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Introduction
Loss-of-function mutations in human TBC1D24 cause severe 
neurodegeneration, focal and infantile myoclonic epilepsy, ma-
lignant migrating partial seizures of infancy, intellectual dis-
ability, and DOOR (deafness, onychdystrophy, osteodystrophy, 
and mental retardation) syndrome (Corbett et al., 2010; Falace 
et al., 2010; Guven and Tolun, 2013; Milh et al., 2013; Campeau 
et al., 2014). However, the molecular nature of the defects upon 
loss of TBC1D24 remains poorly characterized.

TBC1D24 encodes an evolutionarily conserved GTPase-
activating protein (Uytterhoeven et al., 2011). In flies, Skywalker 
(Sky)/TBC1D24 resides at synapses and inhibits Rab35- 
mediated synaptic vesicle trafficking in a pathway parallel to 
Rab5 (Uytterhoeven et al., 2011). Rab5 and Rab35 promote 

synaptic vesicles to fuse with endosomes, and this additional 
trafficking step correlates with increased transmitter release and 
a larger pool of readily releasable vesicles (RRPs; Wucherpfennig 
et al., 2003; Uytterhoeven et al., 2011). However, it is not clear 
how fusion of vesicles with endosomes results in increased neu-
rotransmitter release.

We hypothesize that endosomes may serve as sorting sta-
tions for synaptic vesicle proteins, whereby dysfunctional syn-
aptic vesicle proteins are removed from the vesicle cycle at 
endosomes and sent to the lysosome for degradation. When the 
dysfunctional vesicle proteins are removed from the vesicle 
cycle, synaptic vesicles would be populated by the remaining 
functional vesicle proteins, thus facilitating neurotransmission. In 
an unbiased modifier screen for sky mutant phenotypes, we iden-
tified a homotypic fusion and vacuole protein sorting (HOPS) 
complex component Deep orange (Dor)/VPS18, which has been 

Synaptic demise and accumulation of dysfunctional 
proteins are thought of as common features in neu-
rodegeneration. However, the mechanisms by which 

synaptic proteins turn over remain elusive. In this paper, 
we study Drosophila melanogaster lacking active 
TBC1D24/Skywalker (Sky), a protein that in humans 
causes severe neurodegeneration, epilepsy, and DOOR 
(deafness, onychdystrophy, osteodystrophy, and mental 
retardation) syndrome, and identify endosome-to-lysosome 
trafficking as a mechanism for degradation of synaptic 
vesicle-associated proteins. In fly sky mutants, synaptic 
vesicles traveled excessively to endosomes. Using chimeric 
fluorescent timers, we show that synaptic vesicle-associated 

proteins were younger on average, suggesting that older 
proteins are more efficiently degraded. Using a genetic 
screen, we find that reducing endosomal-to-lysosomal 
trafficking, controlled by the homotypic fusion and vacuole 
protein sorting (HOPS) complex, rescued the neurotransmis-
sion and neurodegeneration defects in sky mutants. Con-
sistently, synaptic vesicle proteins were older in HOPS 
complex mutants, and these mutants also showed re-
duced neurotransmission. Our findings define a mecha-
nism in which synaptic transmission is facilitated by efficient 
protein turnover at lysosomes and identify a potential strat-
egy to suppress defects arising from TBC1D24 mutations 
in humans.
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Figure 1. Heterozygous loss of dor/VPS18 suppresses sky/TBC1D24-induced neurodegeneration. (A) Schematic representation of ERG recordings to iso-
late sky suppressors. Genotypes in the eye and the rest of the body. (B) Quantification of the sum of the on and off transients in ERG recordings (arrowheads 
in C) of the screened flies. Amplitudes of sky and dor/+; sky2 are indicated. (n = 3–18.) Error bars: SEM. One-way analysis of variance (ANOVA; post 
hoc Dunnett’s test). (C) Mean ERGs recorded from 5–12 flies with the following genotypes in the eyes: FRT40A (control), sky2, dor36/+; sky2, dor30/+; sky2, 
and dor35/+; sky2. Note the partial rescue of on and off transient amplitude defect in sky2 mutants when dor is heterozygous. (D) Western blot to assess 
Dor levels in homozygous dor mutant larvae using anti-Dor and anti–-Tubulin (Tub) antibodies. (n = 3.) (E) Western blot of dor mutants, using anti–insect 
Cathepsin L (CatL) and anti-Acon. (n = 3.) (F and G) Retina sections of flies with FRT40A (control), sky2, and dor+/; sky2 mutant eyes not exposed to light 
(0 d) or exposed for 7 (only shown in G) or 10 d to constant light (10 d) and quantification of the area of vacuoles normalized to retina area (G; n = 
5–11 sections). Arrowheads indicate vacuoles, and asterisks indicate red pigment clones in the eyes (result of mitotic recombination—see Materials and 
methods). Bars, 50 µm. Error bars: SEM. One-way ANOVA (post hoc Tukey’s test): ***, P < 0.001.
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previously described to control endosome-to-lysosomal traf-
ficking (Rieder and Emr, 1997). The HOPS complex consists of 
Vps11, 16, 18, 33, 39, and 41 and binds to proteins that mediate 
fusion of cargo vesicles with the lysosome. Using a fluorescent 
synaptic vesicle-associated timer, we show that the HOPS com-
plex is critical for synaptic vesicle protein turnover. Further-
more, similar to loss of TBC1D24 in humans, sky mutant flies 
show massive brain lesions reminiscent of neurodegeneration, 
which can also be rescued by the partial inhibition of Dor. Our 
work unveils a mechanism by which endosome-to-lysosomal 
trafficking controls synaptic vesicle protein turnover, ensuring 
proper levels of neurotransmitter release as well as neuronal sur-
vival in the context Sky/TBC1D24 function.

