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The small GTPase Rab5 has emerged as an important regulator of animal development, and it is essential for endocytic
trafficking. However, the mechanisms that link Rab5 activation to cargo entry into early endosomes remain unclear. We
show here that Drosophila Rabenosyn (Rbsn) is a Rab5 effector that bridges an interaction between Rab5 and the
Sect/Munci8-family protein Vps4d5, and we further identify the syntaxin Avalanche (Avl) as a target for Vpsd5 activity.
Rbsn and Vpsd5, like Avl and Rab5, are specifically localized to early endosomes and are required for endocytosis.
Ultrastructural analysis of rbsn, Vpsd5, avl, and Rab5 null mutant cells, which show identical defects, demonstrates that
all four proteins are required for vesicle fusion to form early endosomes. These defects lead to loss of epithelial polarity
in mutant tissues, which overproliferate to form neoplastic tumors. This work represents the first characterization of a
Rab5 effector as a tumor suppressor, and it provides in vivo evidence for a Rbsn-Vps45 complex on early endosomes that

links Rab5 to the SNARE fusion machinexy.

INTRODUCTION

The transport of protein cargoes to the numerous compart-
ments within cells requires the budding, movement, and
fusion of membrane-bound vesicles. The myriad itineraries
that vesicles follow require robust regulatory mechanisms to
ensure specificity of delivery. One important site of regula-
tion is at the fusion reaction itself. The core machinery that
enables vesicle fusion consists of soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) pro-
teins, which are transmembrane proteins located on the
donor and target membranes that each contribute one of the
four a-helices found in an assembled SNARE complex. For-
mation of a fusion-competent complex requires the incorpo-
ration of an a-helix from each of the different subfamilies of
SNARE motifs, the Qa-, Qb-, Qc-, and R-SNAREs (Fasshauer
et al., 1998). Individual SNAREs within each subfamily are
localized to distinct cellular compartments, suggesting that
this distribution along with intrinsic SNARE pairing pro-
pensities may contribute to membrane fusion specificity
(McNew et al., 2000; Bock et al., 2001; Chen and Scheller,
2001; Ungermann and Langosch, 2005). However, the prop-
erties of SNAREs alone seem insufficient to account for the
specificity seen in vivo, indicating that other regulators are
important to ensure the integrity of intracellular traffic.

This article was published online ahead of print in MBC in Press
(http:/ /www .molbiolcell.org/cgi/doi/10.1091/mbc.E08-07-0716)
on August 6, 2008.

Address correspondence to: David Bilder (bilder@berkeley.edu).
Abbreviations used: Avl, Avalanche; Crb, Crumbs; Rbsn, Rabenosyn.

Rab proteins play a key regulatory role in SNARE-medi-
ated fusion events. Like SNARES, these small GTPases show
distinct intracellular localization patterns, and they are re-
quired for specific transport steps (Stenmark and Olkkonen,
2001). Rabs are thought to influence vesicle fusion by serv-
ing as molecular switches that, when activated, recruit ad-
ditional factors—"Rab effectors”—to their site of action (Ze-
rial and McBride, 2001; Grosshans et al., 2006). Although
activated Rabs generally bind to many different proteins,
only a subset of these are actually direct effectors of vesicle
trafficking. Identification of trafficking effectors requires a
demonstration that the Rab and the effector are required for
the same transport step. Genetic analyses in yeast have
identified such proteins, in which loss-of-function pheno-
types mimic those of mutations in specific Rabs and
SNAREs (Aalto et al., 1993; Tsukada et al., 1999; Seals et al.,
2000). These trafficking effectors are structurally, and appar-
ently functionally, diverse. Some effectors are thought to act
as a physical “tether” to mediate attachment between an
incoming vesicle and its target membrane, bringing them
info proximity before vesicle fusion (Waters and Hughson,
2000; Whyte and Munro, 2002). Other effectors recruit pro-
teins such as the Secl/Munc-18 family {SM proteins), which
bind and regulate the SNARE fusion complex itself (Carr ef
al., 1999); these modes may not be mutually exclusive. Be-
cause the mechanisms by which Rab activation controls
membrane fusion are varied and unclear, a thorough under-
standing requires the identification of Rab trafficking effec-
tors and the molecular interactions by which they link the
Rabs to the SNARE complexes.

Although yeast genetics has pioneered the determination
of Rab effectors that mediate most stages of intracellular
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transport, an important exception is plasma membrane-to-
early endosome traffic. This is a particularly significant step
in metazoan organisms, where the internalization of cell
surface proteins into the endosomal pathway regulates
many critical cell-cell interactions, including signaling and
adhesion. Current knowledge of the mechanisms underly-
ing cargo delivery to early endosomes derives from several
different approaches in mammalian cells, including bio-
chemical interactions and in vitro reconstitution of endoso-
mal fusion reactions, which have demonstrated the central
role of Rab5 in this event (Gorvel et al., 1991; Bucci ef 4l.,
1992; Stenmark et al., 1994; Barbieri ef al., 1998). Iniriguingly,
these studies have also identified two effectors, EEAT1 and
Rabenosyn-5, which are recruited to endosomes by activated
Rab5 and are associated, directly and indirectly, respec-
tively, with SNAREs (McBride ef al.,, 1999; Nielsen ef al.,
2000). The indirect association of Rabenosyn-5 with SNAREs
is through Vps45, an SM protein that binds various syntax-
ins in vitro (Nielsen et al.,, 2000). Despite these interactions,
functional studies have not demonstrated that these proteins
are required for plasma membrane-to-early endosome trans-
port in vivo; the identity of the Rab5 effector that mediates
this trafficking step thus remains unresolved.

