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Drosophila mauve Mutants Reveal a Role of LYST Homologs in the
Maturation of Phagosomes and Autophagosomes

Abstract

Chediak-Higashi syndrome (CHS) is a lethal disease caused by mutations that inactivate the lysosomal
trafficking regulator protein (LYST). Patients suffer from diverse symptoms including oculocutaneous
albinism, recurrent infections, neutropenia and progressive neurodegeneration. These defects have been
traced back to over-sized lysosomes and lysosome-related organelles (LROs) in different cell types. Here, we
explore mutants in the Drosophila mauve gene as a new model system for CHS. The mauve gene (CG42863)
encodes a large BEACH domain protein of 3535 amino acids similar to LYST. This reflects a functional
homology between these proteins as mauve mutants also display enlarged LROs, such as pigment granules.
This Drosophila model also replicates the enhanced susceptibility to infections and we show a defect in the
cellular immune response. Early stages of phagocytosis proceed normally in mauve mutant hemocytes but,
unlike in wild type, late phagosomes fuse and generate large vacuoles containing many bacteria. Autophagy is
similarly affected in mauve fat bodies as starvation-induced autophagosomes grow beyond their normal size.
Together these data suggest a model in which Mauve functions to restrict homotypic fusion of different pre-
lysosomal organelles and LROs.
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Abstract

Chediak-Higashi syndrome (CHS) is a lethal disease caused by mutations that inactivate the
Lysosomal Trafficking Regulator protein (LYST). Patients suffer from diverse symptoms
including oculocutaneous albinism, recurrent infections, neutropenia and progressive
neurodegeneration. These defects have been traced back to over-sized lysosomes and lysosome-
related organelles (LROs) in different cell types. Here, we explore mutants in the Drosophila
mauve gene as a new model system for CHS. The mauve gene (CG42863) encodes a large
BEACH domain protein of 3535 amino acids similar to LYST. This reflects a functional
homology between these proteins as mauve mutants also display enlarged LROSs, such as pigment
granules. This Drosophila model also replicates the enhanced susceptibility to infections and we
show a defect in the cellular immune response. Early stages of phagocytosis proceed normally in
mauve mutant hemocytes but, unlike in wild type, late phagosomes fuse and generate large
vacuoles containing many bacteria. Autophagy is similarly affected in mauve fat bodies as
starvation-induced autophagosomes grow beyond their normal size. Together these data suggest a
model in which Mauve functions to restrict homotypic fusion of different prelysosomal organelles
and LROs.

Introduction

Chediak-Higashi syndrome (CHS) is a rare autosomal recessive disease (1, 2) caused by
mutations in the CHSI gene, which encodes the Lysosomal Trafficking Regulator protein,
LYST (3-5). Patients suffer from a wide array of symptoms that include albinism, bleeding
diathesis, progressive neurological disorders and immunodeficiency (6, 7). Common causes
of death during childhood are infections and a so-called “accelerated phase” during which
lymphocytes proliferate and invade multiple critical organs (8-11). Bone marrow
transplantation can suppress the lethal “accelerated phase” and improve symptoms related to
hematopoietic cells (12), but still leaves patients vulnerable to the neurological problems
often accruing in early adulthood (8, 13, 14).

Many CHS symptoms have been traced back to changes in lysosome-related organelles
(LROs) in different cell types. Albinism in CHS is the external reflection of over-sized
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melanosomes, which fail to be normally dispersed to keratinocytes and also tend to clump in
hairshafts (6). Similarly, the bleeding tendency of CHS patients reflects defects in platelet
dense bodies that normally function to accelerate blood clotting (11). Enlarged secretory
granules in lymphocytes are a diagnostic hallmark of CHS and have been linked to
immunodeficiency (6).

