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Summary

We describe the isolation and characterization of Dro-
sophila synaptojanin (synj) mutants. synj encodes a
phosphatidylinositol phosphatase involved in clathrin-
mediated endocytosis. We show that Synj is specifi-
cally localized to presynaptic terminals and is associ-
ated with synaptic vesicles. The electrophysiological
and ultrastructural defects observed in synj mutants
are strikingly similar to those found in endophilin mu-
tants, and Synj and Endo colocalize and interact bio-
chemically. Moreover, synj; endo double mutant syn-
aptic terminals exhibit properties that are very similar
to terminals of each single mutant, and overexpression
of Endophilin can partially rescue the functional de-
fects in partial loss-of-function synj mutants. Interest-
ingly, Synjis mislocalized and destabilized at synapses
devoid of Endophilin, suggesting that Endophilin re-
cruits and stabilizes Synj on newly formed vesicles
to promote vesicle uncoating. Our data also provide
further evidence that kiss-and-run is able to maintain
neurotransmitter release when synapses are not ex-
tensively challenged.

Introduction

Retrieval of the vesicular membrane and its associated
proteins is an important step in maintaining a functional
synaptic vesicle (SV) pool (Slepnev and De Camilli,
2000). Vesicles are retrieved by at least two mecha-
nisms. One is clathrin-mediated endocytosis, which oc-
curs at specialized zones following the full collapse of
exocytotic vesicles, while another mode of vesicle re-
trieval is commonly termed “kiss-and-run” (Aravanis et
al., 2003; Kjaerulff et al., 2002; Klyachko and Jackson,
2002; Sun et al., 2002). In kiss-and-run, SVs release their
contents at the active zone (AZ) by forming a fusion
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pore that closes within fractions of seconds. Although
stimulation frequency appears to modulate the release
mode, the regulatory mechanisms are poorly under-
stood (Sun et al., 2002; Verstreken et al., 2002).
Clathrin-mediated endocytosis is thought to be re-
gulated by phosphoinositides in the presynaptic and
vesicular membranes (Osborne et al., 2001). Phosphati-
dylinositol-4,5-bisphosphate (PI(4,5)P) may facilitate en-
docytosis by acting with endocytotic proteins, such as
synaptotagmin |, to recruit AP2, AP180, and clathrin,
leading to the formation of a clathrin-coated pit (Takei
and Haucke, 2001). In addition, PI(4,5)P has been pro-
posed to facilitate vesicle formation by recruiting epsin,
a protein implicated in early steps of endocytosis and
by stimulating the GTPase activity of dynamin, a protein
required for vesicle scission (Hurley and Wendland,
2002). Finally, PI(4,5)P may affect vesicle transport by
recruiting the actin polymerization machinery (Qual-
mann and Kessels, 2002; Sakisaka et al., 1997). Actin
polymerization may provide a propulsive force to trans-
port endocytosed SVs back to the AZ (Osborne et al.,
2001), although this idea remains controversial (Sankar-
anarayanan et al., 2003). Thus, the phosphorylation sta-
tus of the phosphosinositides likely plays an important
role in regulating clathrin-mediated endocytosis.
Synaptojanin (Synj) is a polyphosphoinositide phos-
phatase (McPherson et al., 1996) that can bind proteins
implicated in endocytosis, such as endophilin and Dap160/
Intersectin (Ringstad et al., 1997; Roos and Kelly, 1998).
Genetic disruption of the Caenorhabditis elegans homo-
log unc-26 and mouse synaptojanin 1 leads to the accu-
mulation of arrays of densely coated vesicles, suggesting
that Synj functions in clathrin uncoating (Cremona et
al., 1999; Harris et al., 2000). In the cortical neurons of
synaptojanin 1 knockout mice, vesicle recycling occurs
at a slower rate but is not completely abolished (Kim et
al., 2002). It remains unclear whether remaining endocy-
tosis in the mouse synaptojanin 1 mutant is the result
of functional redundancy between the Synj homologs or
compensation from different modes of vesicle retrieval.
We and others have previously characterized the
function of Endophilin (Endo), a binding partner of Sy-
naptojanin (Fabian-Fine et al., 2003; Gad, et al., 2000;
Guichet et al., 2002; Rikhy et al., 2002; Ringstad et al.,
1997; Verstreken et al., 2002). At the Drosophila neuro-
muscular junction (NMJ), endo null mutations lead to a
general depletion of SVs, leaving small clusters of SVs
atthe AZs and afew densely coated vesicles in proximity
of the presynaptic membrane (Verstreken et al., 2002).
Dye-uptake assays with the fluorescent dye FM 1-43
indicate that the kiss-and-run mode of vesicle retrieval is
retained in endo null mutants and that clathrin-mediated
endocytosis is blocked. Furthermore, in photoreceptors
(PR), loss of Endo leads to an accumulation of arrays of
electron-dense vesicles that cannot enter the SV cycle.
These data indicate an essential role for Endo late in
endocytosis during SV uncoating (Fabian-Fine et al.,
2003).
Here, we describe the isolation of synaptojanin mu-
tants and present evidence that Synj acts during SV
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uncoating. Interestingly, both endo and synj mutants as
well as double mutants exhibit similar electrophysiologi-
cal properties, ultrastructural anomalies, and behavioral
phenotypes, suggesting that the two proteins are inti-
mately linked during the uncoating process. This hy-
pothesis is further supported by the colocalization of
both proteins at synapses, by their biochemical interac-
tion, and by the observation that overexpression of Endo
partly rescues synj loss of function. Furthermore, our
data suggest that a key function of Endo is to recruit
and stabilize Synj on endocytosed vesicles.

Results

Isolation of Mutations that Affect

Synaptic Transmission

We have performed a forward genetic screen to isolate
mutations in genes involved in the SV cycle. Since muta-
tions impairing synaptic function are likely to cause le-
thality, we used the eyFLP system to generate hetero-
zygous mutant flies with homozygous mutant eyes
(Newsome et al., 2000; Stowers and Schwarz, 1999). To
enrich for flies with defects in synaptic transmission, we
performed phototaxis assays (Benzer, 1967), allowing
us to isolate flies with impaired sight.

To determine if synaptic transmission is affected in
our mutants, we recorded electroretinograms (ERGs)
(Heisenberg, 1971). ERGs distinguish between mutants
that fail to perceive light (no depolarization in response
to a light flash) and those that fail to elicit a postsynaptic
response (reduced or absent on/off response). We
therefore conducted ERGs on several flies in each stock
and retained mutations that cause a defect in on and/
or off transients.

The vast majority of the isolated mutations on chromo-
some arm 2R are homozygous lethal. To establish whether
the mutations are allelic, we performed complementa-
tion tests based on lethality, assuming that lethality and
the ERG defect are the result of the same mutation. This
assumption proved to be correct in most cases. Our
screen on 2R permitted isolation of 14 complementation
groups with two or more alleles.

To assess ultrastructural defects in the mutants of
each complementation group, we performed transmis-
sion electron microscopy (TEM) on PR terminals. Dro-
sophila R1-R6 PRs project their axons into the first optic
neuropil, the lamina, where they form synapses with
monopolar cells, forming stereotypical cartridges (Mein-
ertzhagen and Sorra, 2001). By combining the ERG and
TEM data, we are able to pinpoint functional and struc-
tural defects in considerable detail.

