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The SM proteins Vps33A and Vps33B are believed to act in membrane fusions in endosomal pathways, but their specific
roles are controversial. In Drosophila, Vps33A is the product of the carnation (car) gene. We generated a null allele of car
to test its requirement for trafficking to different organelles. Complete loss of car function is lethal during larval
development. Eye-specific loss of Car causes late, light-independent degeneration of photoreceptor cells. Earlier in these
cells, two distinct phenotypes were detected. In young adults, autophagosomes amassed indicating that their fusion with
lysosomes requires Car. In eye discs, endocytosed receptors and ligands accumulate in Rab7-positive prelysosomal
compartments. The requirement of Car for late endosome-to-lysosome fusion in imaginal discs is specific as early
endosomes are unaffected. Furthermore, lysosomal delivery is not restored by expression of dVps33B. This specificity
reflects the distinct pattern of binding to different Syntaxins in vitro: dVps33B predominantly binds the early endosomal
Avl and Car to dSyntaxinl6. Consistent with a role in Car-mediated fusion, dSyntaxin16 is not restricted to Golgi

membranes but also present on lysosomes.

INTRODUCTION

Membrane fusion events are necessary for cargo to move
between distinct endocytic compartments. The specificity of
these fusion events is controlled by multiple elements. First,
tethering factors force membranes into sustained proximity
before fusion is initiated (Whyte and Munro, 2002; Cai et al.,
2007). A second contribution to the specificity of fusion
comes from the restricted combinations in which N-ethyl-
maleimide-sensitive factor attachment protein receptors
(SNAREs) combine preceding fusion (McNew ef al., 2000;
Jahn and Scheller, 2006; Bethani et al., 2007). A third element
of specificity is provided by the family of Secl/Muncl8-
related SM proteins, which were first identified based on
genetic screens in Drosophila, Caenorhabditis elegans, and
yeast (Beadle and Ephrussi, 1936; Brenner, 1974; Novick and
Schekman, 1979). The interactions of SM proteins with
SNAREs are complex (Carpp et al., 2006) but seem to be
required for all SNARE-mediated fusion events (Jahn et al.,
2003; Toonen and Verhage, 2003).

SM proteins add specificity and efficiency to membrane
docking and fusion events by directly interacting with indi-
vidual SNARE proteins and also with assembled SNARE
complexes (Rizo and Sudhof, 2002; Hong, 2005; Dulubova et
al., 2007; Shen et al., 2007). For example, yeast Vps33 is
required for early endosomal fusion events (Peterson and
Emr, 2001; Subramanian et al., 2004) and also for fusions of
vacuolar membranes with late endosomes, other vacuoles,
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or autophagosomes (Banta ef al., 1990; Seals et al., 2000;
Klionsky, 2005). During such fusion reactions, Vps33 partic-
ipates in two distinct steps: early in the tethering of vesicles
to the target membrane and later in the SNARE-mediated
fusion (Wang et al., 2003).

Like other SM proteins (Dulubova et al., 2002, 2007; Carpp
et al., 2006, Latham et al., 2006), Vps33 interacts with
SNAREs: Pepl2 during early endosomal fusion (Subrah-
manyam ef al., 2003) and Vam3 (Sato ef al., 2000) or Vam7
(Stroupe et al., 2006) during vacuolar fusions. These interac-
tions may be indirect, however, because Vps33 is part of two
protein complexes: the CORVET complex (short for class C
core vacuole/endosome tethering) during endosomal fu-
sions (Peplowska et al., 2007) and the HOPS complex (for
Homotypic Vacuolar Protein Sorting) during vacuolar fu-
sions (Seals ef al., 2000; Wurmser et al., 2000). Both of these
complexes share a core comprising the group C vacuolar
protein sorting (Vps) proteins Vpsll, Vpsl6, Vpsl8, and
Vps33 (Rieder and Emr, 1997). This core is modified by the
accessory subunits Vps3 and Vps8 in the CORVET complex
(Subramanian et al., 2004; Peplowska et al., 2007) or Vps39/
Vamé6 and Vps4l/Vam?2 in the HOPS complex (Seals et al.,
2000; Wurmser et al., 2000). Interactions among the core
Vps-C proteins are well conserved in vertebrates (Kim et al.,
2001; Richardson et al., 2004) and invertebrates (Sevrioukov
et al., 1999; Pulipparacharuvil ef al., 2005).

Metazoan genomes encode two Vps33 homologues (Pevs-
ner et al., 1996) and loss of function models have been
described for both in different species. Knockdown of
Vps33B in zebrafish results in underdeveloped bile ducts
(Matthews et al., 2005). Similarly, mutations in the human
ups33B gene cause defects in motor units, kidney epithelia,
and bile secretion (Gissen et al., 2004), a triad of symptoms
characteristic of arthrogryposis-renal dysfunction-cholesta-
sis syndrome (ARC). Strikingly, kidney and liver cells from
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ARC patients mislocalize some proteins normally restricted
to the apical surface (Gissen et al., 2004).

These phenotypes are distinct from those observed for
mutations in Vps33A in mice and flies. A point mutation in
the murine buff gene causes several defects typical for Her-
mansky-Pudlak syndrome, such as reduced pigmentation
and prolonged bleeding time due to defects in secretory
granules of platelets (Suzuki ef al., 2003). Similarly, in Dro-
sophila a single amino acid change in the Vps33A homologue
is responsible for the carnation' (car') eye color mutation
(Sevrioukov ef al., 1999). Eye pigmentation defects also ac-
company the functional loss of other homologues of HOPS
subunits, particularly deep orange (dor), the homologue of
ups18 (Shestopal et al., 1997); light, the homologue of vps41
(Warner et al., 1998); and dVps16A (Pulipparacharuvil ef al.,
2005). Beyond pigmentation, Drosophila HOPS complex sub-
units are also required for lysosomal delivery of different
cargoes and the fusion of lysosomes with autophagosomes
(Sevrioukov et al., 1999; Sriram et al., 2003; Pulipparacharuvil
et al., 2005; Lindmo et al., 2006).