The biochemical mechanisms leading to these defects in organelle size and function are still
poorly understood. The molecular identification of the CHS gene (3, 15) revealed that it
encodes LYST, an unusually large protein of almost 4000 amino acids containing pleckstrin-
homology (PH), BEACH and WD40 domains in an arrangement typical of BEACH domain
proteins. BEACH domains were first defined as highly conserved domains shared between
the Beige and CHS-1 proteins. Mice with mutations in the beige locus closely mimic many
cell biological phenotypes observed in CHS patients (2). BEACH domains have also been
observed in several more distantly related proteins: including the Alfy/Bluecheese proteins
which regulate cargo recruitment to autophagosomes (16) and Neurobeachin proteins which
are required for synaptic function (17). The BEACH domain of Neurobeachin, together with
its associated PH domain, forms a novel structure with a prominent groove that suggests it
may be binding to a specific ligand (18). However, the molecular mechanism by which
LYST and its homologs function to control the size of LROs (19, 20) remains unknown.

Here, we describe a mutation in mauve (mv), the Drosophila ortholog of CHS1. as a novel
model system for CHS. We find that mv mutants display the characteristic enlargement of
LROs, evident in several vertebrate models of CHS (21). Furthermore, one of the most
important clinical aspects of CHS, the defect in innate immunity (11, 21), is also present in
myvflies. Using this model system to probe the function of LYST homologs in anti-bacterial
host defense, we find a critical requirement of Mauve late in phagocytosis to prevent an
increase in the size of late phagosomes. This results in delayed degradation and
accumulation of bacteria in mvhemocytes. Similarly during starvation-induced autophagy,
autophagosomes grow beyond their normal size.

The eye color defect inmv mutants reflects oversized pigment granules

Many mutations that alter endocytic trafficking in Drosophila also affect pigmentation of the
compound eye by altering trafficking to LROs (22). We previously described a FLP/FRT-
based screen that capitalized on this connection to identify membrane trafficking mutants in
Drosophila (23). Here, we describe one of these mutants, originally called 3L-85 and later
renamed to /M2 (the name we use from here on), based on molecular and genetic data
detailed below. To minimize the effect of background mutants we focused on the
hemizygous combination mv2 / Df(3L)ED4287 for the following phenotypic experiments.

Compared to wild type, eyes homozygous for 712 (data not shown) or hemizygous over
deficiency Df(3L)ED4287 appeared brown (Fig. 1A,B), reflecting an increase in brown
ommochromes and a decrease in red drosopterin pigments (Fig. 1E,F). These phenotypes
were subtle in young flies and more pronounced in flies aged for 20 days or more.
Ultrastructural analysis revealed another characteristic feature of this mutant. In wild-type
eyes, primary pigments cells contain ommochrome-enriched, electron-dense pigment
granules (24). These are reduced in number in 772 /Df(3L)ED4287 eyes, but drastically
increased in size (arrows Fig. 2A-D). This increase was even more pronounced for the
electron-lucent granules that dominate the distal aspect of secondary pigment cells
(arrowheads Fig. 2A-D). Their mean diameter was increased from 0.5+0.10 pm in wild type
t0 1.68+0.47 um in /m2 | Df(3L)EDA4287 eyes (Fig. 2 1, p<0.001), which corresponds to a
more than 37-fold increase in their volume. In wild type, pigment granule size did not
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significantly increase in flies aged for 20 days (Figure 2C,1; 0.53£0.094 um), b u t m/2 /
Df(3L)ED4287 granules grew to a mean size of 1.93+0.47 um by day 20 (Fig. 2D,
p<0.001). This increase in the volume of mv granules corresponds to the addition of about
one wild-type sized granule every day. Increased size of pigment granules could also be
detected in the more proximal pigment granules situated between photoreceptor cells
(marked by stars in Fig. 2 E-H). In contrast to the pigment granules, the structure and
arrangement of the light-sensing organelles of photoreceptor cells, called rhabdomeres (Rh
in Fig. 2G,H), appeared morphologically unaltered in young and old mv flies. This initial
analysis indicated that /v mutants might have a defect in the control of LRO size, possibly
due to the lack of a negative regulator for their fusion with other pigment granules or
biosynthetic carrier vesicles. Alternatively, subsequent fissions that normally restore their
size may require mv function.