Mutations in 2R71 Do Not Significantly Impair
Phototaxis but Cause Lack of “On-Off” Transients
One of the complementation groups with two alleles
(2R11" and 2R11? later referred to as synj’ and synj?)
displayed interesting phenotypes. ERG recordings on
homozygous mutant 2R717 eyes, which appear morpho-
logically wild-type, show a depolarization in response
to light similar to controls (Figure 1A), suggesting that
2R11 does not impair the ability of the PRs to perceive
light. However, these ERGs generally lack on/off tran-
sients (Figure 1A, gray arrowheads). Rarely, very small

off transients can be observed (not shown). The abnor-
mal on/off transients indicate that mutations in 2R771
impair the ability of PRs to signal to postsynaptic cells.

Since mutations that significantly affect synaptic
transmission in PRs are expected to cause loss of photo-
taxis (Burg et al., 1993; Zinsmaier et al., 1994), we re-
tested flies with homozygous mutant 2R71 eyes for pho-
totaxis. Although 2R717 mutations were initially isolated
in the screen because they displayed reduced positive
phototaxis, when tested again, flies with homozygous
mutant 2R11 eyes phototax as well as control flies in
almost every trial (Figure 1B). Hence, 2R11 mutants are
capable of detecting light and releasing sufficient neuro-
transmitter to display phototaxis.

Postsynaptic response defects measured by ERGs
could arise from defects in neurotransmitter release but
also from a failure of the mutant PRs to synapse with
the correct postsynaptic cells. To determine the axonal
morphology of the mutant PRs, we labeled PRs with a
membrane-specific marker (mAb 24B10) and visualized
their axon projection pattern by confocal microscopy.
Detailed analysis of the projection patterns of mutant
and control PRs did not reveal any obvious differences
(data not shown). In addition, transmission electron mi-
croscopy (TEM) on the lamina of flies with 2R77 mutant
PRs revealed that they sort in the usual stereotypical
manner into lamina cartridges (Figures 1C-1E). Hence,
mutations in 2R717 do not affect synaptic transmission
by impairing PR axon pathfinding, target recognition, or
sorting into lamina cartridges.

2R11 Mutant Photoreceptor Terminals Display
Highly Clustered and Densely Coated

Synaptic Vesicles

Although we did not observe gross morphological de-
fects by TEM, there was an obvious difference between
control and 2R77 mutant terminals. In both 2R717" as
well as in 2R17?2 mutant PRs, SVs appear dense and
cluster in highly organized rows (Figures 1G and 1H
and insets), a phenotype we never observed in control
terminals (Figure 1F). Other subcellular structures do
not exhibit obvious defects when compared to control
terminals. Hence, 2R711 mutants display highly orga-
nized densely coated vesicles in contrast to the less
conspicuous and more dispersed SVs of controls, sug-
gesting a defect in vesicle uncoating and cytoskeletal
organization. Since the ERG, phototaxis, and ultrastruc-
tural phenotypes of 2R11 are very similar to those ob-
served in endo mutant PRs (Fabian-Fine et al., 2003),
we studied 2R177 in more detail.

2R11 Corresponds to synaptojanin

To map the 2R717 complementation group, we deter-
mined the recombination distance between the muta-
tions and nine P element insertions spread over the 2R
chromosome arm (Zhai et al., 2003). As shown in Figure
2A, both mutations map at cytological interval 58. Using
four different P elements within this interval (Figure 2B)
as well as deficiency complementation testing (Figure
2C), we refined the mapping position to a region of less
than 20 ORFs (Figure 2D). The most obvious candidate
gene in this region is synaptojanin (synj) (Lloyd et al.,
2000), whose gene product has been implicated in SV



Endophilin Recruits and Stabilizes Synaptojanin
735

A

Q
4 4
80
40
S5mV ” N
»
0

s FRT42D

Percent

2R111

2R112

Figure 1. Synaptic Function in 2R71 Mutant Photoreceptors Is Impaired
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(A) ERGs from control y w eyFLP; FRT42D/FRT42D cl2R w*, 2R11", and 2R112 mutant eyes (genotype: y w eyFLP; FRT42D 2R11' °"2/FRT42D

cl2R w™). Positions of on and off transients are marked by arrowheads.

(B) Countercurrent phototaxis assay on control flies and flies with homozygous 2R71" and 2R112 eyes. hdc* flies lack histamine in their PRs
and serve as a negative control. Flies were allowed to phototax in seven trials, and the average percentage of flies that displayed positive

phototaxis for the indicated number of times is plotted.

(C-E) TEM of lamina cartridges of control (C), 2R11' (D), and 2R112 (E) eyes. Sorting of PRs into cartridges is normal in the mutants.
(F-H) PR terminal profiles of control (F), 2R11 (G), and 2R11? (H) mutants. Organized darkly coated SV clusters can be observed in 2R71" and
2R112 mutant PR terminals. Scale bar equals 900 nm in (C)—(E) and 500 nm in (F)-(H).

endocytosis (Cremona et al., 1999; Harris et al., 2000;
McPherson et al., 1996). Drosophila Synj contains an
N-terminal Sac-1 inositol-phosphatase (InsP) domain, a
central Ins-5-P domain, and a C-terminal proline-rich
domain, which are 69%, 73%, and 28% similar to the
rat Synaptojanin domains, respectively (Figure 2F). The
fly genome encodes one protein harboring this domain
structure. We sequenced synj in both mutants and found
a CAG-to-TAG nonsense mutation at amino acid 460 in
2R11" and a GGT-to-GAT missense mutation leading to
a G-to-D substitution at amino acid 65 in 2R7172. From
this point on, we refer to 2R11" as synj’ and to 2R11%? as
synj? (Figures 2E and 2F). To determine if the lesions
in synj' and synj? are responsible for the lethality and

phenotypes associated with the mutants, we used two
cosmids, each containing the entire synj™ gene (Kerre-
brock et al., 1995; see Experimental Procedures). Cos-
mid''2 and cosmid'® (Figure 2D) were able to rescue
the lethality and restore the on and off transients of
ERG recordings of synj'/synj?, synj'/synj', and synj?/synj?
animals (not shown). Hence, 2R11 corresponds to synj.

synj’ and synj? homozygous animals as well as synj'/
Df(2R)R1-8, synj?/Df(2R)R1-8, and synj'/synj? larvae
move slowly, become paralyzed, and die as third instar
larvae or early pupae. However, compared to synj?/
Df(2R)R1-8, somewhat fewer synj'/Df(2R)R1-8 larvae
survive until the early pupal stage. Hence, based on their
lethal phase, both synj’ and synj? are likely strong loss-
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of-function alleles, synj’ being somewhat more severe
than synj2.

Synaptojanin Is a Presynaptic Protein Associated
with Vesicles
To determine the developmental expression profile of
synj, we performed a developmental Northern blot (Fig-
ure 2G). One broad band is detected at 4.4 kb, corre-
sponding to the predicted size of the synj transcript.
SYNJ message is low during embryonic stages and ab-
sent during pupal stages. RNA expression is observed in
larvae and adults, especially in adult heads (Figure 2G).
To determine the localization of Synj, we produced a
rabbit antiserum against the proline-rich domain. Immu-
nohistochemical staining shows strong labeling of all
types of boutons of the third instar larval neuromuscular
junction (NMJ) in controls (Figure 3A) but not at synj’/
Df(2R)R1-8 NMJs (Figure 3C), demonstrating that the
antiserum is specific. synj'/synj? (Figure 3B) and synj%/

synj? (not shown) NMJs show severely reduced labeling,
indicating that Synj protein expression is reduced or
that the protein is unstable in synj? mutants.

