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Abstract 26 

Mutations in TBC1D24 cause severe epilepsy and DOORS syndrome, but the molecular 27 

mechanisms causing pathology are unresolved. We solved the crystal structure of the TBC 28 

domain of the Drosophila ortholog Skywalker, revealing an unanticipated cationic pocket, 29 

conserved amongst TBC1D24 homologs. Co-crystallization and biochemistry show this pocket 30 

binds phosphoinositides phosphorylated in the 4 and 5 position. The most prevalent patient 31 

mutations affect the phosphoinositide-binding pocket and inhibit lipid binding. Using in vivo 32 

photobleaching of Skywalker-GFP mutants, including pathogenic mutants, we show that 33 

membrane binding via this pocket restricts Skywalker diffusion in pre-synaptic terminals. 34 

Additionally, the pathogenic mutations cause severe neurological defects in flies, including 35 

impaired synaptic vesicle trafficking and seizures, and these defects are reverted by genetically 36 

increasing synaptic PI(4,5)P2 concentrations using synaptojanin mutations. Hence, we 37 

discovered that a TBC domain affected by clinical mutations directly binds phosphoinositides 38 

through a cationic pocket, and that phosphoinositide binding is critical for presynaptic function.    39 

  40 
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Introduction 41 

Mutations in TBC1D24 cause early onset epilepsy accompanied with variable degrees of 42 

intellectual disability1–6, hearing loss7–10 and cortical myoclonus and cerebellar ataxia11. In 43 

addition, DOORS syndrome (deafness, onychodystrophy, osteodystrophy, mental retardation and 44 

seizures) is attributed to mutations in TBC1D2412,13. Most mutations are loss of function 45 

mutations14, but how these mutations affect protein activity and neuronal function is unknown.    46 

TBC1D24 encodes a protein with an N-terminal TBC (Tre2-Bub2-Cdc16) domain linked to a 47 

TLDc (TBC-LysM) domain. This combination of a TBC and TLDc domain is unique amongst 48 

human proteins15, but orthologs with the same domain organization are found in other species 49 

including Drosophila melanogaster where the gene is called skywalker (sky). While TLDc 50 

domain function is largely unknown, TBC domains typically interact with small GTPases that 51 

regulate vesicle trafficking16. Canonical TBC domains specifically stimulate Rab GTPase 52 

activity through arginine and glutamine “fingers” and convert Rabs to their inactive GDP-bound 53 

form15,17–19. However, TBC1D24 and Skywalker contain an atypical TBC domain that lacks the 54 

arginine and glutamine residues15 suggesting that it might use an alternative mechanism to 55 

catalyze GTP hydrolysis20.  56 

Human TBC1D24 is proposed to bind Arf6 and Skywalker functionally interacts with Rab352,20, 57 

both G-proteins that regulate vesicle endocytosis and recycling16,21–23. Consistent with these 58 

findings, sky loss of function mutants show a dramatic increase in the rate that synaptic endocytic 59 

vesicles traffic to presynaptic endosomes. This trafficking defect causes dysfunctional 60 

presynaptic protein sorting and increased neurotransmitter release24.  61 
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To determine how pathogenic mutations affect TBC1D24 function we solved the crystal 62 

structure of the TBC domain of Skywalker. The structure reveals an unusual positively charged 63 

pocket that allows the TBC domain to bind directly to membranes containing phosphoinositides 64 

phosphorylated in the 4 and 5 position. The most prevalent forms of TBC1D24-induced 65 

neurological disease are caused by mutations in this pocket. In presynaptic terminals the pocket 66 

is required for normal Skywalker function and pathogenic mutations in the pocket reduce 67 

phosphoinositide binding and cause presynaptic vesicle trafficking defects. In fruit flies they 68 

elicit seizures and additional neurological defects. Interestingly, genetically increasing PI(4,5)P2 69 

levels, by mutating one copy of the synaptic phosphoinositide phosphatase Synaptojanin25,26, 70 

suppresses the cellular and neurological defects in adult Skywalker cationic-pocket-mutant flies. 71 

Hence, we identified a previously unrecognized phosphoinositide-binding pocket that underlies 72 

binding of Skywalker to presynaptic membranes. This pocket is required for normal Skywalker 73 

function and is mutated in TBC1D24 in patients. 74 

 75 

Results 76 

The crystal structure of Sky1-353 reveals a cationic pocket 77 

To determine the crystal structure of the TBC domain of Skywalker (Sky1-353) we expressed the 78 

protein in E. coli and purified it to homogeneity. We collected X-ray diffraction data for crystals 79 

of the native protein at 2.5 Å resolution and solved the structure via single-wavelength 80 

anomalous diffraction (SAD) on a selenomethionine-derivative (Table 1, Supplementary Fig. 81 

1).  82 
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Similar to other TBC domains, Sky1-353 is all-helical and can be divided into an N-terminal and 83 

a C-terminal lobe27 (Fig. 1a). Superposition of Sky1-353 with the TBC domain of Gyp1 (PDB 84 

2G7719) indicates that the main differences in conformation occur at the interface of the N- and 85 

C-terminal lobes where small GTPases are expected to bind18,19 (Fig. 1b). The most notable 86 

difference concerns helix α5 of Gyp1, which is replaced by a loop (residues 120 to 148) in 87 

Sky1-353, causing also a different conformation of the loop connecting α6 to α7 (using the Gyp1 88 

numbering of secondary structure elements). These two regions in Gyp1 comprise the R and Q 89 

fingers, important for GAP activity. The residues aligning with these R and Q residues in the Sky 90 

sequence, H140 and P172, adopt different spatial positions in the structure (Fig. 1b). Hence, we 91 

provide structural evidence that the typical R and Q fingers are absent in Sky, implicating that 92 

the Sky-GAP cannot function via a mechanism similar to that of ‘classical’ Rab-GAP proteins.  93 

Calculation of the conservation scores of the amino acid residues in the Sky TBC domain with 94 

the Consurf algorithm28, using an alignment of 250 Sky homologs containing a TBC and TLDc 95 

domain, revealed a region of high conservation at the interface of the N-terminal and C-terminal 96 

lobe on the opposite side of the GTPase binding surface (Fig. 1c). This conserved region in 97 

Skywalker corresponds to a highly positively charged pocket (Fig. 1d), lined by 4 lysine and 4 98 

arginine residues:  K71, R72, K75, R79, K203, K277, R281 and R335. The positive pocket also 99 

contained a sulfate ion that we added during purification to increase the protein thermostability. 100 

This cationic pocket is unique to the Skywalker-TBC1D24 family and is not present in any of the 101 

other eleven TBC structures in the protein database (Supplementary Figs. 2 and 3). 102 

DOORS-associated mutations map to the cationic pocket 103 

Mutations in TBC1D24 cause epilepsy, DOORS syndrome and non-syndromic deafness. To gain 104 

insight into the mechanisms of pathology we mapped the pathogenic mutations14 on the 105 
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structure. 19 of the 24 known mutations are missense mutations and most of them are located in 106 

the TBC domain of TBC1D24. Sequence alignment of TBC1D24 and Sky allowed us to map 14 107 

of these 19 residues on the structure (Fig. 2, Supplementary Fig. 2).  108 

The majority (70%) of DOORS syndrome patients with lesions in TBC1D24, carry mutations in 109 

either one of two arginine residues, R40 and R24213. These residues cluster together in the 110 

crystal structure (R79 and R281, using Sky numbering) and are central to the cationic pocket in 111 

the Sky1-353 structure (Fig. 2b). Moreover, a third arginine residue that was found mutated in 112 

non-syndromic deafness patients (R293 in TBC1D24 – R335 in Skywalker) also maps to the 113 

cationic pocket29. These observations further underpin the importance of the cationic pocket and 114 

its significance in TBC1D24-related disease.  115 

The cationic pocket is a phosphoinositide-binding module 116 

Since TBC1D24 and Skywalker regulate vesicle trafficking20,24,30, we hypothesized that the 117 

positively charged pocket of Sky serves as a binding module to negatively charged membranes. 118 