The mv gene encodes the Drosophila ortholog of LYST

By non-complementation of deficiencies, the 3L-85 mutation was mapped to the
chromosomal region 62B7-B12 and failed to complement the /A mutation (Fig. 1C)
present on the inversion chromosome In(3LR)264 (25). Within the 62B7-B12 region,
CG42863 encodes the Drosophila protein most similar to the mouse Beige and human LYST
proteins. Their similarity is not restricted to the PH, BEACH and WD40 motifs which are
shared by the BEACH domain protein family, but extends to the Concanavalin A-like lectin
domain (26) which shares 16% identity and 32% similarity between Mauve and human
LYST (Fig. 3A, B). Because of the characteristic CHS phenotype of oversized LROs, we
tested CG42863 as a candidate gene for mv. Sequencing revealed a nonsense mutation at
codon 3160 in the /72 allele. Furthermore, a breakpoint in the inversion chromosome
In(3LR)264, which harbors the 4 allele (25), truncated CG42863 after 2771 amino acids
(Fig. 3A). Similar truncations of human LYST cause severe CHS disease indistinguishable
from larger truncations (27, 28).

CG42863 is predicted to encode a protein of about 400 kDa. A protein of that size was
recognized by antibodies raised against a C-terminal peptide of Mauve on western blots of
lysates from wild type, but not m2/Df(3L)ED4287 flies (black arrow in Fig. 3C). A second
mauve-specific band of ~300 kDa (blue arrow) is likely to represent a degradation product.
Mauve protein expression (Fig. 3C) and the mauve eye color phenotype (Fig. 1D) were
rescued by a genomic transgene containing CG42863 (BAC CH322-23009). These changes
were specific for Mauve, as several other proteins required for normal lysosomal delivery
were not significantly altered in mvmutants (Fig. 3C,D). Based on these findings, we re-
named the 3L-85 allele /712 Together these data indicate that /77v mutants are due to loss-of-
functions mutations in the Drosophila ortholog of the human L YS7and mouse beige genes
and, therefore, may constitute a useful model system for CHS disease.

Mauve affects a late step in bacterial phagocytosis

One of the most important clinical aspects of CHS is the vulnerability of patients to bacterial
infections (7). To test whether this phenotype extended to the Drosophila model as well, we
infected adult flies with low doses of E. coli bacteria that were well tolerated by wild-type
flies (29). By contrast, /712 /Df(3L)ED4287 flies exhibited significantly reduced survival
(Fig. 4A, p<0.001 Log-Rank). Normal survival was restored by the genomic rescue
transgene.

This susceptibility to infections could be due to defects either in the cellular response to
bacterial invaders or in the signaling pathways that induce release of antibacterial peptides
(30). After infection with £. coli, expression levels of genes encoding antibacterial peptides
increased in /m2 /Df(3L)EDA4287 flies similarly in level to wild type flies, although with
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more variability (data not shown). This indicated that the defect in innate immunity was not
primarily due to a failure in the signaling pathways required for the induction of
antibacterial peptides.

To test for defects in the cellular response we investigated phagocytosis in primary
hemocytes isolated from wild type or m2/Df(3L)ED4287 larvae. Initial uptake of bacteria
into macrophage-like hemocytes was not altered as measured by the number of live bacteria
present in isolated hemocytes after 15 min of phagocytosis (Fig. 4B). After 60 min of
phagocytosis, the number of bacteria in wild-type hemocytes had only slightly increased
consistent with a balance between continued phagocytosis and degradation of bacteria. By
contrast, 60 min of phagocytosis resulted in significantly increased numbers of live bacteria
in mA/Df(3L)ED4287 hemocytes (Fig. 4B; p<0.001), suggesting a defect in the degradation
of phagocytosed bacteria. Importantly, this effect of mv on bacterial survival was reversed
by a rescue transgene (Fig. 4B).

