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Summary

Mutations that disrupt trafficking to lysosomes and
lysosome-related organelles cause multiple diseases,
including Hermansky-Pudlak syndrome. The Drosophila
eye is a model system for analyzing such mutations. The
eye-color genes carnation and deep orange encode two
subunits of the Vps-C protein complex required for
endosomal trafficking and pigment-granule biogenesis.
Here we demonstrate that dVpsl6A (CG8454) encodes
another Vps-C subunit. Biochemical experiments revealed
a specific interaction between the dVps16A C-terminus and
the Sec1/Muncl8 homolog Carnation but not its closest
homolog, dVps33B. Instead, dVps33B interacted with a

related protein, dVps16B (CG18112). Deep orange bound
both Vps16 homologs. Like a deep orange null mutation,
eye-specific RNAi-induced knockdown of dVpsl6A
inhibited lysosomal delivery of internalized ligands and
interfered with biogenesis of pigment granules. Ubiquitous
knockdown of dVps16A was lethal. Together, these findings
demonstrate that Drosophila Vpsl6A is essential for
lysosomal trafficking. Furthermore, metazoans have two
types of Vps-C complexes with non-redundant functions.

Key words: Endocytic trafficking, Vps-C genes, Pigment granules,
Lysosome-related organelles, Autophagosomes

Introduction

Hermansky-Pudlak syndrome (HPS) is a genetic disorder
caused by mutations that interfere with the biogenesis of
lysosome-related organelles (Gahl et al., 1998). Defects in the
generation of melanosomes are responsible for oculo-cutanous
albinism in such patients (Nguyen et al., 2002; Nguyen and
Wei, 2004). Prolonged bleeding times are due to defects in the
biogenesis of platelet secretory granules (White, 1982).
Furthermore, distinct steps in the biogenesis and secretion of
granules in cytotoxic T-lymphocytes are altered by several
HPS-related mutations (Stinchcombe et al., 2004).

At least 16 HPS-related genes have now been identified
based on mutations in humans and mice (Huizing and Gahl,
2002; Li et al., 2004; Spritz and Oh, 1999). Most of these genes
encode proteins that assemble into one of the three biogenesis
of lysosome-related organelles complexes, BLOC-I, -II, and
-III (Ciciotte et al., 2003; Gwynn et al., 2004; Li et al., 2003a;
Martina et al., 2003; Nazarian et al., 2003; Starcevic and
Dell’ Angelica, 2004). In addition, the HPS-2 gene encodes a
subunit of the AP-3 adaptor complex (Dell’Angelica et al.,
1999).

An additional set of proteins has been implicated in
HPS-related functions by a point mutation in the murine
vps33A gene that causes the HPS-like phenotypes observed
in buff mutants (Suzuki et al., 2003). The yeast homolog
of Buff is encoded by the vacuolar protein sorting (VPS)
gene Vps33/Pepl4 (Banta et al., 1990; Subramanian et
al., 2004). Vps33 proteins are members of the family of
Sec1/Muncl18 (SM) proteins, which are essential regulators

of membrane fusion events (Jahn et al., 2003; Toonen and
Verhage, 2003).

SM proteins have been shown to interact with SNARE
proteins in three different ways. First, Munc18 binds directly
to the closed form of Syntaxin I, which cannot participate in
SNARE complex formation (Dulubova et al., 1999; Misura et
al., 2000). Second, yeast Seclp binds to the syntaxin homolog
Ssolp only when Ssolp is complexed with other SNARE
proteins (Carr et al., 1999). Third, Vps33p, as part of the Class
C Vps protein complex, may only indirectly interact with the
syntaxin homolog Vam3p (Dulubova et al., 2001; Sato et al.,
2000).

The Class C Vps protein complex comprises four core
subunits that originally were defined by mutations that severely
disrupt vacuolar morphology (Raymond et al., 1992). In
addition to Vps33p/Pepldp, the VPS-C complex comprises
Vps18p/Pep3p, Vpsllp/PepSp and Vpsl6p (Rieder and Emr,
1997). This complex has been implicated in multiple membrane
fusion events including fusion of endosomes with vacuoles
(Rieder and Emr, 1997; Sato et al., 2000), early endosome
fusions (Peterson and Emr, 2001; Richardson et al., 2004;
Srivastava et al., 2000; Subramanian et al., 2004) and homotypic
fusion between vacuoles (Seals et al., 2000). The Vps-C protein
complex binds to Vps4lp/Vam2p and Vps39/Vam6p, thus
constituting the HOPS complex (for homotypic vacuole fusion
and protein sorting), which acts as effector and regulator of the
Rab7 homolog Ypt7 (Price et al., 2000; Wurmser et al., 2000).