Drosophila has emerged as a valuable system to study
endocytosis in vivo, in particular for the stage of early en-
dosomal entry. Reverse genetics originally established that,
as in mammalian cells, Drosophiia Rab5 is required for this
trafficking step (Wucherpfennig et al., 2003). Recently, a for-
ward genetic screen identified mutations in a syntaxin,
called Avalanche (avl), that cause a similar endocytic pheno-
type to that of Rab5 mutations (Lu and Bilder, 2005). The
endocytic defects of Rab5 and avl imaginal disc cells lead to
a loss of epithelial architecture, and mutant tissues show
dramatic overgrowth to form tumor-like cell masses; this
phenotype is termed “neoplastic.” To identify factors that
link Rab5 activation to Avl-mediated vesicle fusion, we
screened for new mutations that produced the same tumor-
ous phenotype (Menut et al., 2007). In this study, we describe
two previously uncharacterized genes, which encode the
Drosophila proteins Rabenosyn (Rbsn) and Vpsd5, and we
demonstrate that both are required for plasma membrane-
to-early endosome trafficking. We have further used genet-
ics, ultrastructural analysis and biochemical interactions to
link Rab5 and Avl activities through Rbsn and Vps45. Our
data are consistent with a model in which Rbsn, via Vps4b

“binding, functions as a Rab5 effector and tumor suppressor
by mediating early endosomal fusion.

MATERIALS AND METHODS

Drosophila Genetics

40-3 and X-17 were generated on an FRT40A chromosome, whereas JJ-2 and
GG-11 alleles were generated on FRT82B by using methanesulfonic acid ethyl
ester mutagenesis (Menut et al., 2007). Animals referred to in this text as rbsi
and Vps45 mutants are the null alleles rbsi*®-? and Vpsd5/-2. Other alleles used
are avl’ and Rab52 (Lu and Bilder, 2005) and scrib? (Bilder and Perrimon, 2000).
The E{spl)mpB-LacZ chromosome was provided by J. Posakony (University of
California, San Diego, La Jolla, CA). Mutant eye discs were generated using
the eyFLP-cell lethal system as described in Menut et al. (2007). Germ line
clones were produced using the ovoP! system as described in Chou and
Perrimon (1996), additionally using an ovoP! FRT80 chromosome (Banziger e
al., 2006). All other stocks were obtained from Bloomington Stock Center
(Bloomington, IN), including deficiencies used for complementation tests and
genetic interactions [Df(1)Exel6254 (Parks et al., 2004) removing Syx16,
Df(3L)BSC10 removing Syx13]. Experiments were performed at 25°C, with the
exception of the Vpsd5 RNA interference (RNAIi) genetic interactions, which
were maintained at room temperature.

Molecular Biology

The 40-3, X-17, JJ-2, and GG-11 alleles were identified by sequencing poly-
merase chain reaction (PCR) products amplified from genomic DNA isolated
from homozygous larvae; at least two independent reactions were sequenced
for each allele. Wild-type and rbsn mutant exiracts were prepared by boiling
imaginal discs generated using the eyflp-cell lethal system in sample buffer. The
Vpsd5 RNAI transgene was generated by cloning a 723-bp sequence (available
upon request) from genomic clone BACRIINO7 into a modified pWIZ vector
in the tail-to-tail orientation. MBP-Rabenosyn and MBP-Vpsd5 were gener-
ated by cloning the full coding regions into the pMAL vector. Glutathione
transferase (GST) fusion proteins were produced by cloning the entire coding
region of Rbsn or the cytoplasmic domains of Syxla (amino acids 1-268), Syx7
(amino acids 1-258), Syx13 (amino acids 1-258), and Syx16 (amino acids 1-329)
into a pGEX vector. All fusion proteins were expressed and purified from
bacteria by using standard protocols. Western blots were performed using
standard techniques with antibodies against Rbsn (1:1000), o-Spectrin
(Dubreuil et al., 1987; Developmental Studies Hybridoma Bank, University of
lowa, lowa City, IA), MBP (1:10,000, New England Biolabs, Ipswich, MA), or
GST (1:5000; gift from M. Welch, University of California, Berkeley, CA).
Horseradish peroxidase-conjugated secondary antibodies were from Jack-
son ImmunoResearch Laboratories (West Grove, PA). Nonsubject lanes
were removed for clarity. Vps45-V5 was generated by cloning the full-
length Vpsd5 coding region into the pMT/V5-His-TOPO® vector (Invitro-
gen, Carlsbad, CA).

In Vitro Binding Assays

Wild-type Rab2, Rab4, Rab5, and Rab11 coding regions (gift of J. Zhang and
M. Scott, Stanford University, Palo Alto, CA) were cloned into a pGEX vector,
and the GST fusion proteins purified and loaded with guanosine diphosphate
(GDP) or guanosine 5'-O-(3-thio)triphosphate (GTPyS). Lysis and wash buff-
ers used during purification contained 5 mM and 1 mM GDP, respectively,
whereas nucleotide loading protocol was adapted from Lu and Settleman
(1999). GTPases at a concentration of 1 uM were added to 10-fold molar
excess MBP-Rbsn in binding buffer (50 mM HEPES, pH 7.5, 50 mM Na(l, 5
mM EDTA, 10 mM EGTA, and 1 mM dithiothreitol [DTT]), and washed in
wash buffer (50 mM HEPES, pH 7.5, 50 mM Na(l, 30 mM MgCl,, and 1 mM
DTT). GST-Syntaxins or GST-Rbsn at 1 uM were combined with MBP-Vpsd5
at 0.1 pM in binding buffer (20 mM HEPES, pH 7.4, 150 mM KoAc, 0.05%
Tween 20, and 1 mM DTT) and washed in wash buffer (20 mM HEPES, pH
7.4, 250 mM KoAc, and 0.1% Triton X-100). Bound proteins were eluted by
boiling in sample buffer and analyzed by SDS-polyacrylamide gel electro-
phoresis followed by immunoblotting.