Direct imaging of bacteria after their uptake in hemocytes yielded similar results. GFP-
labeled bacteria were incubated for 20 min with wild-type and mvhemocytes and
phagocytosis was allowed to progress for various chase periods. After a 5-min chase, wild-
type and mvhemocytes contained 5.0+3.0 bacteria (n= 49 cells for wt and 63 cells for mv).
After a 10 min chase, we detected 5.0+3.5 bacteria in wild-type and 9.2+5.0 bacteria in mv
hemocytes (n= 42 cells for wt and 41 cells for mVv). The difference further increased after a
15 min chase with 5.0+3.0 bacteria in wild-type compared to 13.2+7.0 in /mvhemocytes
(p<0.001; n=59 cells for wt and 61 cells for mv).

Interestingly, we noticed that at late time points bacteria in /mvhemocytes often appeared in
clumps causing us to wonder whether this reflected a specific stage of phagosome
maturation. Avl labels early phagosomes that are enriched after a 5-min chase (29). These
early Avl-positive phagosomes appeared unchanged in mvhemocytes (Fig. 5A-C).
Similarly, Rab7-positive phagosomes (31) were unaffected in m2 /Df(3L)ED4287
hemocytes (Fig. 5D-F) indicating a normal progression of phagosome maturation to this
intermediate stage.

Characteristic differences emerged, however, when bacteria were chased further into Hook-
positive phagosomes. Maturation of phagosomes to this late stage requires longer chase
times (15 min) and the activity of the fob gene (29). Strikingly, we observed a significant
increase in the number of bacteria per phagosomes outlined by the late phagosome marker
Hook (Fig. 5 G-I; p<0.001). While in wild-type hemocytes only 9.4% of Hook-positive
phagosomes contained three or more bacteria, in /712 /Df(3L)ED4287 hemocytes more than
36% of phagosomes fell into this category. 20% of the Hook-positive phagosomes in mv
hemocytes contained five or more bacteria, which was never observed in wild type.

These oversized phagosomes appeared only late in phagocytic maturation, as earlier Avl or
Rab7 positive phagosomes rarely contained more than three and never more than 5 bacteria
(Fig. 5C,F). To exclude a contribution from bacterial division all experiments reported in
Figures 5 and 6 were performed with heat-killed bacteria.

We considered two mechanisms that could contribute to the appearance of over-sized late
phagosomes in mv mutant hemocytes. First, reduced degradative activity of lysosomes may
result in the accumulation of multiple bacteria in lysosomes after their fusion with Hook-
positive phagosomes. However, the level of mature Cathepsin L, which requires lysosomal
activity for its maturation, is slightly increased in /72 /Df(3L)ED4287 flies (Fig. 3C,D,
p<0.01), and normal levels are restored by the rescue transgene (Fig. 3C,D, ns compared to
wild type). This argues against any loss of lysosomal function in /mvhemocytes and may
simply reflect an increase in the size of lysosomes. Furthermore, other Drosophifa mutants
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with lysosomal dysfunction show significant neurodegeneration in aged compound eyes
(32-34). By contrast, 20 d-old adult eyes of /712 /Df(3L)ED4287 flies did not exhibit any
signs of neurodegeneration (Fig. 2). Similarly, degradation of the Boss or Delta ligands in
developing eye imaginal discs requires normal lysosomal function (33, 34) and proceeds
without change in 7712 /Df(3L)ED4287 eyes (data not shown). These data suggest that
lysosomal dysfunction in /mv mutant cells makes only a minor contribution, if any, to the
defect in phagosome maturation.

A second model that could explain the oversized phagosomes is a function of Mauve in
restricting the homotypic fusion of late phagosomes. To test this possibility directly, we
labeled lysosomes by allowing cells to internalize Alexa594-labeled dextran followed by a
2-hour chase (Fig. 6). As previously observed in live hemocytes, but not fixed samples (35),
the resulting dextran-labeled lysosomes often exhibit tubular extensions (Fig. 6 A). These
lysosomal tubules appeared especially pronounced in mvhemocytes (Fig. 6B,C). A similar
change in lysosomal morphology has recently been described for bejge macrophages (19).