To which extend the two Vps33 homologues contribute to
different fusion events in the endosomal/lysosomal system
(Figure 1A) is not well defined yet. Some studies pointed to
a role of Car/Vps33A as part of the HOPS complex in
lysosomal delivery and autophagosome fusion (Sriram et al.,
2003; Pulipparacharuvil et al., 2005; Simonsen ef al., 2007). By
contrast, other studies suggested that the role of Vps33A
homologues are restricted to the delivery of cargo to mela-
nosomes and lysosome-related organelles (LROs), whereas
Vps33B homologues function during endosomal and lyso-
somal fusions (Suzuki et al., 2003; Gissen et al., 2005). To
clarify the role of Vps33 homologues, we have generated a
null allele of car. Its analysis revealed that Car is required not
only for pigmentation but also for the delivery of different
cargoes to lysosomes and for the normal subcellular distri-
bution of Rab7-positive late endosomes.

MATERIALS AND METHODS
Molecular Biology

For expression in S2 cells, plasmids encoding epitope-tagged versions of
full-length Car and dVps33B under control of the metallothionein promoter
have been described previously (Pulipparacharuvil ef al., 2005). Similar ex-
pression constructs were prepared for the Syntaxins Avl, dSyntaxin8, dSyn-
taxin13, and dSyntaxin16 by using polymerase chain reaction (PCR), but each
of their respective transmembrane domains were replaced with the BN tag
(amino acids 59-77 of the Boss protein: TSPTKKSAPLRITKPQPTS). Antibod-
ies specifically recognizing this epitope have been described previously
(Kramer et al., 1991). S2 cells were transfected and 24 h later addition of 0.7
mM Cu,S0,-induced expression (Bunch et al., 1988). Sixteen to 24 h after
induction, S2 cells were lysed in a buffer containing 10 mM HEPES/KOH, pH
7.4, 143 mM KCl, 5 mM MgCl,, Complete EDTA-free protease inhibitor mix
(Roche Applied Science, Indianapolis, IN), 1 mM dithiothreitol, and 1% Triton
X-100. Lysates were spun at 20,000 X g for 20 min, and the cleared superna-
tant was used for immunoprecipitation assays as described previously (Pu-
lipparacharuvil ef al., 2005).

Fly Work

Transgenic flies were generated with pUASt vectors (Brand and Perrimon,
1993) containing cDNAs encoding Car (Sevrioukov et al., 1999), a Myc-tagged
dVps33B or green fluorescent protein (GFP)-lysosomal-associated membrane
protein (Lamp) 1 (Pulipparacharuvil et al., 2005). Expression of these con-
structs was driven by PIJGMR-Gal4] (Hay et al., 1994), Pley-Gal4] (Hazelett et
al., 1998), or P[da-gal4] (Wodarz et al., 1995), or it was under control of the
MARCM system (Lee and Luo, 2001) as indicated. The respective fly lines
were obtained from the Bloomington Stock Center (Department of Biology,
Indiana University, Bloomington, IN). Lines expressing Rab5-cyan fluorescent
protein (CFP), Rab7-yellow fluorescent protein (YFP), or Rab11-YFP at low
levels under control of the tubulin promoter (Marois et al., 2006) were a
generous gift by S. Eaton (MPI, Dresden, Germany). A ubiquitously expressed
marker for lysosomes was generated by expressing GFP-LAMP1 (Pulippara-
charuvil et al., 2005) under control of the tubulin promoter. A 4.4-kb genomic

1706

Ub C 146 118
Rab5 /Avi car® do:"‘ W Blot:
— e AT
Hook -— —— Dor
L el bt Mt s \Ips16A
S e s Tubulin
B PlacWjeosT
- 3
UTR
«—grips /I “%m—
cars# E 3 cari4®
—_—
E ca,.e.as - 3ca'£\163

genomic rescue transgene

Figure 1. Car is an essential gene. (A) Cartoon shows endocytic
intermediates and the markers used in this study for their detec-
tion. (B) Diagram of the car genomic region. Imprecise excision of
the P-element P[lacW]<%#4” in the 5’ UTR of the car yielded the
indicated deletions. Molecular analysis revealed that car14® re-
moved almost the entire car coding unit without extending into
the grip84 gene. The car*'*® deletion was used for further studies.
Lethality of the car®'® chromosome was rescued by the indicated
genomic rescue construct. (C) Western blot of lysates (20 ug of
protein) from car*'46, dor® and w'''® second instars were probed
with antibodies against Car, Dor, dVps16A, or a-tubulin as control.
(D-G) Micrographs of adult eyes reveal reduced pigmentation of
clones of carA14® (E) or dor® (F) homozygous mutant cells compared
with Oregon R (D) or '8 (G) control eyes. Genotypes: car®14°, dor?,
and w!'?% (C), Oregon R (D), w* car?14® FRTA/w™ FRT'*4; hsFLP
(E), w* dor® FRTA/w™ FRT'4; hsFLP (F), w8 (G).

fragment containing the car genomic region was generated using the primers
ccgctcg AGCGCTGAAAGGCTAGTGGAAC and cggaattcACTTTTGTTTGGAA-
TGCTTTCCGTTT and inserted into the Xbal and EcoRI sites of the pCasper4
vector for establishment of transgenic lines.

For generation of the car null allele, we started with the car447 allele in which
a P element (EPgy2) is inserted ~150 base pairs upstream of the Car start codon
(Peter et al., 2002). This P element was mobilized using standard procedures.
The resulting precise excisions were wild type. Imprecise excisions were
initially detected by noncomplementation of car!, and subsequently the extent
of the deletion was determined using PCR followed by sequencing. For
Western blots of car14¢ and dor® lysates, hemizygous larvae were recognized
by the absence of the GFP-tagged FM7 balancer (Casso et al., 2000).

To test for genetic interactions between car and dSyx16, we used the
deficiency Df(1)Exel6254, which eliminates dSyx16 but did not exhibit genetic
interactions with +/car! flies. Similarly, a dSyx16-RNA interference (RNAi)
transgene from the Vienna stock center failed to interact with car!.