Vps-C complexes have also been described in mammalian
and Drosophila cells (Kim et al., 2001; Richardson et al., 2004;
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Sevrioukov et al., 1999; Sriram et al., 2003). A fly homolog of
Vps33p is encoded by the carnation (car) gene, and a homolog
of vpsI8 is encoded by deep orange (dor) (Sevrioukov et al.,
1999; Shestopal et al., 1997). Furthermore, light encodes a
homolog of Vps41p (Warner et al., 1998). Because mild loss-
of-function alleles of these genes impair the biogenesis of
pigment granules, these genes were originally discovered as
eye-color mutants (Beadle and Ephrussi, 1936). Stronger
phenotypes, including lethality, result either from genetic
interactions of mild alleles, e.g. car! and light1 (Nickla, 1977)
or null alleles such as dor® (Shestopal et al., 1997). Such strong
alleles revealed the additional roles of dor in membrane
trafficking. For example, cells homozygous for dor® are
impaired in the delivery of internalized ligands to lysosomes
(Sevrioukov et al., 1999).

Here, we identify dVps16A as an additional subunit of the
Dor/Car complex. RNAi-induced knockdown of dVpsl6A
reveals phenotypes in lysosomal delivery and pigment granule
biogenesis similar to those of a dor null allele. Furthermore,
we demonstrate that a second Vpsl6 homolog, dVpsl6B,
specifically interacts with a second Vps33p homolog,
dVps33B. These results suggest the presence of two distinct
Vps-C-like protein complexes in Drosophila.

Materials and Methods
Molecular biology

The cDNAs encoding dVps16A (GM04828), dVps16B (SD23896),
dVps33B (LD23683) and ROP (Wu et al., 1998) were identified in
the collection of Drosophila EST sequences (Rubin et al., 2000). Their
sequences were identical to those predicted (Adams et al., 2000) with
the exception of a 60 base pair (bp) exon [encoding a 20 amino acid
(aa) insertion after aa 472] that was missing in the GM04828 cDNA.
In the various dVps16A constructs listed below, amino acid numbers
refer to the GM04828-encoded protein sequence. Expression vectors
encoding epitope-tagged versions of full-length Car, Dor, dVps33B,
Rop, dVps16B and dVpsl6A, or the truncations dVps16N1 (aa 2-
224), dVps16AN (aa 260-813), dVps16M (aa 260-520), dVps16C (aa
489-813), and dVpsl6C2 (aa 643-813) dVpsl6C3 (aa 694-813),
dVps16ACI1 (aa 1-555), dVps16AC2 (aa 1-633), dVps16AC3 (aa 1-
717) were generated using PCR and placed under control of the
metallothionein promoter (Bunch et al., 1988) using standard
molecular biology techniques (Ausubel et al., 1994).

Fly work

For expression in transgenic flies, cDNAs encoding the relevant
proteins were cloned into the p{UASt} vector (Brand and Perrimon,
1993). The GFP-LAMP fusion protein is designed to encode a
cleavable preprolactin signal sequence followed by eGFP and a
transmembrane domain and cytoplasmic tail derived from human
LAMPI1 (accession number CAI13797). The LAMPI cytoplasmic tail
is sufficient to direct proteins to lysosomes (data not shown) (Rohrer
et al., 1996). Flies carrying the P{UAS-Dor} construct have been
described (Sevrioukov et al., 1999). RNAi constructs containing
inverted repeats of about 300 bp of dVps16A cDNA were generated
in pWIZ (Lee and Carthew, 2003). The chosen region did not contain
any stretch of more than 12 bp of identity to the dVps16B cDNA.
Transgenic flies were established using standard procedures (Rubin
and Spradling, 1982). Expression was driven by P{GMR-Gal4} (Hay
etal., 1994) P{ey-Gal4} (Hazelett et al., 1998) or P{da-gal4} (Wodarz
etal., 1995), which were obtained from the Bloomington Stock center.
To assess effects on pigment granules, expression in the eye was
induced in a white* background.

Antibodies

To raise anti-dVps16A antibodies, a GST-fusion protein containing aa
663-833 of dVpsl6A, GST-dVps16C2, was expressed in bacteria,
purified and injected into rabbits. Specific antibodies were affinity-
purified from sera using the GST-dVps16C2 fusion proteins coupled
to agarose beads (Affigel 10, Bio-Rad) as described (Harlow and
Lane, 1988). An antibody recognizing the C-terminus of Dor (anti-
DorY81) was raised in guinea pigs using a peptide encompassing aa
987-1002. For detection of endogenous proteins by western blots we
used anti-dVps16A (1:3000), anti-Car (1:2000) (Sevrioukov et al.,
1999), anti-DorY81 (1:1000), anti-HA 12CAS5 (BABCO, 1:500), anti-
Myc 9E10 (Sigma, 1:2000) anti-tubulin DM1A (Sigma, 1:3000),
dSyn7-45 (1:5000) and anti-Hook (1:2000) (Krdmer and Phistry,
1996).

Tissue culture and biochemistry

cDNAs encoding full-length or truncated tagged forms of Dor and Car
(Sevrioukov et al., 1999), Rop (Wu et al., 1998) dVps16A, dVps16B,
or dVps33B were transfected into S2 cells and expression was induced
using 0.7 uM CuSOy (Krdamer and Phistry, 1996). After 16 hours, S2-
cell extracts were used for co-immunoprecipitations as described
(Sevrioukov et al., 1999).