Results and discussion
The HOPS complex component dor is a  
sky suppressor
Loss of sky/TBC1D24 in humans causes neurodegeneration and 
other neuronal defects. To identify genetic modifiers of sky, we 
performed a genetic screen in fruit flies. Sky mutants die in de-
velopment, but flies homozygously mutant for sky only in their 
eyes, survive, and show defects in electroretinograms (ERGs; 
Uytterhoeven et al., 2011). ERGs measure the difference in poten-
tial between the eye and the body during a light flash (Fig. 1 A). 
Sky mutant eyes result in smaller on and off transients in ERG 
traces, indicating desynchronized neuronal communication 
(Fig. 1, B and C; Uytterhoeven et al., 2011). To identify domi-
nant modifiers of the sky ERG phenotype, we used a previously 
isolated collection of 111 X-linked mutants (Fig. 1 A). These 
chemically randomly induced (ethyl methanesulfonate [EMS]) 
mutations were isolated because they show defects in neuro-
transmission when homozygous in the eye, and we therefore 
reasoned they would be good candidates to genetically interact 
with sky (see Materials and methods). We generated flies homo-
zygous in the eye for sky and heterozygous for one of the 111 
mutations (Fig. 1 A) and recorded ERGs (Stowers and Schwarz, 
1999; Newsome et al., 2000). Although most mutants do not 
affect the sky-induced ERG defect, 26 of the 111 mutants show 
rescue (P < 0.01; Fig. 1 B). Interestingly, we isolated three sup-
pressor mutants, dor30, dor35, and dor36 (Fig. 1, B and C) that 
also fail to complement one another based on lethality, suggest-
ing they are alleles of the same gene.

To identify the genetic lesions in the dor30, dor35, and dor36 
mutant alleles, we combined mapping with whole genome se-
quencing (Fig. S1) and identified a splice donor mutation result-
ing in a protein with 56 additional amino acids and an early stop 
codon in the case of dor35 and nonsense mutations in dor36 and 
dor30 (Fig. S1, A and B). Immunoblotting revealed lower Dor 
protein levels in dor36 and dor30 mutants (Fig. 1 D), whereas dor35 
is still expressed (though is a dysfunctional protein, as outlined 
in the next paragraph). Thus, these three alleles appear to result 
in loss of Dor function. In agreement with this, the larval lethal-
ity associated with the dor alleles can be rescued by ubiquitous 
expression of Dor (daGAL4).

Dor is an orthologue of Vps18, a member of the HOPS 
complex (Shestopal et al., 1997), which promotes trafficking of 

vesicles to lysosomes for degradation in yeast (Rieder and Emr, 
1997). To assess whether Dor has a similar function in flies, 
we measured the conversion of the endolysosomal protease 
Cathepsin L from its proform into mature Cathepsin L in dor 
mutants. Pro–Cathepsin L is delivered to the lysosome by HOPS-
dependent transport, in which its propeptide is subsequently 
cleaved and the protease becomes active (Zhang et al., 2009). 
Therefore, we would expect that defects in HOPS-dependent 
transport would result in less Cathepsin L delivery to lysosomes 
and thus an accumulation of the propeptide in comparison to its 
mature form. Indeed, we found all dor mutants show an accumu-
lation of pro–Cathepsin L (Fig. 1 E, pro-CatL), indicating that 
Dor is also required for normal lysosomal trafficking in flies.

Dor mutations suppress sky-induced 
neurodegeneration
To assess whether flies with homozygous mutant sky2 retinae 
constitute a model for TBC1D24-induced neurodegeneration, 
we performed histological analysis. The morphology of the retina 
of sky2 mutant eyes in 1-d-old flies is very similar to controls. 
However, in a 10-d period under constant light, many vacuoles 
accumulate (Fig. 1, F and G). Next, we analyzed retinae that 
are homozygous for sky2 and heterozygous for the different 
dor alleles. Consistent with the dor-dependent rescue of ERG 
defects, we find an almost complete suppression of the neuro-
degeneration induced by loss of sky (Fig. 1, F and G).

Reduced HOPS function suppresses 
neurotransmission defects in sky mutants
Neurodegeneration is often linked to abnormal synaptic trans-
mission (Fernández-Chacón et al., 2004). Accordingly, sky mu-
tants show a significant increase in neurotransmission (Fig. 2,  
A and B; Uytterhoeven et al., 2011). To determine whether loss of 
dor suppresses the neurotransmission defects in sky mutants, we  
resorted to two-electrode voltage clamp at the larval neuro-
muscular junction (NMJ). The excitatory junctional current (EJC) 
in sky mutants is 77% larger than in controls, and removing one 
copy of dor suppresses this defect (Fig. 2, A and B). This rescue 
is specific to loss of dor because expression of Dor (daGAL4) in 
sky; dor/+ mutants likewise results in much larger EJCs (Fig. 2, 
A and B). These data indicate that Dor down-regulation rescues 
the increased neurotransmitter release in sky mutants.