We wondered whether fusion with these extended lysosomes was the origin of the
phagosomes containing more then four bacteria that were uniquely present in /v hemocytes.
Therefore we examined co-localization of these dextran-labeled lysosomes with
phagocytosed bacteria (Fig. 6D-F). About half of the phagosomes with less then five
bacteria co-localized with dextran in wild type (53+£3%) and /mvhemocytes (51+13%) after
15 min of phagocytosis (Fig. 6F). After 30 min, the fraction of small phagosomes (less than
five bacteria) that was labeled with dextran increased to 80 + 3% in wild type and 71+12%
in mvhemocytes. This increase is consistent with the time-dependent delivery of
phagosomes to the pre-labeled lysosomes in wild-type and /v hemocytes.

Large phagosomes harboring five or more bacteria could be detected already after a 15-min
chase in mvhemocytes, but not in wild type. At that time point, 54+8% of these large
phagosomes (n=73) were labeled by dextran indicating they had already fused with
lysosomes (yellow arrows Fig. 6E). Importantly, the remaining 46% of these large
phagosomes lacked the dextran label (white arrowheads, Fig. 6E). Therefore, in mv
hemocytes these late oversized phagosomes formed before reaching the pre-labeled
lysosomes. This does not reflect an inability to fuse with lysosomes as after 30 min of
phagocytosis more than 90% of these large phagosomes were labeled with dextran.
Together, these findings are consistent with the notion that oversized phagosomes in mv
hemocytes arise by homotypic fusion of late phagosomes before they fuse with lysosomes.
We do not know whether this apparent increase in fusion reflects an actual increase in the
fusion of late phagosomes. Alternatively, homotypic fusions of late phagosomes may be
common in all hemocytes and balanced by fission events of wild-type but not mv
phagosomes. Direct visualization of such fusion events awaits time-lapse microscopy using
live-cell markers specific for such late phagosomes. The data shown here are consistent with
either of these two models in which Mauve functions to restrain the size of late phagosomes.

Autophagy is impaired in mv flies

Given the changes in phagosome maturation, we wondered whether loss of mv function
might also affect autophagosomes. Autophagy constitutes an alternative pathway to
lysosomes in which autophagosomes deliver cytoplasmic components to the lysosome to be
degraded. On an organismal level, autophagy has been shown to be critical for resistance to
starvation stress (36, 37). When we tested the starvation resistance of /2 /Df(3L)ED4287
flies, they died significantly faster than wild type after the withdrawal of food (Fig 7A,
p<0.001 Log-Rank). Normal resistance to starvation stress was restored by a genomic mv
transgene (p=0.16 Log-Rank compared to wild type).

Traffic. Author manuscript; available in PMC 2013 December 01.
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To further evaluate mvfunction during autophagy, we used probes (Fig. 7B) that
specifically label early or late stages of autophagy in larval fat bodies at 96 hours after egg
laying, a stage at which autophagy is reliably induced upon starvation (38, 39). Lysotracker
(LTR) was used to label acidic amphisomes and autolysosomes that accumulate in larval fat
bodies after 4 hours of starvation. Compared to wild type or m2/Df(3L)ED4287 with a
rescue transgene, /m2/Df(3L)ED4287 fat bodies exhibited reduced levels of starvation-
induced lysotracker staining (Fig. 7C-E; p<0.001). This finding suggested that Mauve may
be necessary for induction of autophagy or, alternatively, for the maturation of
autophagosomes to autolysosomes. To distinguish between these possibilities we examined
larvae that express mCherry-Atg8, which labels early and late stages of autophagy (40) (Fig.
7B). Starvation significantly increased mCherry-Atg8 positive structures in /m12/
Df(3L)ED4287 fat bodies (Fig. 7F-H; p<0.001). mCherry-Atg8 positive autophagosomes
were even increased compared to starved wild-type cells (Fig. 7F). These data suggest that
myvis not required for the starvation-induced formation of autophagosomes, but for their
normal maturation.