For analysis of endogenous proteins, Drosophila cytosol (~12 ug
protein pl™') was prepared from S2 cells (Walenta et al., 2001). For
sucrose density gradient centrifugation (10-20%), 50 pl cytosol was
fractionated and sedimentation coefficients (S,gy) determined as
described (Sevrioukov et al., 1999). Individual fractions were
separated by SDS-PAGE and probed with the indicated antibodies.
Extracts for developmental western blots were prepared from different
developmental stages as described (Sevrioukov et al., 1999).

For western blots of dVps16A-RNAi larvae, the homozygous da-
Gal4 driver was crossed to a line homozygous for the dVps16A-RNAi
transgene. Larvae hemizygous for dor® were recognized by the
absence of the GFP-tagged FM7 balancer (Casso et al., 2000).

Histology

Eye imaginal discs were stained as described using anti-Boss
(Kriamer et al., 1991) or anti-Scal antibodies (Lee et al., 1996).
Alexa-488- or Alexa-568-conjugated secondary antibodies were
detected with a Leica TCS SP2 confocal microscope with a 63X NA
1.32 lens. All digital images were imported into Photoshop and
adjusted for gain and contrast.

For the quantification of LAMP1-GFP levels, third instar eye
discs were stained with antibodies against Boss using Alexa-568-
conjugated secondary antibodies and imaged on a Leica TCS SP2
confocal microscope as described above. A Z-stack of images
120 um X 120 pum in size were obtained to a depth of about 10 pm,
with images taken every 0.5 uum. Boss staining on the apical surface
of R8 cells was used as a reference to ensure that images were
collected at the same depth and distance from the morphogenetic
furrow. Image stacks were imported into Volocity software for
thresholding and quantification of GFP levels. The intensity of each
LAMP1-GFP pixel was determined and the sum of pixel intensities
in the Z-stack was determined to be the total GFP fluorescence for
each sample. For electron microscopy, adult heads were fixed,
embedded in plastic and sectioned as described (Van Vactor et al.,
1991).

Results
Identification of two Drosophila Vps16 homologs

The Drosophila Vps-C proteins Dor and Car are subunits of
a cytosolic complex of about 370 kDa (Fig. 1) (Sevrioukov et
al.,, 1999). In yeast, Vpsl6p is a necessary subunit of the



(O]
O
C
ks
O
(d)]
5
O
N
(@]
T
C
S
>
(@]
3

A 13;5201 . 388y,
B - Dor
S dVps16A
EEsmals [l
Fract5 7 9 11 13 15 17 19
~
B S‘T S
P: &6 8.8
SEOENEE
IB:
182
115t anti-
84— Dor
' .
62— s  «/gG
182
Ha= — — — anti-
84 dVps16A
62
115
84m - anti-
. Car
51

Fig. 1. dVps16A physically interacts with Dor and Car. (A) Cytosol
from S2 cells was fractionated by sucrose density gradient
centrifugation (10-20%). Proteins in each fraction were detected by
western blotting with the indicated antibodies. Sedimentation
coefficients (Sygw) are indicated for two markers. (B) Proteins were
immunoprecipitated from S2-cell cytosol with anti-Dor, anti-Car,
anti-dVps16A, or anti-Boss antibodies as controls.
Immunoprecipitates were detected on western blots with the
indicated antibodies to Dor, dVps16 or Car.

corresponding Vps-C complex (Horazdovsky and Emr, 1993;
Sato et al., 2000). Two Drosophila transcription units,
CG8454 and CGI18112 (Fig. 2A,B), exhibit significant
similarity to the yeast and mammalian Vpsl6 proteins
(Horazdovsky and Emr, 1993; Huizing et al., 2001; Kim et al.,
2001). The 813 amino acid (aa) protein encoded by CG8454
shares 35% identity with the human Vps16 protein and 21%
with Saccharomyces cerevisiae Vpsl6ép. A more distant
relationship characterizes CG18112, which encodes a 447 aa
protein that displayed 24% identity with human Vps16 and
20% with yeast Vps16p. The domain best conserved between
these proteins is the C-terminal Vps16-C domain (Fig. 2A).
Based on this similarity and the functional characterization
described below, we named these genes dVpsI6A and
dVpsl6B.

dVps16A is part of the Vps-C complex and binds to Car
and Dor

When S2 cytosol was separated in a 10-20% sucrose density
gradient, the majority of dVps16A was found in the same
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Fig. 2. dVps16A and dVps16B bind different Vps33 homologs.

