg8>*mCherry

466  w* UAS-RNAi-Atg3/GMR57C10-GAL4;genomic Atg8> mcherr/+

467  w* UAS-endoA”""/GMR57C10-GAL4;endoA’’/EndoA™?, genomic Atg83 xmCherry

468  w* UAS-endoAP*54/GMR57C10-GAL4;endoA*®/endoA**, genomic Atg8> mChery
469  w* UAS-endoAP?*R/GMR57C10-GAL4, endoA’S/endoA™?, genomic Atg83 xmCherry
470  w* UAS-SH3GL2"T/GMR57C10-GAL4,;endoA**/endoA*?, genomic Atg8* "t
471 w*:UAS-SH3GL2%?"/GMR57C10-GAL4;endoA’S/endoA*?, genomic Atg8> mcherry
472 w* UAS-SH3GL2""/+;endoA*%/endoA**, GMR57C10-GAL4

473 w* UAS-SH3GL2%?7 /+ endoA?*/endoA™!, GMR57C10-GAL4w;GMR57C10-Gal4/+;
474  genomic Atg83XmCherry/+

475  w* UAS-GCaMP6m/+;GMR57C10-GAL4/+

476  w* UAS-endoA"" cn bw/cn bw;endoA’ 6/longGMR-GAL4

477  w* UAS-endoAP>* cn bw/cn bw;endoA’ 6/longGMR—GAL4

478  w* UAS-endoAP?*R cn bw/cn bw;endoA*S/longGMR-GAL4

479  w*;en bw/cn bw,;longGMR-GAL4/+

480  w* UAS-mEOS3.1::endoA""/+ endoA*®/endoA** GMR57C10-GAL4
481  w* UAS-mEOSS3.1::endoAP?%4/+ endoA*%/endoA™ GMR57C10-GAL4
482 w* UAS-mEOS3.1::endoAP?"®/+;endoA* /endoA™, GMR57C10-GAL4
483

484  Primers, gBlocks and Oligos

485 - pUAST EndoA-WT

486 FW EndoA WT for UAS: ACTCTGAATAGGGAATTGGGATGGCTTTCGCCGGACTCAA
487 AAAGC
488  Rc EndoA WT for UAS: AAAGATCCTCTAGAGGTACCCCTAGTTGCCATTGGGCAGG

489  Gibson Assembly with EndoA PCR fragment and pUAST attB linearized with EcoRI and Xhol
490 - pUAST EndoA-D265R
491  EndoA D265R gBlock

492  ACTCTGAATAGGGAATTGGGCAAAATGGCTTTCGCCGGACTCAAAAAGCAGATC
493  AACAAGGCCAACCAGTATATGACGGAGAAGATGGGCGGTGCCGAGGGCACCAAA
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494  CTGGACATGGACTTCATGGAGATGGAACGCAAGACGGACGTCACCGTGGAGCTA
495 GTGGAGGAGCTGCAGCTAAAGACGAAGGAGTTCCTGCAGCCGAATCCAACGGCA
496 CGGGCCAAAATGGCAGCGGTCAAGGGCATCTCGAAGCTGTCCGGACAGGCCAAG
497 TCCAATACGTATCCGCAACCGGAGGGCCTGCTCGCGGAATGCATGCTGACTTATG
498 GGAAGAAGCTCGGCGAGGACAACAGCGTGTTCGCGCAGGCGCTCGTCGAATTCG
499 GCGAAGCGCTGAAACAGATGGCCGACGTCAAGTATTCGCTGGACGACAACATCA
500 AGCAGAACTTTTTGGAGCCACTGCATCATATGCAGACCAAAGACCTCAAGGAGGT
501 AATGCATCATCGCAAGAAGCTGCAGGGCCGGCGGCTAGACTTTGACTGCAAGCG
502 TCGCCGACAGGCCAAGGACGATGAGATTCGTGGTGCCGAGGACAAGTTCGGTGA
503 ATCGCTCCAGCTGGCCCAGGTGGGCATGTTCAATTTGCTCGAGAACGATACGGAG
504 CATGTCTCCCAGCTGGTCACCTTTGCCGAGGCACTATACGATTTTCATTCGCAATG
505 CGCGGATGTCCTTCGAGGCCTGCAGGAGACACTGCAGGAGAAGCGCTCCGAGGC
506 GGAGAGCCGGCCACGCAACGAGTTCGTGCCCAAGACGCTGCTCGATCTGAACTTG
507 ¢cgCGGCGGTGGCGGCGGCCTCAACGAAGATGGCACGCCGTCTCACATTAGTTCGA
508 GCGCCTCGCCGTTGCCCTCGCCGATGCGTTCGCCCGCCAAGTCGATGGCCGTAAC
509 GCCGCAGCGCCAGCAGCAGCCCTGCTGCCAGGCCCTCTACGACTTCGAGCCGGAG
510 AATCCCGGCGAACTGGCCTTCAAGGAGAACGACATTATCACCCTGTTGAATCGCG
511 TCGACGACAATTGGTTCGAGGGCGCGGTGAATGGCCGCACCGGTTACTTCCCGCA
512  GTCGTATGTTCAGGTGCAGGTGCCCCTGCCCAATGGCAACTAGGGGTACCTCTAG
513  AGGATCTTT

514  Gibson Assembly with EndoA D265R gBlock and pUAST attB linearized with EcoRI and
515 Xhol

516 - pUAST EndoA-D265A
517 EndoA D264A gBlock

518 ACTCTGAATAGGGAATTGGGATGGCTTTCGCCGGACTCAAAAAGCAGATCAACA
519 AGGCCAACCAGTATATGACGGAGAAGATGGGCGGTGCCGAGGGCACCAAACTGG
520 ACATGGACTTCATGGAGATGGAACGCAAGACGGACGTCACCGTGGAGCTAGTGG
521  AGGAGCTGCAGCTAAAGACGAAGGAGTTCCTGCAGCCGAATCCAACGGCACGGG
522 CCAAAATGGCAGCGGTCAAGGGCATCTCGAAGCTGTCCGGACAGGCCAAGTCCA
523  ATACGTATCCGCAACCGGAGGGCCTGCTCGCGGAATGCATGCTGACTTATGGGAA
524  GAAGCTCGGCGAGGACAACAGCGTGTTCGCGCAGGCGCTCGTCGAATTCGGCGA
525 AGCGCTGAAACAGATGGCCGACGTCAAGTATTCGCTGGACGACAACATCAAGCA
526 GAACTTTTTGGAGCCACTGCATCATATGCAGACCAAAGACCTCAAGGAGGTAATG
527 CATCATCGCAAGAAGCTGCAGGGCCGGCGGCTAGACTTTGACTGCAAGCGTCGCC
5286 GACAGGCCAAGGACGATGAGATTCGTGGTGCCGAGGACAAGTTCGGTGAATCGC
529 TCCAGCTGGCCCAGGTGGGCATGTTCAATTTGCTCGAGAACGATACGGAGCATGT
530 CTCCCAGCTGGTCACCTTTGCCGAGGCACTATACGATTTTCATTCGCAATGCGCGG
531 ATGTCCTTCGAGGCCTGCAGGAGACACTGCAGGAGAAGCGCTCCGAGGCGGAGA
532 GCCGGCCACGCAACGAGTTCGTGCCCAAGACGCTGCTCGATCTGAACTTGGcCGG
533 CGGTGGCGGCGGCCTCAACGAAGATGGCACGCCGTCTCACATTAGTTCGAGCGCC
534 TCGCCGTTGCCCTCGCCGATGCGTTCGCCCGCCAAGTCGATGGCCGTAACGCCGC
535 AGCGCCAGCAGCAGCCCTGCTGCCAGGCCCTCTACGACTTCGAGCCGGAGAATCC
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536 CGGCGAACTGGCCTTCAAGGAGAACGACATTATCACCCTGTTGAATCGCGTCGAC
537  GACAATTGGTTCGAGGGCGCGGTGAATGGCCGCACCGGTTACTTCCCGCAGTCGT
538° ATGTTCAGGTGCAGGTGCCCCTGCCCAATGGCAACTAGGGGTACCTCTAGAGGAT
539 CTTT

540  Gibson Assembly with EndoA D265A gBlock and pUAST attB linearized with EcoRI and
541 Xhol

542  pUAST EndoA-WT-mEOS3.1-v5, pUAST EndoA-D265R-mEOS3.1-v5, pUAST EndoA-
543  D265A-mEOS3.1-v5 were made by respectively performing a restriction digest on
544  pUAST EndoA-WT, pUAST EndoA-D264R, pUAST EndoA-D265A with Agel and Xbal
545 and doing a Gibson assembly with:

546  gBlock mEOS3.1

547 GAGGGCGCGGTGAATGGCCGCACCGGTTACTTCCCGCAaTCGTATGTTCAGGTGC
548 AGGTtCCCCTICCCAATGGCAACGGTGGGGGTACgGGAGGCGGATCCATGAGTGCG
549 ATTAAGCCAGACATGAAGATCAAACTCCGTATGGAAGGCAACGTAAACGGGCAC
550 CACTTTGTGATCGACGGAGATGGTACAGGCAAGCCTTTTGAGGGAAAACAGAGT
551 ATGGATCTTGAAGTCAAAGAGGGCGGACCTCTGCCTTTTGCCTTTGATATCCTGA
552 CCACcGCATTCCATTACGGCAACAGGGTATTCGCCAAATATCCAGACAACATACA
553  AGACTATTTTAAGCAGTCGTTTCCTAAGGGGTATTCGTGGGAACGAAGCTTGACT
554 TTCGAAGACGGGGGCATTTGCAACGCCAGAAACGACATAACAATGGAAGGGGAC
555 ACTTTCTATAATAAAGTTCGATTTTATGGTACCAACTTTCCCGCCAATGGTCCAGT
556 TATGCAGAAGAAGACGCTGAAATGGGAGCCCTCCACTGAGAAAATGTATGTGCG
557 TGATGGAGTGCTGACGGGTGATATTGAGATGGCTTTGTTGCTTGAAGGAAATGCC
558 CATTACCGATGTGACTTCAGAACTACTTACAAAGCTAAGGAGAAGGGTGTCAAGT
559 TACCAGGCGCCCACTTTGTGGACCACTGCATTGAGATTTTAAGCCATGACAAAGA
560 TTACAACAAGGTTAAGCTGTATGAGCATGCTGTTGCTCATTCTGGATTGCCTGAC
561 AATGCCAGACGAGGaGGaGGTACCGGAGGtGGcTCCGGCAAGCCCATCCCCAACCC
562 CCTGCTGGGCCTGGATAGCACCTAGAGGATCTTTGTGAAGGAACCTTAC

563  All plasmids contain the EndoA CDS (WT or mutation), a short flexible linker (GGTGGS),
564 mEOS3.1, again a short flexible linker (GGTGGS) and a V5 epitope tag.