We also labeled staged embryos and larvae with the
Synj antiserum and detected very faint or no labeling
in stage 15 embryos. Neuropil-specific labeling is first
detected in stage 16-17 embryos and is more apparent
in the neuropils of first instar larvae, third instar larvae,
and adult brains (not shown, Figures 3D and 3E). To
determine if Synj is present in synaptic terminals of PRs,
we stained them with anti-Synj and the PR cell mem-
brane marker anti-chaoptin (mAb 24B10, Figure 3F; Van
Vactor et al., 1988). The Synj antiserum stains cartridges
in the lamina and extensively labels the R1-R6 PR termi-
nals (Figures 3F and 3G), indicating that Synj is enriched
in synaptic contact sites.

To establish the distribution of Synj at the synapse, we
labeled larval NMJs using anti-Synj and various synaptic
markers. Synj is contained within the domain labeled by
anti-DVAP-33, a pre- and postsynaptic marker (Figure
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286 Figure 3. Synaptojanin Is Present in Boutons
of the NMJ and in Photoreceptor Terminals

(A-C) Labeling of control y w; FRT42D (A), y
w eyFLP; FRT42D synj?/FRT42D synj' (B), and
y w eyFLP; FRT42D synj'/Df(2R)R1-8 (C)
NMJs with Synj antiserum. Labeling is de-
tected at all types of boutons (A) but is re-
duced in FRT42D synj'/FRT42D synj? and is
not detected at FRT42D synj'/Df(2R)R1-8
NMJs.

(D and E) Adult brain labeling (y w; FRT42D)
with Synj antibodies (D) and Sytl antibodies
(E) shows, similar to Syt, enrichment of Synj
in the neuropil.

(F) Three-dimensional representation of a
lamina double-labeled with Synj and 24B10.
Synj is present in the neuropil-rich area and
extensively colocalizes with the PR marker
24B10.

(G-J) Single confocal sections of double-
labeled boutons/synapses with Synj and
24B10 (G), DVAP-33A (H), CSP (l), or Endo
(J). 24B10 and Synj colocalize extensively (G).
The bright red labeling next to each cartridge
corresponds to the axons of R7 and R8 PRs.
Synj is a presynaptic marker (H and I) and
extensively colocalizes with Endo (J); how-
ever, Endo localization appears somewhat
more restricted than that of Synj.

(K) Subcellular distribution of Synj and Endo.
Synj (a) is mostly associated with vesicle
membranes; Endo and the vesicular marker
CSP are also mostly associated with vesicles
(b and c), whereas ROP, a vesicle cycle regu-
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3H; Pennetta et al., 2002), and largely overlaps with the
presynaptic vesicle-associated protein CSP (Figure 3lI;
Zinsmaier et al., 1994). Finally, Synj colocalizes exten-
sively with Endo (Figure 3J). Hence, Synj is localized
presynaptically at the motor neuron synapse.

To assess the subcellular distribution of Synj, we frac-
tionated fly head extract using sucrose density step
centrifugation and probed for the presence of Synj and
various markers (Figure 3K; Schulze et al., 1995). Vesicle
markers CSP and Synaptobrevin are detected specifi-
cally in the vesicle fraction, while the cytoplasmic pro-
teins ROP and Drab3A are found in both the cytosolic
and vesicular fractions (Figure 3K, ¢ and d, and data
not shown). Synj is present at low levels in the cytosol
but is significantly enriched in the SV fraction, similar to
the subcellular distribution of Endo (Figure 3K, a and b;
Fabian-Fine et al., 2003). However, as the vesicle frac-
tion may contain plasma membrane contaminants, we
do not rule out the possibility that some Synj or Endo
is plasma membrane associated. Nonetheless, these
findings strongly suggest that Synj and Endo are mostly
vesicle associated, in agreement with the immunohisto-
chemical data.

Endocytosis Is Impaired in synj Mutants

To determine if Synj is involved in exocytosis, we stimu-
lated the motor neurons and recorded the excitatory
junctional potential (EJPs) of abdominal muscles. The
EJPs in synj'/synj?, synj'/Df(2R)R1-8, and synj?/Df(2R)R1-8
animals are not significantly different from controls (Fig-
ures 4A and 4B). Hence, Synj does not affect exocytosis
of neurotransmitters in this paradigm.

To reveal defects in vesicle cycling, we repetitively
stimulated motor neurons and monitored the amplitude
of the EJP over time. At low-frequency stimulation (1
Hz), the EJP amplitude of controls and synj mutants
declined marginally, and they were similar after 10 min of
stimulation (Figure 4C). Strikingly, at higher-stimulation
frequency (10 Hz), the amplitude of the EJP measured
from synj mutants rapidly declines to about 25%-30%
of the original response and is then maintained during
the remainder of the paradigm (Figures 4D and 4E).
Hence, at low-frequency stimulation, synj mutants main-
tain neurotransmitter release similar to controls, whereas
in a high-frequency paradigm, synj mutants show a se-
vere impairment in vesicle release. These data suggest
that vesicle recycling is disrupted in synj mutants.
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Figure 4. synanptojanin Mutants Maintain Neurotransmitter Release at Low- but Not at High-Frequency Stimulation

(A-C) Neurotransmitter release is not affected at low-frequency stimulation in synj mutants.

(A) Example of traces recorded from muscle 6 in abdominal segment 2 of control (y w; FRT42D) and synj'/synj? mutants (y w eyFLP; FRT42D
synj'/FRT42D synj?).

(B) Quantification of EJP amplitude in controls and different synj mutants.

(C) Stimulation at 1 Hz for 10 min. EJP amplitude during the first 150 s was averaged and is reported as a fraction of control (gray bars). The
average relative EJP amplitude during the last 150 s of the stimulation paradigm (450-600 s) is shown in black bars. The modest decline in
EJP amplitude in mutants is not significantly different from controls.

(D and E) The EJP amplitude in synj mutants during high-frequency stimulation (10 Hz for 10 min) rapidly declines but stabilizes at a low level.
(D) Average relative EJP time course during 10 Hz stimulation for control (blue), synj? (purple), synj’ (orange), and endo’ (green; w; endo’). The
EJP rapidly declines in synj and in endo’ mutants but is then maintained at a steady level.

(E) The level at which neurotransmitter release is maintained at 10 Hz in different synj mutants and in endo’ was quantified by determining
the average relative EJP amplitude between 150 and 450 s of stimulation. The EJP is maintained at 36.7% of the original level in synj?/
Df(2R)R1-8, at 28.9% in synj'/synj?, at 29.0% in synj'/Df(2R)R1-8, and at 20.0% in endo’ (*p < 0.01).

(F-K) FM1-43 dye uptake is severely reduced in synj mutants.

(F-J) Filleted larvae were incubated for 10 min in HL3 with 60 mM potassium and FM1-43. Robust labeling is observed in controls (y w;
FRT42D at room temperature or at 35°C) (F) and is virtually absent in shi*’ animals at the restrictive temperature (35°C) (G). Uptake of dye in
synj mutants (genotypes, see A) is severely reduced (H and I). Dye uptake is plotted as a percentage of labeling in controls (K). Labeling is
significantly different in shi*’ versus synj mutants, and labeling in synj'/Df(2R)R1-8 is significantly different from labeling in synj?/Df(2R)R1-8
(*p < 0.01),

(B, C, and K) Number of animals tested is indicated in the bars.