(A) The domain of highest similarity between the two Vps16
homologs in the Drosophila genome is the Vps16-C domain
[Pfam04840 in the Conserved Domain Database (Marchler-Bauer et
al., 2005)]. (B) Sequences of Vps16 proteins were aligned using
ClustalW and a phylogenetic tree was constructed using 1000
bootstraps. Accession numbers: Tetraodon nigroviridis Vps16B
(TnVpsl16: CAF92974), zebrafish Vps16B (DrVps16B:
AAQ94572.1), human Vps16s (Hsvps16A: AAG34678.1 and
HsVps16B: AAD(09624.1) and mouse Vps16s (MmVps16A:
AAH25626.1 and MmVps16B: BAC32680.1), Anopheles gambia
(AgVpsl6A: XP_310557.1 and AgVps16B: XP_321923.1),
Drosophila melanogaster (DmVps16A: NP_649877.1 and
DmVps16B: AAF56946.1) Drosophila pseudoobscura (DpVps16B:
EAL28124.1), Arabidopsis thaliana VACUOLELESS1 (AtVps16:
AAMOI8105.1) and Saccharomyces cervisiae Vps16p (ScVps16p:
NP_015280.1). (C) Myc-tagged Rop, dVps33B or Car proteins were
co-expressed in S2 cells with HA-tagged dVsp16A and detected in
input samples by immunoblots (IB) with anti-dVps16A or anti-Myc
antibodies. Proteins were immunoprecipitated with anti-dVps16A
antibodies. Immunoprecipitated proteins (IP) were detected with
anti-Myc antibodies. (D) HA-tagged Rop, dVps33B or Car proteins
were co-expressed in S2 cells with a Myc-tagged dVsp16A and
detected in input samples by immunoblots (IB) with anti-HA or anti-
Myc antibodies. Proteins were immunoprecipitated with anti-Myc
antibodies. Immunoprecipitated proteins (IP) were detected with
anti-HA antibodies.

fractions in which the level of Dor and Car proteins peaked
(Fig. 1A). To test for a physical interaction between dVps16A
and the Dor/Car complex we used co-immunoprecipitation
of endogenous proteins. Antibodies against Dor, Car and
dVpsl6A, or control antibodies, were wused to
immunoprecipitate proteins from Drosophila S2 cell cytosol.
Immunoprecipitates were separated by SDS-PAGE and probed
for the presence of the three proteins for which antibodies are
available: Dor, Car and dVps16A. Antibodies against each of
these proteins, but not control antibodies, precipitated each of
the three proteins (Fig. 1B) consistent with the model that the
Drosophila homologs of the C-class Vps proteins form a stable
complex.
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complex. First, dVpsl6A was co-expressed with epitope-
tagged Car or the SM proteins dVps33B and Rop, the
Drosophila ortholog of Munc18 (Wu et al., 1998). Upon pull-
down of the Myc-tagged SM proteins, we found that only Car
exhibited significant binding to dVpsl6A (Fig. 2C). By
contrast, in corresponding experiments dVps16B specifically
co-immunoprecipitated with dVps33B but not Car or Rop (Fig.
2D). An interaction between dVps16B and dVps33B has also
been observed in a genome-wide two-hybrid analysis (Giot et
al., 2003).

Co-immunoprecipitation experiments between Car and
different dVps16A truncations were used to define the domain
within dVps16A that is responsible for its binding to Car (Fig.
3). After immunoprecipitation of Car from co-transfected cells,
the C-terminal domain of dVpsl16A was pulled down, but not
the N-terminus or the well-conserved central part (Fig. 3A).
We noted that in these experiments that the C-terminal domain
was consistently higher expressed than other truncations;
however, even 10-fold longer exposure did not detect Vps16A-
N or -M in the immunoprecipitates (data not shown). Because
in these experiments Car and the respective dVpsl6A
truncations were both HA-tagged, the levels of co-
immunoprecipitated proteins could be directly compared. Full-

length dVps16A as well as the dVps16A-C domain bound Car
in a ratio close to 1:1, indicating this is a direct interaction
between the over-expressed proteins (Fig. 3A,B). The
specificity of the interaction with SM proteins is encoded
within the C-terminal domain of dVps16A, which only pulled
down Car but not dVps33B or Rop (Fig. 3C). In these co-
expression experiments, we consistently noticed that the level
of dVps16A-C in the cytosol was increased in response to the
co-expression of Car but not other SM proteins (Fig. 3C). This
adds further weight to the notion that the Vps16-C domain
determines the specific interaction of Vps16 proteins with SM
protein family members. Further truncation analysis indicated
that aa 489-555 of dVpsl6A are necessary for its binding to
Car (Fig. 3B,D,E).

We also probed the interaction between Dor and the Vps16
homologs using co-immunoprecipitation of epitope-tagged
Vps-C subunits. Western blots of immunoprecipitates
revealed that Myc-tagged Dor pulled down full-length
dVps16A or its C-terminal domain, dVps16A-C (Fig. 4A). C-
terminal truncations narrowed the region of dVps16A that is
required for binding to Dor at aa 489-633 (Fig. 4B,C). This
region is partially overlapping with the Car-binding domain,
but the presence of all three endogenous proteins in a single
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complex (Fig. 1) suggests that these interactions are not
competitive.