565 - pUAST SH3GL2-WT
566 SH3GL2 WT gBlock

567 AACTCTGAATAGGGAATTGGGCAAAAATGTCGGTGGCCGGCCTCAAGAAGCAGT
568 TCCATAAAGCCACTCAGAAAGTGAGTGAGAAGGTTGGAGGAGCTGAAGGAACCA
569 AGCTAGATGATGACTTCAAAGAGATGGAAAGGAAAGTGGATGTCACCAGCAGGG
570 CTGTGATGGAAATAATGACTAAAACAATTGAATACCTTCAACCCAATCCAGCTTC
571 CAGAGCTAAGCTCAGCATGATCAACACCATGTCAAAAATCCGTGGCCAGGAGAA
572 GGGGCCAGGCTATCCTCAGGCAGAGGCGCTGCTGGCAGAGGCCATGCTCAAATTT
573  GGAAGAGAGCTTGGAGATGATTGCAACTTTGGCCCAGCACTTGGTGAGGTCGGG
574 GAGGCCATGCGGGAACTGTCGGAGGTCAAAGACTCTTTGGACATAGAAGTGAAG
575 CAGAACTTCATTGACCCTCTTCAGAATCTTCATGACAAAGATCTTAGGGAAATTC
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576 AACATCATCTAAAGAAGTTGGAGGGTCGACGCCTGGATTTTGATTATAAGAAGAA
577 ACGACAAGGCAAGATTCCGGATGAAGAGCTTCGTCAAGCTCTAGAGAAATTTGA
578 TGAGTCTAAGGAAATTGCTGAGTCAAGCATGTTCAATCTCTTGGAGATGGATATT
579 GAACAAGTGAGCCAGCTCTCTGCACTTGTGCAAGCTCAGCTGGAGTACCACAAGC
580 AGGCAGTCCAGATCCTGCAGCAAGTCACGGTCAGACTGGAAGAAAGAATAAGAC
581 AGGCTTCATCTCAGCCTAGAAGGGAATATCAACCTAAACCACGAATGAGCCTGG
582 AGTTTCCAACTGGAGACAGTACTCAGCCCAATGGGGGTCTCTCCCACACAGGCAC
583 TCCCAAACCTTCAGGTGTCCAAATGGATCAGCCETGCTGCCGAGCTCTGTACGACT
584 TTGAACCTGAAAATGAAGGGGAGTTGGGATTTAAAGAGGGCGATATCATCACAC
585 TCACTAACCAAATTGATGAGAACTGGTATGAGGGGATGCTGCATGGCCATTCAGG
586 CTTCTTCCCCATCAATTATGTGGAAATTCTGGTTGCCCTGCCCCATTAGGGGTACC
587 TCTAGAGGATCTTTG

588  Gibson Assembly with SH3GL2 WT gBlock and pUAST attB linearized with EcoRI and Xhol
589 - pUAST SH3GL2-G276V
590 SH3GL2 G276V gBlock

591  AACTCTGAATAGGGAATTGGGCAAAAATGTCGGTGGCCGGCCTCAAGAAGCAGT
592 TCCATAAAGCCACTCAGAAAGTGAGTGAGAAGGTTGGAGGAGCTGAAGGAACCA
593  AGCTAGATGATGACTTCAAAGAGATGGAAAGGAAAGTGGATGTCACCAGCAGGG
594 CTGTGATGGAAATAATGACTAAAACAATTGAATACCTTCAACCCAATCCAGCTTC
595 CAGAGCTAAGCTCAGCATGATCAACACCATGTCAAAAATCCGTGGCCAGGAGAA
596 GGGGCCAGGCTATCCTCAGGCAGAGGCGCTGCTGGCAGAGGCCATGCTCAAATTT
597  GGAAGAGAGCTTGGAGATGATTGCAACTTTGGCCCAGCACTTGGTGAGGTCGGG
598 GAGGCCATGCGGGAACTGTCGGAGGTCAAAGACTCTTTGGACATAGAAGTGAAG
599 CAGAACTTCATTGACCCTCTTCAGAATCTTCATGACAAAGATCTTAGGGAAATTC
600 AACATCATCTAAAGAAGTTGGAGGGTCGACGCCTGGATTTTGATTATAAGAAGAA
601 ACGACAAGGCAAGATTCCGGATGAAGAGCTTCGTCAAGCTCTAGAGAAATTTGA
602 TGAGTCTAAGGAAATTGCTGAGTCAAGCATGTTCAATCTCTTGGAGATGGATATT
603 GAACAAGTGAGCCAGCTCTCTGCACTTGTGCAAGCTCAGCTGGAGTACCACAAGC
604 AGGCAGTCCAGATCCTGCAGCAAGTCACGGTCAGACTGGAAGAAAGAATAAGAC
605 AGGCTTCATCTCAGCCTAGAAGGGAATATCAACCTAAACCACGAATGAGCCTGG
606 AGTTTCCAACTGGAGACAGTACTCAGCCCAATGGGGITCTCTCCCACACAGGCACT
607 CCCAAACCTTCAGGTGTCCAAATGGATCAGCCgTGCTGCCGAGCTCTGTACGACTT
608 TGAACCTGAAAATGAAGGGGAGTTGGGATTTAAAGAGGGCGATATCATCACACT
609 CACTAACCAAATTGATGAGAACTGGTATGAGGGGATGCTGCATGGCCATTCAGGC
610 TTCTTCCCCATCAATTATGTGGAAATTCTGGTTGCCCTGCCCCATTAGGGGTACCT
611 CTAGAGGATCTTTG

612  Gibson Assembly with SH3GL2 G276V gBlock and pUAST attB linearized with EcoRI and
613  Xhol

614  pGEX-6P-1 EndoA-WT, pGEX-6P-1 EndoA-D265A and pGEX-6P-1 EndoA-D265R were
615  generated by performing a PCR respectively from pUAST EndoA-WT, pUAST EndoA-
616  D265A and pUAST EndoA-D265R with the following primers:
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617 FW: TTCTGTTCCAGGGGCCCCTGGGATCCATGGCTTTCGCCGGACTC
618 Rc: GCGGCCGCTCGAGTCGACCCGGGCTAGTTGCCATTGGGCAG

619  Gibson assembly was performed with the PCR fragments and pGEX-6P-1 linearized with
620 BamHI and EcoRI

621 - pGEX-6P-1 SH3GL2-WT
622  SH3GL2 WT gBlock: the sequence was codon optimized for expression in E.coli

623 TTCTGTTCCAGGGGCCCCTGGGATCCATGAGCGTCGCAGGCCTGAAGAAGCAGTT
624 CCATAAGGCTACTCAGAAGGTTTCGGAAAAAGTAGGTGGGGCTGAGGGCACCAA
625 GTTAGACGACGACTTTAAGGAAATGGAAAGAAAAGTCGATGTCACGAGTAGAGC
626 GGTTATGGAAATTATGACGAAGACCATAGAGTATTTGCAGCCGAATCCCGCCAGT
627 CGTGCCAAGTTGAGCATGATCAATACGATGTCGAAAATTCGCGGGCAGGAAAAA
628 GGACCGGGATACCCTCAAGCAGAGGCGCTTCTTGCAGAGGCCATGTTAAAATTTG
629 GGCGCGAGCTTGGAGATGACTGCAATTTTGGCCCAGCTTTAGGGGAGGTTGGTGA
630 GGCAATGAGAGAGTTATCCGAAGTCAAGGATTCCCTGGACATTGAGGTTAAGCA
631 GAACTTTATAGATCCACTTCAAAATTTGCACGATAAAGACCTGCGTGAGATTCAA
632 CATCACTTAAAGAAGTTAGAAGGACGCCGCCTTGACTTTGATTATAAGAAAAAGC
633 GTCAGGGCAAAATACCCGACGAAGAACTTCGCCAAGCTCTGGAGAAGTTTGATG
634 AGAGCAAGGAAATAGCTGAAAGTTCGATGTTTAATTTGCTGGAGATGGATATTGA
635 ACAAGTAAGTCAGTTATCTGCGTTAGTACAGGCCCAATTAGAATATCACAAACAG
636 GCTGTGCAAATATTACAACAGGTAACCGTACGTTTGGAGGAGAGAATACGTCAG
637 GCATCGTCTCAGCCTCGCCGCGAATACCAACCGAAACCACGCATGTCGCTTGAGT
638 TCCCCACAGGAGACTCAACCCAACCTAACGGAGGCTTGTCACATACGGGCACACC
639 CAAGCCGAGCGGAGTTCAGATGGACCAGCCGTGCTGTAGAGCACTGTATGATTTC
640 GAGCCGGAGAACGAGGGTGAGCTTGGGTTCAAGGAGGGGGATATTATTACTCTT
641 ACTAATCAGATTGATGAGAATTGGTACGAGGGGATGCTTCATGGTCATTCGGGCT
642 TTTTCCCTATAAATTACGTCGAGATTCTGGTGGCGCTGCCACACTAGCCCGGGTCG
643 ACTCGAGCGGCCGCATCGTGACTGACTGAC

644  Gibson assembly performed with codon optimized SH3GL2 WT gBlock and pGEX-6P-1
645 linearized with BamHI and EcoRI

646 - pGEX-6P-1 SH3GL2-G267V
647  SH3GL2 G276V gBlock: the sequence was codon optimized for expression in E.coli