Histology and Microscopy

Imaginal discs were stained with antibodies against Dor (DorY81, 1:100), Avl
(dSyx7-44, 1:1000), and dVps16A (vps16-67, 1:1000) or the Myc epitope (9E10,
1:500) as described previously (Pulipparacharuvil et al., 2005). Other antibod-
ies used were against Car (Car-1454, 1:1000; Sevrioukov et al., 1999), Boss
(rabbit NN1, 1:2000; aboss1, 1:500; Kramer ef al., 1991), Hook (1:500; Kramer
and Phistry, 1996), Delta (GP581, 1:1000; mAb202, 1:50; Parks et al., 1995), Hrs
(N-term, 1:300; Lloyd et al., 2002), gp150 (1:75; Li et al., 2003), Notch
(mAbC17.9C6, 1:50; Fehon et al., 1990); Elav (9F8A9, 1:100; O'Neill et al., 1994),
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dSyntaxin16 (1:100; Xu et al., 2002), y-tubulin (GTU-88, 1:100; Sigma-Aldrich,
St. Louis, MO), GFP (1:1000; Invitrogen, Carlsbad, CA), Golgi protein
(7H6D7C2 1:200; EMD Biosciences, San Diego, CA), intermediate chain of
cytoplasmic dynein (IC74 1:100; Covance Research Products, Princeton, NJ).
Localization of key markers is indicated in Figure 1A.

Live internalization assays were performed as described by Le Borgne and
Schweisguth (2003). In brief, freshly retrieved eye discs were incubated in
Schneider’s medium containing antibodies against the extracellular domain of
Delta (mAb202) for 20 min at 4°C. Subsequently, after three brief washes and
the indicated chase time, discs were fixed, permeabilized, and the location of
internalized antibodies was compared with that of total Delta (GP581).

Secondary antibodies conjugated to the indicated Alexa dyes were detected
using 63 X numerical aperture (NA) 1.4 or 40X NA 1.3 lenses on an LSM510
Meta confocal microscope (Carl Zeiss, Thornwood, NY). Its Meta detector
allowed for the spectral separation of CFP, enhanced (e)GFP, and YFP. All
digital images were imported into Photoshop (Adobe Systems, Mountain
View, CA) and adjusted for gain and contrast. For light and electron micros-
copy of compound eyes, adult heads were fixed, embedded in plastic, and
sectioned as described previously (Van Vactor et al., 1991).

For quantification of Syntaxin16 localization imaginal discs expressing the
indicated GFP-tagged transgenes were double-stained with anti-dSyx16 an-
tibodies and anti-GFP antibodies. Individual image were captured by confo-
cal microscopy. dSyx16-positive structures were counted as double positive if
there was some overlap between GFP and dSyx16 staining, even if the centers
of two stainings were offset.

RESULTS

Car Is an Essential Gene

To generate a null allele of car, we imprecisely excised the
P(lacW)S%447 transposon inserted in its 5" untranslated re-
gion (UTR). Among four mapped deletions, three extended
into the neighboring gene grip84. One deletion, car®'4, elim-
inated almost the entire car coding unit (amino acids [aa]
1-584 of 617 aa) without disrupting neighboring genes (Fig-
ure 1B). Western blotting confirmed the loss of Car expres-
sion in the car®14¢ allele (Figure 1C). Based on this molecular
analysis, we consider car*'4® a null allele.

The car?14¢ allele was hemizygous lethal; such larvae did
not develop beyond the second instar, although car214¢ sec-
ond instars could survive up to 6 d from the day of egg
laying. Lethality caused by the car®!4¢ mutation was com-
pletely rescued by a transgene containing the genomic re-
gion of car (Figure 1B) or by a car cDNA under control of the
ubiquitously expressed da-Gal4 driver (Wodarz et al., 1995).
These results confirmed that the lethality of the car*14¢ chro-
mosome is due to the loss of car function.

Eyes in which subsets of cells lacked car function were gen-
erated using the FLP/FRT system (Xu and Rubin, 1993).
Patches of homozygous carA'#® mutant cells in adult eyes
lacked almost all pigmentation (Figure 1E) similar to cells
carrying the strong dor® allele (Figure 1F). This result is con-
sistent with the car! mutant phenotype and the requirement
of the HOPS complex in trafficking to pigment granules
during eye development (Warner et al., 1998; Sevrioukov et
al., 1999; Pulipparacharuvil et al., 2005).

Loss of Function Causes Late Degeneration

Mosaic eyes containing car*'#® mutant and wild-type cells
revealed additional functions of Car (Figure 2). In sections of
eye from 2-d-old flies, patches of mutant cells were identi-
fied by their lack of pigmentation. In mutant ommatidia (red
arrowhead in Figure 2A), all photoreceptors cells were
present and arranged in their normal trapezoidal configura-
tion. Because ommatidial development requires repeated
cell-cell communication mediated by several signaling
pathways, including Hedgehog, Notch, and receptor ty-
rosine kinase signaling (reviewed in Nagaraj and Banerjee,
2004; Silver and Rebay, 2005), our data indicate that car
function is not strictly required for those signaling pathways
in the developing eye.
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Figure 2. Loss of car causes late degeneration. (A) Micrograph of
a section of a 2-d-old adult eye containing car*14® mutant cells
identified by the loss of pigmentation. The trapezoidal arrangement
of rhabdomeres characteristic for wild-type ommatidia (white ar-
rowhead) is not altered in the car*'*°ommatidia (red arrowhead).
Rhabdomeres of mutant cells are smaller. This phenotype is cell
autonomous as in mixed ommatidia car* photoreceptor cells (rec-
ognized by their normal pigmentation, orange arrows) also have
normal rhabdomere size but do not rescue neighboring car®14¢ cells
(identified by their lack of pigmentation in a w* background. (B) An
electron micrograph of a 2-d-old car*'%® ommatidium reveals the
accumulation of vacuoles in the mutant photoreceptor cells, which
nevertheless display well-organized rhabdomeres. The inset shows
two examples in which the double membranes typical for autopha-
gosomes are resolved. (C) Electron micrograph of a 20-d-old com-
pound eye. A car*'4® ommatidium (red arrowhead) shows massive
degeneration. (D) A micrograph depicts the eye of a fly raised for
20 d in the dark. Mutant ommatidia are degenerated (red arrow-
head). (E-H) Wings from wild-type flies (E) or flies carrying car®14°
clones. Wing clones are not marked, but the majority of flies exhib-
iting car®' clones in the eye contained brown blemishes on the
wings after just 2 to 5 d (arrows in F and G). Later, most of those
wings became frail and damaged (H). Genotypes: w™ cart!4°
FRT™A/w™ FRT'4; hsFLP (A-D and F-H) Oregon R (E).