We previously showed that loss of sky causes synaptic 
vesicles to cycle excessively to endosomes (Uytterhoeven et al., 
2011). To assess whether loss of dor also suppresses this defect, 
we incubated larval fillets in FM 1–43 under stimulating con-
ditions, resulting in the uptake of the dye into newly formed 
vesicles. In sky mutants, the dye concentrates in aberrant accu-
mulations (Fig. 2 C), which are positive for the endosomal marker 
Rab5-GFP (Uytterhoeven et al., 2011), indicative of increased 
synaptic vesicle trafficking to endosomes. Despite our observa-
tion that loss of Dor rescues the increased synaptic transmission 
in sky mutants, the occurrence of Rab5-positive FM 1–43 accu-
mulations persist in dor/+; sky double mutants (Fig. 2, C and D; 
and Fig. S2 A). Thus, reduced Dor function can rescue defects in 
neurotransmitter release but does not prevent vesicles from ex-
cessively cycling to endosomal compartments in sky mutants.
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Figure 2. Reduced endolysosomal trafficking suppresses the increased synaptic transmission defects in sky mutants. (A and B) Traces (A) and quantifica-
tion (B) of EJC amplitudes recorded from larval fillets in HL3 with 0.5 mM CaCl2 in FRT40A controls, FRT19A/+; sky1/2 mutants, dor35/+; sky1/2, dor36/+; 
sky1/2, and dor35/+; sky1/2; daGAL4 UAS-dor (dor+), expressing Dor ubiquitously (n = 5–12). (C and D) Images of FM 1–43 labeling in NMJs on muscle 6 
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and 7 (C) and quantification (D) of patches of FM 1–43 (arrowheads) after 1-min 90 mM KCl stimulation (n = 12–20). (E and F) Traces (E) and quantifica-
tion (F) of EJCs recorded from larval fillets in HL3 with 0.5 mM CaCl2 in FRT40A controls (n = 7), sky1/2 mutants (n = 8), sky1/2; UAS-Rab7RNAi nSybGAL4 
(Rab7RNAi; n = 20), and sky1/2; UAS-dVPS39RNAi nSybGAL4 (dVPS39RNAi; n = 12), expressing the RNAi constructs in all neurons. (G and H) Images of FM 
1–43 labeling in NMJs on muscle 6 and 7 (G) and quantification (H) of patches of FM 1–43 (arrowheads) after 1-min 90 mM KCl stimulation (n = 12–16). 
Bars, 5 µm. Error bars: SEM. One-way ANOVA (post hoc Tukey’s and Dunnett’s test): *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Dor is a member of the HOPS complex and to assess 
whether other HOPS components or proteins involved in lyso-
somal trafficking also suppress aspects of the sky mutant phe-
notype, we used the neuronal driver nSybGAL4 and RNAi to 
knock down vps39/CG7146 and rab7 (knockdown efficiency 
by quantitative RT-PCR: 36% CG7146 and 40% rab7). Similar 
to partial loss of Dor, RNAi to vps39 or rab7 suppresses the 
increased EJC amplitude in sky mutants (Fig. 2, E and F) but 
not the aberrant accumulations of FM 1–43 (Fig. 2, G and H). 
These data suggest that trafficking of vesicles to endosomes in 
sky mutants is not sufficient to facilitate neurotransmitter release 
but that efficient HOPS complex-dependent traffic to lysosomes 
is required as well.

Dor mutants exhibit defects in synaptic 
vesicle recycling
To assess the contribution of Dor-dependent lysosomal traffic in 
exocytosis of synaptic vesicles, we measured the mean ampli-
tude of EJCs and of spontaneous mini-events (miniature EJCs 
[mEJCs]). Although the mean EJC amplitudes in dor mutants 
and controls are similar (Narayanan et al., 2000), the mEJC am-
plitudes in both dor35 and dor36 mutants are larger compared 
with controls and can be rescued by restoring the expression of 
Dor ubiquitously (daGAL4; Fig. 3, A–D). Hence, the quantal 
content (EJC/mEJC) in dor mutants is reduced compared with 
controls (Fig. 3 F), suggesting that in dor mutants, less vesicles 
fuse with the synaptic membrane upon nerve stimulation.

Larger mEJCs can originate either from larger vesicles 
that harbor more neurotransmitters or from increased synaptic 
glutamate receptor abundance. Quantification of synaptic ves-
icle diameter using transmission EM (TEM) of dor35 and dor36 
mutant synaptic boutons does not reveal a difference in mean 
synaptic vesicle size compared with controls (Fig. S2 B). How-
ever, dor35 and dor36 mutants display increased glutamate re-
ceptor labeling at synapses (anti-GluRIIA intensity normalized 
to anti-HRP: control, 1.0 ± 0.10; dor35, 1.19 ± 0.13 arbitrary 
units). These data are therefore consistent with the hypothesis 
that the larger miniatures observed in dor mutants originate 
postsynaptically because of a larger glutamate receptor field.

We further tested the presynaptic contribution of Dor to 
synaptic vesicle release by presynaptically expressing Dor at 
NMJs of dor mutants (vGlutGAL4). This condition does not res-
cue the larger mEJCs that we observed in dor mutants. How-
ever, compared with dor mutants, we find larger EJCs (Fig. 3, 
A and B) and higher quantal content (Fig. 3, D–F) in dor mu-
tants expressing Dor presynaptically. These data indicate that 
Dor regulates quantal content in a cell-autonomous manner.

To further test the conclusion that fewer vesicles fuse upon 
stimulation in dor mutants, we used FM 1–43 dye labeling of 
NMJ nerve terminals. Vesicle fusion elicits reformation of new 
vesicles from the plasma membrane that can be labeled by FM 

1–43, providing a measure of presynaptic vesicle cycling. We 
stimulated dor mutants in the presence of FM 1–43 and mea-
sured the distribution and amount of dye uptake. FM 1–43 dis-
tributes very similar to controls, but the dor mutants internalize 
less dye (Fig. 3, G and H). Indicating specificity, expression of 
wild-type Dor using vGlutGAL4 or daGAL4 at least partially 
rescues the defect (Fig. 3 H). Hence, loss of dor at presynaptic 
terminals results in reduced vesicle cycling during stimulation.