Error bars indicate SEM.

Interestingly, endo’ mutants exhibit a very similar phe- SV recycling at the NMJ is disrupted somewhat more
notype during 10 Hz stimulation (Verstreken et al., 2002). severely in endo’ mutants than in synj’ mutants.
While synj’ mutants maintain release at 25%-30% dur- To test for defects in SV retrieval more directly, we
ing 10 Hz stimulation, endo’ mutants maintain release analyzed uptake of FM1-43, a fluorescent lipophilic dye

at 20% (Figures 4D and 4E). These data suggest that that is internalized by endocytosis (Betz and Bewick,
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1992). Filleted larvae were incubated for 10 min in FM1-
43 and stimulated with 60 mM potassium. In control
animals, dye is readily internalized into vesicles at syn-
aptic boutons (Figures 4F and 4K; 100 + 7.4 arbitrary
units [a.u.]), whereas in shibire®' mutants (shi*’) where
Dynamin function is blocked at high temperature, FM1-
43 uptake is essentially abolished (Figures 4G and 4K;
12.9 + 4.0 a.u.). Labeling in synj'/synj' and in synj'/
Df(2R)R1-8 are both reduced by 80% compared to con-
trols (20 = 0.8 a.u. and 22 = 3.9 a.u., respectively),
consistent with synj’ being a severe loss-of-function mu-
tation. Uptake in synj?/Df(2R)R1-8 is less severely re-
duced: 28.3 + 1.3 a.u. (p < 0.01 compared to synj'/
Df(2R)R1-8) (Figures 4H-4K). In summary, the data indi-
cate that mutations in synj dramatically impair endocy-
tosis.

Synaptic Vesicles Are Largely Depleted from synj
Mutant NMJ Boutons, but Darkly Coated

Vesicles Remain

To correlate the physiological defects observed at NMJs
with structural defects, we performed TEM on NMJ bou-
tons (Figures 5A-5J). SVs are largely depleted from syn-
aptic boutons of synj’ terminals (Figures 5B and 5K),
whereas synj? animals exhibit a less severe depletion
(Figure 5K). In synj’ boutons, small numbers of SV re-
mains in two locations: (1) the AZ and (2) in discrete
areas outside the AZs (Figures 5B-5H). The non-AZ vesi-
cles are close to the synaptic membrane and often ap-
pear densely coated, reminiscent of clathrin-coated
vesicles. Other organelles, including cisternae, are not
dramatically different between controls and synj mu-
tants (p > 0.01; Figure 5L). These data further support
a role for Synj in vesicle endocytosis.

Synaptojanin and Endophilin Interact In Vitro

and In Vivo

Studies of rat Synj indicate proline-rich domain-medi-
ated interactions with endocytotic proteins such as En-
dophilin and Dap160/intersectin (Ringstad et al., 1997;
Roos and Kelly, 1998). The Drosophila Synj proline-rich
domain (SynjPRD) shows only 22% sequence identity
to that of rat Synj. We therefore determined whether the
Drosophila SynjPRD interacts with Endo, Dap160, or
Dynamin by performing a GST pull-down experiment.
We found that GST-SynjPRD interacts with Endo and
Dap160, but not with Dynamin or the vesicular marker
n-Syb (Figure 6A). We confirmed the interaction of Endo
and Synj by immunoprecipitation (IP) using anti-Endo
antibodies on fly head extracts (data not shown).

To substantiate the interaction of Dap160 and Synj,
we performed GST pull-down experiments on fly head
extracts using the four SH3 domains (SH3-A-D) of Dro-
sophila Dap160. Synj binds tightly to the Dap160C-
D-SH3 domains and it binds with lower affinity to the
SH3-C domain (Figure 6B). Notably, Synj does not bind
to the other SH3 domains in isolation or to combinations
of SH3 domains. Dynamin also binds to Dap160 SH3
domains, including the SH3-C-D domain, but Dynamin
does not bind to Dap160 SH3-C, which interacts with
Synj (Figure 6B; Roos and Kelly, 1998). Hence, the data
suggest that the four SH3 domains of Dap160 play differ-
ent roles. While Dap160 SH3-C binds Synj, the SH3 B

domain appears inhibitory and SH3-D appears to pro-
mote Synj binding. In addition, Dap160 interacts with
Dynamin and Synj at different sites, suggesting that
Dap160 can bind Dynamin and Synj simultaneously.

Vesicle depletion experiments with shi®’ show a relo-
calization of synaptic proteins to endocytotic zones at
the plasma membrane (Koenig and lkeda, 1989; van de
Goor et al., 1995). To determine if Synj also relocalizes
in vesicle-depleted terminals, we incubated shi*’ larvae
at the restrictive temperature (35°C, 20 min). This treat-
ment is known to deplete the SV pool (van de Goor et
al., 1995). shi*' animals were then fixed and labeled with
Synj and Endo antisera. Similar to Endo and «a-adaptin
(Gonzalez-Gaitan and Jackle, 1997; Guichet et al., 2002),
Synj also relocalizes somewhat to the synaptic mem-
brane upon vesicle depletion (Figure 6C).

To test if the interaction of Endo with Synj depends
on the presence of SVs, we performed IP experiments
with anti-Endo antibodies on head extract of shi*' ani-
mals held at 35°C for 20 min. Interestingly, we found
slightly more Synj interacting with Endo after vesicle
depletion as compared to prior to depletion (Figure 6D),
suggesting that Endo and Synj are able to associate
with each other in the absence of SVs. In summary, the
data presented here show that Synj interacts with Endo
and Dap160, but likely not with Dynamin.

synj; endo Double Mutants Exhibit Phenotypes
Similar to Each Single Mutant

To further test if Endo and Synj function in the same
process, we created heterozygous flies with double mu-
tant synj and endo eyes. synj'; endo’ eyes develop nor-
mally; however, the on/off transients in ERG recordings
are absent in double mutant eyes (Figure 7A), similar to
our findings with synj’ and endo’ single mutant eyes
(Figure 1A; Fabian-Fine et al., 2003). In addition, similar
to the single mutants, flies with double mutant eyes
phototax properly (Figure 7B), indicating that some neu-
rotransmitter release persists even in the absence of
both normal Endo and Synj function.

To determine the vesicle morphology of synj’; endo’
mutant PR terminals, we performed TEM on lamina
cross-sections (Figures 7C-7F). PRs double mutant for
synj’ and endo’ form normal cartridges in the lamina (not
shown); however, similar to the vesicle clusters found in
synj' and endo’ mutant PR terminals, rows of densely
coated vesicles accumulate in double mutant PR termi-
nals (Figures 7D-7F; Fabian-Fine et al., 2003). Compari-
son of vesicle cluster size in single and double mutants
did not reveal a significant difference (p > 0.01), sug-
gesting that the effects of endo and synj mutations are
not additive in PRs.