Immunohistochemistry and Microscopy

Imaginal discs and ovaries were fixed and stained as described previously
(Bilder et al., 2000) with tetramethylrhodamine B isothiocyanate-phalloidin
(Sigma-Aldrich, St. Louis, MO) and primary antibodies: Avl (Lu and Bilder,
2005), Rbsn (generated in rabbits using a GST-Rbsn fusion protein; Pocono
Rabbit Farm and Laboratory, Canadensis, PA), Crb (Tepass and Knust, 1993),
atypical protein kinase C (aPKC) (Santa Cruz Biotechnology, Santa Cruz, CA),
Notch (intracellular domain), Discs-Large-marked (Dlg), Mmpl (Develop-
mental Studies Hybridoma Bank), Bgal (Cappel Laboratories, Durham, NC),
and Syx16 (Xu et al., 2002). Secondary antibodies were from Invitrogen
(Carlsbad, CA). Notch endocytosis assays were performed as described in Lu
and Bilder (2005). 52 cells maintained at 25°C were transfected with Vps45-V5
(this work) and/or Rab5-YEP (gift of S. Eaton, Max Planck Institute of Mo-
lecular Cell Biology and Genetics, Dresden, Germany) by using Celifectin
(Invitrogen) according to the recommended protocol. Vpsd5-V5 expression
was induced with 500 pM CuSO, for 20 h. Cells were seeded on multitest
slides (MP Biomedicals, Aurora, OH) then fixed and stained using the same
protocol as in imaginal discs. Anti-V5 antibody was from Invitrogen (Carls-
bad, CA). Confocal images shown are all single confocal cross sections, and
they were collected on a TCS microscope (Leica, Wetzlar, Germany) by using
16X /numerical aperture {NA) 0.5 or 63X /NA1.4 oil lenses. Adult wings were
mounted in Gary’s Magic Mountant (Lawrence et al., 1986) and imaged using
a Z16 APO microscope {Leica), with a Planapo 2.0X lens, fitted with a DFC300
FX camera. All images were edited with Adobe Photoshop 9.0 (Adobe Sys-
tems, Mount View, CA), including cropping regions of interest, and assem-
bled using Adobe IHustrator 12.0.1 (Adobe Systems}. For Notch, Crb, and
Mmp] static stains, mutant and wild-type discs were processed in the same
tubes, and confocal settings were adjusted o maintain a linear intensity range
for signals in wild-type and mutant discs.

Transmission Electron Microscopy

Ovaries containing stage 10 oocytes were dissected and immediately trans-
ferred to fixative containing 4% formaldehyde and 0.1% glutaraldehyde in 0.1
M phosphate buffer, pH 7.4. Single oocytes were embedded in 10% gelatin,
infused with 2.3 M sucrose, and frozen in liquid nitrogen. Sections were cut
at —110°C and picked up with a 1:1 mixture of 2.3 M sucrose and 2.0 M
methyl cellulose. Sections were labeled with a rabbit antibody against yolk
protein (Trougakos et al., 2001), followed by 10-nm protein A gold, and


jawolslegel
Typewritten Text
2


observed in a JEOL-1230 electron microscope (JEOL, Tokyo, Japan) at 60-80
kV. Images were recorded with a Morada digital camera using iTEM (Olym-
pus SIS GmbH, Miinster, Germany) software.

RESULTS

MENEQL)-C Identifies a Novel Neoplastic Tumor
Suppressor Gene

In a recent screen for mutations affecting epithelial polarity
and proliferation in Drosophila, we identified many new
complementation groups that control epithelial tissue archi-
tecture (Menut et al., 2007). This screen used the eyFLP/cell
lethal system to generate eye imaginal discs composed pre-
dominantly of homozygous mutant cells in an otherwise
heterozygous animal (hereafter “mutant eye discs”). In this
assay, eye discs mutant for the MENE(2L)-C complementa-
tion group consist of rounded and dramatically disorga-
nized masses of cells (Figure 1B, compare with Figure 1A). A
similar phenotype is seen in the ovarian follicle cells. Al-
though wild-type follicle cells form a monolayered epithe-
lium, MENE(2L)-C mutant cells multilayer and often invade
the germ cell cluster (Supplemental Figure 51). Staining for
proteins normally localized to apical or lateral plasma mem-
brane domains reveals that these domains are misspecified
in MENE(2L)-C mutant cells. The normally apically re-
stricted protein aPKC fails to remain distinct from Discs-
Large-marked (Dlg) basolateral domains (Figure 1F, com-
pare with Figure 1E), indicating that apicobasal polarity is
disrupted in these mutants. MENE(2L)-C mutant eye discs
also show strong upregulation of matrix metalloprotease 1

Figure 1. MENE(2L)-C mutations disrupt Dro-
sophila Rabenosyn, which is a Rabb effector and
neoplastic tumor suppressor. Single confocal
sections of WT (A) and entirely mutant
MENE(2L)-C (B) eye discs stained with phalloi-
din to mark actin. MENE(2L)-C discs are larger
than WT discs and lack their distinctive apical
enrichment of actin filaments. MENE(2L)-C
discs express Mmpl (D; magenta), a marker
correlated with neoplastic tissue, at signifi-
cantly higher levels than WT discs (C). (E and
F) Eye discs stained for aPKC to mark apical
surfaces (green) and Dlg to mark basolateral
surfaces (red). Wild-type cells have distinct
aPKC and Dlg domains (E), whereas aPKC and
Dlg are intermixed in MENE(2L)-C cells (F). (G)
Locations of the lesions in the MENE(2L)-C#-3
(40-3) and MENE(2L)-C*'7 (X-17) alleles are
indicated. Protein domains are labeled as col-
ored boxes according to legend, compared with
human Rabenosyn-5. (H) Western blot of wild-
type and MENE(2L)-C*? mutant imaginal disc !
extracts probed with anti-Rbsn (top) or anti-a-
Spectrin antibody as a loading control (bottom).
(1) In vitro GST pull-down assays between re-
combinant MBP-Rbsn and GST-Rab proteins.
Western blots against MBP (top) to detect
bound Rbsn and GST (bottom) as a loading
control. GST-Rab2 is included as a negative
control, showing that Rbsn binds specifically
only to Rab5-GTP. Bars, 100 um (A-D) and 10
um (E and F).

input GDP  GTP GDP GTP GDP GTP

100 kD v

75 e

50 KD =

(Mmp1) expression (Figure 1D, compare with wild-type
[WT] in 1C), which correlates with neoplastic transformation
(Uhlirova and Bohmann, 2006; Menut et al., 2007; Srivastava
et al., 2007). Finally, larvae with MENE(2L)-C mutant eye
discs do not pupariate but continue to feed during an ex-
tended 13 stage; during this time, the eye discs grow to be
significantly larger than wild-type eye discs. The polarity,
proliferation, and gene expression phenotypes all resemble
those seen in tissues mutant for previously characterized
neoplastic tumor suppressor genes (nTSGs), including scrib-
ble (scrib) and Rab5 (Bilder ef al., 2000; Lu and Bilder, 2005).
However, complementation tests showed that MENE(Z2L)-C
was not allelic to any known tumor suppressor gene. Col-
lectively, these phenotypes therefore indicate that
MENE(2L)-C disrupts a novel Drosophila neoplastic tumor
suppressor gene.