Next, we probed into the nature of the presynaptic defects 
observed in dor mutants by evaluating synaptic vesicle num-
ber, the presence of endocytic intermediates, and the number of 
vesicles tethered at presynaptic release sites. None of these pa-
rameters is affected in dor mutants (Fig. S2, B–D), suggesting 
Dor does not majorly influence vesicle reformation and teth-
ering. We then measured the size of the RRP. We determined 
the cumulative released number of quanta during a short high 
frequency stimulation train (60 Hz and 600 ms) and back ex-
trapolated the trend line between 400 and 600 ms (Miskiewicz 
et al., 2014). We find the RRP is 30% smaller in dor mutants 
compared with controls (Fig. 3, I and J), suggesting the defect 
in quantal content observed in dor mutants may be attributed, 
at least in part, to a smaller RRP. Previous work with mutants 
that affect the function of the lysosome also show reduced neu-
rotransmitter release (Sweeney and Davis, 2002; Dermaut et al., 
2005), but it is not known whether they too affect the RRP.

Synaptic vesicle protein turnover is slower 
in dor mutants
Our data indicate that reduced lysosomal trafficking, as observed 
in dor mutants, results in a smaller RRP and that the increased 
neurotransmitter release in sky mutants is dependent on normal 
levels of endolysosomal trafficking. Based on these data, we hy-
pothesize that lysosomal trafficking is needed for synaptic vesicle 
protein turnover: In our model, defective endolysosomal traffic in 
dor mutants causes the buildup of older vesicle proteins. We sur-
mise that the longer a protein is in use (the older it is), the higher 
the probability of damage, and we propose that the buildup of old 
proteins results in a less efficient release apparatus. To test this 
model, we fused a synaptic vesicle-associated protein (neuronal 
synaptobrevin [nSyb]) to a fluorescent timer (FT) protein that 
changes from blue to red emission over time, allowing us to as-
sess protein-pool age. Newly synthesized nSyb is blue, whereas 
older nSyb is red, and thus the ratio of red to blue fluorescence 
provides a measure of protein pool age (Fig. 4 H).

We generated flies expressing FT-nSyb under control of 
vGlutGAL4 and observe red and blue fluorescence at synapses 
(Fig. 4, A and B). At NMJs, FT-nSyb labeling is visible in a typi-
cal ring-like pattern that colocalizes with the synaptic vesicle 
marker cysteine string protein (CSP; Fig. 4 C). Furthermore, when 
the synaptic vesicles are allowed to fuse with the membrane,  
but their endocytosis is blocked using a temperature-sensitive 
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1–43 dye uptake upon stimulation is similar to controls (Fig. 4, 
E and F). Thus, expression of the FT-nSyb fusion protein does 
not overtly affect synaptic function.

Next, we used the FT-nSyb to assess synaptic vesicle pro-
tein turnover. First, we tested whether the FT-nSyb is a protein  
that can be efficiently degraded by fusing it to ubiquitin (Ub), forc-
ing the FT-nSyb to be targeted for degradation. Under identical 

dynamin (shits1), the FT-nSyb redistributes more to the presyn-
aptic membrane (Fig. 4 D). These data indicate that FT-nSyb 
properly localizes to and associates with synaptic vesicles.

We also assessed whether expression of the FT-nSyb af-
fects synaptic function. FT-nSyb–expressing flies survive, can 
fly, and do not show obvious behavioral defects. In addition, 
synaptic vesicle cycling in these animals as measured by FM 