We further explored autophagosome maturation using the mCherry-GFP-Atg8 fusion
protein. Because fluorescence from GFP, but not mCherry, is quenched by the low pH of
autolysosomes, an increased ratio of red to green fluorescence from this fusion protein is a
measure of autophagosome acidification after fusion with lysosomes (40). Determination of
these ratios for mCherry-GFP-Atg8-positive structures in starved fat bodies revealed a
significant green-shift in /mvfat bodies compared to wild type (Fig. 71-K; p<0.001). This
indicates that either Mauve is required for early stages of autophagosome maturation such as
the “closure” of the phagophore to an autophagosome or, alternatively, during the
subsequent fusion of autophagosomes with lysosomes. Inspection of starved fat bodies by
electron microscopy did not reveal an accumulation of early phagophores, but instead
showed that autophagosomes were significantly increased in size (Fig. 7L-N; p=0.0013).
These large Atg8-labelled autophagosomes were positive for Rab7 (insets in Fig. 7L,M),
which is required for the final steps in autophagosome maturation (41). Together, these
findings indicate that Mauve is required for a late step in autophagosome maturation. In its
absence autophagosomes grow beyond their normal size and appear delayed in their
maturation to fully acidified autolysosomes.

Discussion

Mutations that interfere with the function of human LYST are the molecular cause
underlying CHS (1-5). Here, we show that phenotypes similar to those in CHS patients
result from loss-of-functions mutations in mv, which encodes the closest homolog to LYST
in the Drosophila genome. The original identification of the /mv gene was based on its effect
on eye color, which is changed in mvmutants due to their oversized pigment granules. This
mirrors the oculocutaneous albinism of CHS patients caused by oversized and clumped
melanosomes (28). Similarly, an important clinical symptom of CHS is the susceptibility to
bacterial infections (7), which is also shared by mv mutants. Furthermore, in mvhemocytes
we observed an increased tubular morphology of lysosomes, similar to the changes observed
in beige macrophages (19). Together these morphological and phenotypic similarities
support the notion that aspects of CHS can be modeled in mvflies. The unique set of
molecular and genetic tools available in Drosophila suggests that this fly model will be
useful for the analysis of the molecular mechanisms by which LYST homologs regulate
membrane trafficking.

Recurring bacterial infections are among the most frequent clinical complications observed
in CHS patients, but is not well understood how the cell biological defects cause the
enhanced susceptibility of patients for infections (7). Defects in phagocytosis have been
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considered as a possible cause. For example, changes in the phagocytosis of Staphylococcus
aureus by leukocytes have been detected in some CHS patients (42), but several other
studies found no loss of phagocytic activity in leukocytes from CHS patients (28, 43, 44).
To gain further insight into the role of LYST homologs in phagocytosis we used primary
hemocytes cultured from Drosophilalarvae. These cells have proven to be a useful,
genetically tractable model system (45) with markers available for different stages of
phagocytosis (29).

Our data indicate that Mauve is not required for the initial phagocytic uptake of bacteria into
hemocytes, in agreement with previous work in human or mouse cells lacking LYST
function (28, 43, 44). However, we observed that phagocytosed bacteria were amassing in
oversized late phagosomes of mvhemocytes. Accumulation of bacteria in phagosomes of
CHS leukocytes has previously been observed (42) and primarily attributed to intravacuolar
bacterial proliferation. We show that even when heat-killed bacteria were used in
phagocytosis assays, many more bacteria populated late phagosomes of mv compared to
wild-type hemocytes. Furthermore, this difference was not reflective of an altered mode of
initial uptake of the bacteria, as phagosomes positive for the early Avl and the intermediate
Rab7 markers (29) exhibit the normal distribution of bacterial content. Interestingly,
enhanced homotypic fusion and the resulting formation of “megasomes” is a hallmark of
monocyte phagosomes containing Helicobacter pylori. This strategy is thought to contribute
to the ability of these bacteria to evade the immune system and persist lifelong in human
hosts (46). It is not known by which molecular mechanism H. py/oriinduces phagosome
fusion and thus it is intriguing to speculate that these bacteria may inactivate LYST or an
associated factor to promote the formation of megasomes.