Closer inspection revealed that rhabdomeres, although
correctly positioned, were smaller in car®4® photoreceptor
cells of young adult flies (Figure 2A). This phenotype is
cell-autonomous: rhabdomeres of individual car* cells
seemed normal (see arrows in Figure 2A), even when sur-
rounded by carA'4¢ cells. In addition, carA4® photoreceptors
had an extensive accumulation of vacuoles (Figure 2B). For
many of these vacuoles, electron micrographs could resolve
the double membranes typical for autophagosomes (see in-
set in Figure 2B for two examples). These data suggest that,
similar to other HOPS subunits in Drosophila (Pulipparacha-
ruvil et al.,, 2005; Lindmo et al., 2006) or yeast (Klionsky,
2005), Car is required for the fusion between lysosomes and
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autophagosomes, and these normally transient structures
accumulate in car null cells.

Defects in autophagy have been linked to neurodegenera-
tion (Cuervo, 2006; Rubinsztein, 2006); therefore, we wanted
to investigate the long-term consequences of loss of car
function. In young flies, retinal cells were fully formed but
20-d-old flies exhibited extensive degeneration rendering
most cellular structures, including rhabdomeres, barely rec-
ognizable (arrowhead in Figure 2C). Several forms of retinal
degeneration are dependent on the activation of the photo-
transduction cascade (Wang and Montell, 2007). We there-
fore investigated eyes of flies that were raised for 20 d in the
dark. In such dark-raised flies, car®14® cells, nevertheless,
exhibited massive degeneration (Figure 2D). Therefore, ret-
inal degeneration in car null eyes was not light dependent.

Consistent with a mechanism independent of the photo-
transduction cascade, degeneration was not restricted to the
eye but was also apparent in wings of flies with car2146
clones. In young flies (2 d after eclosion), the first sign of this
degeneration was a darkening of different wing areas (ar-
rows in Figure 2, F and G). In older flies, the wings started
to become frayed and ended up notched (Figure 2H). It is
important to note that this age-dependent degeneration is
mechanistically distinct from the “notched wing” pheno-
types observed in mutants with partially inactivated Notch
signaling which exhibit morphogenetic defects early during
larval stages (Major and Irvine, 2005). Instead, this late phe-
notype is reminiscent of the wing blemishes observed in cell
death mutants that interfere with posteclosion elimination of
wing cells by the concerted activity of apoptosis and auto-
phagy (Kimura et al., 2004; Link et al., 2007).

Car Is Required for Endocytic Trafficking to Lysosomes

To analyze whether car is required for endocytic trafficking
we investigated several ligands and receptors in car®14¢ cells
in third instars. The Boss protein is expressed on the apical
surface of developing R8 photoreceptors cells and its bind-
ing to the Sevenless receptor triggers Boss internalization
into R7 precursor cells where it is degraded in <2 h (Krdamer
et al., 1991). In car**4® ommatidia, Boss is still targeted to the
apical domain of R8 cells. However, internalized Boss accu-
mulates in car2146 R7 cells beyond normal levels (Figure 3A).
This suggested a defect in endocytic trafficking of Boss.

This defect is not specific for Boss, as several other ligands
and receptors exhibited similar accumulation. For example,
Delta accumulated in carA4¢ cells (Figure 3, A and B). Fur-
thermore, intracellular levels of Notch were elevated in
patches of car214¢ cells (Figure 3C), whereas the level of
Notch on the apical cell surface was not altered (arrows in
Figure 3, C and C’). To test whether this effect is restricted to
transmembrane proteins, we analyzed the distribution of
Wingless (Wg) in wing discs with patches of car®14¢ cells and
found that this secreted ligand also accumulated in mutant
cells (Figure 3E).

Among different ligands and receptors tested, the accumu-
lation was most striking for Delta; therefore, we focused on the
intensely stained Delta-positive compartments in car®14¢ cells
to further characterize the requirement for Car. First, we
tested whether Delta accumulates within the secretory
system. However, there was no significant overlap be-
tween the Golgi protein Lava lamp and Delta-positive
compartments in car14¢ cells (Figure 3F). This result,
together with the normal delivery of Boss and Notch to
the apical surface (Figure 3, A and C), pointed to Delta
accumulating in endosomal compartments. To directly
test this possibility, we incubated live discs with antibod-
ies against the extracellular domain of Delta (Le Borgne
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Figure 3. Car is required for normal trafficking of endocytosed
proteins. In micrographs of parallel (A-C, E-K) or Z-sections (C’, D,
H, and I') the absence of the nuclear GFP marker (A, C-K) or Car
staining (B) identified clones of car*14® mutant cells in otherwise
wild-type eye discs or wing discs (E). In car®14¢ cells, Boss and Delta
(A), Delta (B), Notch (C), and Wg (E) accumulated. The inset in B
shows the Delta channel only to visualize the comparably low level
of Delta in wild-type cells (arrow). Levels of apical cell surface
Notch protein (arrows in C and C’) were not altered despite the
intracellular accumulation. (D) Antibodies against the extracellular
domain of Delta (D***?) were internalized by live eye discs for the
indicated time. Subsequently, discs were fixed, permeabilized and
the location of internalized antibodies was compared with that of
total Delta (D''!). The arrowhead points to examples of antibodies
internalized into the large Delta-positive compartments in card146
clones. (F) Delta-positive compartments in car*14¢ clones were neg-
ative for the Golgi marker Lvl. (G) Upd was not up-regulated in
car®14® clones. Large Delta-positive compartments in car®14¢ clones
(arrowheads in H-J) were negative for the endosomal markers Avl
(H), Hook (I), and Hrs (J), but in wild-type and car*14® mutant cells
small apical Delta-positive vesicles were positive for these endoso-
mal markers (arrows in H, H”, and J'). (K) The late endosomal
protein gpl50 colocalizes with Boss proteins endocytosed into
car®® mutant R7 cells (arrow). (L) Delta-positive compartments
were labeled by GFP-LAMP1, which accumulated in car®¢ cells.
Genotypes: w'™® cart146 FRTA/w!8 Plw™*,ubi>nGFP] FRT'"4;
hsFLP (A-K).

and Schweisguth, 2003). After a chase of 30 or 60 min, the
extracellularly added antibodies were detected in the
Delta-positive compartments in car2!4® cells, identifying
them as part of the endocytic systems (Figure 3D and
Supplemental Figure S1).