MENE(2L)-C Disrupts a Protein Related to Human
Rabenosyn-5

To identify the gene disrupted by MENE(2L)-C alleles, we
performed complementation tests with chromosomal defi-
ciency stocks and found a small deficiency, Df(21.)Exel7034,
that failed to complement the two extant MENE(2L)-C al-
leles. Sequencing of genes located within the genomic region
deleted in Df(2L)Exel7034 revealed that each MENE(2L)-C
allele carries a lesion in the gene CG8506, which encodes a
505 amino acid protein (Figure 1G). MENE(2L)-C*3 is a
missense mutation altering the initiating ATG to ATA; the
next in-frame ATG is located at amino acid 116. MENE(2L)-

K
| CG8506/Rbsn
| 40-3 X-17
Metl->lle Gln241->*  Putative Rab
; % binding
505aa
i Rabenosyn-5 Rab4 binding Rab5 binding
at 122 = EE B
784aa
C2H2 Zn finger Coiled coil NPF Motifs
S FYVE Domain Helical region
H
phat
RN
e RDSO
50 kD ===
180 KD == == g-Spectrin
Rab2 Rab4 Rab11 Rab5
5%

GDP GTP

> == Rbsn

1B: MBP

1B: GST
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Figure 2. Rbsn is required for uptake of endocytic cargo. The
apical transmembrane proteins Notch (green; A and B) and Crumbs
(Crb; cyan; C and D) are present at higher levels in rbsn discs (B

CX!7 is a nonsense mutation that introduces a stop codon at
amino acid 241. Both alleles show identical phenotypes in
imaginal discs as well as in follicle cell epithelia, and animals
either homozygous for each allele or hemizygous over
Df(21)Exel7034 die before the second larval instar. In addi-
tion, antibodies raised against a GST-CG8506 fusion protein
recognize a polypeptide of the expected molecular mass of
56 kDa in wild-type larval extracts; this polypeptide is ab-
sent from extracts of MENE(2L)-C*%3 tissue (Figure 1H).
These results indicate that MENE(2L)-C%0-3 and MENE(2L)-
CX17 are null alleles of CG8506.

Sequence analysis revealed that CG8506 encodes a protein
containing a number of conserved domains, including an
N-terminal C2H2 zinc finger, a FYVE domain, two repeats of
the tripeptide motif NPF, and several coiled-coil regions.
BLAST searches indicate that CG8506 has significant homol-
ogy to the human Rab5-binding protein Rabenosyn-5
{(Nielsen et al., 2000), which contains each of these domains,
although in a different arrangement. CG8506 is shorter than
Rabenosyn-5 and lacks a C-terminal helical region, the NPF
motifs are N-terminal in CG8506, whereas they are C-termi-
nal in Rabenosyn-5, and CG8506 contains a single coiled-coil
region (Figure 1G). Nevertheless, these features are not
found together in any other protein encoded by the fly
genome. We therefore refer to CG8506 as Drosophila rabeno-
syn (rbsn).

Activated Rab5 Recruits Rbsn Both In Vitro and In Vive

Mammalian Rabenosyn-5 has been linked to both the endo-
cytic and the recycling pathways in part by virtue of its
ability to bind simultaneously to Rab5 and Rab4 (De Renzis
et al., 2002; Naslavsky ef al., 2004). To explore whether Dro-
sophila Rbsn might be involved in these trafficking pathways,
we performed in vitro binding assays using recombinant
Rbsn and Rab GTPases. We found that Rbsn binds to Rab5
specifically in its GTP-, but not GDP-bound form (Figure 1I).
By contrast, we did not detect significant binding between
Rbsn and Rab4 in either GTP or GDP-bound forms (Figure
11). Because Rab1l has been implicated in recycling path-
ways (Ullrich et al., 1996; Dollar et al., 2002), we also tested
whether Rbsn could bind to Rab11l, but again we failed to
detect an interaction (Figure 11). We conclude that Rbsn
interacts specifically with the endocytic regulator Rab5 at
early endosomes but not with Rab proteins that control
recycling,

We also asked whether the results of our in vitro binding
experiments reflected the protein association in vivo, by
examining the subcellular localization pattern of Rabenosyn
relative to each of the Rab proteins. In cultured Drosophila S2
cells, Rabenosyn is found in discrete puncta that partially
overlap with Avl-positive endocytic compartments (Figure
4A). Expression of Rab5-YFP demonstrates Rbsn and Avl
colocalization in Rab5-positive puncta (Figure 4B), indicat-
ing that Rbsn localizes to early endosomes in response to
Rab5 activation. By contrast, in cells expressing activated

and D) than in WT discs (A and C). (E-H'): Notch trafficking assays
performed in WT (E and G) and rbsn (F and H) discs. Actin staining
outlines cells (E-H; red). In WT cells, surface-labeled Notch {green)
is found in internal puncta after 10 min (E’), and is gone from discs
after 5 h (G'). In rbsn cells, Notch staining is elevated and retained
at the cell periphery after 10 min (F') and persists over the 5-h
experiment (H'). The Notch signaling reporter, mp-LacZ (I-]; green)
is not ectopically activated compared with wild-type (I) in rbsn (J)
mutant discs. Images shown are single confocal cross sections. Bars,
100 pm (A-D, -} and 10 um (E'-H").