Figure 3. Loss of dor function causes defects in 
vesicle fusion efficiency. (A and B) EJCs (A) re-
corded in HL-3 with 0.5 mM CaCl2 from FRT19A 
control (white), dor35 and dor36 (orange), dor35 
and dor36 expressing wild-type Dor ubiquitously 
(daGAL4; green), or presynaptically at the NMJ 
(vGlutGAL4, purple). (B) Quantification of the 
mean EJC amplitude (n = 8–17). (C–E) mEJCs, 
cumulative probability mEJC histograms (C and 
E), and quantification of mean mEJC amplitudes 
(D; n = 7–15). (F) Quantal content; EJC ampli-
tude/mEJC amplitude (see also A; n = 8–17). 
For B, D, and F, error bars show SEM, with one-
way ANOVA (post hoc Dunnett’s test) compared 
with control: *, P < 0.05; **, P < 0.01; ***, P < 
0.001. (G and H) Images of FM 1–43 labeling 
after 1 min of 90 mM KCl stimulation at larval 
NMJs (G) and quantification of labeling intensity 
(H; n = 12–30). Bar, 5 µm. Error bars: SEM.  
t test: **, P < 0.01; ***, P < 0.001. (I and J) 
Raw data traces of EJC recordings made in HL-3  
with 5 mM calcium and stimulated at 60 Hz  
in FRT19A controls, dor35, and dor36 mutants (I)  
and quantification of the cumulative released 
quantal content in such recordings versus time (J).  
The y intercept of the slope of the trend line 
(dotted lines) at steady state (points 400–600 ms)  
provides a measure of the mean RRP size (in-
dicated on the y axis: control: 1,041 ± 109 
quanta; dor36: 745 ± 56 quanta; dor36: 705 ± 
54 quanta; n = 6–8). Error bars: SEM.
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Figure 4. Synaptic vesicle protein timers reveal slower synaptic vesicle protein turnover in dor mutants and faster turnover in sky mutants. (A) Schematic 
of the FT nSyb construct (FT::nSyb). (B) FT::nSyb expression using vGlutGAL4 showing the red and blue forms of the timer at the larval NMJ and the ven-
tral nerve cord (VNC). The blue fluorescence is higher than the red in the VNC. (C) NMJ boutons expressing the FT::nSyb using vGlutGAL4 labeled with 
antibodies to dsRed (for the FT) and to CSP, a synaptic vesicle protein. (D) FT::nSyb localization (red form) at control boutons and shits1 mutant boutons 
stimulated at 34°C for 10 min using 90 mM KCl. (E and F) Images of FM 1–43 (E) and quantification of labeling intensity (F) at boutons in controls and 
larva expressing the FT::nSyb using vGlutGAL4. (G) Schematic representation of the distribution of the red (old) and blue (young) FT::nSyb in control (left) 
and dor (middle) or sky (right) mutants. (H and I) Images (H) and quantification (I) of the ratio of red over blue fluorescence intensities at synaptic boutons 
shown using the indicated lookup table. FT::nSyb was expressed using vGlutGAL4 in controls, in animals expressing Rab35CA, in dor36, dor35 and sky1/2 
mutants as well as in dor35/+; sky1/2 mutants (n = 20–50). Bars: (B [NMJ], D, and E) 5 µm; (B, VNC) 50 µm; (H) 2 µm. Error bars: SEM. In I, all statistical 
comparisons are to dor35 or dor36, except for the double mutant to sky1/2. One-way ANOVA (post hoc Tukey’s test): ***, P < 0.0001.
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expression conditions, the synaptic labeling of Ub-FT-nSyb is  
much lower than that of FT-nSyb, and red fluorescence is almost 
undetectable (Fig. S3). These results indicate fast and efficient 
degradation of the ubiquitinated protein. As a further control, 
we also expressed the FT-nSyb in animals expressing constitu-
tive active Rab35 in which traffic of synaptic vesicles to endo-
somes is enhanced (Fig. 4 G), and old proteins are expected to 
be degraded more efficiently (Uytterhoeven et al., 2011). We 
find a lower red over blue ratio (Fig. 4, H and I), consistent with 
a younger synaptic vesicle protein pool in Rab35CA-expressing  
animals. We then expressed the FT-nSyb in dor35 and dor36 mu-
tants and in sky1/2 mutants, hypothesizing that older proteins 
will dwell longer in dor mutants and less long in sky mutants 
(Fig. 4 G). In agreement, we find a lower ratio of red-to-blue 
fluorescence in sky mutants and a higher ratio in dor mutants 
(Fig. 4, H and I). Furthermore, this defect in sky mutants is 
reversed when one copy of dor is removed (Fig. 4, H and I). 
Hence, the data are consistent with the idea that Dor-mediated 
endolysosomal trafficking positively regulates synaptic vesicle 
protein turnover.

In this work, we establish a fly model of Sky/TBC1D24-
induced neurodegeneration and find that reduced function of Dor,  
a HOPS component, is sufficient to suppress this neurodegenera-
tion. Our data indicate that the synaptic vesicle protein pool in the 
sky mutants is on average younger compared with controls, sug-
gesting excessive degradation of older proteins, thereby promot-
ing synaptic vesicle protein pool rejuvenation. This degradation 
of older proteins in sky mutants is dependent on Dor-mediated 
endolysosomal trafficking. Indeed, reducing Dor activity results 
in older, and likely partly dysfunctional proteins, to be kept in  
the vesicle cycle. Although not directly shown, we surmise that 
newly synthesized proteins are on average more functional than 
aged proteins, and these aged proteins may engage in inefficient 
complexes that dampen the efficacy of neurotransmitter release. 
Excessive degradation of these older proteins in sky mutants in-
deed correlates with increased neurotransmitter release and with 
neurodegeneration, both features that are suppressed when par-
tially blocking endolysosomal traffic in the sky mutants.

Materials and methods
Drosophila genetics
All fly stocks were kept on standard corn meal and molasses medium at 
room temperature. For experiments, mutants and controls were grown in op-
timal conditions on grape juice plates with fresh yeast paste; except for the 
FT, light-induced neurodegeneration experiments, and ERG recordings, the 
controls and the mutants were grown on standard medium. Deficiencies and 
transgenic stocks (Shestopal et al., 1997; Parks et al., 2004; Dietzl et al., 
2007) were obtained from the Bloomington Stock Center Indiana (BL), from 
Vienna Drosophila RNAi Centre, or were a gift (Sevrioukov et al., 1999). For 
experiments with dor30, dor35, and dor36 mutants, the controls were y w P{ry 
neoFRT}19A (BL); for sky mutants, controls were y w P{ry+ ey-FLP.N}2 P{GMR-
LacZ.C(38.1)}TPN1; P{ry+ neoFRT}40A (BL). dor30, dor35, and dor36 are 
y w dorx P{ry neoFRT}19A. sky1, or sky2 is y w P{ry+ ey-FLP.N}2 P{GMR-LacZ.
C(38.1)}TPN1; skyx P{ry+ neoFRT}40A (Uytterhoeven et al., 2011).