We used a liposome flotation assay to test binding of Sky1-353 to liposomes produced from 119 

Folch-extracted total brain lipids. After recovering six fractions from the top to the bottom of the 120 

centrifugation tube we found that Sky1-353 was nearly exclusively present in the top fractions 121 

that contain the liposomes (Fig. 3a). Hence, the TBC domain of Sky can associate with 122 

liposomes.  123 

A major class of lipids that regulates presynaptic activity are phosphoinositides31. We therefore 124 

resorted to liposome flotation assays using liposomes supplemented with different types of 125 

phosphoinositides (Fig. 3b). Sky1-353 did not bind to liposomes devoid of phosphoinositides or 126 

containing non-phosphorylated phosphatidylinositol (PI), nor to liposomes with PI(3)P (Fig. 3b, 127 
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Supplementary Fig. 4). We did observe weak but substantial binding to liposomes with 128 

phosphoinositides containing a phosphate on position 4 or 5 (PI(4)P and PI(5)P) and the 129 

strongest binding to liposomes with PI(4,5)P2 and PI(3,4,5)P3. Varying the concentration of 130 

PI(4,5)P2 from 0% to 5%, showed binding of Sky1-353 from the lowest concentration tested 131 

(0.5%), while full binding was reached at 2% PI(4,5)P2 (Fig. 3c, Supplementary Fig. 4a). 132 

Moreover, the binding could be reversed by adding increasing concentrations of salt, as expected 133 

for binding that is mainly driven by electrostatic interactions (Supplementary Fig. 4b). Hence, 134 

Sky electrostatically interacts with phosphoinositides phosphorylated in the 4 and 5 position, and 135 

most strongly to PI(4,5)P2 and PI(3,4,5)P3, both implicated in synaptic vesicle trafficking32,33.  136 

To obtain a quantitative estimate of the affinity of Sky1-353 for PI(4,5)P2, we determined the 137 

thermal stability (melting temperature, Tm) of Sky1-353 in the presence of increasing amounts of 138 

inositol 1,4,5-trisphosphate (IP3), the soluble head group of PI(4,5)P2, using thermal shift 139 

assays34. A saturating (2 mM) concentration of IP3 increased the Tm of Sky1-353 by about 13°C. 140 

Fitting the Tm value versus the IP3 concentration yielded a KD of 19 ± 3 µM (Fig. 3d), similar to 141 

the KD value of other protein domains that bind phosphoinositides35,36.   142 

To provide molecular insight into the mode of phosphoinositide binding by Sky we determined 143 

the crystal structure of Sky1-353 in complex with IP3 to a resolution of 2.30 Å (Table 1). The IP3 144 

molecule is bound via multiple interactions with residues K75, R79, K277, R281, R335, G336 145 

and T339 (Fig. 3e). The phosphate group at position 1 interacts with the side chain of R335 and 146 

forms a bifurcated hydrogen bond with the main chain amino group of G336. The phosphate 147 

group on position 4 interacts with K277 and forms hydrogen bonds with the side chain and the 148 

main chain amino group of T339. The phosphate group on position 5 is the most tightly chelated 149 

and interacts with K75, R79 (bifurcated), K277 and R281 (bifurcated). Finally, the inositol 150 
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hydroxyl group at position 6 might interact with R281 and R335. The hydroxyl groups on 151 

position 2 and 3 do not interact with the protein. These structural observations explain the 152 

specificity of Sky for phosphatidylinositol phosphorylated at position 4 and 5, with the 5-position 153 

seemingly being the strongest determinant for binding. The data also indicate that Sky contains a 154 

unique phosphoinositide binding pocket that is distinct from known phosphoinositide binding 155 

domains (Fig. 3f, Supplementary Fig. 5). 156 

Pathogenic mutations affect phosphoinositide binding  157 

To determine if pathogenic mutations in the positive pocket of TBC1D24 affect phosphoinositide 158 

binding we assessed the binding of mutant Sky1-353 proteins to liposomes containing PI(4,5)P2 . 159 

We purified the R79C, R281C and R335P pathogenic mutants (corresponding to R40C, R242C 160 

and R293P in TBC1D24) (Fig. 2a), and we created a Sky1-353 mutant in which these 3 arginine 161 

residues are simultaneously replaced by negatively charged glutamate residues (3Glu). Although 162 

the latter mutant could not be purified to homogeneity, the amount of protein was sufficient for 163 

the liposome flotation assays. Finally, we tested flotation under less (2% PI(4,5)P2) and more 164 

(0.5% PI(4,5)P2) stringent conditions. The R79C and 3Glu mutations disrupted the interaction 165 

with PI(4,5)P2 (Fig. 3c). For the R281C mutant, the interaction with liposomes was only lost at 166 

low (0.5 %) PI(4,5)P2 concentrations, while the R335P mutant was retrieved entirely in the top 167 

fractions under all experimental conditions. 168 

Subsequently, the effect of the pathogenic point mutations was further quantified by measuring 169 

the affinity for IP3 using thermal shift assays. While the presence of a saturating amount of IP3 170 

caused a thermal stability shift of 13°C in wild type Sky1-353, the R79C and R281C mutants 171 

showed only a small increase in thermal stability by 4°C and the R335P mutant by 8°C. Fitting 172 

of the titration curves yielded a KD of 325 ± 200 µM for R79C, 180 ± 100 µM for R281C and 67 173 
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± 17 µM for R335P, compared to a KD of 19 ± 3 µM for the wild type protein (Fig. 3d). Hence, 174 

the affinity of the mutant proteins for IP3 is substantially decreased by 17 to 3.5 fold compared to 175 

the wild type protein. The effect of the clinical mutations on the affinity for IP3 is in agreement 176 

with the liposome flotation assays that showed the largest effect for the R79C mutant, with an 177 

intermediate effect for the R281C mutant and the smallest effect for R335P. These data 178 

moreover correspond with our structure where R79 and R281 form bifurcated electrostatic 179 

interactions with the phosphate on position 5, while R335 forms a single electrostatic interaction 180 

with the phosphate group on position 1 (Fig. 3e). These data thus present a link between 181 

pathogenic mutations and the phosphoinositide-binding function of Sky-TBC1D24. 182 

The cationic pocket restricts Sky mobility at synapses  183 

Since Sky regulates the trafficking of synaptic vesicles20,24,30 we reasoned that binding to 184 

phosphoinositides in the membrane could be critical for its function, and that in vivo the ability 185 

of Sky to bind to membranes would restrict its diffusion. To test Sky mobility at synapses we 186 

turned to Drosophila neuromuscular junctions (NMJs) and assessed the recovery of GFP 187 

fluorescence after photobleaching of wild type and mutant GFP-Sky (FRAP) (Fig. 4a,b). We 188 

created transgenic fruit flies that express N-terminal GFP fusion constructs of Sky harboring the 189 

mutations that showed the strongest effects on PI(4,5)P2 and IP3 binding (GFP-SkyR79C, GFP-190 