Similar to our observations with mv; the LYST homolog LvsB has been proposed to
function by preventing homotypic fusions of contractile vacuoles in Dictyostelium (47).
Although cells mutant for /vsb displayed significantly enlarged contractile vacuoles,
delivery of phagocytosed cargo to these vacuoles was not altered (47). Our observations on
phagosome maturation also parallel those on the maturation of secretory lysosomes in CHS
cytotoxic T lymphocytes described by Stinchcombe et al. (48), who showed that early steps
in the biogenesis of these organelles proceeded indistinguishably from wild-type. Only late
in their maturation did secretory lysosomes fuse to form the giant LROs characteristic of
CHS.

Therefore, a straightforward explanation for our data is a function of Mauve, and other
LYST homologs, late during the maturation of different LROs to either directly or indirectly
suppress their homotypic fusion.

An equivalent function of Mauve may also explain the phenotypes we observe during
starvation-induced autophagy in mv larval fat bodies. Two key observations are the reduced
intensity of lysotracker staining and the increase in the area of mCherry-Atg8 positive
structures. The latter is unlikely to reflect simply an increase in expression of mCherry-
Atg8, which is driven by Gal4 under control of a heterologous promoter. Furthermore, an
increase in size was visible for mCherry-Atg8 and Rab7-positive structures by
immunofluorescence and for autophagosomes morphologically identified by electron
microcopy (Fig. 7). Instead, these observations are straightforward to reconcile with the
notion of Mauve functioning to restrain homotypic fusions of autophagosomes and the
resulting increase in autophagosome size and ease of their detection in mv fat body cells.

Other observations do not easily fit the notion of increased fusion events in starved mv fat
bodies, however. First, we observed reduced lysotracker staining that typically labels acidic
amphisomes and autolysosomes. One explanation for such an observation would be a
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reduced rate of the fusion of autophagosomes with late endosomes and lysosomes that yield
the acidified amphisomes and autolysosomes. Defects in these fusion events have been
observed for subunits of the HOPS complex, which is necessary for the fusion of lysosomes
with different organelles (e.g. 33, 49). However, none of the experimental systems in which
its function has been probed has indicated a requirement of LYST for fusion with lysosomes
(see Fig. 6 and refs. 19, 47). Alternatively, after their fusion with lysosomes, the
significantly increased size of autophagosomes may result in a dampened or delayed
acidification of the resulting autolysosomes thus resulting in a reduced trapping of
lysotracker dye in those hybrid organelles.

Such a change in acidification, whether due to the increased size of autophagosomes or due
to another effect of Mauve function, could also explain our observation of a green-shift of
mCherry-GFP-Atg8 labeled autophagosomes. This chimeric protein has been developed to
measure cargo flux by following quenching of the pH-dependent GFP fluorescence as this
indicator moves from autophagosomes, which have a pH similar to the cytosol, to acidified
lysosomes (40). If mvautolysosomes fail to acidify as efficiently as in wild type, the
mCherry-GFP-Atg8 indicator is predicted to exhibit the green-shift we observed. Thus, both
the reduced lysotracker staining and green-shift of mCherry-GFP-Atg8 labeled
autolysosomes are consistent with an acidification defect that may be a secondary effect of
the exceptional size of mvautolysosomes.