UAS-dor is a dor cDNA cloned in pUAST inserted on the third chro-
mosome using 2,3 transposase (Sevrioukov et al., 1999). vGlutGal4 and 
Rab5-GFP (BL) were recombined with sky2 using classical genetic techniques 
and the presence of {neoFRT}40A after recombination was not verified.

dor30, dor35, and dor36 (this study) were isolated from an EMS screen 
for recessive lethal X chromosome mutations with synaptic transmission 
defects. y w P{ry neoFRT}19A (BL) males were fed with EMS, and 12,653 

stocks were generated. 2,447 caused X-linked hemizygous lethality in males. 
We then used mitotic recombination in the fly eye to create female flies 
with homozygous mutant X chromosomes in their eyes by crossing y w * 
P{ry neoFRT}19A/FM7 (* = EMS induced mutations) females to Df(1)JC70 
P{ry neoFRT}19A/Y Dp(1;Y)dx+5 y+ males and recorded ERGs. Df(1)JC70 
and Y Dp(1;Y)dx+5 y+ were obtained from BL. 111 mutants showed con-
sistent ERG defects and were retained. To screen for suppressors of sky, 
flies with homozygous mutant eyes (but heterozygous bodies; Newsome 
et al., 2000) were generated: Flies with homozygous sky eyes y w P{ry+ 
ey-FLP.N}2 P{GMR-LacZ.C(38.1)}TPN1; sky2 P{y+, ry+}25F P{neoFRT}40A/
l(2)cl-2L P{w+} P{ry+,neoFRT}40A. Flies with homozygous sky eyes and 
heterozygous for one of the 111 new mutations: y w P{ry+ ey-FLP.N}2 
P{GMR-LacZ.C(38.1)}TPN1/y w * P{ry neoFRT}19A; sky2 P{y+, ry+}25F 
P{neoFRT}40A/l(2)cl-2L P{w+} P{ry+,neoFRT}40A. Controls were y w P{ry+ 
ey-FLP.N}2 P{GMR-LacZ.C(38.1)}TPN1; P{y+, ry+}25F P{neoFRT}40A/l(2)cl-
2LP{w+} P{ry+, neoFRT}40A (BL) and y w P{ry+ ey-FLP.N}2 P{GMR-LacZ.
C(38.1)}TPN1/y w P{ry neoFRT}19A; sky2 P{y+, ry+}25F P{neoFRT}40A/
l(2)cl-2L P{w+} P{ry+,neoFRT}40A (BL). The ERG profile of these flies was 
recorded, and the amplitude of on and off transients was quantified.

To identify the lesions in the suppressors of sky, we used two strate-
gies to map our mutants. In one approach, we used deficiency and dupli-
cation complementation tests, and in the other approach, we used next  
generation sequencing. To rough map dor mutants, we performed a comple-
mentation analysis using overlapping deficiencies and duplications obtained 
from BL. Duplications covering the dor region were crossed to y w dorx P{ry 
neoFRT}19A/FM7c, P{GAL4-Kr.C}DC1, P{UAS-GFP.S65T}DC5, sn[+], and 
rescue of lethality was assessed by the presence of males with normal eyes. 
These were then used to cross with deficiencies. For whole genome sequenc-
ing, genomic DNA of dor35 was isolated (see Molecular biology). The list of 
mutations was analyzed considering the previously acquired genetic map-
ping. When grown on grape juice plates with fresh yeast paste, dor mutants 
(homozygous and heteroallelic combinations) die as third instar larvae.

Light-induced neurodegeneration
Greater than 1-d-old flies were collected and exposed to constant white 
light of 1,300 LUX at 25°C. At the given time points, the flies were further 
processed for histology.

Molecular biology
For sequencing of dor mutants, genomic DNA was isolated from control 
and dor male larvae y w P{ry neoFRT}19A and y w dorx P{ry neoFRT}19A 
using the E.Z.N.A. Insect DNA kit (OMEGA Bio-Tek), and 500-bp frag-
ments were amplified by PCR using the primers in Table S1. PCR fragments 
were sequenced with the same primers using Sanger sequencing.

For whole genome sequencing, female flies were collected from 
both control and heterozygous EMS mutants with the following genotypes: 
y w P{ry neoFRT}19A and y w* P{ry neoFRT}19A. DNA was isolated using 
the E.Z.N.A. Insect DNA kit and RNase (QIAGEN). Sequencing libraries  
were prepared by ACGT according the manufacturer’s protocol. Samples were 
sequenced with SOLiD (Applied Biosystems) at 10× mean coverage. 
The sequence reads were aligned to the dm3 genome assembly (Berkeley  
Drosophila Genome Project Release 5) using bowtie (Li and Durbin, 2009; 
parameters for bowtie are –a, –m3, –best, and –strata), single nucleotide 
polymorphisms (SNPs) were called using SAMtools (Li et al., 2009) and 
VarScan (Koboldt et al., 2009), and SNP consequences were obtained 
using Ensembl’s Variant Effect Predictor (McLaren et al., 2010). SNPs com-
mon to the control sample as well as to the mutants were removed. The 
Interactive Genomics Viewer was used for visualization of the SNPs.

Proteins were extracted by crushing control and mutant larvae in 
lysis buffer (25 mM Hepes, 100 mM NaCl, 1 mM CaCl2, and 0.5% Triton 
X-100) with protease inhibitor cocktail (Roche) followed by clearing by 
centrifugation at 10,000 g at 4°C for 10 min. Proteins were separated 
on a Bis-Tris 4–12% precast gels (Life Technologies) and transferred to 
a nitrocellulose membrane. For labeling the blots, the following primary 
antibodies were used: guinea pig anti-Dor at 1:500 (a gift from H. Krämer, 
University of Texas Southwestern, Dallas, TX; Sevrioukov et al., 1999), mouse 
anti–Cathepsin L mAb at 1:250 (R&D systems), rabbit anti-Acon pAb at 
1:5,000 (Abgent), mouse anti–-Tubulin mAb at 1:2,000 (Sigma-Aldrich). 
The following secondary antibodies were used: HRP-conjugated anti–mouse 
(1:10,000; Jackson ImmunoResearch Laboratories, Inc.), anti–rabbit 
(1:10,000; Jackson ImmunoResearch Laboratories, Inc.), or anti–guinea 
pig (1:1,000; Dako) IgG antibodies. Blots were developed using Western 
Lightning ECL or ECL+ (PerkinElmer).