To test if synj’; endo’ double mutants also behave
similarly to each single mutant at the NMJ, we monitored
the persistence of neurotransmitter release during in-
tense stimulation. Interestingly, EJPs in double mutants
stimulated at 10 Hz rapidly decline and maintain a low
level of release for at least 10 min, very similar to endo’
mutants (Figure 7G). Averaging relative EJP amplitudes
recorded between 150 s and 400 s of 10 Hz stimulation
reveals no difference between endo’ single (20%) and
synj’; endo’ double mutants (19%; Figure 7H; p > 0.01).
Hence, the similar phenotypes of synj’ and endo’ single



Neuron
740

& 50 ] 'E

S0 2 i

830 o

S a3

320 2 2 |

21

o > $ % S0 > § 5
00({60 qf\o \\0 000\‘0 rL\o \\o

*<\\ ,\0\ *o\ *4.\\

Figure 5. Boutons of synj NMJs Are Severely Depleted of Synaptic Vesicles

(A and B) Electron micrographs of type | boutons of control (A) (y w; FRT42D) and synj’ (B) (y w eyFLP; FRT42D synj").
(C-E) High magnification of AZs in control (C), synj? (D) (v w eyFLP; FRT42D synj?), and synj’ (E) synapses. Note the clear SVs associated with

the AZ in control and mutant NMJ boutons.

(F-J) High magnification of darkly coated vesicles in proximity of the plasma membrane in synj’ (F-H) and synj? (I and J). Scale bar equals 0.2

wm for (A) and (B), 95 nm for (C)—(E), and 90 nm for (F)—(J).

(K and L) Quantification of vesicle density (K) and cisternae density (L) in control and mutant type | boutons. Vesicles were counted from at
least 10 bouton sections from 3 different animals per genotype (p < 0.01 for all genotypes). Cisternae densities in the different genotypes
are not significantly different (p > 0.01 for all genotypes). Error bars indicate SEM.

mutants and the double mutants at PR terminals and
at NMJs provide further evidence that Synj and Endo
function in the same process.

Overexpression of Endo Partially Rescues Loss

of Synj Function

To determine if additional Endo can alleviate the func-
tional defects associated with partial loss of synj func-
tion, we overexpressed Endo in synj mutant PRs. ERG
recordings starting with “lights on,” performed on eyes
that overexpress Endo, are normal in response to repeti-
tive light flashes (500 ms) (Figures 8A, arrowheads, and
8F). In contrast, on/off transients are largely absent from

ERG recordings made from synj? or synj’ eyes (Figures
8B, 8D, and 8F). However, occasionally a small and de-
layed off transient is observed in synj? and to a lesser
extent in synj’ (Figures 8B, 8D, and 8F, inset). Interest-
ingly, when Endo is overexpressed in hypomorphic synj?
mutant PRs, where low levels of Synj protein are still
detected at the synapse (Figure 3B), the timing and
the amplitude of the off transient are partially rescued
(Figures 8C and 8F). Overexpression of Endo in the
stronger synj’ mutant PRs only weakly rescues the off
transient (Figures 8E and 8F). Hence, Endo overexpres-
sion is capable of partially compensating the functional
defects associated with reduced synj function.
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Figure 6. Synj Interacts with Endo and Dap160

(A) GST pull-down with the proline-rich domain of Drosophila Synj (GST-SynjPRD) from Drosophila head extract. GST-SynjPRD binds to Endo
and Dap160, but not to Dynamin (Dyn) or neuronal Synaptobrevin (n-syb).

(B) GST pull-down experiment with the SH3 domains of Drosophila Dap160. Dap160 has four SH3 domains “A”-“D,” and the SH3 domains
that were included are indicated. Synj interacts with the SH3 C and D domains and with the SH3 C domain of Dap160 in isolation. Dynamin
interacts with the SH3 ABCD, BCD, and CD domains and with the SH3 A and B domains, but not with the C domain in isolation.

(C) Synj and Endo relocalize to the membrane upon vesicle depletion. (a and c) Single confocal sections of NMJ boutons of shibire®’ larvae
at the permissive temperature, before heat shock, labeled with anti-Endo (a) or anti-Synj (c). (b and d) Single confocal sections of NMJ boutons
of shibire®' larvae exposed to the restrictive temperature (35°C) (after heat shock), labeled with anti-Endo (b) or anti-Synj (d). Both markers
partialy relocalize to the membrane after heat shock treatment.

(D) IP on head extract of shi*’ animals before or after a 20 min heat shock at 35°C. Incubation and loading was normalized against the amount
of Endo protein (bottom blot). We also verified that all the Endo was precipitated from the head extract under these conditions (bottom blot
“unbound before hs and after hs”). This ensures that we are assessing the total amount of Endo-Synj complexes before and after vesicle

depletion. More Synj is bound to Endo after heat shock (top blot, “IP endo before and after heat shock”).

To correlate the partial rescue of ERG defects with
ultrastructural defects, we performed TEM on synj? PR
terminals. The sorting of PRs into lamina cartridges is
normal in PRs overexpressing Endo and synj? mutant
PRs that overexpress Endo (not shown), indicating that
axon guidance and targeting into cartridges in these
genotypes is not altered. Unlike vesicles at synj? PR
terminals (Figure 8H), vesicles at terminals that overex-
press Endo are not densely coated and arranged in
clusters (Figure 8G). Interestingly, in synj? PR terminals
that overexpress Endo, large clusters of densely coated
vesicles are present and are more apparent than in synj?
mutants (Figure 8l, arrowheads). These vesicles may
serve as substrates for the remaining Synj protein in
synj? mutants, allowing a small number of vesicles to
proceed through the vesicle cycle, thereby leading to
the partial rescue of the ERG response.

Synaptojanin Levels Are Reduced

and the Remaining Synaptojanin Is Localized

to Endocytotic Hotspots in endo Mutants

To investigate in vivo interaction between Endo and
Synj, we labeled synj’ and endo’ mutant boutons with

endocytotic markers. Dynamin and Dap160 are localized
similarly in control and mutant boutons, indicating that
their localization is not dependent on Synj or Endo (Fig-
ures 9A-9F). However, Synj is strikingly relocalized in
endo’ mutants to the periphery of the boutons and ap-
pears in a punctate pattern (Figures 9G and 9H). In addi-
tion, Synj immunoreactivity is dramatically reduced in
endo’ mutants (Figures 9H and 9I), indicating that Synj
expression at the synapse depends on Endo. In con-
trast, Endo is only partially relocalized to the membrane
in synj’ mutants, indicating that Endo localization is not
critically dependent on Synj (Figures 9J and 9K).

To test if the reduced Synj protein in endo’ boutons
is a result of decreased Synj expression, of decreased
Synj transport to the NMJ, or of destabilization and deg-
radation of the protein, we determined Synj protein and
RNA levels in endo’ mutant brains. Compared to con-
trols, the total level of SYNJ RNA is not affected, but
Synj protein levels are reduced in endo’ mutant brains,
suggesting that Endo stabilizes Synj protein. In addition,
we did not observe a dramatic accumulation of Synj
protein in motor neuron cell bodies in the ventral gan-
glion of endo’ mutants (not shown), suggesting that
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Endo is not essential to target Synj to synaptic boutons
of the NMJ. We therefore conclude that Endo plays a
pivotal role in maintaining and stabilizing proper levels
of Synj protein at synaptic terminals.

To precisely determine the localization of the residual
Synj in endo’ mutant boutons, we double labeled endo’
mutant animals with Synj antiserum and various mark-
ers. The vesicular marker CSP is mostly localized to
the synaptic membrane in endo’ mutants, and it often
concentrates in puncta, which likely represent AZs (Ver-
streken et al., 2002). Labeling of endo’ boutons with CSP
and Synj shows that Synj puncta are mostly interspersed
between the CSP-positive puncta (Figures 9M-9P). Fur-
thermore, labeling of endo’ boutons with Synj and the
AZ marker glutamate receptor IlA (Petersen et al., 1997)
demonstrates that they do not colocalize (Figures 9Q-
9T). Hence, we surmise that in the absence of Endo, the
remaining Synj is localized to endocytotic hotspots.