Interestingly, the Dor-binding domain of dVpsl6A is the
most similar to dVps16B. We therefore tested its interaction
with Dor and found that after co-expression in S2 cells Dor
pulled down dVps16B (Fig. 4D). Together, these experiments
suggested that the two distinct Vps-C complexes in Drosophila
use Dor as a subunit.

dVps16A knockdown causes loss of Dor

Because no mutation has yet been identified in the dVpsI6A
gene, we used RNAi to analyze its loss-of-function
phenotypes. Two snap-back dVps16A-RNAi constructs were
placed under UAS control. One of these constructs was
efficient in knocking-down dVpsl6A after expression in
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Fig. 4. dVps16 proteins bind to Dor. The binding of different
dVps16A truncations (outlined in panel E) to Dor was evaluated by
co-immunoprecipitation experiments. (A) Myc-tagged full-length or
truncated dVps16A proteins were co-expressed with Myc-Dor and
detected with Myc antibodies in whole cell extracts (Input). After IP
with anti-Dor antibodies, only the co-immunoprecipitated full-length
dVps16A protein (FL) or the C-terminal domain (-C) were detected
by anti-Myc antibodies. (B,C) Myc-tagged truncated dVps16A
proteins were co-expressed with Myc-Dor and in input samples
detected with Myc antibodies. (B) After IP with anti-Dor antibodies,
only dVps16A-AC2 (-AC2) and dVps16A-AC3 (-AC3) were co-
immunoprecipitated as detected by anti-Myc antibodies, but not the
shorter dVps16A-AC1 (-AC1). (C) After IP with anti-Dor antibodies,
only the dVps16A-C (C) truncation co-immunoprecipitated, but not
the shorter dVps16A-C2 or -C3 peptides. (D) Myc-tagged Dor and
dVps16B were expressed alone or together in S2 cells. After IP with
anti-Dor antibodies, dVps16B was only pulled down when co-
expressed with Dor protein. (E) The summary of the co-
immunoprecipitation results indicates that a small domain of
dVps16A from amino acid 489 to 633 is required for binding to Dor.

transgenic flies and is further characterized below. In wild-
type Drosophila tissue, affinity-purified anti-dVpsd16A
antibodies recognized a major band of about 100 kDa (Fig.
5A), close to the predicted mass of dVps16A. This band was
not detected in extracts from larvae in which the dVps16A-
RNAI transgene was ubiquitously expressed using the da-Gal4
driver (Fig. 5B). These larvae developed into pupae but no
flies emerged, indicating that dVpsI6A is an essential gene.
No changes in the levels of Car, dSyntaxin-7 or tubulin
proteins were detected in larvae and pupae after dVpsl16A
knockdown, but the level of Dor protein was dramatically
reduced (Fig. 5B).

We therefore wondered whether the reciprocal is true, and
dVpsl16A is destabilized in dor mutants. We found no
appreciable decrease in dVps16A in adult flies homozygous
for the mild dor' and dor* alleles, despite the noticeable
reduction in their Dor protein levels (Fig. 5C). However, in 4-
day-old larvae that were hemizygous for the lethal dor® allele
we observed a significant reduction of dVps16A. This effect
was specific, as no changes were seen for several other
proteins tested (Fig. 5D). Thus, Dor and dVpsl6A stability
depend on each other’s presence, whereas Car remains stable
in the absence of the Vps-C complex. This is consistent with
our observations that the majority of cytosolic Dor and
dVps16A protein is found in high molecular mass complexes,
whereas a significant amount of Car is detected in fractions
that may represent unbound protein (Fig. 1A) (Sevrioukov et
al., 1999).

dVps16A is required for the formation of the compound
eye

To analyze the cellular consequences of loss of dVpsl16A
function, we focused on the compound eye. Eye-specific
expression of the dVps16A-RNAI construct was induced with
the combined ey-Gal4 (Hazelett et al., 1998) and GMR-Gal4
drivers (Hay et al., 1994), which initiate expression early in eye
development and maintain high levels in the adult eye.
Externally, the most obvious change in response to dVps16A
knockdown was a dramatic reduction of eye pigmentation
compared with wild-type flies (Fig. 6A-C). The resulting eye
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color exhibited a gradient with the most anterior ommatidia
having lost most of their pigmentation (Fig. 6B). This gradient
reflects the expression pattern of the ey-Gal4 driver, as we
consistently see such gradients with this driver using different
RNAI transgenes (T. Endicott and H.K., unpublished). The
eye-color phenotype of dVpsl6A knockdown flies was not
rescued by over-expressing Dor or Car protein using the
uas/Gal4 systems with the combined ey-Gal4 and GMR-Gal4
drivers (data not shown).

Thin sections revealed strong retinal degeneration after
eye-specific dVpsl16A knockdown. All cell types analyzed
showed accumulation of autophagosomes (Fig. 7), which
are characterized by the limiting double membrane and
the presence of internal cytosol and organelles such as
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Fig. 5. RNAi-induced knockdown of dVps16A. (A) dVps16A is
expressed throughout development. Extracts for western blotting
were prepared from embryos (E), first and third instar larvae (L1 and
L3), pupae (P) and adult females (F) and males (M). (B) Western
blots of extracts from wild-type or dVps16A RNAi knockdown
larvae (0) or 1-, 2- and 3-day-old pupae (1, 2 and 3). In addition to
dVps16A, Dor was drastically reduced after dVps16A knockdown,
but Car, dSyntaxin7, and tubulin levels were unchanged. (C) Western
blots of extracts from adult wild-type, dor!, dor* or car' flies did not
show a reduction in dVps16A, although Dor protein levels were
reduced in the dor alleles. (D) Western blots from extracts of day-
four wild-type or dor® third instar larvae show the loss of Dor and the
reduced expression of dVps16A whereas Car, Hook, dSyn7 or
tubulin were unchanged.

mitochondria and rough endoplasmic reticulum (e.g. inset in
Fig. 7D). Because autophagosomes fuse with lysosomes to
initiate the digestion of their content (Klionsky, 2005), the
massive accumulation that we observe upon dVpsl6A
knockdown is consistent with a requirement for dVps16A in
lysosome-autophagosome fusion.