648 TTCTGTTCCAGGGGCCCCTGGGATCCATGAGCGTCGCAGGCCTGAAGAAGCAGTT
649 CCATAAGGCTACTCAGAAGGTTTCGGAAAAAGTAGGTGGGGCTGAGGGCACCAA
650 GTTAGACGACGACTTTAAGGAAATGGAAAGAAAAGTCGATGTCACGAGTAGAGC
651 GGTTATGGAAATTATGACGAAGACCATAGAGTATTTGCAGCCGAATCCCGCCAGT
652 CGTGCCAAGTTGAGCATGATCAATACGATGTCGAAAATTCGCGGGCAGGAAAAA

653 GGACCGGGATACCCTCAAGCAGAGGCGCTTCTTGCAGAGGCCATGTTAAAATTTG
654 GGCGCGAGCTTGGAGATGACTGCAATTTTGGCCCAGCTTTAGGGGAGGTTGGTGA
655 GGCAATGAGAGAGTTATCCGAAGTCAAGGATTCCCTGGACATTGAGGTTAAGCA
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656 GAACTTTATAGATCCACTTCAAAATTTGCACGATAAAGACCTGCGTGAGATTCAA
657 CATCACTTAAAGAAGTTAGAAGGACGCCGCCTTGACTTTGATTATAAGAAAAAGC
658 GTCAGGGCAAAATACCCGACGAAGAACTTCGCCAAGCTCTGGAGAAGTTTGATG
659 AGAGCAAGGAAATAGCTGAAAGTTCGATGTTTAATTTGCTGGAGATGGATATTGA
660 ACAAGTAAGTCAGTTATCTGCGTTAGTACAGGCCCAATTAGAATATCACAAACAG
661 GCTGTGCAAATATTACAACAGGTAACCGTACGTTTGGAGGAGAGAATACGTCAG
662 GCATCGTCTCAGCCTCGCCGCGAATACCAACCGAAACCACGCATGTCGCTTGAGT
663 TCCCCACAGGAGACTCAACCCAACCTAACGGAGTCTTGTCACATACGGGCACACC
664 CAAGCCGAGCGGAGTTCAGATGGACCAGCCGTGCTGTAGAGCACTGTATGATTTC
665 GAGCCGGAGAACGAGGGTGAGCTTGGGTTCAAGGAGGGGGATATTATTACTCTT
666 ACTAATCAGATTGATGAGAATTGGTACGAGGGGATGCTTCATGGTCATTCGGGCT
667 TTTTCCCTATAAATTACGTCGAGATTCTGGTGGCGCTGCCACACTAGCCCGGGTCG
668 ACTCGAGCGGCCGCATCGTGACTGACTGAC

669  Gibson assembly performed with codon optimized SH3GL2 G276V gBlock and pGEX-6P-1
670 linearized with BamHI and EcoRI

671  To generate G276V knock-in iPSCs the following Oligos and gRNAs were used:

672  ssODN_G276V_Avall:
673  cgaatgagcctgGAGtttccaactggagacagtactcageccaatggCgtCetctecccacacaggeactceccaaaccttcaggtaa
674  gagctgaaactgca

675 px SH3GL2 G276V _gRNA1 Fwd: CACCGTGTGTGGGAGAGACCCCCAT

676  px SH3GL2 G276V _gRNAI1 Rv: aaacATGGGGGTCTCTCCCACACAc

677 SH3GL2(G276V) pRR_Fwd: tatcaacctaaaccacgaatgagcctggagtttccaactggagACGT

678  SH3GL2(G276V) pRR Rv: TCAGCCCAATGGGGGTCTCTCCCACACAGGCACTAGCT
679  PCR validation of the edited clones were carried out with the following primers:

680 SH3GL2 V-sp Rv: gectgtgtgggagagGacg

681  SH3GL2 Exon8 Rv: agtttctacctgacaactgactcc

682 SH3GL2 T7 Fwd: catggtagcatggtgggtgac

683

684  Autophagy induction assays

685  Third instar larvae (still crawling in the food) expressing Atg8m"™ were dissected in fresh
686  Ca’"-free HL3 (100 mM NaCl, 5 mM KCl, 10 mM NaHCO3, 5 mM Hepes, 30 mM sucrose, 5
687 mM trehalose and 10 mM MgCl, pH 7.2).

688  For electrical stimulation the nerves of dissected larvae were cut just below the ventral nerve
689  cord, and axons innervating segments A3 and A4 were stimulated at 20 Hz for 30 min at 50 %
690 above the threshold using a suction electrode (Soukup et al., 2016). During electrical
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691  stimulation, larvae were incubated in HL3 supplemented with or without 1 mM CaCl,, as
692  indicated. EGTA-AM (Thermo Fisher) was used at 25 pM (in anhydrous 0.1 % DMSO).

693  For calcium channel agonist treatment larvae were prepared as for electrical stimulation and
694  then incubated for 30 min in HL3 with 10 uM of Nefiracetam (Tocris), dissolved in 0,0025 %
695  anhydrous DMSO (Yoshii and Watabe, 1994; Yoshii et al., 2000), and with or without I mM
696  CaCl,. 100 uM of NAS was similarly used to prevent muscle contractions.

697  In all experiments 100 uM 1-Naphthylacetyl spermine trihydrochloride — NAS (Sigma) was
698  added (Levitan et al., 2007; Soukup et al., 2016) to prevent muscle contractions.

699
700  Confocal Live Imaging and quantification

701  Live imaging of dissected larvae was carried out on a Nikon AIR confocal microscope with a
702 60X (NA 1.0) water-dipping lens. Dissected larvae were washed multiple times in HL3 prior to
703  imaging. NIS Elements (Nikon) was used for data acquisition using the Resonant Scanning
704  option, with a zoom factor of 3 and line averaging of 16. All images were acquired with a
705  pinhole of one Airy unit and a resolution of 1024 x 1024. Z-stacks were used in data acquisition
706  to capture fluorescence (puncta presence) across the whole NMJ. Low basal autophagy levels
707  were always confirmed in control experiments.

708  Quantification of the number of puncta within synaptic boutons was performed in Imagel
709  (Soukup et al., 2016). Atg8> ™™ puncta were manually counted and this was combined with
710  the application of a threshold mask as to determine the area of the bouton. Trafficking
711  autophagosomes (punctae in motor neuron axons outside the NMJ) were excluded from data
712 analysis. The conditions were blinded for quantification.

713
714  Calcium imaging

715  Third instar larvae expressing GCaMP6m in neurons (GMR57C10-GAL4) were dissected in
716  fresh HL3 and nerves cut below the ventral nerve cord. After dissection, HL3 was replaced with
717  freshly prepared 100 uM Nas (Sigma) and 2 mM CaCl, in HL3. Larval filets were imaged on
718  an widefield Nikon Eclipse FN1 upright microscope equipped with a water dipping 20X lens
719  (NA 0.95) and a GFP filter. Time-lapse images were acquired at a frequency of 5 Hz.
720  Nefiracetam or DMSO (control) was added during imaging. Image analysis was performed
721  using Image]J. GCaMP6m intensity was plotted as AF/Fo and measured, after background
722  subtraction, by normalizing the signal, within the synaptic boutons, in each frame to the
723  averaged GCaMP6m intensity, for the same region of interest, of the first 10 frames.

724
725 Immunohistochemistry and confocal imaging

726  Third instar larvae were dissected in cold Ca*" free HL3 and fixed for 20 minutes at room
727  temperature with 4 % para-formaldehyde. Fixed larvae were permeabilized with 0.4 % PBX
728  (TritonX-100 in 1X PBS), blocked for 1 hour with 10 % normal goat serum in PBX and
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729  incubated overnight at 4°C with primary antibodies. After several washes, larval filets were
730  incubated with secondary antibodies for 90 min at room temperature. Samples were mounted
731  in Vectashield (Vector Laboratories).

732 The following antibodies were used: guinea pig anti-EndoA (GP69) [1:2000 (Verstreken et al.,
733 2002)], rabbit anti-HRP [1:1000 (Jackson ImmunoReasearch)], anti-SH3GL2 [1:1000
734 (GeneTex)]. Alexa Fluor-488/Alexa Fluor-555 conjugated secondary antibodies [1:1000
735  (Invitrogen)].

736 Samples were imaged on a Nikon AIR confocal microscope with a 60X (NA 1.4) oil lens.
737  Acquisition performed using a resonant scanner, a zoom factor of 3 and line averaging of 16.
738  All images were acquired with a pinhole of 1 Airy unit and a resolution of 1024 x 1024. Z-
739  stacks (step intervals of 0.45 um) were used in data acquisition and the same image settings
740  were maintained across the genotypes. Quantification of fluorescent intensity and NMJ area
741 was performed with Imagel.

742 For the characterization of iPSCs and midbrain floor plate progenitors, cells were fixed at day
743 16 of differentiation for 15 min in 4 % para-formaldehyde. Cells were blocked for 1 h at room
744 temperature with 3 % normal goat serum + 0.3 % Triton X-100 (Sigma) in DPBS supplemented
745  with Ca?" and Mg?" (Life Technologies). Primary antibodies were incubated overnight at 4°C
746 in blocking solution. Secondary antibodies were incubated for 1 h at room temperature in
747  blocking solution. Coverslips were mounted in Mowiol (Sigma) and imaged on an upright
748  Nikon A1R confocal microscope equipped with a DIC N2 20X lens (NA 0.75). Z-stacks were
749  acquired with pinhole of 1 Airy unit, a Galvano scanner with line averaging of 2, image size of
750 1024 x 1024 pixels and step intervals of 2 um (for imaging of iPSCs) and 0.5 um (for imaging
751  of midbrain floor plate progenitors).

752 For the quantification of autophagy induction, terminally differentiated vmDAn (55-60 days)
753  were fixed for 15 min in 4 % para-formaldehyde and blocked for 1 h at room temperature in 3
754 % normal goat serum + 0.01 % Saponin (Sigma) in DPBS supplemented with with Ca?" and
755  Mg*" (Life Technologies). Primary antibodies were diluted in blocking solution and incubated
756  overnight at 4°C, while secondary antibodies were incubated for 1 h at room temperature.
757  Coverslips were mounted with Mowiol (Sigma) and imaged on an upright Nikon A1R confocal
758  microscope equipped with an oil immersion Apo 60X lens with (NA 1.4). Z-stacks were
759  acquired with a pinhole of 1 Airy unit, a Galvano scanner with line averaging of 2, image size
760  of 1024 x 1024 pixels and step intervals of 0.3 um.