Defects in several other endocytic trafficking mutants in-
terfere with normal cell signaling (Seto et al., 2002). For
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Figure 4. Loss of car function causes the accumulation of cargo in
displaced Rab7-positive late endosomes. The absence of a nuclear
GFP marker (green in A-D, F, and G) or Car staining (E) identified
car®146 cells in otherwise wild-type wing discs (A, B, F, and G) or eye
discs (C-E). (A and B) Z-sections of imaginal discs taken at a slight
angle revealed that in car*14® mutant cells, Delta accumulated in
YFP-Rab7-positive late endosomes, which were highly enriched just
below the apical surface (arrows in A and B). The inset in A shows
the accumulation of LysoTracker (red) in acidified endosomes of
car®® mutant cells (marked by absence the nuclear GFP). Higher
magnification of CFP-Rab5, Delta and YFP-Rab7 depict Delta in
Rab5-positive early endosomes in wild-type cells (B") but accumu-
lated in Rab7-positive late endosomes in car®4® mutant cells (B").
(C) YFP-Rab7-positive late endosomes are enriched close to centro-
somes marked by y-tubulin and are labeled by IC74 (D), which
recognizes the dynein IC (D’ is a Z-section). (E) In wild-type cells
(+/-), Car and Dor colocalize (examples labeled by arrowheads)
and are found on some vesicles containing Delta (arrows). How-
ever, in car®14¢ cells Dor is not reduced but does not label the large
Delta-positive vesicles. (F) In car*14® cells (—/—) with apical en-
riched YFP-Rab7 endosomes, apical dVps16A is reduced. (G) Dor
and dVpsl6A colocalize in wild-type cells (arrowheads), but in
car?146 cells (—/—) dVpsl6A is reduced, whereas Dor seems en-
hanced. Genotypes: w''® cardl4e FRT9A/w!18 Plw*,ubi>nGFP]
FRT'A; hsFLP; P[w* tub>YFP-Rab7] (A, C, D, and F); w'''8 carr14e
FRT™4 /w18 Plw™,ubi>nGFP] FRT'4; hsFLP; P[w* tub>YFP-
Rab7] P[w* tub>CFP-Rab5] (B) w'!'® carA146 FRTA /w!!18 FRT'94;
hsFLP (E) w!''8 carA'46 FRTA/w!!!8 Plw*,ubi>nGFP] FRTY4;
hsFLP (G).

example, in cells mutant for erupted or dVps25 Notch signal-
ing is activated and triggers the expression of Upd (Moberg
et al., 2005; Thompson et al., 2005; Vaccari and Bilder, 2005;
Herz et al., 2006). Unlike those mutants, car®'4¢ cells do not
up-regulate Upd (Figure 3, G and G'), consistent with the
normal formation of car4® ommatidia (Figure 2).

To further address the identity of the car®4°-induced Del-
ta-positive compartments, we compared their distribution to
a set of endocytic marker proteins. Avl, Hrs, and Rab5 are
present on early endosomes (Lloyd et al., 2002; Wucherpfen-
nig et al., 2003; Lu and Bilder, 2005). These markers colocal-
ized with Delta in apical early endosomes of wild-type and
carAt46 cells (arrows in Figure 3, H and J'), but the majority
of the intensely stained Delta-positive compartments in
car®14® were negative for early endosomal markers (arrow-
heads in Figure 3, H, H", and J”; also see Figure 4B). Simi-
larly, Delta-positive compartments in car®4® cells did not
significantly colocalize with Hook (Figure 3I) or Rab11 (data
not shown), a marker for recycling endosomes.
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Significant labeling of Delta-positive compartments in
car®14¢ was observed with the late endosomal markers Rab7-
YFP (Figure 4, A and B). Consistent with an accumulation in
late endosomes, Gp150 a late endosomal protein implicated
in Notch signaling (Li et al., 2003) colocalized with Boss
endocytosed into carA14® R7 cells (Figure 3K). Furthermore,
the Delta-positive compartments were marked by GFP-
LAMP1 (Figure 3L), which accumulated in car214¢ cells as
reported previously for loss of dVps16A (Pulipparacharuvil
et al., 2005). Together, these data demonstrate that, in the
absence of car function, endocytosed ligands pass through
early endosomes and accumulate in a Rab7-positive late
endocytic compartment.

Late Endosomes Cluster in the Absence of Car

In wild-type imaginal disk cells, Rab5-CFP is present in
early endosomes just below the apical surface, whereas
Rab7-YFP is distributed throughout cells (Figure 4B; Marois
et al., 2006). By contrast, in car*'4¢ cells Rab7-YFP is highly
enriched in acidified Delta-positive compartments close to
the subapical early endosomes marked by Rab5-CFP (Figure
4, A and B). Nevertheless, these clustered Rab7-positive late
endosomes were not enriched in Rab5 (see arrowheads in
Figure 4B"). Rab7-positive endosomes clustered close to the
apically localized y-tubulin (Figure 4C), reminiscent of the
pericentriolar accumulation of late endosomes and lyso-
somes after overexpression of mVps18, mVps33B, or hVps39
(Caplan et al., 2001; Poupon et al., 2003; Gissen et al., 2005).

We therefore wondered whether the accumulation of
Rab7-positive endosomes correlated with an increased re-
cruitment of subunits of the HOPS complex. In wild-type
cells, Dor is detected in a punctate pattern, partially colocal-
izing with Car (e.g., arrowheads in Figure 4E) and a subset
of these punctae are positive for Delta, indicating they rep-
resent endosomes (arrows in Figure 4E). In car®14° cells, Dor
was still present in a punctate pattern and, at levels just
below the apical surface, Dor seemed slightly enriched in
car®14¢ cells (Figure 4, G and G').