Different cell types exhibited additional specific defects.
Lenses overlaying each ommatidium (‘L’ in Fig. 6D and Fig.
7A,B) appeared correctly formed, but the pseudocones just
below them (‘P’ in Fig. 6D and Fig. 7A,B) were essentially
absent after dVpsl6A knockdown (Fig. 6E and Fig. 7B).
Pseudocones contain a transparent fibrous material that is
secreted by cone cells (Cagan and Ready, 1989). After
dVps16A knockdown, the remnants of the pseudocones were
surrounded by a dense structure (arrow in Fig. 6E) that EM
revealed to be composed of vesicles and vacuolar structures
containing internal vesicles (Fig. 7B). Furthermore, the smaller
type I pigment granules normally found in primary pigment
cells (PPC in Fig. 7A) as well as the larger type II pigment
granules characteristic for secondary pigment cells (SPC) were
absent (Fig. 7B,G). The accumulation of autophagosomes in
pigment cells paralleled their expansion from the typical width
of 1-2 um to often more than 5 um (Fig. 7G).

In plastic sections, photoreceptor cells are easily identified
based on their darkly stained rhabdomeres (arrowheads in Fig.

ey&MR-aI4>
dVps16A-RNAI

white'''®

Fig. 6. dVps16C is required for eye development. (A-C) Micrographs
of compound eyes from wild type (A), ey-Gal4&GMR-
Gal4>dVps16A-RNAi (B), or white'!'3 flies (C). (D-I) Micrograph
of sections of plastic embedded wild type (D,G), or ey-Gal4&GMR-
Gal4>dVps16A-RNAi (E,H) or white''3 eyes (FI). Lenses (L) and
pseudocones (P) are indicated in (D). Arrows in E point to the dense
material next to a malformed pseudocone. Arrowheads in panels G-I
point to wild-type (G,I) or degenerate (H) rhabdomeres. Scale bar in
I represents 15 um in panels D-1.
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Fig. 7. Ultrastructural defects in compound eyes lacking dVps16A.
Electron micrographs show details of compound eyes from wild type
(A,E), white"'® (C,F) or ey-Gal4 and GMR-Gal4>dVps16A-RNAi
flies (B,D,G). Lenses (L) and pseudocones (P) are indicated in A and
B. Primary pigment cells (PPC) face the pseudocones and contain
type I granules, which appear electron dense. The larger type II
granules are predominant in secondary pigment cells (SPC); they
appear translucent because their content of pigments were washed
out during the embedding process (A). Both types of pigment
granules are absent after dVps16A knockdown (B). Rhabdomeres
(Rh) contain the phototransduction cascade and are composed of
tightly packed microvilli (C). After dVps16A knockdown (D), most
rhabdomeres are only detected as remnants (arrows in D) in
degenerating photoreceptors cells full of vacuoles and
autophagosomes. The inset in D shows an example of an
autophagosome with an internal piece of rough endoplasmic
reticulum. (E-G) Photoreceptor cells (R) of neighboring ommatidia
are separated by a layer of pigment cells. In wild-type eyes (E), the
width of pigment cells (arrows) between photoreceptor cells (R) is
dominated by type II pigment granules. These granules are
essentially absent in white'''® mutant eyes (F) resulting in a thin
layer of pigment cells (between the arrows in F). After dVps16A
knockdown (G), pigment cells are full of vacuoles and
autophagosomes resulting in expanded width of the pigment cell
layer (indicated between the arrows in G). Photoreceptors (R) in
panel G were recognized by the remnants of rhabdomeres outside the
field shown. Scale bar: 2 um in A and G, 1 um in B-F, and 100 nm
for the inset in D.
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6G-I). Upon dVpsl6A knockdown, however, most
photoreceptor cells contained only remnants of rhabdomeres
(e.g. arrowhead in Fig. 6H and arrows in Fig. 7D). The loss of
rhabdomeres was accompanied by the accumulation of
autophagosomes and vacuoles. Together the different
ultrastructural phenotypes support a requirement for dVps16A
in the trafficking to lysosomes and pigment granules.

dVps16A is required for lysosomal delivery

Because the retinal degeneration detected in the adult
compound eyes might be an indirect consequence of defects in
endocytosis or secretion we looked earlier in development for
defects in either pathway. For this purpose, we analyzed the
trafficking of two ligands, Boss and Scabrous, in the
developing eye disc. Boss is targeted to the apical surface of
R8 cells and, upon binding to the sevenless receptor,
internalized into R7 cells (Fig. 7A) (Kramer et al., 1991). The
pattern of Boss expression on the R8 cell surface is diagnostic
for several developmental decisions in eye development (e.g.
Van Vactor et al., 1991). Vps16A knockdown did not change
this pattern indicating that R8 cell specification was not
affected.