761  The following antibodies were used: mouse IgG1 anti-SOX2 [1:200 (Santa Cruz)], rabbit anti-
762  OCT4 [1:50 (Abcam)], mouse IgG1 anti-NANOG [1:50 (Santa Cruz)], rabbit anti-LMX1A/B
763  [1:1000 (Millipore)], mouse IgG2a anti-FOXA2 [1:250 (Santa Cruz)], mouse IgGl anti-
764  Engrailed-1 [1:100 (DSHB, 4G11)], mouse IgG2a anti-OTX2 [1:100 (Santa Cruz)], Rabbit
765 anti-LC3B [1:250 (Cell Signaling)], mouse IgG2a anti-TH [1:500 (Santa Cruz)], Chicken anti-
766  MAP2[1:500 (Abcam)], mouse IgG1 anti-alpha-Tubulin [1:500 (DSHB 12G10)], Alexa Fluor-
767 488/ Alexa Fluor-555/ Alexa Fluor-647 conjugated secondary antibodies [1:500 (Invitrogen)].

768
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769  Zeiss Airyscan Confocal Imaging and quantification

770 A Zeiss LSM 880 (AiryScan detector enabled) with a 63X (NA 1.4) was used to image the
771  distribution of EndoA (WT, D264A and D264R) across the NMJ. Zen Black software (2012,
772 Carl Zeiss) was used for image acquisition and processing.

773 To quantify the distribution of EndoA within boutons, we selected boutons of similar size as
774  previously described (Kasprowicz et al., 2014). These were then rescaled to a standard diameter
775  and average the labelling intensities per position along the bouton diameter were defined.
776  Boutons were resized to a width of 500 pixels, and integrated intensity was calculated for whole
777  boutons fit into a 400 pixel diameter, while cytosol integrated intensity was calculated by 250
778  pixel diameter circle (in ImagelJ). The average integrated intensity was calculated across all
779  boutons of the same genotype.

780
781  Single-particle tracking photoactivated localization microscopy (sptPALM)

782  SptPALM was carried out on transgenic EndophilinA-mEOS3.1 (wild-type, D264A and
783  D264R) expressing Drosophila third-instar larvae which were dissected on a PDMS (Sylgard)
784  base as previously described (Bademosi et al., 2017, 2018; Vanhauwaert et al., 2017). Briefly,
785  EndoAWT:mEes31 " EpdoAPAmEsST and EndoAPRMEes3! wwere imaged at the larvae synaptic
786  boutons on muscle 13 of segments A3 and A4 using total internal reflection (TIRF) microscopy
787  under slightly oblique illumination. The dissected larvae were inverted onto glass-bottomed
788  imaging dishes (MatTek Corporation). The larvae were perfused with HL3, or a solution
789  mixture of HL3, 10 uM Nefiracetam, 100 pM NAS and 1 mM CaCly. Acquisition of single
790 EndoA-mEOS3.1 molecules was carried out using a C-Apochromat 63X (NA 1.2) water
791  objective on the ELYRA PS.1 microscope (Zeiss). Synaptic boutons were located using 488
792  nm laser illumination. A 405 nm laser was used for photoconversion, and the 561 nm laser was
793  used during acquisition. To spatially visualize and temporally characterize individual
794  photoconverted fluorophores, the 405 nm laser was used at 0.00003-0.03 % power, while the
795 561 nm laser was used at 20 % power. A sensitive electron-multiplying charge-coupled device
796  (EMCCD) camera (Evolve, Photomertic) was used to collect single molecule fluorescence. Zen
797  Black acquisition software (2012 version, Carl Zeiss) was utilized for movie acquisition. 15,000
798  frames images were captured per synaptic bouton at a frame capture rate of 20 Hz. Analysis of
799  sptPALM movies is described in the Supplemental Experimental Procedure.

800
801 sptPALM Analysis

802  NIH Imagel was used to convert movies from Zen’s CZI format to the format recognizable for
803  the image analysis software — Tiff format. PALM-Tracer, a customized-written software plugin
804  in Metamorph (Molecular Devices) (Kechkar et al., 2013; Nair et al., 2013) was used to localize
805 single molecules and quantify their mobility. Mobility data was plotted as mean square
806  displacement (um?) values (equation 1) as well as diffusion coefficient (um? s!) values
807 (equation 2). The parameters were set to isolate and recognize trajectories of molecules
808  undergoing free cytosolic diffusion, associated with organelles or bound to presynaptic plasma
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809 membrane. Only fluorescent molecules with sufficient threshold and with consecutive
810 appearance across eight movie frames were tracked and used for data analysis. The PALM-
811  Tracer software generated trajectory maps, super-resolved average intensity as well as diffusion
812  coefficient maps. The colour gradient in the trajectory maps indicate the time of detection of
813  the tracks; the blue trajectories indicate molecules detected early during movie acquisition,
814  while the white trajectories indicate later appearance and detection.

MSD(nx At)= g’ [x((i+n)>< Al‘)—X(ixAl‘)]2 +[y((i+n)>< At)— Wi x Al‘)]2
815 =1 N-n 0

816 MSD(t) =a+ 4Dt (2)

817 N is the number of data points in a trajectory, At is the time interval of each frame, x and y are
818 the coordinates of a particle, a is the offset constant which incorporates the effects of
819  localization error and finite camera exposure, and D is the diffusion coefficient. The MSD was
820 calculated for the time interval z = nAt for the entire duration of each trajectory. The first eight
821  points of the MSD were averaged over all trajectories and plotted against time.

822  The diffusion coefficient, D, (um?*/second) was calculated for each trajectory, from linear fits
823  of'the first four points of the MSD versus time function using equation. The diffusion coefficient
824 (D) distribution was sorted into two populations, immobile and mobile. The immobile
825  population of molecules explore an area inferior to that defined by the spatial resolution within
826  one frame. The Dinreshola= 0.0316 pm?/s was calculated as previously described (Constals et al.,
827  2015). The immobile population was composed of molecules with a D value lower than 0.0316
828  um?/s, while the mobile population was composed of molecules with D values above 0.0316
829  um?/s.

830  The Robust regression and Outlier (ROUT) outlier test on Graph Pad Prism was used to identify
831 and remove outliers. Relative frequency distribution graphs and average MSD curves were
832  obtained using Graph Prism (version 6.0).

833
834  Single-Molecule Localization Microscopy and Cluster Analysis

835  EndoA™™Ees>! expressing larvae were dissected in either HL3 with Nefiracetam and NAS with
836 or without 1 mM CaCl; and then fixed with 4 % para-formaldehyde. Single-molecule
837  localization was carried out on an ELYRA PS.1 microscope (Zeiss). Each dataset was acquired
838 atarate of 20 Hz for a duration of 20,000 frames by which point the mEOS3.1-tagged molecule
839  were fully photoconverted. Coordinates of individual localizations were retrieved from each
840  time-lapse video using Zen software (Zeiss). The datasets were corrected for x,y drift using
841  Zen’s automated fiducial markers and affline transform algorithms. Localizations that appeared
842  within 1 frame and 1 pixel of each other were consolidated to account for individual fluorophore
843  blinking. Density-based spatial clustering of applications with noise (DBSCAN) analyses, a
844  spatial clustering algorithm based on density, was used to quantify the clustering of proteins
845  (Ester et al., 1996). DBSCAN identifies clusters in large datasets of localization coordinates by
846  a continuous and propagative method that links components of a common cluster based on two
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847  parameters, 1, and €. Were r is the search radius and ¢ is the minimum number of neighbouring
848  localizations within the search radius. Localizations outside the search radius and neighbouring
849  points were classified as noise. The DBSCAN was implemented in Python.

850
851  Transmission Electron Microscopy (TEM)

852  Third instar larvae were dissected in cold HL3 and processed for transmission electron
853  microscopy as previously described (Lauwers et al., 2018). Briefly, larval fillets were fixed in
854  fresh 4 % para-formaldehyde (Electron Microscopy Sciences) and 1 % glutaraldehyde (Sigma)
855 in 1 mM MgCl (Sigma) and 0.1 M Na-cacodylate (Sigma) buffer, pH 7.2, overnight at 4°C.
856  Samples were washed with 0.1 M Na-cacodylate, pH 7.4 and osmicated with 2 % osmium
857  (OsO4/Na-Cacodylate buffer). Next, tissue was stained with 2 % uranyl acetate (Electron
858  Microscopy Sciences) for 1.5 h and embedded in Agar 100 resin (Agar Scientific). Horizontal
859  ultrathin sections (70 nm) were collected. Synaptic boutons were examined and imaged using
860 a JEM-1400 transmission electron microscope (Jeol) at 80 keV.

861
862  Correlative Light Electron Microscopy (CLEM)

863  Correlative light and electron microscopy (CLEM) was performed as previously described
864  (Soukup et al., 2016). Third instar larvae were dissected in cold HL3 and fixed for 2 h at 4°C
865 (0.5 % glutaraldehyde, 2 % para-formaldehyde in 0.1 M PBS, pH 7.4). After washing in 0.1 M
866  PBS, samples were stained with DAPI (Sigma). Pre-fixed larval fillets were then branded using
867 a Zeiss LSM 780 equipped with a Mai Tai HP DeepSee laser (Spectra-Physics) at 880 nm with
868 40 % maximal power output. Z-stacks of the ROI where acquired before and after branding
869 with a 25X water immersion lens (NA 0.8). Samples were then post-fixed (4 % para-
870  formaldehyde, 2.5 % glutaraldehyde in 0.1 M phosphate buffer) overnight at 4°C. The lavae
871  were washed with 0,1 M PBS and afterwards with ddH20. During the rest of the preparation
872  the larvae were washed after every step with ddH20 until the dehydration steps. Branded larvae
873  were then osmicated for 1 h (1 % OsO4 and 1.5 % potassium ferrocyanide). Then, the larvae
874  were incubated in a 0.2 % tannic acid for 30 min followed by a second osmication step (1 %
875  OsOq4 for 30 min) and subsequently put for 20 min in 1 % thiocarbohydrazide. The larvae were
876  osmicated for a third time (1 % OsO4 for 30 min) and incubated overnight in 0.5 % uranyl
877  acetate. Samples were then stained with lead aspartate (Walton’s lead aspartate: 20 mM lead
878  nitrate in 30 mM sodium aspartate, pH 5.5) for 30 min at 60°C. After a final washing step the
879  larvae were dehydrated with solutions of increasing ethanol concentration (30 %, 50 %, 70 %,
880 90 % and twice with 100 %) followed by two 10 min incubation steps with propylene oxide
881  (PO). Larval fillets were then infiltrated with resin agar 100 (Laborimpex), flat embedded in
882  resin agar 100 and placed at 60°C for 48 h.