UAS-FT-nSyb was generated by chimeric PCR using the primers in 
Table S1 and making use of the UAS-nSyb-Ub-pUAST vector (Uytterhoeven 
et al., 2011) and a vector with the slow FT (Subach et al., 2009) as  
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Images were captured using a confocal microscope (A1R) for immuno-
histochemistry, live imaging of shits1 mutants expressing UAS-FT-nSyb, 
and the colocalization of FM 4–64 (excitation of 488 nm; emission of 
700/75 nm) accumulations with Rab5-GFP (excitation of 488 nm; emission 
of 525/50 nm), through a 60×, 1.2 NA water immersion lens (immuno-
histochemistry) or near-infrared Apochromat 60×, 1.0 NA water dipping lens 
(live imaging and colocalization) at room temperature. Images to analyze 
FM 1–43 accumulations were acquired using a confocal microscope (510 
META; Carl Zeiss) with Zen software and an Achroplan 63×, 0.9 NA water 
dipping lens at room temperature. Images to assess FM 1–43 labeling inten-
sity were acquired with a fluorescent microscope (Eclipse FN1; Nikon) with 
a digital camera (C10600 ORCA-R2; Hamamatsu Photonics), NIS-Elements 
Advanced Research software package, and a 60×, 1.0 NA water dipping 
lens using excitation of 470/40 nm and emission of BA520 filter block 
at room temperature. Images were processed with Photoshop using back-
ground and contrast settings.

To image the FTs, third instar larval fillets were prepared in HL-3, 
and the motor neurons were cut. Images were captured using a confocal 
microscope (AR1), through a near-infrared Apochromat 60×, 1.0 NA water 
dipping lens at room temperature. Blue and red channels were imaged 
separately (excitation: blue, 405 nm and red, 561 nm; emission: blue, 
450/50 nm and red, 595/50 nm) at room temperature. For ratio calcula-
tions, the intensities of the boutons were quantified for both blue and red 
channels as described in this paragraph, and the ratios were calculated. The 
ratio images were prepared using the FIJI: both channels were first converted 
to a 32-bit image and thresholded, retaining only the boutonic labeling; 
then, the “red” image was divided by the “blue” using the arithmetic mod-
ule, and a look-up table was applied to the resulting image. As a result, the 
images only include boutonic areas (the thresholded area), and the rest of 
the image was intentionally left black.

Electrophysiology
For ERGs, flies were immobilized with liquid Pritt glue, and a glass record-
ing electrode filled with NaCl was placed on the eye, whereas the reference 
electrode filled with NaCl was placed in the thorax of the fly (Venken et al.,  
2008). We used digitally controlled light-emitting diode green light to de-
liver 1-s light pulses. Data were recorded with Clampex 10.2 (Molecular 
Devices), and data were quantified in Clampfit 10.2 (Molecular Devices) 
using maximum and minimum detection. Raw data traces (also for EJCs, see 
next paragraph) were copied from Clampfit into Canvas 15 (Deneba) and 
inserted into the figure.

Two electrode voltage clamp recordings in third instar larvae were 
performed on muscle 6, segment A2, in HL-3 (see Imaging) using <30 M 
intracellular electrodes (Verstreken et al., 2009). The membrane holding po-
tential was 70 mV, voltage errors were <1.5 mV for 100 nA EJCs, and 
input resistances were ≥5 M. All data were filtered at 1 kHz (miniatures at 
600 Hz). Synaptic currents or membrane potentials were monitored with an 
amplifier (Axoclamp 900A; Molecular Devices) and digitized using a Digi-
data 1440A (Molecular Devices). EJCs in 0.5 mM external calcium were 
evoked by stimulation of the cut segmental nerve at 2× threshold. mEJCs 
were recorded in 0.5 mM CaCl2. To determine the RRP size using the cumu-
lative quantal content method, motor neurons were stimulated at 60 Hz for 
600 ms in HL-3 with 5 mM CaCl2. EJC amplitudes are plotted as cumulative 
quantal content. The trend line slope through points at 400–600 ms is a 
measure for the RRP refilling rate, and the y-intercept corresponds to the RRP 
size (Habets and Borst, 2007). Basal EJC amplitudes were determined in 
Clampfit 10.2 by calculating the mean of 60 traces. mEJC amplitudes were 
quantified using the event detection module in Clampfit 10.2 and calculated 
from 5-min recordings. Quantal content was determined by dividing the 
mean EJC amplitude by the mean mEJC amplitude.

TEM
For TEM, larvae were dissected in HL-3 and fixed immediately in 1% 
glutaraldehyde, 4% paraformaldehyde, and 1 mM MgCl2 in 0.1 M 
Na-cacodylate buffer, pH 7.4. Subsequently, specimens were osmicated in 
OsO4/Na-cacodylate buffer for 2 h and stained in 2% aqueous uranyl ac-
etate (1.5 h). After dehydration using a series of ethanol, specimens were 
embedded in Agar 100 (Laborimpex; Agar Scientific). Ultrathin sections 
(60–70 nm) were cut with an ultramicrotome (EM UC7; Leica), collected 
on grids (Laborimpex; Agar Scientific), and coated with Butvar. Sections 
were imaged using a transmission electron microscope (JEM 1400; JEOL) 
at 80 kV. Micrographs were acquired using a bottom-mounted camera 
(Quemesa; 11 megapixels; Olympus) using iTEM 5.2 software (Olympus). 
Ultrastructural features were quantified with ImageJ from boutonic profiles 
whose surface area is ≥1 µm2. Diameters of synaptic vesicles were measured 