B control
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Figure 7. Double Mutant synj’ and endo’
Photoreceptors and NMJs Show Similar Phe-
notypes as Single Mutants

(A) ERG recordings from controls (y w eyFLP;
FRT42D/FRT42D cl2R w* or y w eyFLP;
FRT82B/FRT82B cI3R w*) and flies with ho-
mozygous double mutant synj’; endo’ eyes
(v w eyFLP; FRT42D synj'/FRT42D cI2R w*;
FRT82B endo’/FRT82B cI3R w*). On and off
transients (or the absence thereof) are
marked by arrowheads.

(B) Phototaxis assay on control flies and flies
with double mutant eyes for synj’ and endo’.
Flies with double mutant eyes phototax as
well as control flies or as flies with synj’ eyes
(Figure 1B) or flies with endo’ eyes (Fabian-
Fine et al., 2003).

(C-F) EM of control (C), synj’ (D), endo’ (E),
and double mutant synj’; endo’ (F) PR termi-
nals. Note the appearance of densely coated
vesicles in clusters. Counts of clustered vesi-
cles show that cluster size in either synj’ or
endo’ single mutants is not significantly dif-
ferent from the double mutant synj’; endo’.
(p > 0.01 in either case; synj’ [29.2 = 3.9],
endo’ [47.4 = 4.2], synj’; endo’ [42.1 + 4.8],
and control [2.5 = 1.1 clustered vesicles/
wm?). A cluster of coated vesicles is defined
as 10 or more densely coated vesicles aggre-
gated in 3 or more rows. Scale bar equals
1 pm.

(G) Relative EJP amplitude of synj’; endo’
double mutant NMJs (yw;FRT42D synj';
FRT82B endo’) stimulated at 10 Hz for 10 min
(red). Data for the controls yw; FRT42D
(shown) and yw; FRT82B (not shown) are not
significantly different (p > 0.01)

(H) Average relative EJP amplitude between
150 and 450 s of stimulation for synj’; endo’
double mutants is 19% of the original level
(red). The difference between endo’ (green)
and synj’; endo’ is not significantly different
(p > 0.01).

(G and H) Data from Figures 4D and 4E are

150-400s

- X .
-60,\ \O\ b(:)\ P shown for comparison. Error bars indicate

o .2 SEM.

Discussion

Synj Promotes Vesicle Uncoating and Regulates
Vesicle-Cytomatrix Interactions

Our data indicate that Synj is essential for vesicle un-
coating, in line with findings in mouse, C. elegans, and
lamprey (Cremona et al., 1999; Gad, et al., 2000; Harris
etal., 2000). Synj uncoats vesicles by dephosphorylating
PI(4,5)P, thereby decreasing the affinity of clathrin adap-
tors to coated vesicles (McPherson et al., 1996; Cremona
et al., 1999). PI(4,5)P is also implicated in organizing cy-
toskeletal structure. Hence, by altering phosphoinositide
levels, Synj may control cytoskeletal function at endocy-
totic sites and regulate vesicle travel after fission (Os-
borne et al., 2001; Qualmann and Kessels, 2002). In line
with this idea, at synj mutant NMJs, we observe rows
of vesicles apposed to non-AZ presynaptic membrane
and these vesicles are regularly spaced, and in synj
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Figure 8. Overexpression of Endo Partly Rescues Partial Loss of synj Function

(A-E) ERG recordings, starting with “lights on,” of flies overexpressing Endo in the eye (Endo O/E: y w; FRT42D synj/CyO; ey-Gal4 UAS-FLP/
UAS-Endo'") (A); flies that are homozygous mutant for synj’ (D) or synj? (B) in PRs (y w; FRT42D synj/FRT42D cI2R GMR-hid; ey-Gal4 UAS-
FLP/TM6B, Tb); or flies that simultaneously overexpress Endo and are homozygous for synj’ (E) or synj? (C) (v w; FRT42D synj/FRT42D cl2R
GMR-hid; ey-Gal4 UAS-FLP/UAS-Endo""). Off transients or delayed off transients (inset in D) are marked by an arrowhead. Note the restoration
of the off transient in flies with hypomorphic synj? mutant eyes that simultaneously overexpress Endo (compare B to C). We used the EGUFhid
system to overexpress Endo as the ey promoter drives GAL4 expression weakly and shuts off in the adult eye. This avoids morphological
defects associated with massive overexpression of Endo (e.g., elav-GAL4; P.R.H., unpublished data).

(F) The amplitudes of the four first off responses in a 500 ms light-dark stimulation protocol were quantified, n > 8 for each genotype. Off
transient number that is quantified is indicated above the bars. Error bars indicate SEM.

(G-1) EM images of PR terminals overexpressing Endo (Endo O/E), synj? mutant PR terminals, or PR terminals simultaneously overexpressing
Endo and homozygous for synj? (genotypes, see A-E). Two representative examples are shown for each genotype and arrowheads point to
vesicle clusters, which are more pronounced in PRs overexpressing Endo and mutant for synj? (). Scale bar equals 500 nm.

mutant PR terminals, we observe clusters of densely and C. elegans synj mutants (Harris et al., 2000; Kim et
coated and regularly spaced vesicles in multiple parallel al., 2002). Hence, in mouse, nematode, and flies, the
rows, suggesting that these vesicles are associated with data suggest that Synj not only promotes vesicle un-
the cytoskeleton. Similar arrays of coated vesicles, al- coating, but that it also regulates cytoskeleton-vesicle

though less pronounced, were also reported in mouse interactions during endocytosis.
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Figure 9. Endo Is Required for Stabilization and Proper Localization of Synj at the Synapse

(A-K) Labeling of control (A, D, G, and J) (y w; FRT42D in A, D, and G and w in J), synj’ (B, E, and K; y w eyFLP; FRT42D synj), and endo’ (C,
F, H, and I; w; endo”) NMJ boutons of third instar larvae with anti-Dynamin monoclonal antibody (A-C); anti-Dap160 antibody (D-F); anti-Synj
antibody (G-l); or anti-Endo antibody (J and K). Labeling in (G) and (H) was performed in the same tube and images were acquired using the
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Synj and Endo Are Required for a Late
Endocytotic Step
The biochemical activities of Synj and Endo suggest that
these two proteins act at distinct steps in endocytosis.
Endo is thought to alter membrane curvature, leading to
deformation of the presynaptic membrane during early
endocytosis (Schmidt et al., 1999). If Endo and Synj act
at distinct steps, we expect the individual mutants to
display different phenotypes. However, at PR terminals
with mutations in either endo or synj, we observe almost
identical phenotypes, indicating that Synj and Endo
function are ultimately required at the same step in en-
docytosis (this work; Fabian-Fine et al., 2003).
Interestingly, C. elegans synj null synapses and hypo-
morphic endo NMJs show early endocytotic intermedi-
ates (Guichet et al., 2002; Harris et al., 2000). In addition,
in Drosophila, the total vesicle number at synj’ or endo’
NMdJs is far lower than in controls, suggesting that Endo
or Synj might also affect early endocytotic steps. How-
ever, synj’ and endo’ NMJs do show regularly spaced
coated vesicles away from the AZs, suggesting that
Synj and Endo function is essential later in endocytosis.
Similarly, at synj or endo mutant PR terminals, clusters
of coated vesicles accumulate in large numbers, further
supporting a late role in endocytosis. Hence, while we
do not rule out a role for Synj or Endo during early
endocytotic steps at some synapses, our data indicate
that both Synj and Endo are ultimately required for the
uncoating of newly internalized SVs at both NMJs as
well as PR terminals.