883  For 3D-SEM, the flat resin-embedded larval fillets were cropped into 1 mm? pieces with region
884  of interest in the middle and mounted on an aluminium specimen pin (Gatan) using conductive
885  epoxy (Circuit Works). For approaching the region of interest, aluminium pins were places in
886 a Zeiss Sigma VP SEM equipped with Gatan 3View technology. Once the first branding marks
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887  were reached and muscle morphology was recognized by correlating with the light microscopy
888  data,70 nm sections were cut on an ultramicrotome (EM UC7, Leica) and collected on slot grids
889  (Van Loenen Instruments). The sections were imaged using a JEM-1400 transmission electron
890  microscope (Jeol) at 80 kV. Branding marks around the NMJ and DAPI signal were used to
891  correlate the confocal images with the TEM micrographs of the NMJ boutons. Overlay images
892  were generated using ImageJ and Gimp.

893
894 FM 1-43

895  The labeling and quantification of FM1-43 intensities was performed as previously described
896  (Verstreken et al., 2008). Third instar larvae were dissected in fresh Ca®" free HL3, nerves were
897  cut and larvae subsequently incubated for 1 min in HL3 with 4 pM FM 1-43 (Invitrogen), 1.5
898 mM CaClz and 90 mM KCI. Multiple steps of washing with HL3 before imaging removed the
899  non-internalized dye. Images of FM 1-43 were captured with an upright widefield microscope
900 (Nikon Eclipse FN1), fitted with 60X (NA 1.0) water dipping lens and stored using NIS
901 elements. Mean boutonic intensities were determined, after background substraction, using
902  Imagel.

903
904  Electrophysiology

905 Current clamp experiments to record EJPs were performed as previously described
906  (Kasprowicz et al., 2014; Slabbaert et al., 2016). Third instar larvae were dissected in Ca*" free
907  HL3 which was subsequently replaced with HL3 with 2 mM CaClz and nerves were cut below
908 the ventral nerve cord. Motor nerves from muscle 6-7, segment A2 or A3 were stimulated at 10
909  Hz for 400s at least 50 % above the threshold, using a suction electrode. EJP sets were omitted
910  when the recording did not hold its basal membrane potential throughout the 400 s stimulation
911  paradigm. Signals were amplified using the Axoclamp900A amplifier (Molecular Devices),
912  filtered using a 1 kHz Bessel filter and digitized at 10 kHz using a Digidata 1440A (Molecular
913  Devices). Data storage, processing and analysis was done using Clampfit 10.7 (Molecular
914  Devices). EJP amplitudes were quantified for each of the stimuli over the 400 s stimulation
915  duration. The EJP amplitudes were then binned per 300 stimuli with the exception of the first
916 150 stimuli. The consecutive EJP amplitudes for each binned data point were normalized to the
917  first binned data point of the first 150 stimuli.

918
919  Western blot

920 Flies collected separately from three independent crosses were decapitated and heads
921  homogenized with a motorized pestel in lysis buffer (25 mM HEPES, 100 mM NaCl, | mM
922  CaClp, 1 % Triton, 1X Complete Protease Inhibitor (Sigma)). After incubation on ice for 30
923  min, samples were spun down at 10000 g for 10 min and supernatant collected and quantified
924 by Bradford assay (BioRad) in a GloMax Multi Detection Plate Reader (Promega). After
925  boiling in 1X Laemmli buffer with 8 % 2-mercapto-ethanol (Sigma), samples were ran on a
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926  NuPage 4-12 % Bis-Tris gel (Thermo Fisher Scientific) and transferred on a nitrocellulose
927 membrane (BioRad) subsequently blocked with 10 % BSA in TBS. Primary antibodies were
928 incubated overnight at 4°C in antibody solution (5 % BSA in 0.05 % TBS-T). Fluorescent
929  secondary antibodies were incubated for 1 h at room temperature in antibody solution. After
930  detection with an iBright imaging system (Thermo Fisher Scientific), fluorescent bands were
931  quantified in ImageJ. EndoA fluorescence was normalized to GAPDH fluorescence.

932  The following antibodies were used: guinea pig anti-EndoA (GP69) [1:5000 (Verstreken et al.,
933  2002)], rabbit anti-GAPDH [1:2000 (Abcam)], mouse anti-ENDOA1 [1:500 (Santa Cruz)],
934 mouse anti-Dynamin [1:1000 (BD Biosciences)], rabbit anti-GST [1:2000 (Life
935  Technologies)]. Alexa Fluor-488/Alexa Fluor-647 conjugated secondary antibodies [1:1000
936 (Invitrogen)].

937
938 Recombinant protein production and purification

939  GST-tagged recombinant proteins were produced in competent BL21(DE3) E.coli by induction
940  with 1 mM IPTG (Thermo Fisher Scientific) at 37°C for 4 h followed by additional overnight
941 incubation at 25°C. Bacteria were collected by centrifugation at 8000 g, resuspended in lysis
942  buffer (4 mM DTT, 1 mM EDTA, 1X Protease Inhibitor EDTA-free in 1X PBS. pH 6.5-8) and
943  lysed using a high pressure homogenizer operating at a pressure between 15000-20000 bar
944  (Emulsiflex C5, Avestin). Homogenized samples were incubated with 1X DNasel and spun
945  down at 25000 g for 40 min at 4°C.

946  Purification was perfomerd using affininty chromatography by loading the supernatant on two
947 5 ml GSTrap HP column (GE Healthcare) mounted in series and operated at 5 ml/min with an
948  AKTA Pure 25 system (GE Healthcare). After binding, the column was washed with 10 column
949  volumes of PBS followed by 5 column volumes of PreScission buffer (20 mM Tris, 100 mM
950 NaCl, 1 mM EDTA, 1 mM DTT, pH 8). Cleavage of the GST tag was perfomed on column at
951 room temperature for 4 h with 500 U of PreScission Protease (GE Healthcare) diluted in
952  PreScission buffer. Cleaved protein was collected in PBS by peak fractionation, while the
953  remaining uncleaved protein was eluted with 5 colomn volumes of 100 % elution buffer (20
954  mM Tris, 10 mM Gluthatione reduced, pH 8).

955  Input material and collected fractions were analysed by SDS-PAGE on NuPage 4-12 % Bis-
956  Tris gel (Thermo Fisher Scientific) and stained with Coomassie.

957 EndoA protein concentrations were estimated by absorbance using the calculated molar
958  extinction coefficient of 17670 M 'cm™ for the Drosophila proteins, and 17545 M'em™ for the
959  human proteins.

960
961  Biphysical/structural characterization of recombinant proteins

962  Prior to biophysical/structural characterization experiments, purified proteins were subjected to
963  gel filtration to isolate the peak corresponding to dimeric EndoA. A Superdex 200 increase
964  30/100 column (GE Healthcare) was operated at a flow rate of 0.5 ml/min and buffered with 20
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965 mM MOPS, 150 mM NaCl pH 7. The elution volume of the dimer peak was previously
966  determined by SEC-MALS.

967 Thermal stability was determined through thermal denaturation (from 20°C to 95°C at an
968 increment rate of 0.3°C/min) monitored by fluorescent emission intensity upon excitation at
969 266 nm. Measurements were obtained in an Uncle instrument (Unchained Labs). EndoAYT was
970  concentrated to ~3 mg/ml (Amicon Ultra centrifugal filters) and filtered through a 0.22 um filter
971  (Millex). Thermal stability was tested in the presence of 1 mM EDTA or 1 mM CaCl..
972  Measurements were done in triplicate and average thermograms were displayed by plotting the
973  barycentric mean (BCM) and Static light scattering (SLS) at 266 nm.

974  Fourier Transform InfraRed (FTIR) spectroscopy was performed on a Invenio spectrometer
975  (Bruker) equipped with a BioATR-II measuring cell (Bruker). Proteins were concentrated to ~2
976  mg/ml and filtered through a 0.22 pum filter (Millex). Recordings were performed at 25°C. The
977  temperature was controlled by a thermostatic water bath. Spectra were acquired with a
978  resolution of 4 cm™ and with a total of 120 scans per spectra averaged to improved the signal-
979  to-noise ratio.

980  Dynamic light scattering (DLS) measurements were performed in a DynaPro DLS plate reader
981  (Wyatt). Proteins were concentrated to ~2 mg/ml, filtered through a 0.22 pm filter (Millex) and
982 loaded on a low binding 394-well black plate with transparent bottom (Costar). The
983  autocorrelation of scattered light intensity was averaged over 5 recordings to obtain single data
984  points. Wyatt Dynamics software (v7) was used to calculate the hydrodynamic radius.

985  For Small angle X-ray Scattering (SAXS) purified Drosophila EndoA and human ENDOAI
986 proteins were run though a Superdex200 10/300 increase chromatographgy column (GE
987  Healthcare) to isolate the peak corresponding to the dimeric protein. The column was buffered
988 in 20 mM MOPS, 150 mM NaCl, I mM DTT, pH 7 or 20 mM MOPS, 150 mM NaCl, 1 mM
989 DTT, 1 mM CaCly, pH 7. Dimeric proteins were concentrated with an Amicon Ultra centrifugal
990 filter to a concentration of at least 6 mg/ml. Concentrations were determined by absorbance.
991 SAXS data were collected according to Supplemental Table 1. The sample of Drosophila
992  EndoAP?%A mutant was measured at the BM29 beamline of the ESRF synchrotron (Grenoble,
993  France) (Pernot et al., 2013), while all other samples were measured at the SWING beamline
994  of the SOLEIL synchrotron (Paris, France) (Thureau et al., 2021). Measurements were
995  performed using the HPLC-SEC setup available at the beamlines by injecting 30-50 pul of 6-11
996 mg/ml of protein onto an Advanced BioSEC 300A 2.7/300 column. The column was pre-
997  equilibrated with a buffer containing 20 mM MOPS (pH 7), 150 mM NaCl, 1 mM DTT, 5 %
998  glycerol and either no calcium or 1 mM CaCla. The flow rate was set at 0.3 ml/min for the
999  measurement performed at the BM29 beamline and at 0.35 ml/min for the ones measured at the
1000  SWING beamline. The radial averaging was performed using BsxCuBE (Pernot et al., 2013)
1001  for the data collected at the ESRF synchrotron and using FOXTROT (Perez J., Bizien T., 2022)
1002  for those collected at the SOLEIL synchrotron. Buffer subtractions were performed using
1003 CHROMIXS (Panjkovich and Svergun, 2018) and the averaged data, corresponding to the peak
1004  ofinterest, were further processed using the ATSAS software package (Petoukhov et al., 2012).
1005  The molecular weight estimations were taken from the Bayesian assessment method (Hajizadeh
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1006 et al., 2018), while the Kratky plots were generated using the ATSAS program PRIMUS
1007  (Konarev et al., 2003)).