templates. The primers used encoded a 5×(Gln–Ser) spacer between 
the timer and the nSyb. UAS-Ub-FT-nSyb consists of residues 1–74 from 
fly Ub Rpl40 fused N-terminally to nSyb-timer with the spacer Gln–Gln–
Ser–Arg separating Ub and nSyb. The C-terminal glycine residues of Ub 
were omitted to prevent its removal by deubiquitinases, as previously 
described (Raiborg et al., 2002). All constructs were cloned into the KpnI 
and NotI restriction sites of pUASt-attB and sequenced (Bischof et al., 
2007). UAS-FT-nSyb and UAS-Ub-FT-nSyb were inserted into the genome 
using phi-C-31–mediated transgenesis in the VK31 docking site on the 
third chromosome (Best Gene).

RT-PCR
Total RNA was isolated from adult flies expressing UAS-Vps39 RNAi 
(Vienna Drosophila RNAi Centre) with a daGAL4 driver (BL) and from adult 
fly heads expressing UAS-Rab7 RNAi (Vienna Drosophila RNAi Centre) with 
the nSybGAL4 driver (BL) using Tri Reagent (Sigma-Aldrich) according to 
the manufacturer’s protocol. To prevent DNA contamination, the extracted 
RNA was digested with RQ1 DNase (Promega), and LiCl was used to pre-
cipitate the RNA. Subsequently, cDNA was amplified using the SuperScript 
III First-Strand Synthesis System (Life Technologies). The SYBR green kit and 
LightCycler 480 were used for analysis (Roche). The primers listed in Table S1 
were used, and the ribosomal protein RP49 was used to normalize the data. 
RNA quantities were determined using the --CT method. Threshold cycle 
values were corrected for amplification efficiency that was determined for 
each amplicon based on dilution series (1–1:256).

Histology of retina and brain
Anesthetized adult flies with white mutant eye clones were regularly spaced 
with plain red eyed flies in a fly guillotine to fix their head. Subsequently, 
the flies were fixed in Carnoy’s fix (%):60 ethanol, 30 chloroform, and 10 
glacial acetic acid, overnight. After fixation, the flies were embedded in 
paraffin. The autofluorescence of 7-µm-thick sections was imaged using 
a confocal microscope (A1R; Nikon), NIS-Elements Advanced Research 
software (Nikon) and a 20×, 0.75 NA air lens (excitation of 488 nm; 
emission of 525/50 nm) at room temperature. The areas of the vacuoles 
and retina were manually encircled using ImageJ (National Institutes of 
Health) to quantify their surface area, and images were further processed 
with Photoshop (Adobe).

Imaging
For immunolabeling, NMJs were dissected in HL-3 (mM): 110 NaCl, 5 KCl, 
10 NaHCO3, 5 Hepes, 30 sucrose, 5 trehalose, and 10 MgCl2, pH 7.2, 
fixed in 3.7% formaldehyde for 20 min (for GluRIIA labeling: Bouin’s solu-
tion [Sigma-Aldrich]) and washed and permeabilized in PBS with 0.1% 
Triton X-100. Primary antibodies were added overnight at 4°C. Prepara-
tions were then washed again in PBS with Triton X-100 and blocked with 
2% normal goat serum for 1 h at room temperature. Secondary antibodies 
were added to the normal goat serum block solution for 4 h, and samples 
were washed several times in PBS with Triton X-100 before mounting them 
in Vectashield (Vector Laboratories, Inc.). Primary antibodies used were 
mouse anti-CSP mAb at 1:50, anti-GluRIIA at 1:50 (49/92 and 8B4D2; 
Developmental Studies Hybridoma Bank; Zinsmaier et al., 1990), and rab-
bit anti-dsRed pAb at 1:500 (Takara Bio Inc.). Secondary antibodies were 
Alexa Fluor 488 or 647 conjugated (Life Technologies) and used at 1:500. 
Quantification of labeling intensities was performed using NIS-Elements 
Basic Research software by encircling areas of interest and measuring the 
mean pixel intensity. Background labeling in muscles was subtracted, and 
the data were normalized to the anti-HRP labeling intensity

For FM 1–43, third instar larvae were dissected in HL-3, and motor 
neurons were cut. Larvae were then stimulated in the presence of 4 µM FM 
1–43 (Life Technologies) for 1 min in HL-3 with 90 mM KCl or 12 µM FM 
4–64 for 5 min in HL-3 with (mM) 90 KCl, 25 NaCl, 90 KCl, 10 NaHCO3, 
5 Hepes, 30 sucrose, 5 trehalose, 10 MgCl2, and 1.5 CaCl2, pH 7.2. Lar-
vae were washed with HL-3 to remove noninternalized dye and imaged. 
The number of FM 1–43 accumulations per synaptic area was manually 
assessed by counting the inclusions per NMJ, and this value was normal-
ized over the FM 1–43-labeled NMJ surface area measured in ImageJ. 
Quantification of labeling intensity was performed by manually encircling 
the labeled area in ImageJ and calculating the mean pixel intensity within 
this area, as previously described (Verstreken et al., 2008). Images were 
processed with Photoshop using background and contrast settings.

To visualize the vesicle pool in shits1 mutants expressing FT-nSyb, 
larvae were dissected in HL-3 and stimulated with prewarmed HL-3 with 90 
mM for 10 min at 34°C. The larvae were then washed with prewarmed 
HL-3 to relax the preparation. Samples were subsequently live imaged.
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