The opposite was the case for dVps16A, which directly
binds to Car (Pulipparacharuvil et al., 2005). In wild-type
cells, dVps16A was apically enriched (Figure 4F) and colo-
calized with Dor (arrowheads in Figure 4G). By contrast,
staining for dVps16A was markedly reduced in car214¢ cells,
despite the accumulation of Rab7-positive vesicles (Figure
4F). The differential response of Dor and dVps16A to the loss
of Car protein was most obvious in their direct comparison,
where car2146 cells exhibited reduced dVpsl6A staining
while simultaneously enhanced Dor staining was apparent
in optical sections just below the apical surface (Figure 4G).
These results are consistent with the idea that a direct inter-
action with Car is critical for the recruitment of dVps16A but
not Dor to endosomes.

An alternative mechanism for the clustering of late
endosomes was suggested by observations in mammalian
cells where Rab7-GTP can recruit the Dynein/Dynactin
receptors RILP and ORPIL to late endosomes, thus trig-
gering their movement toward the minus ends of microtu-
bules at centrosomes (Jordens et al., 2001; Johansson et al.,
2007). Consistent with this possibility, we found dynein light
chain present at Rab7-positive endosomes in car214¢ cells
(Figure 4, D and D’).

Car binds to dSyntaxin 16

A key function of SM proteins like Car is their binding to
syntaxins (Rizo and Sudhof, 2002; Jahn and Scheller, 2006).
To test different Drosophila homologues of syntaxins that act
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Figure 5. Car binds to dSyntaxin16. Car (A and B) or dVps33B (C)
were coexpressed in S2 cells with the indicated Syntaxins carrying a
C-terminal BN epitope-tag replacing the transmembrane domain or
an N-terminal HA-tag in (B). Expression levels were detected on
blots of input samples by using the indicated antibodies. Protein
complexes were immunoprecipitated with anti-Car (A), anti-Myc
(B), or anti-dVps33B (C) antibodies or preimmunsera when indi-
cated. Coimmunoprecipitated syntaxins were detected using the
anti-BN antibodies (A and C) or anti-dSyntaxinl6 (B). Note that
dSyntaxin?7 is synonymous with Avl.

in endosomal pathways (Hong, 2005) for possible interac-
tions with Car, we used coimmunoprecipitation experi-
ments. Car, or its closest homologue dVps33B, was coex-
pressed in S2 cells together with different syntaxins in which
the C-terminal transmembrane domain had been replaced
by an epitope tag. Coimmunoprecipitation using anti-Car
antibodies, but not preimmune sera, specifically pulled
down dSyntaxin16 (Figure 5A).

It is interesting to note that this interaction was not ob-
served when N-terminally tagged Syntaxins were used for
pull-down (Figure 5B). This suggests that the binding of Car
to dSyntaxinl6 involves the N-terminal region of dSyn-
taxin16, similar to interactions between other Syntaxins and
SM proteins (Dulubova et al., 2002; Hu et al., 2007).

Binding of Car to dSyntaxinl6 was surprising, because it
had been localized previously to the Golgi complex (Xu et
al., 2002). However, only a subset of dSyntaxin16 colocalized
with Golgi markers in salivary glands (Xu et al., 2002) or eye
discs (Figure 6A). The remaining Syx16 was mostly present
on lysosomes as 71% of LAMP-GFP overlapped with Syx16-
positive structures (Figure 6, B and G; 71 * 13%, n = 494 in
8 imaginal discs). Late endosomes marked by YFP-Rab7
exhibited less overlap (Figure 6, C and G; 45 = 11%, n = 535
in 10 discs). By contrast, overlap with the early endosome
marker CFP-Rab5 was minimal (Figure 6, D and G; 19 = 5%,
n = 1179 in 7 discs). Further support for a role of dSyn-
taxinl6 in lysosomes came from its altered distribution in
car®14® cells; whereas in neighboring wild-type cells some
vesicles were double positive for YFP-Rab7 and dSyntaxin16
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Figure 6. dSyntaxinl6 is present in Golgi and lysosomes. Micro-
graphs of eye discs visualize dSyntaxin16 and markers for the Golgi
complex (A; 7H6D7C2), lysosomes (B; GFP-Lamp), late endosomes
(C; YFP-Rab?7), and early endosomes (D; CFP-Rab5). Although
dSyntaxin16 extensively colocalized with the Golgi marker (arrows
in A) a subset of dSyntaxinl6-positive punctae is negative for
7H6D7C2 staining (arrowheads in A). Some dSyntaxinl6-positive
punctae colocalized with GFP-Lamp (arrows in B’) or YFP-Rab7
(arrows in C') but rarely CFP-Rab5 (D). In car®4® mutant cells,
YFP-Rab7-positive late endosomes were enriched but negative for
dSyntaxin16 (E and F). Higher magnifications micrographs depict
the colocalization of YFP-Rab7 and dSyntxin16 in neighboring wild-
type cells (arrows in E’) but in car®14¢ cells the few strongly stained
dSyntaxinl6 punctae were negative for YFP-Rab7 (arrowheads in
E’). The Z-section depicted in F shows a car*14¢ clone. Between the
arrowheads apically accumulated YFP-Rab?7 is shown in green. (G)
Quantification of the fraction of Rab5-marked early endosomes,
Rab7-marked late endosomes or Lamp-marked lysosomes that were
also stained for endogenous dSyx16. Genotypes: OreR (A) w''®
[w* tub>GFP-LAMP] (B) w'''® [w™"tub>YFP-Rab7] (C) w!®
[w™*,tub>CFP-Rab5] (D) w'!'® carrl4e FRTA /w!!!® Plw™*,ubi>nGFP]
FRT'; hsFLP; P[w™ tub>YFP-Rab7] (E).