SkyR281C, GFP-Sky3Glu). All UAS constructs as well as wild type GFP-Sky (GFP-SkyWT) were 191 

inserted in the same genomic locus and proteins were expressed using a neuron-specific driver 192 

(nSybGal4) in sky1/2 mutants (sky1/2 is a severe hypomorphic sky mutant20). The mutant GFP-Sky 193 

proteins were (1) all present at synaptic NMJ boutons and (2) expressed at a level at least as high 194 

as that observed for GFP-SkyWT (Supplementary Fig. 6). These data indicate that the mutant 195 

GFP-Sky proteins are stable and trafficked to synapses.   196 
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When we assessed GFP-Sky mobility using FRAP, we found that the fluorescence in synaptic 197 

boutons expressing GFP-SkyR79C, GFP-SkyR281C and GFP-Sky3Glu recovered significantly faster 198 

(ANOVA, Dunnett test: P = 0.02) than in boutons expressing wild type GFP-Sky (Fig. 4b). 199 

These data suggest that Sky-membrane interactions, via its cationic pocket, restrict Sky mobility 200 

at synapses. 201 

The cationic pocket is critical for Sky function 202 

We next investigated whether membrane binding of Sky via PI(4,5)P2 and PI(3,4,5)P3 is 203 

functionally relevant in vivo33,37. We expressed wild type and mutant Sky in neurons (nSybGal4) 204 

of sky1/2 mutants and assessed vesicle trafficking. We stimulated the neurons in the presence of 205 

FM 1-43, a fluorescent dye that is internalized into newly endocytosed vesicles, and then imaged 206 

synaptic fluorescence. In sky1/2 mutants, FM 1-43 accumulated in sub-boutonic membrane 207 

structures that previously20 were shown to harbor markers of sorting endosomes (FYVE-GFP, 208 

Rab5) (Fig. 5a,b). This defect was rescued by expressing wild type Sky. In contrast, expression 209 

of the Sky point mutants (R79C, R281C and 3Glu) only partially rescued the defect in sky1/2 210 

mutants, and several FM 1-43 accumulations were still present. Quantification of the data 211 

indicates that the conditions where we expressed mutant Sky in sky1/2 mutants were different 212 

from the two control conditions we used: yw; FRT40A and sky1/2 expressing SkyWT 213 

(sky1/2 ; nsybGal4/SkyWT) (Fig. 5a,b). We also performed electron microscopy of stimulated (60 214 

mM KCl) presynaptic terminals. As shown in Fig. 5c,d, sky1/2 mutants expressing SkyWT did not 215 

show an accumulation of large cisternal or endosomal-like structures and synaptic boutons were 216 

filled with normal sized synaptic vesicles, very similar to wild type control boutons (yw; 217 

FRT40A). In contrast sky1/2 mutants harbored many cisternal or endosomal-like profiles, 218 

consistent with the FM 1-43 that also appeared in clumps in these animals. When SkyR79C or 219 
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Sky3Glu were expressed in sky1/2 mutants, the number of cisternal or endosomal-like profiles at 220 

synaptic boutons were significantly lower than in sky1/2 mutants, but still significantly higher 221 

than when expressing wild type Sky (P=0.0005) (Fig. 5d). Hence, similar to the FM 1-43 results, 222 

the EM data indicate that the cationic phosphoinositide-binding pocket is required for normal 223 

Sky activity at synaptic terminals, preventing the accumulation of excessive endosomal 224 

compartments upon stimulation.  225 

Cationic pocket mutations cause epilepsy-like defects 226 

We next assessed if the cationic pocket-mutant flies show behavioral defects. Sky null and severe 227 

hypomorphic mutants die during development, but expression of wild type Sky only in the 228 

nervous system rescued them to adulthood (Fig. 6a). Likewise, sky1/2 mutants expressing 229 

positive-pocket-mutant Sky also survived. However, sky mutant flies expressing Sky3Glu or 230 

SkyR79C displayed frequent and severe loss of coordination and most of the animals did not fly 231 

(Fig. 6a-c, Supplementary Video 1). Furthermore these flies also underwent epileptic-like 232 

seizures when aroused (Fig. 6a,b, Supplementary Video 1), at significantly elevated rates, 233 

highly reminiscent of other fly seizure models38,39.  234 

Temperature alters the strength of synaptic transmission in fruit flies40. Correspondingly, we 235 

found that sky1/2 mutants expressing Sky3Glu or SkyR79C lost coordination and some flies failed to 236 

stand when incubated at temperatures above 34°C for more than 3 min (Fig. 6d). In contrast, 237 

control flies or sky mutants expressing SkyWT in the nervous system still stood after 3 min at 238 

38°C. Furthermore, when the flies were placed at 36°C, sky1/2 mutants expressing Sky3Glu or 239 

SkyR79C dropped, while the majority of sky1/2 mutants expressing SkyWT still stood after 80 min 240 

(Fig. 6e). Hence, perturbation of the positive pocket in Sky causes increased sensitivity to 241 
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temperature. The severity of this sensitivity correlates with the severity of the perturbation in the 242 

positive pocket (Sky3Glu > SkyR79C > SkyWT = control).  243 

Finally, to assess the behavior of sky1/2 mutants that express Sky3Glu or SkyR79C under basal 244 

conditions we measured the activity of individual flies in an automated fashion over a 24 h 245 

period (12 h light and 12 h dark) by measuring the interruption of an infrared light beam when 246 

flies are walking in horizontal tubes41. As shown in Fig. 6f, sky1/2 mutants expressing Sky with 247 

positive pocket mutations appeared restless and were significantly more active throughout the 24 248 

h cycle compared to sky1/2 mutants that express wild type Sky (SkyR79C: p< 0.01, 249 

Sky3Glu: p< 0.0001). Taken together, the data indicate that positive pocket mutations in Sky cause 250 

hyper activity, increased temperature sensitivity and seizures in fruit flies.  251 

Partial synaptojanin loss rescues defects of Sky mutations 252 

We next tested if genetically increasing synaptic PI(4,5)P2 levels in vivo can rescue the defects 253 

associated with the Skywalker phosphoinositide-binding pocket mutants. For this purpose we 254 

used mutations in synaptojanin that encodes a synaptic phosphoinositide phosphatase25,26,42. 255 

Compared to controls synaptojanin mutants have increased PI(4,5)P2 levels at synapses43. We 256 

found that heterozygous synaptojanin mutants very significantly rescued the cellular and 257 

behavioral defects associated with Sky positive pocket mutants (Fig. 7). Sky1/2 mutants 258 

expressing SkyR79C and heterozygous for synaptojanin (synj+/-) showed normal GFP-SkyR79C 259 

mobility in our FRAP assay, indicating that increasing the PI(4,5)P2 levels restricts the diffusion 260 

of the GFP-SkyR79C mutant at synapses (Fig. 7a,b). Furthermore, while expression of the SkyR79C 261 

mutant in sky1/2 flies could only partially reduce the number of FM 1-43 accumulations, 262 

removing one copy of synj rescued the FM 1-43 accumulation defect, and no significant 263 

difference from controls (yw; FRT40A) or sky1/2 mutants expressing wild type SkyWT was 264 
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observed (Fig. 7c,d). Finally, sky1/2 mutants expressing SkyR79C and heterozygous for 265 

synaptojanin were not more temperature sensitive than controls at 36°C (Fig. 7e) and showed 266 

significantly fewer seizures than SkyR79C mutants (Fig. 7f). Hence, partial decrease in 267 