jawolslegel
Typewritten Text
4


10%
input

100 kD ==

T5KD ==

Figure 3. Loss of Drosophila Vpsd5 disrupts endo-
cytic traffic and epithelial architecture. (A) Western
blots demonstrate that GST-Rbsn binds to MBP-
Vps45, as detected by blotting for MBP (top). GST-
Rab4 is included as a negative control; anti-GST blot
(bottom) is included as a loading control. Relevant
bands are indicated by the asterisk (*). (B) Location
of the MENE(3R)-B"? and MENE{3R)-BS%!! muta-
tions within the CG8228/Vps45 coding region. (C-F)
Compared with WT tissues (C and E), Notch (green),
and Crb (cyan) levels are elevated in Vps45 tissue (D
and F). (G-H’) Notch trafficking assay performed as
described in Figure 2. Vps45 mutants accumulate
Notch (green) at the cell periphery, marked by actin
staining (red), that persists after 5 h. (I-K) Vps4b
mutant discs lose epithelial architecture (I, actin) and
mislocalize polarity markers (J, aPKC in green, Dig
in red), and up-regulate Mmp1 (I'; magenta) but do
not activate Notch signaling (K, mB-LacZ reporter in
green; compare with WT in Figure 2[). Bars, 100 um
(C-F, I, K) and 10 um (G-H', ]).

forms of Rab4 or Rabll, Rbsn and Av] colocalize in puncta
that are mostly discrete from those marked by Rab4 or
Rab11 (Supplemental Figure S2), indicating that Rbsn is not
strongly recruited to recycling endosomes, consistent with
our in vitro results.

Rbsn Is Required for Endocytosis

The above-mentioned data suggest an association between
Rbsn and the endocytic pathway, and disruption of several
endocytic stages has been previously shown to perturb both
cell polarity and cell proliferation control (Lu and Bilder,
2005; Vaccari and Bilder, 2005). We therefore directly tested
whether Rbsn was required for endocytosis. In wild-type
imaginal disc cells, the apically localized transmembrane
protein Notch is continuously endocytosed and lysosomally
degraded; the endocytic transient population can be visual-
ized as intracellular cytoplasmic puncta. However, in rbsn
cells, Notch is present at greater than wild-type levels (Fig:
ure 2B, compared with 2A); a similar elevation is seen with
the apical transmembrane protein Crumbs (Crb; Figure 2D,
compare with Figure 2C). To directly analyze cargo inter-
nalization, we performed a trafficking assay in living disc
tissue. This assay pulse-labels cell surface Notch by using an
antibody against the Notch extracellular domain; endocyto-
sis is then allowed to occur over varying chase periods. After
10 min of chase in WT cells, Notch is internalized and is
found in early endosomes (Figure 2, E-E"), whereas after 5 h,
no Notch signal remains (Figure 2, G-G'). In contrast, in rbsn
mutant cells no intracellular Notch puncta are seen after 10
min (Figure 2, F-F'); instead, Notch remains in the cell
periphery, and this localization persists even after 5 h (Fig-

& > B

& CG8228/Vpsds5
D © GG-11
© © Val218 —> Gin
== MBP-Vps45 E s >
Secl homology %
i) 574 aa

ure 2, H~H'). This pattern strongly resembles that seen in
rab5 mutants (Supplemental Figure S1), but conirasts with
that seen with the late-acting ESCRT mutants (Vaccari and
Bilder, 2005), in which Notch accumulates in enlarged en-
docytic compartments; it also contrasts with mutations in
“junctional scaffold” neoplastic tumor suppressor genes
such as scrib, where no effect on Notch endocytosis is seen
(unpublished data). The activity of a Notch reporter is re-
duced in rbsn mutant discs (Figure 2, 1-J) as in Rab5 and avl
mutants; this is consistent with studies indicating that Notch
that does not enter endosomes has reduced signaling func-
tion (Vaccari ef al., 2008) and suggests that Notch accumu-
lation is not involved in the rbsn tumor phenotype. Together,
these results establish that rbsn is required for an early step
in the endocytic pathway.

Vpsd5 Binds to Rbsn and Regulates an Early Endocytic
Step

Our data indicate that rbsn has an endocytic mutant pheno-
type similar to Rab5 mutants, and Rbsn colocalizes with
Rab5 at early endosomes and binds directly to Rab5-GTP.
These results suggest that Rbsn might regulate Rab5-depen-
dent fusion events at the early endosome. Interestingly, the
Sec-1/Munc-18 (SM) protein Vps45 has been identified as a
Rabenosyn-5-interacting protein (Nielsen et al., 2000). Al-
though the function of mammalian Vps45 is unknown, the
yeast homologue Vps45p has a well documented require-
ment in biosynthetic Golgi-to-lysosome traffic, and it inter-
acts with a Rabenosyn-5 like protein Vaclp (Cowles ef al.,
1994; Peterson et al., 1999). To test whether Rbsn might
associate with a Vpsd5-like protein, we first identified a
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Rab5 Avi

Rbsn

Vps45s Merge

Figure 4. In vivo colocalization between Rab5, Avl, Rbsn, and Vpsd5. Drosophila S2 cells were transfected with DNA constructs as indicated
below and then labeled to detect Rab5, Avl, Rbsn, or Vpsd5 as indicated in column headings. In Vps45-V5 transfected cells (A), Vpsd5 (green)
shows partial overlap with Avl (red) and Rbsn (blue). In cells transfected with Rab5-YFP (B), Rbsn (blue), and Avl (red) are recruited to
Rab5-positive structures (green). When Rab5-YFP and Vps45-V5 are cotransfected (C and D), Vps45 (blue in C, red in D) is recruited to
structures labeled with Rab5 (green) and Avl (red in C) or Rbsn (blue in D). Arrowheads indicate triple colocalization; arrows in A” indicate

independent Vps45 localization. Bar, 5 pm.