The level of Boss protein detectable in R7 cells is sensitive
to mutations that perturb endocytic trafficking (Chang et al.,
2002; Sevrioukov et al., 1999; Sunio et al., 1999). After
dVpsl6A knockdown using the da-Gal4 driver, the level of
Boss expressed on the R8 cell surface was not significantly
altered, indicating no change in secretion. By contrast, the level
of Boss protein in R7 cells was increased (Fig. 8A,B),
consistent with an inhibition of lysosomal delivery.

This effect was even more pronounced with the Scabrous
ligand. Scabrous is expressed in pro-neural clusters in the
morphogenetic furrow and accumulates in endosomes before
being degraded (Li et al., 2003b). As a consequence, very little
Scabrous protein can be detected in wild-type ommatidia two
or three rows posterior to the furrow, which corresponds to 4-
6 hours after the initial burst of Scabrous expression (Fig. 8C).
After dVpsl16A knockdown, the level of Scabrous protein
remained high far posterior to the morphogenetic furrow (Fig.
8D). These data are consistent with a requirement for dVps16A
in lysosomal delivery, but not protein targeting to the apical
surface of cells in the developing eye.

We also tested the effect of dVpsl6A knockdown on
lysosomal trafficking using a GFP-LAMP fusion protein. In
Drosophila cells, the LAMPI1-derived cytoplasmic tail is
sufficient to target this fusion protein from the Golgi to late
endosomes and lysosomes, where hydrolases degrade GFP
(data not shown) (Rohrer et al., 1996). Thus, GFP-LAMP did
not accumulate to high levels in wild-type eye discs (Fig. 8E).
By contrast, massive accumulation of GFP-LAMP in dVps16A
knockdown flies was observed. Quantification revealed a more
than 12-fold increase in average GFP-LAMP fluorescence after
dVps16A knockdown (12.4X107+5.5; n=5) compared with
wild-type controls (1.0X 107+0.4; n=3). Because the number of
GFP-positive vesicles was at least threefold increased this is
likely to reflect the accumulation of endosomal intermediates
due to the inhibited fusion with lysosomes and -earlier
intermediates in the pathway. This demonstrated that delivery
to lysosomes is inhibited for Golgi-derived biosynthetic cargo,
along with the internalized ligands described above.
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da-Gal4>
dVps16A-RNAI

%

wild type

Fig. 8. Cells lacking dVps16A are deficient in lysosomal delivery.
Eye discs from wild-type (A,C) or dVps16A knockdown (B,D) third
instar larvae were stained for Boss (A,B) or Scabrous (C,D). As
indicated in the inset in panel A, the large dots of Boss staining
represent its expression on the apical surface of R8 cells in each
ommatidium whereas the small dots next to it (arrows in A and B)
show the ligand after its internalization into the neighboring R7 cells
(Cagan et al., 1992). Note that, after dVps16A knockdown, R8
surface levels are unchanged whereas the level of Boss staining in R7
cells is increased. Similarly, posterior to the furrow (arrowhead in
panel C and D), Scabrous protein is rapidly degraded in wild-type
cells (C) but after dVps16A knockdown Scabrous levels remain high
(D). (E) In wild-type eye discs, a GFP-LAMP fusion protein is
targeted to lysosomes and efficiently degraded. (F) After dVps16A
knockdown, this degradation is inhibited and GFP-LAMP
accumulates in vesicles. All images are projections of confocal z-
series. Posterior is to the left. Scale bar: in Fis 7 wm in A and B, 20
um in C and D, and 10 pm in E and F.

Discussion

Vpsl6 was originally discovered in yeast as one of the four
class C vps genes whose disruption results in the absence of a
morphologically recognizable vacuole (Horazdovsky and Emr,
1993; Robinson et al., 1988). The four class C vps proteins
form a complex that is necessary for the membrane fusion in
early endosomes (Peterson and Emr, 2001; Srivastava et al.,
2000; Subramanian et al., 2004), as well as fusion of
endosomal intermediates and autophagosomes with the
vacuole (Rieder and Emr, 1997; Seals et al., 2000; Wurmser et

al., 2000). Within this complex, Vps16p interacts directly with
Vps18p/Pep3p and the SM protein Vps33p/Pepl4p (Sato et al.,
2000). Here, we demonstrate that the Drosophila genome
encodes two Vpsl6 homologs: dVpsl6B (CG18112) binds
specifically to dVps33b, but not to Car. By contrast, dVps16A
(CG8454) binds specifically to Car, but not dVps33B.