(arrows in Figure 6, E and E’), dSyntaxin16 did not localize
to the enlarged YFP-Rab7 positive late endosomes in car®14¢
cells (Figure 6E, white arrowheads; and F). These data sug-
gest that dSyntaxin16 may be present on lysosomes—rather
than YFP-Rab7 positive late endosomes—during the fusion
reaction and that it is likely to be delivered there by a route
distinct from Rab7-positive late endosomes.

Car and dVps33B Are Not Redundant

We also examined the binding of Car’s closest Drosophila
homologue dVps33B to endocytic syntaxins. After coexpres-
sion in S2 cells, dVps33B bound most strongly to Avl, a
syntaxin implicated in early endosomal fusions (Lu and
Bilder, 2005). A weaker interaction was also observed with
dSyntaxin16 but not dSyntaxin13 or dSyntaxin8 (Figure 5C).

Although binding of dVps33B to dSyntaxinl6 was weak
compared with Avl, it raised the possibility that dVps33B
might be able to partially substitute for Car. To explore this
possibility, we generated transgenic flies expressing
dVps33B under UAS control (Figure 7A). Overexpression of
this transgene under the control of several drivers (da-, act-,
or arm-Gal4) did not elicit phenotypic responses in wild-
type flies. Using the MARCM system (Lee and Luo, 2001),
we specifically expressed dVps33B in car®14¢ cells. Expres-
sion of dVps33B was not able to restore pigmentation in
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Figure 7. dVps33B cannot replace Car. (A) Western blots of lysates
from fly heads with the genotypes (1) car*'® FRT19A /tub-Gal80
FRT19A; tub-Gal4; UAS-Myc-dVps33B (2) UAS-Myc-dVps33B (3)
car®146 FRT19A /tub-Gal80 FRT19A; tub-Gal4 show the expression
of Myc-dVps33B in MARCM clones (Lee and Luo, 2001). (B) Micro-
graph of an adult eye expressing dVps33B by using the MARCM
technique, which did not restore pigmentation in car*14® mutant
cells. (C) Expression of dVps33B in a car*14® clone did not restore
normal trafficking of Delta in a third instar eye disk. (D) An electron
micrograph of a section of an adult eye shows that dVps33B expres-
sion did not prevent degeneration of cart'4® cells. Genotypes: w™
carA146 FRTYA /w18 Plw+ tubP>GALS80] hsFLP, FRT™; Plw+
tubP>Gal4]/ +; Plw+ UAS-Myc-dVps33B]/+ (B-D).

clones of car®14¢ cells in the adult eye (Figure 7B), or restore
normal trafficking of Delta to lysosomes in car214¢ cells in
imaginal discs (Figure 7C). Furthermore, the late degenera-
tion in patches of carA'4¢ cells in the eye was not prevented
by dVps33B expression (Figure 7D). Together, these results
argue against the possibility that dVps33B can act redun-
dantly with Car and usurp its function in the HOPS com-
plex. Thus, Car is the major SM protein necessary for traf-
ficking to pigment granules and is also required for
endosomal and autophagosomal cargo to reach lysosomes.

DISCUSSION

Car/Vps33A Is the Principle SM Protein Required for
Membrane Fusions of Lysosomes and LROs

Three SM proteins have been implicated in membrane fu-
sion events in the endocytic pathway: Vps45, Vps33B, and
Car/Vps33A. Our analysis of a car null allele indicates that
Car is the major SM protein required for the delivery of
endosomal content to lysosomes in Drosophila. Furthermore,
Car is required for the biogenesis of pigment granules, the
only lysosome-related organelle so far described in Drosoph-
ila (Lloyd et al., 1998). These requirements are consistent
with the presence of Car in a complex with other Vps-C
proteins, its binding to dVps16A (Sevrioukov et al., 1999;
Pulipparacharuvil et al., 2005), and the subtle trafficking
defects observed in the mild car! allele (Sriram et al., 2003).
Consistent with the observations of Sriram et al. (2003), our
data also point to distinct functions for different Vps-C pro-
teins, because endosomes in car mutant cells exhibit reduced
dVps16A but increased Dor levels. Whether Car contributes
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to the dissociation of Dor via catalyzing the fusion reaction
itself or by a distinct mechanism is not clear yet.

Car and Degeneration

One important consequence of loss of car function was the
degeneration of photoreceptor neurons (Figure 2). Neurode-
generation is a common consequence of lysosomal dysfunc-
tion, examples include different forms of neuronal ceroid
lipofuscinoses in humans (Haltia, 2003), loss of the major
lysosomal protease cathepsin D in mice (Shacka et al., 2007)
or mutations in the lysosomal sugar transporter Bench-
warmer/Spinster in Drosophila (Dermaut et al., 2005). Com-
pared with benchwarmer/spinster in which inclusions of ab-
normal late endosomes and lysosomes accumulate, the late
degeneration of car null cells is substantially more severe: in
20-d-old photoreceptors, cellular content was no longer rec-
ognizable (Figure 2).

The consequences of lysosomal dysfunction are likely to
be further enhanced by the loss of fusion with autopha-
gosomes. The HOPS complex is necessary for fusion of
autophagosomes with vacuoles in yeast (Klionsky, 2005),
and this function is conserved as loss-of-function pheno-
types of dor, dVps16A and car all include the accumulation of
autophagosomes (Figure 2; Pulipparacharuvil et al., 2005;
Lindmo et al., 2006) and further enhance such phenotypes in
the bluecheese mutant (Simonsen et al., 2007). Impaired auto-
phagy in itself can be sufficient to trigger neurodegeneration
as brain-specific knockouts of Atgb and Atg7 demonstrated
(Hara et al., 2006; Komatsu et al., 2006). Thus, the severity of
the car null degeneration phenotype is consistent with its
dual function in the fusion of lysosomes with late endo-
somes and autophagosomes.