single clear Vps45 homologue among the four SM proteins
in Drosophila, which is encoded by the uncharacterized gene
CG8228 (hereafter referred to as Vps45). We then expressed
an MBP-Vpsd5 fusion protein in bacteria and we found,
using in vitro binding assays, that Vps45 strongly binds to
Rbsn (Figure 3A). These data suggest that Rab5 might reg-
ulate traffic through Rbsn-dependent Vpsd5 recruitment to
the early endosome. The localization of Vps45 in animals has
not been reported previously. To assess the in vivo localiza-
tion of Vps45, we expressed an epitope-tagged Vpsd5 con-
struct in 52 cells. In transfected cells, Vps45 shows a punc-
tate pattern with only partial overlap to that of Rbsn and Avl
(Figure 4A). Interestingly, upon overexpression of Rab5-
YEP, Vpsd5 relocalizes to the resultant enlarged endosomes;
most Vps45 in these cells colocalizes with both Rbsn and Avl
(Figure 4, C and D). Together with the in vitro binding data,
this result suggests that Vps45 is recruited to the early
endosome in response to Rab5 activation.

Because yeast Vps45Sp is required for vacuolar but not
endocytic traffic (Raymond ef al., 1992; Bryant ef al., 1998), we
sought to determine whether the Rbsn-Vps45 interaction we
observed in Drosophila was relevant for function at the early
endosome. No mutations in Vps45 have been reported in
flies. However, by testing the uncharacterized neoplastic

mutants isolated in our screen, we found that MENE(3R)-B
alleles fail to complement deficiencies that remove Vps4b.
We sequenced Vps45 and we found lesions in the coding
region in each of the two MENE(3R)-B alleles (Figure 3B).
MENE(3R)-B/? causes premature termination of the protein
at amino acid 233 of the 574-amino acid coding region, and
MENE(3R)-BSG! converts valine 219 to a glutamine. Larvae
homozygous for either allele die before the third instar, and
the mutant eye imaginal disc phenotypes are indistinguish-
able, suggesting that both represent null alleles.

We next analyzed the phenotypes of Vps45 mutant tissues.
As in rbsn mutants, staining for Notch and Crb showed that
these protein levels were elevated in Vps45 mutant discs
(Figure 3, C-F). To test whether Vps45 mutants might cause
neoplastic transformation by blocking endocytosis in a man-
ner similar to rbsi mutants, we examined Notch trafficking.
Using live trafficking assays, we found that Notch was not
internalized in Vps45 mutant cells and that it accumulated
near the cell surface in a manner resembling that of both rbsn
and Rab5 mutant cells (Figure 3, G-H'). Moreover, the cell
polarity, proliferation, Mmp1 expression and Notch signal-
ing phenotypes were indistinguishable from those of rbsn
mutant discs (Figure 3, I-K). These data suggest that in
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Figure 5. Vpsd5 interacts with syntaxins of the endocytic pathway.
(A) Western blots demonstrate that MBP-Vpsd5 binds to Avl, GST-
Syx13, and GST-Syx16 in vitro (top). GST-Syxla is included as a neg-
ative control. Bottom, loading control (anti-GST blot, with relevant
bands labeled with an asterisk [*]). (B-H) Genetic interaction tests in a
sensitized background generated by driving expression of a UAS-
Vpsd5-RNAI transgene with the engrailed-GAL4 driver (en >Vpsds
RNAI). The engrailed expression domain is below the dashed line in B.
Removal of one copy of Vpsd5 (positive control, C), avl (D), rbsn (E) or
Rab5 (F), but not Syx13 (G) or Syx16 (H) enthances the RNAI phenotype.
Note posterior cross vein modification in E (arrow). Bar, 0.5 mm.

Drosophila, Vps45 function is indeed required for endocytic
traffic and in particular for early endosomal stages.

Genetic and Physical Interactions between Vpsd5 and Avl

SM proteins are canonically thought to be trafficking regu-
lators, able to bind to either SNARE proteins or complexes
and govern fusion between vesicular and target membranes.
In Golgi-to-vacuole traffic in yeast, the binding of Vps45p to
Tlg2p is necessary for fusion into the vacuole (Nichols ef al.,
1998). We tested for physical interactions between the Dro-
sophila homologues of these proteins and confirmed a strong
interaction between Vps45 and Syx16 (Figure 5A). However,
only a small fraction of Drosophila Syx16 localizes to endo-
somes, and strong expression of a Syx16 RNAIi transgene did
not generate defects associated with disrupted endocytosis
{(Supplemental Figure S3). Because similar expression of a
Vps45 RNAI transgene shows strong endocytic defects re-
sembling that seen in null mutant tissue (Supplemental Fig-
ure 53), we asked whether Vps45 might control endocytosis
by associating with early endocytic SNAREs such as Avl.
We found weak but consistent binding between Vps45 and
Avl compared with Syx1 as a negative control (Figure 5A);
this binding was comparable with that seen with the anno-
tated Drosophila homologue of Syx13, which interacts with
Vpsd5 in humans and Caenorhabditis elegans.

To evaluate whether Vps45 might regulate these SNAREs
in vivo, we turned to genetic interaction studies. Moderately

reducing the protein levels of Vps45 using an RNAi con-
struct expressed in the posterior compartment of the adult
wing produces no obvious phenotype (Figure 58). However,
removing one copy of the wild-type Vps45 gene to further
reduce Vps45 protein levels results in an enhanced pheno-
type, including aberrant vein formation and ruffling of the
posterior margin (Figure 5C). Similar defects are also seen
when Avl protein levels are reduced by RNAi (Supplemen-
tal Figure 54), suggesting that this phenotype results from
impaired endocytosis. We then used the Vps45 RNAI sensi-
tized background to test whether other genes might act in
the Vpsd5-regulated endocytic pathway. We found that re-
moving one copy of Syx13 or Syx16 did not alter the Vps45
RNAi phenotype (Figure 5, G and H), but removing one
copy of avl, as well as Rab5 and to a lesser extent Rbsn,
resulted in an enhancement similar to that produced by the
removal of one copy of Vps45 (Figure 5, D-F). Although
weak, the interaction between Vps45 and rbsn was consis-
tent; 64% of en>Vpsd5-IR; rbsu/+ wings show ectopic vein
formation across the posterior cross vein, versus only 17% of
en>Vps45-IR wings. Analogous results were seen when
knocking down avl (Supplemental Figure S4), further vali-
dating the interactions between these genes. Along with the
strong phenotypic similarity of the mutants, these results
suggest that Vps45 acts together with Rab5, Rbsn, and Avlat
the early endosome, and they point to Avl as a regulatory
target for Vps45.