Synj and Endo Are Functional Partners

in Endocytosis

In line with previous studies, we show here that in Dro-
sophila, Synj and Endo bind to one another, even in the
absence of SVs. In addition, we present data indicating
that Synj and Endo are important for endocytosis at the
coated vesicle stage, in agreement with Gad et al. (2000),
and we provide genetic evidence that Endo and Synj
interact in vivo. Specifically, synj and endo single and
double mutants display dramatically similar phenotypes
in ultrastructural and functional assays, and overexpres-
sion of Endo in PRs partially alleviates the functional
defects of a hypomorphic synj mutant, suggesting that
Endo acts upstream of Synj. We also show that in endo’
null mutants, Synj is mislocalized and destabilized. Thus,
our data not only indicate that the functional interaction
between Synj and Endo is important for vesicle uncoat-
ing, they also indicate that a key function of Endo is
to stabilize and localize Synj within the nerve terminal.
Taken together, the data allow us to propose a model
for the function of Endo and Synj in SV endocytosis.
Before vesicle invagination, Synj is tethered to endocy-
totic zones, perhaps through its interaction with Dap160.
Endo binds the Synj proline-rich domain and recruits it
to newly forming vesicles, where it is stabilized by its

interaction with Endo. After vesicle fission, stabilized
Synj catalyzes SV uncoating. The precise regulatory
mechanisms that delay uncoating by Synj until after
vesicle fission are unknown, but it is interesting to note
that Synj undergoes dephosphorylation in response to
persistent or high-frequency membrane depolarization
(Cousin et al., 2001). However, it remains to be deter-
mined whether this modification actually regulates Synj
function in vivo.

Kiss-and-Run versus

Clathrin-Mediated Endocytosis

Different modes of vesicle recycling exist at synapses
(Aravanis et al., 2003; Kjaerulff et al., 2002). Our data
from endo’ mutant NMJs indicate the existence of at
least two different types of vesicle recycling (Verstreken
et al., 2002), and the data presented here are consistent
with this idea. First, clear SVs are almost entirely de-
pleted from synj’ mutant NMJ boutons, but small vesicle
clusters remain at AZs, suggesting that they undergo
rapid recycling during stimulation. Second, by dis-
rupting clathrin-mediated endocytosis, neurotransmit-
ter release at synj and endo single or double mutant
NMJs undergoes depression during intense stimulation
but is maintained at a stable level during low-frequency
stimulation, in agreement with the observation that vesi-
cle recycling modes change with stimulation frequency
(Sun et al., 2002). Third, dye uptake during prolonged
stimulation is severely reduced in synj mutants; note
here that we have used FM1-43, which labels SVs under-
going clathrin-mediated endocytosis but does not label
SVs involved in kiss-and-run (Klingauf et al., 1998; Ver-
streken et al., 2002). Fourth, ERG on/off transients re-
corded from flies with synj’, synj?, or endo’ single mutant
or double mutant eyes are absent or severely reduced,
but the flies phototax normally, suggesting that some
vesicle recycling persists. In conclusion, the data are in
agreement with and further support the idea that kiss-
and-run maintains some neurotransmitter release when
clathrin-mediated endocytosis is blocked or severely
impaired. Finally, labeling of endo’ mutant boutons with
anti-Synj and an AZ marker demonstrates that both
markers are mutually exclusive, indicating that kiss-and-
run, which operates at the AZ in endo’ mutants, is spa-
tially separated from the area where clathrin-mediated
endocytosis occurs. It is worth mentioning that the kiss-
and-run mode of release may also play an important role
in mouse synapses that are depleted of synaptojanin-1,
as they exhibit many of the features that we observe at
mutant NMJs and PR terminals (Cremona et al., 1999;
Kim et al., 2002).

Experimental Procedures
Drosophila Strains and Genetics

Mutagenesis: y w/Y; P{ry" neoFRT}42D*°%°"z¢¢ males were fed 15 mM
EMS and crossed to y w P{ry" ey-FLP.N}2, P(GMR-lacZ.C(38.1)}TPN1;

same settings. The gain was increased in (I) compared to (H). Single confocal sections are shown throughout the figure.

(L) (Top) Immunoblot of control and endo’ third instar brain extract, probed with anti-Synj and anti-Syntaxin (Syx) as a control. (Bottom)
Northern blot of control and endo’ third instar larvae probed with synj and RP49 as a control.

(M-T) Double labeling of Synj (green) and CSP (red; M-P) or GIuRIIA (red; Q-T) on control (w) and endo’ mutant boutons. Note the mutually
exclusive localization of Synj and these markers. Scale bar in (A) is 2 um for (A)~(K) and 660 nm for (M)—(T).
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P{ry* neoFRT}42D, P{w™" ry*white-un1}47A I(2)cl-R11'/CyO-KrGFP
(Newsome et al., 2000) to create F1 flies homozygous for 2R in the
majority of PRs. Hereafter, we will refer to P{ry* neoFRT}42D and
P{ry* neoFRT}82B as FRT42D and FRT82B, respectively. Of the
43,707 male flies screened, 3,081 flies failed or partly failed to pho-
totax and were retained. In total, we established 118 stocks on 2R
with an ERG defect; 92 are homozygous lethal. Complementation
tests reveal 14 complementation groups with 2 or more alleles.

For rescue experiments, we used cosmid’'? and cosmid-® de-
scribed in Kerrebrock et al. (1995). Presence of the synj gene in the
cosmids was confirmed by Southern and PCR. Insert ends were
defined by Southern and sequencing. The lethality and ERG pheno-
type of synj’, synj'/synj?, and synj? were rescued by the cosmids;
however, we obtained fewer synj? rescued animals, likely due to a
second nonessential hit in arc on the synj? chromosome.

synj’, synj?, and Df(2R)R1-8 are maintained over CyO-KrGFP, and
mutant animals were obtained by growing 10-50 non-GFP animals
per grape juice plate with liquid yeast paste. endo’ is maintained
over TM6B, Tb', and homozygous mutants are selected by non-
Tubby appearance. Animals double mutant for synj’ and endo’ were
selected from: y w; T(2;3)CyO-TM6,CyO:TM6B, Tb'/ FRT42D synj'/
CyO; FRT82B endo'/TM6B, Tb'.

Flies with eyes double mutant for synj’ and endo’ were obtained
by crossing y w/Y; FRT42D synj'/CyO; FRT82B endo'/TM6B males
toy w P{ry* ey-FLP.N}2, P{GMR-lacZ.C(38.1)}TPN1; FRT42D, P{w*
ry* white-un1}47A1(2)cl-R11'/CyO; FRT82B, P{w* ry* white-un1}90E
1(3)cl-R3'/TM3, Sb.