Car Interacts with dSyntaxinl6

A general function of SM proteins is their binding to syn-
taxins (Hata et al., 1993). We were surprised to find that, in
vitro, Car binds to dSyntaxin16, which has previously been
described for its function in the Golgi complex (Xu et al.,
2002). Interestingly, those authors observed that only a sub-
set of Syntaxin16 localized to the Golgi complex, whereas a
smaller fraction was present at organelles not further char-
acterized. Our data identify a fraction of the dSyntaxinl6-
positive structures as lysosomes (Figure 6). Experiments
testing possible genetic interactions between car and dSyx16
are hampered by the lack of dSyx16 mutants or efficient
RNAI trangenes and the proximity of the two genes on the
x-chromosome. However, participation of dSyntaxinl6 in
two distinct fusion events in the secretory and the endoso-
mal pathway is not without precedent among SNARE pro-
teins; other examples include soluble N-ethylmaleimide-sen-
sitive factor attachment protein-25 (Aikawa et al., 2006) and
Synaptobrevin (Deak et al., 2004).

How dSyntaxinl6 is targeted to these different mem-
branes is not clear. During vacuolar fusion in yeast, Vps33
interacts with the syntaxin Vam3 (Dulubova et al., 2001)
which is delivered from the Golgi complex to the vacuole via
the adaptor protein-3 (AP-3)-dependent pathway (Cowles
et al., 1997). This may also be the case for the lysosomal
subset of dSyntaxinl6, because its absence from the Rab7-
positive compartment in car null cells (Figure 6) argues
against a delivery via the late endosomal route. Consistent
with an AP-3-dependent pathway to lysosomes is the ge-
netic interaction between garnet and car (Lloyd et al., 1998).
The garnet eye color mutant encodes the & subunit of the
AP-3 complex and the mild phenotypes observed in garnet
(Ooi et al., 1997; Simpson et al., 1997; Lloyd et al., 1999) and
mutations in other AP-3 subunits (Boehm and Bonifacino,
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2001) suggest that the AP-3 pathway to lysosomes can be
partially supplanted by the endosomal route. Such a salvage
pathway to lysosomes explained the subtle changes in hu-
man cells deficient for the B3A subunit (Dell’Angelica et al.,
1999). Reduced activity of this salvage pathway in the mild
car! allele thus could explain the genetic interaction between
the garnet and car mutants.

A Function of Car in Early Endosomes?

Vps33p, as part of the class C Vps complex, is also required
during fusion events with early endosome membranes in
yeast (Peterson and Emr, 2001; Subramanian et al., 2004). In
Drosophila, we found no evidence for such a role of Car. Our
data indicate that car null cells internalized ligands, which
moved through early endosomes marked by Avl, Hrs, and
Rab5 to eventually accumulate in a Rab7-positive late endo-
somal compartment (Figures 3 and 4).

The accumulation of ligands and receptors in car214¢ cells
is not accompanied by ectopic signaling. By contrast, inter-
ference with early endosome fusions by mutations in the
syntaxin Avl or the GTPase Rab5 result in severe develop-
mental defects due to the accumulation of the Notch recep-
tor and the apical determinant Crumbs (Lu and Bilder,
2005). Similarly, developmental defects result from the inac-
tivation of Drosophila homologues of class E vps genes
(Moberg et al., 2005; Sevrioukov et al., 2005; Thompson ef al.,
2005; Vaccari and Bilder, 2005; Herz et al., 2006). This subset
of vps genes, including vps23, vps25, and vps28, have been
implicated in the sorting of cargo into multivesicular bodies
(MVBs) in yeast and metazoa (Katzmann et al., 2002). Thus,
the absence of cell fate changes in car mutant cells despite
the dramatic accumulation of ligands and receptors argues
for a specific function of Car late in endocytic trafficking
after the signaling of receptors is terminated by their seques-
tration into MVBs.

A possible explanation for our finding that Car, unlike
yeast Vps33p, is dispensable for early endosomal fusions is
the presence of Vps33B, a second Vps33 homologue in meta-
zoa (Pevsner et al., 1996). A possible role of Vps33B in some
early endosomal fusions is consistent with its binding to the
early endosomal syntaxin Avl (labeled Syx7 in Figure 5). The
consequences of the loss of Vps33B function are, however,
not consistent with a complete loss of early endosomal fu-
sions (Gissen et al., 2004; Matthews ef al., 2005). This suggests
an additional role for either Vps45 (Cowles ef al., 1994; Piper
et al., 1994; Morrison et al., 2008) or Vps33A in early endo-
some fusion events.

Recent studies described efficient clustering of LROs, in-
cluding lysosomes and melanosomes close to the microtu-
bule-organizing center (MTOC) in response to the overex-
pression of mammalian homologues of HOPS subunits
(Caplan et al., 2001; Poupon et al., 2003; Gissen et al., 2005).
These observations were interpreted as a reflection of HOPS-
mediated tethering of LROs. Our findings suggest an alter-
native explanation for these results. In car null cells, we
observed similar clustering of Rab7-positive late endosomes
close to the microtubule-organizing center (Figure 4C). This
may be a consequence of misregulated Rab7 activity, be-
cause in yeast the HOPS complex directly binds to Ypt7 and
acts as its exchange factor (Seals et al., 2000; Wurmser et al.,
2000). Misregulation of Rab7 can induce the dynein-medi-
ated transport of late endosomes toward the MTOC (Jordens
et al., 2001; Johansson et al., 2007). Thus, the pericentrosomal
clustering of late endosomes/lysosomes after overexpres-
sion of HOPS subunits may not represent a HOPS gain-of-
function phenotype in tethering, but a loss-of-function phe-
notype, a common consequence when individual subunits
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of multiprotein complexes are overexpressed (Herskowitz,
1987).

A function in endosome maturation has recently been
proposed for HOPS-like complexes based on observations
that such complexes, including hVps16 and hVps18 catalyze
the exchange of Rab5 to Rab7 (Rink et al., 2005). Similarly in
yeast, the exchange of Vps2lp to Ypt7p may be associated
with the transformation of the CORVET to the HOPS com-
plex, which both share Vps33p as part of the Vps-C core
(Peplowska et al., 2007). Car/Vps33A is not required for
Rab5/7 conversion during endosome maturation in Dro-
sophila, as in car*'4® imaginal cells internalized ligands accu-
mulated in a Rab5-negative/Rab7-positive compartment
(Figure 4). Instead, this role may be filled by Vps33B. Null
mutations in the two Vps33 homologues in the same model
system will be necessary to fully understand the level to
which these proteins have overlapping and distinct func-
tions.
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