1008

1009

1010  Co-immunoprecipitation

1011 50 pl of slurry Dynabeads Protein G (Thermo Fisher) were coupled with 5 pg of mouse
1012  monoclonal anti-Dynamin antibody (BD Biosciences) rotating for 1 h at room temperature.
1013  Beads were washed twice with wash buffer (50 mM Tris, 150 mM NaCl, pH 7.5) and incubated
1014  overnight at 4°C with 1 mg of total Drosophila (w'!'®) head lysate diluted in wash buffer to a
1015  final volume of 400 pl. After washing the beads twice with wash buffer, they were incubated
1016  for 4 h at room temperature with 30 pg of purified GST-EndoAYT, GST-EndoAP?*** or GST-
1017  EndoAP?%R Following washes, the beads were resuspended in wash buffer and loading dye
1018  (4X Laemlli buffer (Bio-Rad) + 2-mercapto ethanol (Sigma)), boiled for 10 min at 95°C and
1019 loaded on NuPage 4-12 % Bis-Tris gel (Thermo Fisher Scientific). After transferring the
1020  proteins on a nitrocellulose membrane (BioRad), the membrane was processed for Western
1021  blotting.

1022 Control Co-IP were performed by incubating 50 pul of slurry Dynabeads Protein G, not coupled
1023  with anti-Dynamin antibody, with 1 mg of total head lysate followed by incubation with 30 pg
1024  of purified GST-EndoA"T. Incubation times were the same as for the other conditions.

1025  GST-EndoA proteins used for this assay were purified as described in the ‘recombinant proteins
1026  production and purification’ paragraph, with the exception that the GST tag was not cleaved.
1027  Proteins were eluted from the Sml GSTrap HP column with elution buffer (20 mM Tris, 10 mM
1028  Gluthatione reduced, pH 8) and dialyzed overnight at 4°C in 50 mM Tris, 150 mM NaCl, pH
1029  7.5. GST-EndoA proteins concentrations were estimated by absorbance using the calculated
1030  molar extinction coefficient of 60780 M 'cm™.

1031
1032  Electroretinograms (ERGs)

1033  ERGs were recorded from 1 to 3-day-old flies as previously described (Soukup et al., 2016).
1034  Flies were immobilized on glass microscope slides, by use of double-sided tape. For recordings,
1035  glass electrodes (borosilicate, 1.5 mm outer diameter) filled with 3 M NaCl were placed in the
1036  thorax as a reference and on the fly eye for recordings. Responses to repetitive light stimuli
1037  were recorded using Axosope 10.7 and analyzed using Clampfit 10.7 software (Molecular
1038  Devices) and Igor Pro 6.37.

1039
1040 Light induced neurodegeneration and histology

1041  Light induced retinal degeneration induced by placing 1 to 3-day-old flies under continuous
1042  illumination (1300 lux) (Soukup et al., 2013). Batches of flies were also kept in darkness for 7
1043  days at 25°C. Flies were used for ERG data acquisition, or processed for histological staining
1044  of the retina.
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1045  Histological sections of the retina were prepared by decapitating heads and fixing them in 4 %
1046  para-formaldehyde and 2.5 % glutaraldehyde in 0.1 M PBS overnight at 4°C or until further
1047  processing. Heads were then osmicated in 2 % OsO4 for 2 h and subsequently incubated in 4 %
1048  uranyl acetate for 1 h. After dehydration using an ethanol series, heads were embedded in hard
1049  resin (Agar 100, Laborimpex) and semi-thin (1.5 pm) sections were cut on a microtome (EM
1050 UC7, Leica) and stained on a heating block with a 1 % toluidine blue (Merck) solution including
1051 2 % Borax for 90 s at 60°C. The stained sections were mounted with Eukit Quick-hardening
1052  mounting medium (Sigma). Histological sections were analyzed using the Leica DM2500 M
1053  microscope equipped with a 40X lens.

1054
1055  Gene editing of iPSC

1056  SH3GL2 p.G276V was engineered in the “Ctrl65” iPSC line (SFC065, (Baumann et al., 2021)),
1057 by means of CRISPR/Cas9 gene editing using a split puromycin recombination reporter (Flemr
1058 and Biihler, 2015). One million cells were seeded per well of a 6-well plate in the presence of
1059  Rho kinase inhibitor the day before transfection (Miltenyi Biotech; 130-106-538). The next
1060  day, the cells were transfected using Lipofectamine Stem (Life Technologies; STEMO00015)
1061  with a mix of 1 pug donor single stranded oligodeoxynucleotide, 0.5 ug pRR-Puro plasmid
1062  (Addgene plasmid #65853) specific for the guide RNA (gRNA) spacer sequence and 1 pg
1063  px458 encoding for a guide RNA targeting the mutation site (Addgene plasmid #65853; (Ran
1064 et al., 2013)). Two days post-transfection, cells were treated with 0.5 pg/ml puromycin for 48
1065 h in the presence of Rho kinase inhibitor. Ten to fourteen days after transfection, resistant
1066  colonies were manually picked, expanded, and molecularly characterized by means of PCR,
1067  Sanger sequencing and digital droplet PCR to discard large deletions. Clones showing the
1068  desired genotype were karyotyped by means of comparative genomic hybridization (CGH) and
1069  stained for pluripotency markers.

1070
1071 iPSC differentiation

1072 On day -1, 300.000 hiPSC/cm? were seeded on Matrigel coated 6-well plate wells in mTeSR-
1073 Plus medium supplemented with 10 uM Rho kinase inhibitor (RI). On day 0, medium was
1074  switched to knockout serum replacement medium (KSR) containing DMEM/F-12, 15 %
1075  knockout serum replacement, GlutaMAX, Penstrep, non-essential amino acids and 10 uM -
1076  mercaptoethanol (all from Life Technologies) supplemented with LDN193189 (500 nM,
1077  Sigma), SB431542 (10 uM, Tocris), SHH-C24II (100 ng/ml, Miltenyi Biotec), Purmorphamine
1078 (2 uM, Sigma). CHIR99021 was added to the medium from day 3 to day 13 (CHIR; 3 uM,
1079  Stemcell Technologies). From day 4, KSR was gradually shifted to Neurobasal/0.5X B27
1080  supplement without vitamin A, 0.5X N2, GlutaMAX, Penstrep, non-essential amino acids at
1081  the rate of 1/3 every 2 days for 4 days, and to % for 3 days. SB431542, SHH-C24Il, and
1082  Purmorphamine were withdrawn from the medium at day 7. FGF8b (100 ng/mL, R&D) was
1083  added to the medium from day 9 until day 16. At day 18, cells were switched to terminal
1084  differentiation medium consisting of Neurobasal-A/1xB27 supplement without vitamin A,
1085  GlutaMAX, Penstrep containing BDNF (brain-derived neurotrophic factor, 10 ng/ml; R&D),
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1086  ascorbic acid (0.2 mM, Sigma), GDNF (glial cell line-derived neurotrophic factor, 10 ng/ml;
1087 R&D), dibutyryl cAMP (0.2 mM; Sigma), SR11237 (100 nM, Tocris), and DAPT (10 uM;
1088  Tocris). On day 20, ventral midbrain neural progenitors were cryopreserved and quality
1089  controlled. Neural progenitor cells were terminally differentiated on coverslips previously
1090  coated with poly-D-lysine (50 pg/mL)/mouse laminin (I pg/mL) in terminal differentiation
1091 medium for additional 35 days.

1092
1093  Analysis of LC3B puncta in TH* neurites

1094  Terminally differentiated vmDAn (55-60 days) were incubated for 15 min in physiological
1095  solution (20 mM HEPES pH 7.4, 140 mM NaCl, 4.7 mM KCI, 2.5 mM CaCly, 1.2 mM MgSOg4,
1096 1.2 mM KH>PO4, 11 mM glucose) and subsequently fixed with 4 % para-formaldehyde,
1097  processed for immunostaining and imaged. Z-stack confocal images were analyzed with ImageJ
1098  in a semi-automated way. The ‘Skeletonize’ plugin was ran on the TH channel and the total
1099  length of TH" neurites was measured. The skeleton was converted to a mask within which
1100 LC3B puncta were counted using the ‘Analyze particle’ plugin. The number of LC3B puncta
1101  within the mask were normalized by the total length of TH" neurites and plotted as LC3B
1102  puncta/TH" unit length.

1103
1104 Statistics

1105  GraphPad Prism 9.3 (San Diego, USA) was used to determine statistical significance. Datasets
1106  were tested for normal distribution using the D’ Agostino-Person Omnibus and Shapiro-Wilk
1107  normality tests. Normally distributed data were tested with parametric tests: when two datasets
1108  were compared, the Student’s ¢-test was used, and when more than two datasets were compared,
1109 aone-way analysis of variance test (ANOVA) followed by a post hoc Tukey test was used. For
1110  non-normally distributed datasets, Mann-Whitney test was used when comparing two datasets,
1111 and an ANOVA Kruskal-Wallis test followed by a Dunn’s post hoc test was used for multiple
1112 datasets. When multiple parameters were compared (genotypes and treatments) a two-way
1113 ANOVA was used, followed by a post hoc Tukey test or Sidak test for multiple comparison
1114  correction. Significance levels are defined as ***P < (0.0001, **P <0.01, *P < 0.05 and ns, not
1115  significant. ‘n’ in the legends indicates the number of animals used and analyzed. For sptPALM
1116  images 2 separate NMJs were imaged per animal, while for the confocal imaging and single
1117  molecule localization studies, 4 different NMJs were imaged in each animal. Data are plotted
1118  as mean + SEM.