Synaptojanin activity is sufficient to rescue the defects associated with disruption of the cationic 268 

pocket in Skywalker. 269 

      270 

Discussion 271 

In this work we discovered a previously uncharacterized phosphoinositide binding pocket that 272 

docks the unconventional TBC protein Skywalker-TBC1D24 to synaptic membranes and is 273 

mutated in patients that suffer from DOORS syndrome and epilepsy. The direct association of a 274 

TBC domain with membrane-phosphoinositides has not yet been described and we show that this 275 

feature is important for normal Skywalker function. Indeed, flies that express phosphoinositide-276 

binding pocket mutants display presynaptic vesicle trafficking defects and seizure-like behavior. 277 

Our work suggests the essential role of phosphoinositide-dependent membrane association and 278 

vesicle trafficking in TBC1D24-induced neuronal pathology.  279 

Sky-TBC1D24 binds phosphoinositides through its TBC domain 280 

Classically, TBC domains possess GAP activity and they use ‘typical’ R and Q fingers to 281 

promote GTP hydrolysis in Rab proteins19. Our crystal structure now presents evidence that Sky 282 

belongs to a group of unconventional TBC proteins, where these fingers are lacking and not 283 

replaced in an obvious manner by other residues with an analogous function. Consistently, the 284 

GAP activity of full-length Sky towards Rab35 is significantly lower (nearly 1000-fold) 285 

compared to some other conventional Rab-GAPs15,19,20,44.  286 
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Our structure also reveals a new role for the Sky TBC domain as a phosphoinositide-binding 287 

module with specificity for PI(4,5)P2 and PI(3,4,5)P3. For membrane targeting GAPs are 288 

commonly fused to specialized phosphoinositide-binding domains, such as a PH, PX, FYVE or 289 

ENTH domain17,45,46. In contrast, Sky binds phosphoinositides using a cationic pocket on the 290 

opposite side of the GTPase binding site of the TBC domain. The positively charged residues 291 

constituting this pocket are highly conserved among Sky homologs, including the human 292 

ortholog TBC1D24 (Supplementary Fig. 2), while no other TBC structure in the protein data 293 

bank contains a similar pocket (Supplementary Fig. 3). In contrast to many other 294 

phosphoinositide-binding domains, the positively charged residues constituting the cationic 295 

pocket in the Sky TBC domain are provided by structure elements from different regions in the 296 

amino acid sequence, such that a phosphoinositide-binding motif cannot be easily discerned from 297 

the primary sequence alone45 (Supplementary Fig. 5). In addition, the cationic pocket in Sky is 298 

surrounded by a larger positive surface that, when modeled, perfectly docks on membranes and 299 

could strengthen the interaction further, while keeping the GTPase binding surface vacant for 300 

other functional interactions (Fig. 3f). 301 

The cationic pocket controls synaptic vesicle trafficking 302 

The binding specificity of Sky for 4- and 5-phosphorylated phosphoinositides, including 303 

PI(4,5)P2 and PI(3,4,5)P3, agrees with the physiological role of Sky in vesicular trafficking20,24,30. 304 

Differently phosphorylated phosphoinositides serve as identity tags for specific membrane 305 

compartments31,47. PI(4,5)P2 and PI(3,4,5)P3 concentrate in endocytic and exocytic zones of the 306 

plasma membrane during synaptic vesicle cycling, allowing synaptic factors to bind and 307 

orchestrate vesicle formation and fusion37,48. We propose that Sky is recruited to synaptic 308 

membrane zones that are rich in PI(4,5)P2 and/or PI(3,4,5)P3. Binding at these membrane 309 
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compartments can potentially be stabilized further by interactions with other membrane-bound 310 

partner proteins. Conversely, binding of Sky to the membrane could also recruit and regulate 311 

target GTPases or other regulators. These (transient) interactions can then potentially participate 312 

in regulating Skywalker-dependent synaptic vesicle trafficking.  313 

Skywalker pathology is rescued by increasing PI(4,5)P2 314 

Mutations in TBC1D24 lead to severe forms of epilepsy associated with intellectual disabilities 315 

and mental retardation, non-syndromic deafness and DOORS syndrome1–13.  The mutations that 316 

are the most prevalent cause of DOORS syndrome13 (R40C and R242C) are located in the 317 

phosphoinositide-binding pocket that we discovered and the corresponding residues in 318 

Skywalker (R79 and R281) tightly interact with the phosphate group on position 5 of PI(4,5)P2. 319 

Correspondingly, the R79C and R281C mutations significantly affect binding to PI(4,5)P2. A 320 

third mutation (R293P) linked to non-syndromic deafness also maps to the phosphoinositide-321 

binding pocket29. R335, the corresponding residue in Skywalker, interacts with the phosphate 322 

group on position 1 of IP3, and the R335P mutation has a much smaller effect on PI(4,5)P2 323 

binding in vitro. Hence, we conclude that defects in phosphoinositide-binding are relevant for 324 

different types of TBC1D24-induced pathologies. Similar to patients, we find that sky mutant 325 

flies that express the clinical mutations undergo seizures (Supplementary Video 1) and they 326 

display neuronal defects that are absent when we express wild type Sky in the nervous system of 327 

sky mutants. The defects in the pathogenic mutants are less severe than those seen in sky1/2 328 

mutants, indicating they are partial loss of function alleles. This correlates with the observation 329 

that the pathogenic mutations in the phosphoinositide-binding pocket significantly reduce the 330 

affinity for IP3 and PI(4,5)P2, while they do not completely abolish binding. 331 
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We exploited the observation that Sky cationic pocket mutants harbor lower PI(4,5)P2 binding 332 

affinity to rescue the defects associated with the pathological mutants. We reasoned that the 333 

defects of the cationic pocket mutants would be reverted by increasing phosphorylated 334 

phosphoinositide levels and used genetic ablation of Synaptojanin. Synaptojanin is a synaptically 335 

enriched phosphoinositide phosphatase that contains a SAC1 phosphatase domain and a 5-336 

phosphatase domain. The latter domain dephosphorylates PI(4,5)P2 and PI(3,4,5)P3. We show 337 

that reducing the levels of this enzyme by 50% is sufficient to lower the mobility of the most 338 

severe Sky cationic pocket mutant back to wild type Sky levels and also rescues the neurological 339 

defects in the Sky mutant flies. Our work thus predicts that specific inhibitors of the 340 

Synaptojanin 5-phosphatase domain may be beneficial to revert TBC1D24-mutation associated 341 

defects. We thus hope that the molecular insight and the approach to re-establish TBC1D24-342 

membrane interactions based on Synaptojanin inhibition that we provide here will constitute a 343 

viable strategy to bypass the TBC1D24-induced defects.  344 

 345 

Methods 346 

Methods and any associated references are available in the online version of the paper.  347 

 348 

Accession Codes 349 

Coordinates and structure factors for the reported crystal structures have been deposited in the 350 

Protein Data Bank with the following accession codes: 5HJN (Sky1-353) and 5HJQ (Sky1-353-351 

IP3). 352 

 353 
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 481 

Figure legends 482 

 483 

Figure 1: Crystal structure of the unconventional TBC domain of Skywalker (Sky1-353)  484 

(a) Cartoon representation of the Sky1-353 structure in three different orientations related by a 485 

90° rotation around a vertical axis. The left and right panels show a view on the presumed 486 