Most phenotypes after dVps16A knockdown were similar to
those observed for dor mutations, which is consistent with the
loss of Dor protein after dVps16A knockdown (Fig. 5). Both
cause deficits in lysosomal delivery as well as eye-color defects
due the loss of pigment granules. Additionally, we observed a
loss of pseudocones, whose gelatinous content is secreted by
cone cells starting ~110 hours after pupariation (Cagan and
Ready, 1989). Although it is possible that the loss of
pseudocones indicates a primary role of dVps16A in secretion,
it is likely that this secretory defect is a secondary consequence
of the massive changes we notice in cells after dVpsl6A
knockdown (Fig. 7). For example, the lenses overlaying each
ommatidium are secreted by cone cells and primary pigment
cells about 1 day before the pseudocones (~70 hours after
pupariation) (Cagan and Ready, 1989). At this stage, secretion
is normal as indicated by the fully formed lenses in dVps16A
knockdown flies. Furthermore, 3 days earlier in development,
delivery of endocytosed ligands and Golgi-derived biosynthetic
cargo to lysosomes is inhibited in eye discs, yet secretion of
Boss to the R8 cell surface is unchanged (Fig. 8), indicating
that the primary defect is in endosomal trafficking. Finally,
indirect effects on secretion have also been observed in loss-
of-function mutations in VACUOLELESS1, which encodes an
Arabidopsis homolog of Vps16 (Rojo et al., 2001).

Another phenotype of VACUOLELESS1 mutant cells that
we also observed in dVpsl6A knockdown flies is the
accumulation of autophagosomes. Autophagy is a process in
which cytosol and organelles are engulfed by double-
membrane bounded vacuoles. These vacuoles fuse with
lysosomes, which exposes their content to lysosomal
hydrolases for degradation (Klionsky, 2005). In Drosophila, as
in other organisms, autophagy is induced by starvation (Scott
et al., 2004) and is observed during developmentally induced
cell death (Baehrecke, 2003; Rusten et al., 2004). The
accumulation of autophagosomes after dVps16A knockdown
indicates that the dVps16A containing complex is required for
the fusion of autophagosomes to lysosomes, similar to the
function of the Vps-C complex in yeast (Klionsky, 2005;
Rieder and Emr, 1997).

Because dVps16A binds tightly and specifically to Car (Figs
2 and 3), it is interesting to compare the dVps16A phenotypes
with those of car and its mammalian ortholog buff, which
causes some HPS-like phenotypes in mice (Suzuki et al.,
2003). Similar to the eye-color defect observed in Vpsl6A
knockdown and car mutant flies, the buff mutation causes
strong pigmentation defects in the skin and the eye.
Knockdown of dVpsl6A also causes defects in lysosomal
delivery. Similar defects in HPS-related mutations are
indicated by the deficiency to secrete lysosomal enzymes into
urine (Li et al., 2004). However, little or no secretion deficiency
was observed in buff mice (Suzuki et al., 2003). In Drosophila,
car' exhibits only a slightly reduced rate of degradation for
internalized cargo (Sriram et al., 2003). Some of the mild
phenotypes observed for car and buff are likely due to the fact
that both mutations are single amino acid changes. Complete
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loss-of-function mutations will be necessary to define their
functions more precisely.

In addition to dVps16A, we have described a second Vps16
homolog, encoded by CG18112. We have called this protein
dVpsl6B based on its similarity to Vpsl6 proteins and its
binding to the second Vps33 homolog in flies, dVps33B.
Homologs of dVpsl6B are encoded by other insect and
vertebrate genomes (Fig. 2). The presence of two Vpsl6
homologs appears to parallel the presence of two Vps33
homologs in metazoans consistent with the formation of two
distinct Vps-C complexes. No mutation has yet been identified
in dVps16B or dVps33B, but an indication for their function
comes from the phenotypes observed in humans with
mutations in VPS33B. These patients suffer from
arthrogryposis-renal dysfunction-cholestasis (ARC) syndrome
(Gissen et al., 2004). The hallmark of this syndrome is
occurrence of muscle atrophy that limits the motion of joints,
in conjunction with renal dysfunction and liver defects that
prevent bile secretion (Eastham et al., 2001). Cellular
phenotypes in the liver and kidney of ARC patients suggest an
underlying deficiency in the targeting of proteins to the apical
cell surface: proteins normally restricted to the apical domain
are distributed over the entire cell surface of hepatocytes and
kidney cells (Gissen et al., 2004). Because endosomes play a
key role in the maintenance of apical-basal polarity (Nelson
and Rodriguez-Boulan, 2004) these phenotypes are consistent
with a role of Vps33B proteins in endosomes.

Although the distinct phenotypes suggest non-overlapping
function between the two Vps33 homologs in mammals, an
interaction with other VpsC proteins was suggested by
overexpression of human Vps33B, which resulted in the
clustering of lysosomes (Gissen et al., 2004). This phenotype
mimics closely the consequences of overexpression of
mammalian homologs of Vps18p (Poupon et al., 2003). Similar
lysosome clustering has also been observed upon expression of
human Vam6p (Caplan et al., 2001). In yeast, Vam6/Vps39 is
part of the HOPS complex (Seals et al., 2000; Wurmser et al.,
2000). A connection between the Vps33B/Vps16B complex
and other subunits of the Vps-C complex is also supported by
our detection of a physical interaction between dVps16B and
Dor (Fig. 4D). To define to which extend the two Vps-C
complexes have distinct and overlapping functions in different
membrane fusion events the consequences of complete loss-of-
function mutations need to be analyzed in a single organism.
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