1119
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1462  Figure Legends

1463  Figure 1 Ca?" influx-induced synaptic autophagy is EndoA dependent

1464  (A-E) Live imaging of non-stimulated and stimulated (following 30 min of 20 Hz electrical
1465  nerve stimulation) of Drosophila larvac NMJ boutons expressing Atg8™"™ at endogenous
1466  levels in the absence of Ca*" (A, A’), presence of Ca** (B, B’), presence of EGTA-AM (No
1467  Ca*' in the buffer) (C) and presence of DMSO plus Ca?" (D). Fluorescence intensities shown
1468  using scale (0-1292 gray value) indicated in (B). (E) Quantification of the number of Atg8mCherry
1469  dots (arrowheads). Error bars represent mean £ SEM; scale bar: 5 um. Statistical significance
1470  was calculated with an ordinary one-way ANOVA with Tukey’s multiple comparison test: **
1471 P <0.01, ns, not significant, n > 6 larvae (24 NMJs) per genotype.

1472 (F-H) Live imaging of genomically expressed Atg8™ "™ in NMJ boutons of w control animals
1473  (F, F’) and of animals expressing RNAi against azg3 (under the control of the pan-neuronal
1474  driver nSyb-Gal4) (G, G’). (F, G) Non-stimulated animals were incubated for 30 min in HL3
1475  solution containing calcium channel agonist — Nefiracetam (Nefi) (10 uM) and post-synaptic
1476  glutamate receptor blocker 1-Naphthylacetyl spermine trihydrochloride (NAS) (100 uM). (F’,
1477  G’) Stimulated animals were incubated for 30 min in HL3 solution containing Nefi (10 uM),
1478  NAS (100 uM) and CaCl, (1 mM). (H) Quantification of the number of Atg8™"™ dots
1479  (arrowheads). Error bars represent mean + SEM; scale bar: 5 um. Statistical significance was
1480  calculated with an ordinary two-way ANOVA with Sidak multiple comparison test: ** P <
1481  0.01, ns, not significant, n > 9 larvae (36 NMIJs) per genotype.

1482  (I-K) Live imaging of genomically expressed Atg8™"*™ in NMJ boutons of w control animals
1483 (I, I’) and of endoA” null mutant animals expressing phosphodead endoA4%”>* at endogenous
1484  levels (J, J’). (K) Quantification of the number of Atg8™™™ dots (arrowheads). Error bars
1485  represent mean + SEM; scale bar: 5 um. Statistical significance was calculated with an ordinary
1486  two-way ANOVA with Sidak multiple comparison test: ** P < 0.01, ns, not significant, n > 11
1487  larvae (44 NMlJs) per genotype. Full genotypes are included in the methods.

1488

1489  Figure 2 EndoA mutants increase lethality in an endocytic-independent manner

1490  (A) Proteins alignment showing conservation of the negatively charged glutamic acid in
1491  position 264 of Rat ENDOA2 and negatively charged aspartic acid in position 265 of
1492 Drosophila EndoA flexible region.

1493  (B-B’) Co-immunoprecipitation of Dynamin and GST-EndoA wild type and mutants. (B)
1494  Western blot of 1 % control fly heads (w!!/%, input A) and 1 % purified GST-EndoA (input B)
1495  and whole co-IP fraction. Blot probed with anti-Dynamin (expected size 97 KDa) and anti-GST
1496  (expected size 67 KDa) to assess co-IP efficiency. (B’) Quantification of GST/Dynamin signal
1497  inIP lane. Error bars represent mean + SEM. Statistical significance calculated with an ordinary
1498  one-way ANOVA with Tukey’s multiple comparison test: * P < 0.05, *** P < 0.001 ns, not
1499  significant. Experiment repeated in 4 independent replicates.

1500 (C) Representative images of boutons loaded (1 min, 90 mM KClI, 1.5 mM CaCl, ) with FM 1-
1501 43 (4 uM) and quantification (C’) of the following genotypes: control (nSyb-Gal4/+), endoA™”
1502  animals that express endoA"”, endoAP?%* or endoAP?%® under the control of nSyb-Gal4. Scale
1503  bar: 5 um. Statistical significance was calculated with an ordinary one-way ANOVA with
1504  Tukey’s multiple comparison test: ns, not significant, n > 6 larvae (24 NMJs) per genotype.
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1505 (D) Relative EJP amplitudes and raw traces recorded during 400 s of 10 Hz stimulation train of
1506  the indicated genotypes.

1507  (E) Quantification of EJP amplitudes of indicated genotypes. Statistical significance was
1508  calculated with an ordinary one-way ANOVA with Tukey’s multiple comparison test: ns, not
1509  significant, n > 7 larvae per genotype.

1510  (F) Representative electron micrographs of NMJ bouton and (F’) quantification of the number
1511  of synaptic vesicles (SV) per bouton area (/ um?) for animals of the indicated genotypes. Scale
1512  bar: 150 nm. Data point represent single boutons from > 3 animals per genotype. Statistical
1513  significance calculated with an ordinary one-way ANOVA with Tukey’s multiple comparison
1514  test: ns, not significant.

1515  (G) Survival rate (in percentage) of adult endoA”~ Drosophila expressing endoA" ", endoAP?54,
1516  or endoAP?5F under the control of the pan-neuronal driver nSyb-Gal4 over 120 days. Median
1517  survival of endoA"" expressing flies is 31.5 days, 12 days for endoAP?5*4 expressing flies and
1518 3 days for endoAP?*R expressing flies. Statistical significance was calculated using Log-rank
1519  Mantel-Cox test: **** P <(0.0001, n > 28 animals per genotype.

1520

1521  Figure 3 EndoA mutants alter Ca** influx mediated synaptic autophagy induction

1522 (A-E) Live imaging of genomically expressed Atg8™"™ in NMJ boutons of control (nSyb-
1523 Gal4/+) animals (A, A’) and of endoA™ animals expressing endoA"” (B, B’), endoAP?%4 (C,
1524  C’), and endoAP?*® (D, D’) (under the control of the pan-neuronal driver nSyb-Gal4). Non-
1525  stimulated animals were incubated for 30 min in HL3, Nefi (10 uM) and NAS (100 uM)
1526  solution (A, B, C, D). Stimulated animals were incubated for 30 min in HL3 solution containing
1527  Nefi (10 uM), NAS (100 uM) and CaCl, (1 mM) (A’, B’, C°, D’). Fluorescence intensities
1528  shown using scale (0-23645 gray value) indicated in (D). Arrowheads indicate Atg8™che™
1529  accumulations. Scale bar: 5 um. (E) Quantification of the number of Atg8™™™ dots
1530  (arrowheads) per NMJ area. Error bars represent mean + SEM. Statistical significance was
1531  calculated with an ordinary two-way ANOVA with Tukey’s multiple comparison test: * P <
1532 0.05, *** P < 0.001, ns, not significant, n > 12 larvae (48 NMJs) per genotype. Significance
1533  levels displayed above ‘Nefi’ columns refer to comparison with ‘Nefi’ treatment (unstimulated)
1534  on control animals.

1535  (F-K) CLEM of boutons of endoA”" animals expressing endoA”?%F under the pan-neuronal
1536  driver nSyb-Gal4, as well as Atg8m"™ expressed at endogenous levels. (F) Single confocal
1537  slice of an example NMJ displaying an Atg8™ "™ structure (arrowhead). Scale bar: 5 pm. (F”)
1538  Zoom out of the same NMJ shown in (F). Asterisks indicate branding marks, arrowhead
1539  indicates Atg8™™ structure. Scale bar: 20 um. (F*”) Electron micrograph of the same region
1540  as in (F’). Asterisks indicate branding marks, arrowhead indicates Atg8™h*™ structure. Scale
1541  bar: 10um. (F’*”) Overlay of confocal image in (F) with electron micrograph in (F’’). Asterisks
1542  indicate branding marks, arrowhead indicates Atg8™"™ structure. Scale bar: 10 pm. (G-G”)
1543 Zoomed representation of the bouton containing the Atg8™“h*™ structure shown as overlay (G)
1544  and electron micrograph only (G’). Red arrowhead indicates the structure correlating with the
1545  mCherry signal. Scale bar: 1 um. (G’’) Magnification of the putative autophagosome. Scale
1546  bar: 200 nm. (H-H’”*’) Single TEM slices showing the putative autophagosomal structure
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1547  visible in multiple consecutive slices (red arrowhead). Z=1: 0, Z=7: 42 nm, Z=9: 560 nm, Z=11:
1548 700 nm, Z=15: 980 nm. Scale bar: 1 um.

1549  (I-K) Examples of autophagosomal structures (red arrowheads) from the same animal. Scale
1550  bar: 1 pm.

1551

1552  Figure 4 Synaptic nanoscale organization of EndoA is Ca?* influx dependent

1553  (A-G) Representative images of Airyscan confocal single slice sections of synaptic boutons of
1554  paraformaldehyde-fixed control (nSyb-Gal4/+) (A, A’) and endoA” larvae expressing
1555  endoAP?%4 (B, B’), endoA”"" (C, C’), and endoAP?5® (D, D) (under the control of the pan-
1556  neuronal driver nSyb-Gal4) labelled with anti-EndoA antibody. Scale bar: Sum. Non-stimulated
1557  animals were incubated for 30 min in HL3, Nefi (10 uM) and NAS (100 uM) solution (A, B,
1558  C, D). Stimulated animals were incubated for 30 min in HL3 solution containing Nefi (10 uM),
1559  NAS (100 uM) and CaCl, (1 mM) (A’, B’, C’, D’). (E, F) Zoomed in synaptic boutons (from
1560 B and D respectively) showing quantification of EndoA intensity around the synaptic plasma
1561 membrane (magenta) and within the synaptic lumen - cytosol (green). See Methods for details.
1562  (G) Quantification of the EndoA integrated intensity across genotypes indicated in (A-D)
1563  showing ratio of EndoA intensity at the membrane to that within the cytosol. Error bars
1564  represent mean + SEM; statistical significance was calculated with an ordinary two-way
1565  ANOVA with Tukey’s multiple comparison test: * P < 0.05, ** P <0.01, ns, not significant, n
1566 >4 larvae (16 NMJs) per genotype. Significance levels displayed above ‘Nefi’ columns refer
1567  to comparison with ‘Nefi’ treatment (unstimulated) on control animals.