GTPase binding surface and the surface containing the cationic pocket. In the middle panel the 487 

helices are numbered in accordance with the numbering used in Gyp119. Helices of the N- and C-488 
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terminal lobe of the TBC domain are indicated in dark and light green. A sulfate ion that is 489 

bound to the cationic pocket is shown as sticks.  490 

(b) Superposition of Sky1-353 onto the Gyp1-Rab33-GDP.AlF3 complex19. Sky1-353 is colored 491 

as in (a), the TBC domain of Gyp1 is colored light grey and Rab33 dark grey. GDP.AlF3 bound 492 

to Rab33 is shown as sticks. The right panel shows a close-up of the boxed region, Rab33 is 493 

omitted. The catalytic arginine and glutamine fingers of Gyp1 (R343 and Q378) correspond to a 494 

histidine and proline in the Sky sequence (H140 and P172).  495 

 (c) Surface representation of Sky1-353 shown in the same orientation as in (a) with conservation 496 

scores of residues mapped on the surface. The right panel shows a region of high conservation 497 

surrounding the bound sulfate ion.  498 

(d) Electrostatic surface representation of Sky1-353 shown in the same orientation as in (a). The 499 

residues constituting the cationic pocket surrounding the bound sulfate ion are indicated.  500 

 501 

Figure 2: Disease-associated mutations in TBC1D24-Sky 502 

(a) Domain organization of TBC1D24-Sky and the position of the mutations implicated in 503 

various epilepsy syndromes (yellow), DOORS syndrome (magenta) and non-syndromic deafness 504 

(green). Nonsense mutations are indicated by *. The corresponding residue numbers in Sky are 505 

indicated in grey. The three arginine mutants present in the cationic phosphoinositide-binding 506 

pocket are highlighted. The indicated TBC and TLDc domains correspond to the core domain 507 

prediction by Pfam. The dotted lines indicate the boundaries of the peptide visible in the Sky1-508 

353 crystal structure.  509 
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(b) Localization of residues corresponding to pathological mutations on the Sky1-353 crystal 510 

structure. The residues are color-coded according to the associated disease phenotype as in (a). 511 

The three arginine residues present in the cationic phosphoinositide-binding pocket are 512 

highlighted.  513 

 514 

Figure 3: The cationic pocket of the TBC domain of Sky binds phosphoinositides 515 

(a, b, c) Western blots of liposome flotation assays using (a) wild type Sky1-353 (WT) or 516 

PI(4,5)P2-GRIP (positive control) and Folch lipid liposomes; (b) wild type Sky1-353 and 517 

liposomes enriched with 2% of the indicated phosphoinositide; (c) wild type or mutant Sky1-353 518 

and liposomes enriched with 2% or 0.5% PI(4,5)P2. The input and 6 fractions from the top (1) to 519 

the bottom (6) are loaded on a SDS-PAGE gel and revealed by Western Blot. Original blots can 520 

be found in Supplementary Data Set 1. (n = 2 independent experiments) 521 

(d) Titration curves for binding of IP3 to wild type and mutant Sky1-353. Melting temperatures 522 

(Tm) at different ligand concentrations were obtained via thermal shift assays (n = 3 independent 523 

experiments). Plotting Tm values (mean ± s.d.) versus ligand concentration yields binding curves 524 

that were fitted on a quadratic equation to obtain KD values (± s.e.). Right, the calculated KD 525 

values (± s.e.). 526 

(e) Electrostatic surface representation of the structure of Sky1-353 in complex with IP3. The box 527 

represents a close-up of the IP3 binding site. IP3 is represented in dark grey sticks with the 2Fo-528 

Fc electron density map (at 1.3 σ) shown as a blue mesh.  529 

(f) Docking model for binding of Sky1-353 to a PI(4,5)P2-containing biological membrane. A 530 

POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) bilayer containing a molecule of 531 
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PI(4,5)P2 was generated and the Sky1-353-IP3 crystal structure was docked on this membrane by 532 

superimposing the protein-bound IP3 group on the membrane-embedded PI(4,5)P2.  533 

 534 

Figure 4: Mutations in the cationic pocket increase Sky protein diffusion in synaptic 535 

terminals.  536 

(a) Images of NMJ boutons during a time course experiment where wild type and mutant GFP-537 

Sky (SkyWT, SkyR79C, SkyR281C and Sky3Glu), expressed with nSybGal4 in sky1/2 mutants were 538 

bleached in the indicated boutons (arrow, t=1) and where the recovery of fluorescence was then 539 

followed for the next minute (t=2-60 s) (FRAP). Scale bar: 2 µm. 540 

(b) Recovery of fluorescence in the bleached bouton area starting at the time point following 541 

bleaching and normalized to maximum recovery levels. The solid line indicates a single 542 

exponential fit and the horizontal dotted line indicates 63.2% recovery. The grey dotted line is a 543 

single exponential fit following the bleaching of Synaptotagmin-GFP, a control membrane-544 

bound protein on synaptic vesicles (data points not shown separately). The average time 545 

constants τ of fluorescence recovery are shown on the right. Error bars: mean ± s.e.m. n = 9 546 

(SkyWT), 10 (SkyR79C), 8 (SkyR281C and Sky3Glu) synaptic boutons from 4 animals. *P < 0.05 by 547 

ANOVA, Dunnett’s test. 548 

 549 

Figure 5: The cationic pocket in Sky is required for presynaptic function  550 

(a, b) Quantification and images of the number of FM 1-43 accumulations (arrows) per boutonic 551 

area at third instar larval synaptic boutons in controls (yw eyFLP; FRT40A) and in sky1/2 mutants, 552 
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as well as in sky1/2 animals expressing wild type or mutant GFP-Sky using nSybGal4. Scale bar 553 

in (b): 2 μm. Error bars: mean ± s.e.m. n = 13 (sky1/2), 18 (Sky3Glu) and 16 (SkyR281C) NMJs from 554 

5 animals; 29 (control) and 25 (SkyWT) NMJs from 10 animals and 43 (SkyR79C) NMJs from 14 555 

animals. ns: not significant, **P < 0.01, ***P < 0.001, ****P < 0.0001 by ANOVA, Dunnett’s 556 

test (Control vs. SkyWT, SkyR79C, Sky3Glu, and sky1/2 vs. SkyWT, SkyR79C, Sky3Glu, SkyR281C) and 557 

*P < 0.05, ****P < 0.0001 by ANOVA, Dunnett’s and two-tailed t test (SkyWT vs. SkyR79C, 558 

Sky3Glu, SkyR281C).  559 

(c) Transmission electron micrographs of larval synaptic boutons of the following genotypes: 560 

sky1/2 animals expressing wild type Sky (SkyWT) using nSybGal4; control animals (yw eyFLP; 561 

FRT40A); sky1/2 mutants expressing mutant Sky (SkyR79C or Sky3Glu) using nSybGal4 and sky1/2 562 

mutants. The insets indicate the synaptic vesicles and larger endosomal or cisternal-like 563 

structures. Scale bars outer panels: 1 µm for control and Sky overexpression and 0.5 µm for 564 

sky1/2; scale bars inner panels: 0.25 µm for control and Sky overexpression and 0.125 µm for 565 

sky1/2. 566 

(d) Quantification of the number of large-diameter vesicles or endosomes (>80 nm) per boutonic 567 

area. Error bars: mean ± s.e.m. n = 8 (control, sky1/2 and Sky3Glu), n = 13 (SkyWT) from 3 animals 568 

and n = 25 (SkyR79C) bouton profiles from 6 animals. *P < 0.05, ***P < 0.001, ****P < 0.0001 569 

by ANOVA, Dunnett’s. 570 

 571 

Figure 6: Mutation of the cationic pocket of Sky induces susceptibility to seizures, loss of 572 

coordination and hyperactivity in adult flies  573 
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(a, b) Photograph of adult sky1/2 Drosophila males expressing GFP-SkyWT, GFP-SkyR79C or GFP-574 