Controls for eyFLP experiments were y w P{ry* ey-FLP.N}2,
P{GMR-lacZ.C(38.1)}TPN1; FRT42D/P{ry* neoFRT}42D, P{w* ry*
white-un1}47A I(2)cl-R11" unless otherwise indicated. Controls for
NMJ experiments were y w; FRT42D larvae unless otherwise indi-
cated. Controls were of similar size as mutants; about 3.5 mm in
length for synj’ and synj? and about 1.5 to 2 mm for endo’ and
synj1;endo1 larvae.

Flies that overexpress Endo in synj’ or synj? mutant PRs were
obtained by crossing y w/Y; FRT42D synj'/CyO; P{w*, UAS-endo""}/
TM6B, Tb' to y w; FRT42D, P{y" ry* Car20y}44B, P{iw" GMR-hid}
S§S2, I(2)CL-R'/CyO; Piw* GAL4-ey.H}SS5, Piw* UAS-FLP1.D}JD2
(Stowers and Schwarz, 1999). Out of this cross, y w; FRT42D synj'/
P{ry* neoFRT}42D, P{y* ry* Car20y}44B, Piw* GMR-hid}SS2 I(2)CL-
R'; Pfw* GAL4-ey.H}SS5, Piw* UAS-FLP1.D}JD2/P{w*, UAS-endo'"}
flies overexpress Endo and are homozygous mutant for synj’ in
their eyes (synj’ + Endo O/E). y w; FRT42D synj'/FRT42D, P{y" ry*
Car20y}44B, P{w" GMR-hid}SS2, I(2)CL-R"; P{w" GAL4-ey.H}SS5,
P{w* UAS-FLP1.D}JD2/TM6B, Tb' are homozygous mutant for synj’
(synj"). y w; FRT42D synj'/CyO; P{w*, UAS-endo""}/P{w* GAL4-
ey.H}SS5, Piw* UAS-FLP1.D}JD2 overexpress Endo in the eyes
(Endo O/E). Similar crosses were set to obtain flies that overexpress
Endo and are mutant for synj? in their eyes.

Phototaxis Assays

Phototaxis assays (Benzer, 1967) were performed as described in
the Supplemental Data (http://www.neuron.org/cgi/content/full/40/
4/733/DC1). Some mutants isolated in our screen were blind or
partially blind when tested during screening but are not blind several
generations later. We surmise that this discrepancy is due to genetic
load resulting from EMS treatment, resulting in impaired sight and
decreased ability to phototax. However, several generations later,
unlinked lesions segregate randomly, resulting in improved sight
and normal phototaxis.

Molecular Biology and Biochemistry
synj’ and synj? alleles were sequenced in trans over an isogenized
chromosome using standard techniques. synj? was also sequenced
over Df(2R)R1-8. UAS-endo and GST-synjPRD were generated, and
GST-synjPRD and GST-Dap160 SH3 were expressed as outlined in
the Supplemental Data (http://www.neuron.org/cgi/content/full/40/
4/733/DC1). Rabbit antibodies against GST-SynjPRD (pAb3072)
were raised at Alpha Diagnostics (San Antonio, TX) and purified as
described (Roos and Kelly, 1998).

Details on IP experiments, GST-pull-down assays, and prepara-
tion of SV and cytosolic fractions (Schulze et al., 1995) are described
in the Supplemental Data.

Antibody dilutions used on Western blots: anti-Synj, 1:5000;
guinea pig anti-Endo (GP69), 1:5000; Rat anti-Endo (R44), 1:7500
(Verstreken et al., 2002); anti-Dap160 (pAb1704), 1:10,000 (Roos and
Kelly, 1998); anti-Dyn (pAb2074), 1:5000 (Roos and Kelly, 1998);
anti-Syb (R29), 1:5000 (Wu et al., 1999); anti-CSP (mAb 49), 1:1000
(Zinsmaier et al., 1994); anti-ROP (4F8), 1:10,000 (Wu et al., 1999);
anti-Syx (8C6), 1:2000 (Schulze et al., 1995); secondary HRP-conju-
gated antibodies, 1:5000.

Immunocytochemistry

Larvae and adult brains were fixed in 3.5% formaldehyde (FA) for
20 min and washed in 0.1% Tween-20 (larvae) or 0.4% Triton X-100
(brains). For GIuRIIA labeling, larvae were fixed in 50% picric acid,
2.5% FA in PBS for 15 min and washed in 0.4% Triton X 100. To
deplete vesicles, shi*’ larvae were dissected and incubated at 35°C
for 20 min in HL3 with 60 mM KCI and fixed at 35°C. Antibody
dilutions used: Synj (pAb3072), 1:200; Endo (GP69), 1:200; 24B10,
1:50 (Van Vactor et al., 1988); CSP, 1:50; DVAP-33A, 1:200 (Pennetta
et al., 2002); Dap160 (pAb1704), 1:200; Dynamin (mAb clone 41),
1:50 (BD Transduction Labs); GIuRIIA, 1:50 (Petersen et al., 1997).
Secondary antibodies conjugated to Cy3, Cy5, or Alexa 488 (Jack-
son Immunolabs, Molecular Probes) were used at 1:250. Images
were captured with a Zeiss 510 confocal microscope and processed
with Amira 2.2 and Adobe Photoshop 7.0.

Electrophysiology and FM1-43 Dye Uptake

ERGs were recorded as described in the Supplemental Data (http://
www.neuron.org/cgi/content/full/40/4/733/DC1) (Fabian-Fine et al.,
2003; Heisenberg, 1971).

Third instar larval muscle recordings were performed as described
in Supplemental Data (Verstreken et al., 2002). Larvae were dis-
sected and recordings were performed in modified HL3 (in mM):
NaCl (110), KClI (5), NaHCO; (10), HEPES (5), sucrose (30), trehalose
(5), CaCl, (5), and MgCl, (20) (pH 7.2).

FM1-43 dye uptake was performed as described (Verstreken et
al., 2002). Dye uptake was monitored with a BioRad confocal micro-
scope. Equidistant confocal slices were scanned and the average
pixel intensity in the entire 3D bouton was determined using the
segmentation editor in Amira 2.2. Background in the muscle was
subtracted from bouton labeling. Data was normalized to the aver-
age labeling intensity in controls.

Transmission Electron Microscopy (TEM)

TEM preparation of adult eye laminae were performed as described
(Fabian-Fine et al., 2003). 1-day-old flies were dissected and fixed
at 4°C in 2% para-FA; 2% glutaraldehyde; 0.1 M Na-cacodylate;
0.005% CaCl, (pH 7.2) and postfixed in 2% OsO,. 50 nm thin sections
were stained in 4% uranyl acetate and 2.5% lead nitrate. Synaptic
features of laminae were scored double-blind by several observers.
Larvae were dissected in fixative, prepared for TEM, and quantified
as described (Verstreken et al., 2002). Throughout the paper, two-
tailed Student’s t tests were used to compare data.
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Note Added in Proof

Schuske et al. (this issue of Neuron) isolated C. elegans endophilin
mutants and investigated the in vivo interaction between endophilin
and synaptojanin. They found independently that a major role for
endophilin is to serve as an adaptor for Synaptojanin, stabilizing its
expression at the synapse, thereby promoting vesicle uncoating.
For further reading, see Schuske, K.R., Richmond, J.E., Matthies,
D.S., Davis, W.S., Runz, S., Rube, D.A., van der Bliek, A.M., and
Jorgensen, E.M. (2003). Endophilin is required for synaptic vesicle
endocytosis by localizing synaptojanin. Neuron 40, 749-762.