1568  (H-H’) Representative images of Airyscan confocal single slice sections of individual synaptic
1569  boutons of paraformaldehyde-fixed control (nSyb-Gal4/+) in stimulated and non stimulated
1570  conditions, labelled with anti-EndoA antibody and expressing Atg8™"™ at endogenous levels.
1571 Scale bar: 5 pm. Only synaptic boutons with Atg8™“"™ punctae (enclosed in dotted circles)
1572 indicative of autophagosomes were selected and EndoA integrated density in a radius of 100
1573 nm from the Atg8™“™™ punctae was measured. (H’) Quantification of the normalized
1574  integrated EndoA intensity across genotypes indicated in (A-D) showing EndoA intensity 100
1575 nm around Atg8™"™ punctae. Data from all genotypes was normalized to control (nSyb-
1576  Gal4/+) unstimulated data. Error bars represent mean + SEM; statistical significance was
1577  calculated with an ordinary two-way ANOVA with Tukey’s multiple comparison test: * P <
1578  0.05, ** P <0.01, ns, not significant, nd, no data, n > 4 larvae (16 NMJs) per genotype.

1579  (I-K) Transgenic endoA” larvae expressing endoA”"TMES31 epdoAP?634imEes31  op
1580  endoAP?8RmEes3 (ynder the control of the pan-neuronal driver nSyb-Gal4) were imaged using
1581  single molecule localization photoactivated localization microscopy (PALM) at 20 Hz.
1582  Representative images show cluster map colour-coded for cluster size and density distribution
1583  of endoA™™E°*! generated by density-based spatial clustering of applications with noise
1584  (DBSCAN) analysis. Arrowheads indicate EndoA nanodomains. Fluorescence intensity shown
1585  using indicated scale (2-203). Scale bar: 2 um. (I’-K”) Quantification of the mean cluster area
1586  of endoA”"T™ES3 1 endoAP?034mES3 1 and endoAP?0%mEes31 in non-stimulated and stimulated
1587  conditions. Error bars represent mean = SEM; statistical significance was calculated with an
1588  student ¢-test two-tailed unpaired distribution: ** P < 0.01, ns, not significant, n > 5 larvae (20
1589  NMlJs) per genotype.
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1590 (L-N) Transgenic endoA” larvae expressing endod”" " mEs31  opdogP?634:mEos3 1 op
1591  endoAP?8RmEes31 (ynder the control of the pan-neuronal driver nSyb-Gal4) were imaged using
1592  single particle tracking photoactivated localization microscopy (sptPALM) at 20 Hz.
1593  Representative trajectories located within EndoA nanodomains in NMJ boutons of endoA”
1594  larvae expressing endoA" " mES31 (L), endoAP?54:mEes3-1 (M) and endoAP?#R-mEes3-1 (N). This
1595 is quantified for each genotype as mean square displacement (MSD) as a function of time (O).
1596  (P) Quantification of the area under the MSD curve (um?s) represented in (O). Error bars
1597 represent mean + SEM; statistical significance was calculated with an ordinary one-way
1598  ANOVA with Tukey’s multiple comparison test: ** P <0.01,n>4 larvae (n > 14 nanodomains)
1599  per genotype.

1600

1601  Figure 5 EndoA insensitivity to Ca?* influx induces neurodegeneration

1602  (A-G’’) Representative ERG traces recorded from control (cn bw, longGMR Gal4/+) and
1603 endoA"" mutant flies expressing endoA"”, endoAP?5* or endoAP?**R under a photoreceptor
1604  specific driver (longGMR-Gal4). Cn bw mutations remove the protective eye pigmentation.
1605  Prior to ERG recording, animals were exposed to 1-3 (A, C, E, G) or 7 days of constant dark
1606 (A’, C’, E’, G’) or 7 days of constant light (A’’, C*’, E”’, G’*). Average traces are depicted in
1607  black. Arrowhead indicates ERG depolarization.

1608  (I) Quantification of ERG depolarization amplitude recorded upon a 1 s light pulse in flies
1609  exposed to dark or light. Plotted bars show mean + SEM. Statistical significance calculated with
1610  an ordinary one-way ANOVA with Tukey’s multiple comparison test: * P <0.05, ** P <0.01,
1611  **** P < (.0001. Plotted significance level refers to the difference to the control (cn bw;
1612 longGMR Gal4/+) of the indicated condition (light or dark). Number of recorded flies per
1613  condition > 8.

1614  (B-H”’) Histological sections of retinas of flies exposed for 1-3 (B, D, F, H) or 7 days to constant
1615 dark (B’, D’, F’, H’) or constant light (B>’, D*’, F’’, H’’) stained with toluidine blue.
1616  Arrowheads indicate morphologically abnormal ommatidia. Scale bar: 10 um.

1617  (J) Quantification of the number of intact ommatidia (expressed in % of the total) meant as
1618  ommatidia in which all 7 rhabdomeres are visible. Plotted bars show mean + SEM. Statistical
1619  significance calculated with an ordinary one-way ANOVA with Tukey’s multiple comparison
1620  test: * P<0.05, ** P<0.01, **** P <(0.0001. Plotted significance level refers to the difference
1621  to the control (cn bw; longGMR Gal4/+) of the indicated condition (light or dark). Single data
1622  points represent the average % of intact ommatidia of 3 histological sections of the same animal.
1623  Analyzed animals: 3.

1624

1625  Figure 6 SH3GL2 Parkinson’s disease coding variant impairs Ca?*-induced synaptic
1626  autophagy

1627  (A) Protein alignment showing evolutional conservation of glycine 276 on the flexible region
1628  of Human ENDOAI and the proximity to the aspartic acid at position 265 (corresponding to
1629  glutamic acid 264 in Human ENDOAL).

1630  (B-C’) Representative live confocal images of NMJ boutons of endoA” animals expressing
1631 Atg8m¢hY at endogenous level and SH3GL2"T or SH3GL2°?7" under a pan-neuronal driver

43


https://doi.org/10.1101/2022.04.29.490010
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.29.490010; this version posted April 30, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

1632  (nSyb-Gal4). Non-stimulated animals were incubated for 30 min in HL3, Nefi (10 uM) and
1633  NAS (100 uM) solution (B, C). Stimulated animals were incubated for 30 min in HL3 solution
1634  containing Nefi (10 uM), NAS (100 uM) and CaCl, (1 mM) (B’, C’). Fluorescence intensities
1635  shown using scale (0-65535 gray value) indicated in (B’). Arrowheads indicate Atg8™cher™
1636  positive autophagosomes. Scale bar: 5 um.

1637 (D) Quantification of the number of Atg8™"™ dots per NMJ area. Error bars represent mean
1638 £ SEM. Statistical significance was calculated with an ordinary two-way ANOV A with Tukey’s
1639  multiple comparison test: * P < 0.05, ns, not significant, n > 8§ larvae (32 NMJs) per genotype.
1640  Significance level displayed above ‘Nefi’ column refers to comparison with ‘Nefi’ treatment
1641  (unstimulated) on control animals.

1642  (E-F’) Representative images of Airyscan confocal single slice sections of synaptic boutons of
1643 endoA” larvae expressing SH3GL2"" (E, E’) and SH3GL2?7%" (F, F*) (under the control of the
1644  pan-neuronal driver nSyb-Gal4) labelled with anti-ENDOA1 antibody. Scale bar: 5 um.

1645  (G) Quantification of the ENDOAI1 integrated intensity across genotypes showing ratio of
1646 ENDOAI intensity at the membrane to that within the cytosol. Error bars represent mean +
1647  SEM; statistical significance was calculated with an ordinary two-way ANOVA with Tukey’s
1648  multiple comparison test: **** P < (0.0001, ns, not significant, n > 6 larvae (24 NMJs) per
1649  genotype. Significance levels displayed above ‘Nefi’ column refer to comparison with ‘Nefi’
1650 treatment (unstimulated) on control animals.

1651

1652  Figure 7 Expression of SH3GL26?"%V in differentiated dopaminergic neurons
1653  recapitulates findings from Drosophila synapses

1654  (A) Schematic representation of gene editing strategy to knock-in the G276V mutation.

1655  (A’) Sanger sequencing of a single gene edited clone showing successful homozygouse editing
1656  of the indicated nucleotide.

1657  (B) Representative maximum projection confocal images of terminally differentiated (55-60
1658  days) SH3GL2"T vmDAn stained with the ventral midbrain marker FOXA?2, dopaminergic
1659  marker TH and neuronal marker MAP2. (B’) Quantification of the amount of dopaminergic
1660 neurons over the total number of neurons in the field of view expressed as percentage of
1661 TH'/MAP2" neurons. Scale bar: 100 pum. Error bars represent mean + SEM. Statistical
1662  significance calculated with an ordinary one-way ANOVA with Tukey’s multiple comparison
1663 test: ns, not significant. Single data points representing single confocal images. Data from three
1664  independent vmDAn differentiations (circles and empty/filled triangles represent independent
1665  differentiations).

1666  (C) Representative maximum projection confocal images of terminally differentiated (55-60
1667 days) SH3GL2WT vmDAn stained with anti-TH and anti-LC3B antibodies. Arrowheads
1668  indicate LC3B" autophagosomes within TH' neurites. Scale bar: 20 pm. Insert box shows zoom
1669  of the region indicated within the dotted rectangle where multiple LC3B" dots are visible.
1670  (C’) Quantification of the number of LC3B" autophagosomes within TH" neurites normalized
1671  on the total TH" neurites length in the field of view. Error bars represent mean + SEM.
1672  Statistical significance calculated with a student t-test. *** P < (0.001. Single data points
1673  represent single confocal images. Data from three independent vmDAn differentiations (circles
1674  and empty/filled triangles represent independent differentiations).
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