Sky3Glu using nSybGal4, following 10 seconds of vortex arousal (a). The insets show seizures in 575 

the pathogenic mutant-expressing flies and no seizures in sky1/2 mutants expressing GFP-SkyWT. 576 

Data quantified in (b) as the number of flies that fail to stand within a 5s period. Error bars: mean 577 

± s.e.m. n = 15 (SkyWT, SkyR79C) and 5 (Sky3Glu) experiments with 10 animals per 578 

experiment. ****P < 0.0001 by ANOVA, Dunnett’s.  579 

 (c) Quantification of flight ability (genotypes  in (a)). Error bars: mean ± s.e.m. n = three times 8 580 

experiments with 5 animals each. ****P < 0.0001 by ANOVA, Dunnett’s. 581 

(d, e) Quantification of the number of flies (genotypes in (a)) standing when incubated for 3 min 582 

at the indicated temperatures (d) or incubated at 36°C for the indicated time (e). Error bars: mean 583 

± s.e.m. (d) n = 40 (SkyWT, Sky3Glu), n = 20 (SkyR79C); (e) n = 50 (SkyWT, SkyR79C), n = 20 584 

(Sky3Glu).  585 

(f) Quantification (top) of total active time and representation of activity over a 72 h period 586 

(bottom) of flies with genotypes as in (a). Each horizontal line represents the activity of a single 587 

fly during a 24 h period (12 h light and 12 h dark) and each vertical line represents an active 588 

minute. Error bars: mean ± s.e.m. n = 30 (SkyWT, SkyR79C); n = 15 (Sky3Glu). **P< 0.01, 589 

****P< 0.0001 by ANOVA, Dunnett’s.  590 

 591 

Figure 7: Partial loss of synaptojanin rescues Sky with cationic pocket mutations 592 

(a, b) Recovery of fluorescence levels of GFP-SkyWT (SkyWT) and GFP-SkyR79C (SkyR79C) 593 

following bleaching a bouton area and normalized to maximum recovery levels (a) in sky1/2 594 

mutant flies expressing GFP-SkyWT or GFP-SkyR79C and in sky1/2 mutants heterozygous for 595 
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synaptojanin and expressing GFP-SkyR79C (Synj+/-; SkyR79C). The solid line indicates a single 596 

exponential fit and the horizontal dotted line indicates 63.2% recovery. The average time 597 

constants τ of fluorescence recovery are shown in (b). Error bars: mean ± s.e.m. n = 8 (Synj+/-; 598 

SkyR79C), 9 (SkyWT) and 10 (SkyR79C) synaptic boutons from 4 animals. ns: not significant, 599 

*P= 0.017 by two-tailed t test. 600 

 (c, d) Images of FM 1-43 labeling (c) (arrows indicate FM 1-43 accumulations) and 601 

quantification of the number of FM 1-43 accumulations per NMJ boutonic area (d) in flies with 602 

genotypes as in (a, b).  Scale bar in (c): 2 µm. Error bars: mean ± s.e.m. n = 38 (SkyWT) and 36 603 

(SkyR79C) NMJ branches from 5 animals, n = 72 NMJ branches from 10 animals (Synj+/-; 604 

SkyR79C). ns: not significant, **P = 0.0027 by two-tailed t test. 605 

 (e) Quantification of the number of flies (genotypes in (a, b)) standing when incubated at 36°C 606 

for indicated times. Error bars: mean ± s.e.m. n = 50 (SkyWT, SkyR79C) and n = 30 (Synj+/-; 607 

SkyR79C).  608 

(f) Quantification of the number of male flies (genotypes in (a, b)) that fail to stand within a 5s 609 

period following a 10s vortex (seizuring flies). Error bars: mean ± s.e.m. n = 5 or 6 experiments 610 

using 10 or 8 animals each respectively for SkyWT, SkyR79C and Synj+/-; SkyR79C. ns: not 611 

significant, **P< 0.01 by two-tailed t test. 612 

 613 

 614 

  615 
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Table 1: Data Collection and Refinement Statistics 616 

 617 

 Sky1-353  
Se-Met Peak 

Sky1-353 
(PDB 5HJN) 

Sky1-353-IP3 
(PDB 5HJQ) 

Data collection    
Space group P41212 P41212 P42212 
Cell dimensions      
  a, b, c (Å) 87.3, 87.3, 187.7 87.3, 87.3, 187.7 87.7, 87.7, 97.1 
    α, β, γ (°)  90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 
Resolution (Å) 43.94 - 3.28 (3.54-

3.28)a 
43.89 - 2.50 (2.65-
2.50) 

39.23 - 2.30 
(2.44-2.30) 

Rmerge  0.266 (0.717) 0.102 (1.035) 0.095 (0.802) 
I/σ(I) 11.5 (5.2) 17.06 (2.07) 18.18 (2.43) 
Completeness (%) 99.1 (95.7) 99.8 (99.5) 99.4 (95.9) 
Redundancy 17.8 (17.7) 7.9 (8.0) 12.5 (12.7) 
    
Refinement    
Resolution (Å)  43.89 – 2.50 39.23 – 2.30 
No. reflections  25,773 17,353 
Rwork / Rfree  0.218 / 0.265 0.230 / 0.257 
No. atoms    
  Protein  2510 2308 
  Ligand/ion (SO4

2- - IP3)  1  1 
  Water  47 30 
B factors    
  Protein  53.11 67.99 
  Ligand/ion  101.02 89.14 
  Water  50.58 69.28 
R.m.s. deviations    
  Bond lengths (Å)  0.003 0.004 
  Bond angles (°)  0.699 0.806 
    
SAD data set was merged from three crystals. Both native data sets were collected from a single crystal. aValues in 618 
parentheses are for highest-resolution shell.  619 

  620 
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Online Methods 621 

Cloning, protein expression and protein purification 622 

The open reading frame (ORF) coding for the TBC domain of Skywalker (residues 1-353) was 623 

amplified by PCR from the full length sky ORF that was generated as previously described20. 624 

The PCR product (Sky1-353) was digested by NdeI and SacI and ligated into a pET28a 625 

expression vector (Novagen). The resulting plasmid pET28a-Sky1-353 and all point mutants 626 

introduced by the QuickChange site-directed mutagenesis method were verified by sequencing 627 