Rabenosyn, Rab5, Vps45, and avl Mutants Block
Endocytosis at an Identical Early Step

The genetic and biochemical interactions described above
suggest the hypothesis that Rab5, Rbsn, Vps45, and Avl act
together to promote a single stage of endocytic traffic, in-
volving fusion of incoming endocytic vesicles into the early
endosome. If this hypothesis is correct, then cells lacking any
of these proteins should block endocytosis at the same step
and show similar disruption of endosomal structures. Be-
cause light microscopy does not allow the resolution re-
quired to clearly distinguish these structures, we instead
turned to transmission and immunoelectron microscopy to
test this hypothesis. We analyzed late-stage oocytes, which
are large cells with a defined endocytic pathway required for
uptake of yolk proteins (Schonbaum ef al., 2000). By making
germline clones, we obtained oocytes mutant for Rab5, rbsn,
Vps45, and avl, and we found that all four mutants are
defective in the formation of yolk granules. In WT oocytes,
yolk granules are late endocytic structures that have a char-
acteristic, electron-dense appearance resulting from conden-
sation of internalized yolk proteins (Figure 6A). These struc-
tures are strikingly absent from mutant oocytes (Figure 6,
B~E; unpublished data). Because the lack of yolk granules
could point to a prior block in the endocytic pathway, we
analyzed endocytic intermediates by using an antibody
against the yolk proteins, which are produced outside the
oocyte, to trace a known endocytic cargo within oocyte
vesicular compartments. In wild-type oocytes, yolk proteins
are found in numerous endocytic compartments spanning a
wide size range (Figure 6A; Trougakos et al., 2001). In con-
trast, in Rab5, avl, rbsn, and Vpsd5 mutant oocytes (Figure 6,
B-E), yolk proteins are confined to small vesicles with a
narrow size distribution; these are primarily found in dense
accumulations in proximity to the plasma membrane. The
diameter of the vesicles, ~100 nm, is consistent with both
the expected size of internalized clathrin-coated vesicles and
the size of vesicles present in WT cocytes (Figure 6A), and
both electron-dense coated and uncoated vesicles are seen.
Together, these data indicate that endocytic vesicles still
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Figure 6.

CVou

rbsn, Vpsd5, avl and Rab5 cells accumulate endocytic vesicles but lack later endocytic structures. Images show transmission electron

micrographs of cocytes, immunolabeled against yolk proteins produced in follicle cells and endocytosed by the oocyte, detected with gold
particles (black puncta). In WT oocytes (A), yolk protein accumulates predominantly in large granules, but it can also be found in immature
granules (Y1); ~100-nm vesicles are also evident below the plasma membrane (PM) (atrrows). Yolk granules are absent in oocytes mutant for
rbsn (B), Vpsd5 (C), avl (D), and Rab5 (E); instead, yolk protein is found only in vesicles distributed predominantly below the PM. Some of
these endocytic vesicles (EV) are uncoated, whereas others display a clearly visible coat {CV). Note the size difference between labeled
endocytic structures found in WT tissue and vesicles found in mutant tissue. Bar, 500 nm.

form in the absence of Avl, Rab5, Vps45, or Rbsn; these
vesicles can uncoat but nevertheless cannot fuse to form
later endoyctic structures. The strong phenotypic similarity
seen among, all four mutants by using immunoelectron mi-
croscopy support a model in which Vps45 and Rabenosyn
act with Rab5 and Avl to promote vesicle fusion into the
early endosome.

DISCUSSION

Targeted membrane trafficking steps are vital for maintain-
ing the proper segregation of intracellular compartments
and for the sorting of their protein cargoes. Here, we have
used forward genetics to identify and characterize two es-
sential regulators of plasma membrane-to-early endosome
traffic in Drosophila: Rbsn and Vpsd5. Rbsn and Vps4b are
related to proteins implicated in endocytosis in mammalian
cells, and their endocytic role in Drosophila is definitively
demonstrated here by direct analysis of cargo trafficking in
null mutant tissue. Loss of either protein disrupts the flow of
information from the activated small GTPase Rab5 to the
trans-SNARE complex and blocks the fusion of endocytic
vesicles into the endosome. The endocytic defect further
causes mispolarization of epithelial cells and consequent
overproliferation to form “neoplastic tumors.” Although we
have shown previously that Rabb5 acts as a Dresophila tumor
suppressor (Lu and Bilder, 2005), Rab5 has many effectors
that regulate cellular processes as diverse as lipid metabo-
lism, cytoskeletal organization, and cargo recycling (Christo-
foridis et al., 1999b; Lanzetti ef al., 2004; Naslavsky ef al.,
2004). Our demoenstration that Rbsn and Vps45 are effectors
of the tumor suppressive-activity of Drosophila Rab5 empha-
sizes that growth regulation requires endosomal fusion it-
self. These two proteins therefore extend the list of endocytic
regulators that act as tumor suppressors, confirm the critical
role of endocytosis in coordinating cell polarity and cell

proliferation, and they provide insight into the processes
controlling entry into the early endosome.

The mechanisms linking Rab-mediated vesicle targeting
and SNARE-mediated vesicle fusion are among the least
well understood events in cellular trafficking. We show here
that Drosophila Rbsn is a Rab5 effector, binding to Rab5-GTP
and localizing to early endosomes. Like Rab5, Rbsn is re-
quired for early endocytic entry, and rbsn and Rabb mutants
are phenotypically indistinguishable. In particular, we have
used, for the first time, high-resolution immunoelectron mi-
croscopy to identify the site of cargo trapping in cells com-
pletely lacking rbsn and Rab5 (as well as Vps45 and avl; see
below). These mutants show a striking accumulation of en-
docytic cargo-containing vesicles of a size consistent with
plasma membrane-derived carrier vesicles; the absence of
large endosomal compartments suggests that these vesicles
fail to undergo fusion to form early endosomes (Rubino ef
al., 2000). Together, the genetic, biochemical and in vivo
phenotypic data provide strong support for a model in
which Rbsn is a Rab$ effector essential for endocytic vesicles
to fuse into the early endosome.