(VIB genetic sequencing facility). 628 

After transformation of E. coli C41 (DE3) (Novagen) cells with the pET28a-Sky1-353 vector, 629 

the cells were grown at 310 K in Luria Broth media supplemented with 25 mg/l kanamycin until 630 

an optical density at 600 nm (OD600) of 0.5 was reached, after which they were stored at 277 K 631 

for 2 h with 2% (vol/vol) of ethanol to induce chaperone production. Protein expression was then 632 

induced by the addition of 1 mM iso-propyl-β-D-thiogalactopyranoside (IPTG). Following 633 

incubation for 18 h at 293 K, cells were harvested by centrifugation. 634 

Selenomethionine enrichment of Sky1-353 was accomplished by feedback inhibition of the 635 

methionine biosynthesis pathway. Minimal media was prepared according to the protocol 636 

described in49 but supplemented with 0.5% glucose and 0.001% thiamine. The cultures were 637 

allowed to grow at 37°C until an OD600 of 0.7 was reached and were then supplemented with 638 

lysine, phenylalanine, threonine (100 mg/l), isoleucine, leucine, valine (50 mg/ml) and 639 

selenomethionine (60 mg/ml). Thirty minutes after addition of these amino acids, over-640 

expression was started by addition of 1 mM IPTG. Expression was continued for 18 h at 293 K 641 

prior to harvesting the cells.  642 
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All steps of Sky1-353 purification were performed at 277 K. The bacterial pellet 643 

was resuspended in buffer A (25 mM Hepes pH 7.5, 150 mM NaCl, 10% Glycerol) 644 

supplemented with 15 mM imidazole, 250 mM MgSO4, 1 mM DTT (dithiothreitol), 1 µg/mL 645 

leupeptin protease inhibitor (Roth) and 50 µg/mL DNase, and disrupted using a cell disruptor 646 

system (Constant Systems). After clearance of the lysate via centrifugation, Sky1-353 was 647 

purified by a two-step purification protocol consisting of immobilized metal affinity 648 

chromatography followed by size exclusion chromatography. The supernatant was applied to a 649 

Ni2+-NTA sepharose column (GE Healthcare), and, after extensive washing with buffer A 650 

supplemented with 15 mM imidazole, 150 mM NaCl and 250 mM MgSO4, the protein was 651 

eluted by increasing the imidazole concentration to 500 mM. Fractions containing the protein of 652 

interest were pooled, concentrated and applied on a Superdex75 size exclusion chromatography 653 

column (GE Healthcare) using buffer A supplemented with 10 mM MgSO4 as running buffer. 654 

All protein variants were purified using the same protocol.  655 

Structure determination 656 

Crystals of Sky1-353 were obtained by the sitting drop vapor diffusion method at 277 K. 657 

Crystals of native and SeMet-labeled proteins were obtained in the presence of 20% PEG 3350 658 

and 0.2 M ammonium citrate tribasic pH 7.0 (crystal form 1, Supplementary Fig. 1). The 659 

complex of Sky1-353 with IP3 was obtained by soaking crystals grown in 25% PEG 1500 and 660 

0.1 M succinate/phosphate/glycine pH 7.0 (crystal form 2, Supplementary Fig. 1) with 5 mM 661 

IP3 (Merck Millipore) for 1 h. Before flash freezing in liquid nitrogen all crystals were briefly 662 

soaked in mother liquor supplemented with 25% glycerol.  663 

Data were collected at 100 K at the Proxima 2 beamline of the SOLEIL synchrotron for native 664 

and SeMet-labeled protein crystals (λ = 0.9801 Å and 0.9791 Å, respectively), and at the ID23-1 665 
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beamline of the ESRF synchrotron for crystals of Sky1-353 in complex with IP3 (λ = 0.9762 Å). 666 

Diffraction data were integrated and scaled using XDS50. Crystals of form 1 and 2 belonged to 667 

space group P41212 and P42212, respectively. For crystals of the native protein (crystal form 1), 668 

diffraction data to 2.5 Å resolution was collected. Sky1-353-IP3 crystals (crystal form 2) 669 

diffracted to a resolution of 2.30 Å. Since crystals of SeMet-labeled protein (crystal form 1) were 670 

small and sensitive to radiation, three datasets collected on different crystals were merged in 671 

XDS (merged dataset of 3.28 Å resolution). The SeMet-labelled Sky1-353 structure was solved 672 

using the single-wavelength anomalous diffraction (SAD) method at the SeMet peak wavelength 673 

using Autosol and Autobuild from the Phenix suite51. This initial low resolution model was then 674 

used to solve the structure of the high resolution native Sky1-353 structure using molecular 675 

replacement with Phaser52. The latter structure was used to solve the Sky1-353-IP3 complex with 676 

molecular replacement. Models were then improved by iterative cycles of refinement with 677 

Phenix and manual building in Coot53. MolProbity was used for structure validation54. X-ray data 678 

collection and refinement statistics are listed in Table 1. 679 

Structural analysis 680 

All structural figures were produced using Pymol (http://www.pymol.org/). Poisson-Boltzmann 681 

electrostatics were calculated with the PARSE force field in PDB2PQR55 and visualized with 682 

APBS56 in Pymol. The PI(4,5)P2-containing POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-683 

phosphocholine) bilayer was generated using the CHARMM-GUI57. Blastp was used to search 684 

for homologues of Sky and Gyp158, the multiple sequence alignments were built using Cobalt59 685 

and conservation analysis was performed via SIAS (Sequence Identity And Similarity server, 686 

Universidad Complutense Madrid). Mapping of the amino acid conservation scores was 687 

performed with the ConSurf server using a maximum likelihood calculation. Sequence alignment 688 
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based on structural superposition was produced with T-Coffee60 using default parameters and 689 

presented using Espript61. 690 

Lipid binding and thermal shift assays  691 

All lipids were purchased from Avanti Polar Lipids. Liposomes were prepared using either Folch 692 

brain total lipid extract or using a mix of phosphatidylcholine and phosphatidylserine (80:20 693 

ratio) supplemented with 0.5%, 2% or 5% of a specific phosphoinositide as indicated. Lipids in 694 

chloroform and methanol (19:1) were mixed and the solvent was removed by evaporation in an 695 

N2-stream. The lipid film (385 µg) was resuspended for 1 hour at 37°C in HP30 buffer (20 mM 696 

Hepes, 30 mM KCl, pH 7.4). Liposomes were generated by bath sonication for 10 minutes at 697 

37°C. The liposomes were subsequently incubated with 6 µg of wild-type or mutant Sky1-353 698 

for 10 minutes at room temperature in a final volume of 231 µl. PI(4,5)P2-GRIP (Echelon 699 

Biosciences, Salt Lake City, USA) was used as a positive control. 21 µl of the sample (labeled 700 

“input”) was collected and used as a control for the Western blot. Subsequently, this mix was 701 

loaded on a sucrose cushion (30 % sucrose layer, 25% sucrose layer and HP30 buffer layer) and 702 

centrifuged at 40,000 rpm for 220 min in a Beckman fixed rotor (50.4 Ti). Fractions from the top 703 

to the bottom were collected and assayed using Western blotting against His6 (Sky1-353) or GST 704 

(PI(4,5)P2-GRIP). Mouse anti-His and goat anti-mouse antibodies were purchased from AbD 705 

Serotec (cat. no. MCA1396) and from ThermoFisher Scientific (cat. no. G21060), respectively. 706 

Rabbit anti-GST and goat anti-rabbit antibodies were purchased from Sigma-Aldrich (cat. no. 707 

G7781 and A8025, respectively). Validation information for the primary antibodies is available 708 

on the manufacturers’ websites. 709 

Titration curves for binding of IP3 to Sky1-353 were obtained via thermal shift assays at different 710 

concentrations of IP3. Thermal unfolding was detected by following SYPRO orange fluorescence 711 
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using a CFX connect Real-Time PCR System (BioRad). 0.2 mg/ml (4.7 µM) protein was 712 

combined with 3X SYPRO Orange Protein Gel Stain (Thermo Fisher Scientific) at different 713 

concentrations of MgSO4 and IP3. The temperature was increased from 20°C to 80°C at 714 

0.5°C/30s steps. All measurements were done in triplicate. The melting temperatures Tm were 715 

determined by fitting the first derivatives of the data using GraphPad Prism with a Boltzmann 716 

sigmoidal equation (the mean ± standard deviation of three independent Tm values are plotted). 717 

Plots of Tm versus IP3 or MgSO4 concentration were fitted on a quadratic equation using 718 

GraphPad Prism to obtain KD values (values ± standard error are given).  719 

Genetics 720 

Fly stocks were reared on standard corn meal and molasses medium at 21ºC. For experiments, 721 

mutants and controls were grown in optimal conditions on grape juice plates with fresh yeast 722 

paste. sky mutants are yw eyFLP; FRT40A sky1 / FRT40A sky2 and wild type controls are yw 723 

eyFLP; FRT40A as previously described20. Synaptojanin mutants are eyFLP; FRT42D synj1 as 724 

previously described26 and the sky1 allele (on 2L) was recombined with the synj1 allele (on 2R). 725 

The presence of FRT40A or FRT42D was not verified. nSybGal4 is from the Bloomington 726 

Drosophila stock center. Wild type sky cDNA, patient mutation alleles and triple mutations in 727 

the positive pocket were based on BDGP cDNA clone LD10117 and were synthesized from 728 

three DNA blocks (Integrated DNA Technologies) with overlapping ends and a pUAST-attB 729 

vector backbone62. The second DNA block was adapted to include either a patient single 730 

mutation or triple point mutations. DNA blocks and the pUAST-attB vector were digested with 731 

NotI and XhoI restriction enzymes and ligated via Gibson Assembly63 (New England Biolabs, 732 

Ipswich, USA), and correct synthesis and ligation confirmed by sequencing. UAS-Sky and all 733 

Sky mutants were inserted into the genome using φC31-mediated integration at the VK33 734 
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(cytological location 65B2, PBac{yellow+-attP-3B}VK00033) docking site on the third 735 

chromosome. Primers for UAS-Sky cDNA amplification are: for: 736 

5’agaattcATGCCATACCATCGAGGCGG3’; rev: 737 

5’aagcggccgcTTAGATGCCCACGAATCCGTAG3’ (EcoRI and NotI restriction sites in lower 738 

case). Adult flies were separated into males and females for behavior experiments. 739 

Statistics 740 

Statistical tests on biological data were performed with one-way ANOVA, using Dunnett tests as 741 

specified in the figure legend. Two-tailed t tests were performed for an individual comparison 742 

between mutant and control genotypes in Fig. 5 and 7. Images in Fig. 4a, 5b,c, 7c and 743 

Supplementary Fig. 6 are representative of (n) images as specified in the respective figure 744 

legend. Experiments were not randomized and no statistical method was used to predetermine 745 

sample size. Electron microscopic data were analyzed in a single-blinded study. 746 

In vivo fluorescent imaging 747 

GFP-Sky expressing third-instar larvae (nSybGal4) were dissected in HL-3 (in mM: NaCl (110), 748 

KCl (5), NaHCO3 (10), Hepes (5), sucrose (30), trehalose (5), MgCl2 (10) pH 7.2) on Sylgard 749 

plates and the ventral nerve cord and neuromuscular junctions of third-instar larvae were live 750 

imaged using a Nikon A1R confocal microscope with a 60x 1.0 NA water immersion lens in 751 

stacks of 1 µm optical sections utilizing standard GFP optics. Images are the maximum intensity 752 

projections of 3 consecutive slices through the center of the ventral nerve cord or the NMJ. 753 

FRAP assay 754 

Sky1/2 third-instar larvae overexpressing the Sky cDNAs GFP-SkyWT, GFP-SkyR79C, GFP-755 

SkyR281C, GFP-Sky3Glu driven by nSybGal4 were dissected in HL-3, segmental nerves were cut 756 
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and NMJ boutons of muscles 6/7 with at least 2 µm diameter were imaged on a Nikon A1R 757 

confocal microscope and 60x 1.0 NA water immersion lens at 1 fps. For photobleaching a region 758 

of 20% of the bouton surface was selected and stimulated in a single scan step at λ= 405 nm 759 

(90.1%) and 488 nm (99.8%) for < 1s. The recovery of fluorescence in the bleached region was 760 

measured over the course of 1 min at room temperature using standard GFP optics. The time 761 

constant τ of the recovery curve was determined for each genotype. We also assessed the photo-762 

recovery of Synaptotagmin-GFP (Syt), a protein that is always associated with vesicle 763 

membranes (Syt is a transmembrane protein).   764 

FM 1-43 dye uptake 765 

Third instar larvae were dissected in HL-3 and motor neurons were cut. Stimulation in the 766 

presence of FM 1-43 (4 µM) (Invitrogen), for 1 min was performed using HL-3 with 90 mM 767 

KCl: (mM) NaCl (25), KCl (90), NaHCO3 (10), Hepes (5), sucrose (30), trehalose (5), MgCl2 768 

(10), CaCl2 (1.5), pH 7.2. Non-internalized dye was removed by washing with HL-3. FM 1-43 at 769 

two muscle 6/7 NMJ was recorded with a Nikon A1R confocal microscope and 60x 1.0 NA 770 

water immersion lens at room temperature utilizing λ= 488 nm excitation and a 510/20 nm band 771 

pass emission filter. FM accumulation were quantified from optical slice stacks.  772 

Transmission Electron Microscopy 773 

Third instar larvae were dissected in HL-3 and motor neurons cut. Preparations were stimulated 774 

for 1 min in HL-3 with KCl (60 mM KCl and 1.5 mM CaCl2), followed by fixation (1% 775 

glutaraldehyde, 4% paraformaldehyde, 1 mM MgCl2 in 0.1 M Na-cacodylate buffer, pH 7.4). 776 

Subsequently, larvae were osmicated in OsO4/Na-cacodylate for 2 h and stained in 2% aqueous 777 

uranyl acetate for 1.5 h. Specimens were dehydrated in a graded ethanol series and embedded in 778 

Agar 100 (Laborimpex, Agar Scientific). Ultrathin sections (60-70 nm) were collected on butvar-779 
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coated grids (Laborimpex, Agar Scientific). Grids were recorded with a JEM1400 (JEOL) 780 

transmission electron microscope at 80 kV. To analyze synaptic boutons, ultrastructural profile 781 

areas and synaptic vesicle content were quantified in ImageJ (NIH) as single-blinded data. 782 

 783 

Animal Behavior 784 

Adult flies of the indicated genotypes were raised at 21ºC and were gender selected 2 to 5 days 785 

after enclosure (males: seizure assay, walking assay, flight assay; females: temperature assays). 786 

Seizure assays were performed with groups of 5 males that were transferred into transparent vials 787 

and excited by vortexing for 10 seconds. Active and fallen flies were quantified 5 seconds later. 788 

In temperature sensitivity assays, the number of active, walking and fallen flies were recorded 789 

after incubation for 3 min in a vial in a water bath at temperatures ranging from room 790 

temperature to 38 ºC. In addition, the number of active and fallen flies was recorded over the 791 

course of 90 minutes at 36 ºC. For flight assays, vials with 5 flies were gently tapped and the 792 

flight response was assessed. 5 flies per genotype were tested each time. For the activity assay, 793 

flies were loaded in an automated Drosophila Activity Monitor (DAM2) infrared tracking system 794 

(TriKinetics Inc) and walking activity was recorded over the course of 72 h. Flies were supplied 795 

with sucrose feeding gel and moved in a fixed diurnal, temperature-controlled 5 mm walking 796 

tube with even lighting perpendicular to the direction of walking as previously described41. 797 

 798 
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