The severe endocytic block seen in rbsn tissue contrasts
with the phenotype of mammalian cells depleted of the
related human protein Rabenosyn-5 by RNA knockdown,
which allows early endosomal entry but is defective in re-
cycling cargo back to the plasma membrane (Naslavsky et
al., 2004). The involvement of Rabenosyn-5 in the recycling
pathway is supported not only by this phenotype but also by
its ability to bind Rab5 and the recycling regulator Rab4
simultaneously, prompting a model in which Rabenosyn-5
acts to coordinate cargo transfer from the early to recycling
endosomes (De Renzis ef al., 2002). We find that Drosophila
Rbsn, despite its strong association with Rab5-GTP, does not
bind to Rab proteins known to regulate recycling, and note
that although Rabenosyn-5 contains separate Rab4 and Rab5
binding domains (Eathiraj et al., 2005), these domains show
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homology to the same single domain in Drosophila Rbsn. It
can be speculated that in mammalian Rabenosyn-5, dupli-
cation of the Rbsn Rab-binding domain followed by subse-
quent functional divergence led to its adoption into the
recycling pathway, whereas the mammalian tethering pro-
tein and Rab5 effector EEA1 played a greater role in regu-
lating early endosome entry (Christoforidis et al., 1999a).
Although such an evolutionary scenario is possible, we can-
not exclude the possibility that Rbsn plays a role in Drosoph-
ila recycling, particularly because the strong endocytic de-
fects that we observed in rbsn mutants are upstream of, and
thus prevent analysis of, the recycling pathway.

Our analysis of rbsn null mutant tissue demonstrates that
Rbsn is required for vesicles to fuse into the early endosome.
How does Rbsn promote vesicle fusion? We find that the
Drosophila SM protein Vps45, which binds to Rbsn, is re-
quired for the identical step of endocytosis as Rbsn and
Rabb. We further localize Vps45 for the first time in vivo,
and we find localization to early endosomes, which is in-
creased by Rab5 overexpression. Recruitment of Vpsé5 by
Rbsn bound to active Rab5 may create a high local concen-
tration of Vps45 (Nielsen ef al., 2000); once concentrated at
the endosome, Vps45 could act on SNARE proteins to enable
fusion of incoming carrier vesicles. In contrast to yeast,
where Vpsd5p is required for lysosomal delivery of biosyn-
thetic cargo (Cowles ef al., 1994), we have shown that Dro-
sophila Vps45 is required for trafficking and degradation of
surface-derived cargo, thus identifying an SM protein that
acts in the endocytic pathway.

While this manuscript was in preparation, Gengyo-Ando
et al. (2007) reported that C. elegans oocytes lacking homo-
logues of Vps45 or Rbsn are defective in yolk uptake, but
they did not distinguish the precise stage of endocytic traffic
blocked; moreover, they could not identify any syntaxin
required for endocytosis and therefore could not determine
a functional target of Vps45. Here, we provide evidence that
the endocytic syntaxin Avl is a key Vpsd5 target. We de-
tected a clear genetic interaction specifically between Vps45
and avl, as well as a weak physical interaction between
Vps45 and both Avl and Syx13. Although human and C.
elegans Syx13 have been shown to bind Vps45 (Nielsen et al.,
2000; Gengyo-Ando ef al., 2007), orthologous relationships
with Drosophila syntaxins are ambiguous: both Drosophila
Avl and Syx13 are similar to human and C. elegans Syx13 as
well as to human Syx7. Our data demonstrate that Avl is
required for the fusion event required for cargo entry into
early endosomes; although RNAIi experiments do not reveal
a role for Drosophila Syx13 in endocytosis (unpublished
data), further experiments are needed to clarify the function
of Syx13 in vesicle trafficking.

The in vitro physical interactions we observed between
Vpsd5 and both Avl and Syx13 were notably weaker than
that with Syx16. However, our data do not provide evidence
for an endocytic role of Syx16. In addition, the significance of
SM protein binding to an isolated SNARE remains unclear.
Although in most cases it correlates with SNARE complex
assembly, in some instances this interaction is not necessary
for function in vivo (Carpp et al., 2006), and in others it is
associated with inhibition of incorporation into a SNARE
complex (Dulubova ef al., 1999; Peng and Gallwitz, 2002).
Considering these scenarios, our phenotypic analysis of mu-
tant tissues completely lacking Vps45 demonstrates com-
mon phenotypes to those completely lacking Rab5, Avl, or
Rbsn at the tissue, cellular, and ultrastructural levels, indi-
cating that Vps45 acts as a positive regulator of early endo-
cytic SNAREs; this is also consistent with the enhancing
nature of the genetic interactions. Moreover, these data ar-

gue that Avl is a component of the SNARE complex whose
activity in vesicle fusion requires Vps45, establishing a func-
tional link between Rab5 and SNAREs essential for early
endosomal entry.

Together, our genetic, phenotypic, and biochemical anal-
yses provide strong support for a model in which Rbsn, by
binding to Vps45 and Rabb, enables incoming cargo vesicles
to fuse into the early endosome. This trafficking event is
required for the proper control of surface levels of trans-
membrane proteins and has significant consequences for
tissue development. Given that plasma membrane-to-early
endosome trafficking is a process by which metazoan ani-
mals can control intercellular interactions, Rbsn may be an
attractive target for cellular regulation of this event. Indeed,
genetic interactions hint at a role for Rbsn in modulating
several cell-cell interaction and communication pathways
(Vaccari, Morrison, and Bilder, unpublished data); future
work will reveal whether Rbsn activity is modulated in
specific contexts to achieve different developmental out-
comes.
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