A direct inhibitory effect of LYST homologs on limiting membrane fusion is a compelling
model to explain the recurring theme of oversized organelles that are observed in the diverse
CHS maodels ranging from CHS patient cells and beige mice (7, 11) to /vsB mutant
Dictyostelium (50, 51) and now the Drosophila mv mutant. However, the biochemical
mechanism by which LYST homologs execute this function is not clear. One set of possible
mechanisms has been suggested based on results of two-hybrid screens that detected
interactions between LYST and several proteins involved in regulating membrane fusion
events, including subunits of SNARE complexes (52). Whether LYST homologs engage
these or other elements of fusion machineries in vivo to suppress inappropriate fusion of
LROs remains to be discovered.

The size of organelles is not only determined by the rate of membrane addition by fusions
events, but also by the rate at which membranes are removed by fission events. The notion
that LYST may contribute to membrane fission from lysosomes was first supported by the
observation that LYST overexpression causes a reduction in the size of lysosomes (15).
Furthermore, in /vsB mutant Dictyostelium cells, a defect in fission may also contribute to
the failure of lysosomes to mature to post-lysosomes that fuse with the plasma membrane
and recycle internalized cell surface proteins (50). Defects in fission also emerged as the
major difference between beige and wild-type mouse cells when Durchfort and colleagues
probed the kinetics with which lysosomes restored their steady-state size after acute
disturbances (19).

Our data do not help to distinguish between these two models for the molecular function of
LYST homologs. The dynamics of the appearance of oversized late phagosomes strongly
points to a role of Mauve in suppressing homotypic fusion or promoting fission late during
phagosome maturation. Similarly, oversized autophagosomes and pigment granules may
reflect a direct role of Mauve in suppressing inappropriate homotypic fusion during
maturation of these organelles in wild type cells. Alternatively, such phenotypes may be an
indirect consequence of altered lysosome and LRO physiology. Distinguishing between
these possibilities will require a better understanding of the molecular mechanism by which
Mauve affects LRO size. The availability of the fly model may open new genetic and
molecular approaches towards this goal.
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Materials and Methods

Fly work

The screen for identification of eye color mutants has been described (23). A mauve rescue
transgene was generated by inserting the P[acman] BAC CH322-23009 (53) using PhiC31
integrase-mediated insertion at the landing site at 22A (Rainbow transgenics). Other fly
strains used in this study were In(3LR)264, which harbors the m4 allele (25), UAS-
mCherry-Atg8, and UAS-mCherry-GFP-Atg8 (40), both of which were expressed in fat
bodies using the srp-Gal4 driver (54). Df(3L)ED4287 and the 3L deficiency set for mapping
of mauve where obtained from the Bloomington stock center. Adult flies were infected with
E. coli as described (29). Lethality of the m2 chromosome is due to a background mutant,
as mv2 | Df(3L)ED4287 hemizygotes are viable, but female sterile as previously reported for
mA (25).

Molecular biology

Molecular defects in mvA and m2 where determined after inverse or regular PCR
amplification of the gene from each allele over Df(3L)ED4287. The /mA allele constitutes
one breakpoint of the inversion In(3LR)264 which creates a fusion with transforming acidic
coiled-coil protein (TACC, CG9765), connecting codons 1-2772 of Mauve with nucleotide
853 of isoform 4 of TACC, thus deleting the BEACH and WD40 domains of Mauve.

Hemocyte culture

Histology

For phagocytosis and immunofluorescence analysis, hemocytes were harvested and cultured
as described (29). For functional labeling of lysosomes, 1 mg/ml Alexa-594 Dextran
(10kDa, Invitrogen) was added for 20 min and then chased for 2 hours (29). To measure
phagocytosis of E. coli, hemocytes were harvested from third instar larvae and adjusted to
10° hemocytes/ml of Schneider's medium supplemented with 10% fetal bovine serum. A
suspension of £. coligrown to mid log phase was added to the culture (at ~30 bacteria/
hemocyte), followed by 15 min or 60 min incubation at 25°C. Cells were washed at 25°C in
10% fetal bovine serum containing Schneider's Drosgphila media supplement with 20 pg/ml
gentamicin to remove non-phagoctyosed bacteria. Cells were pelleted and then lysed with
PBS containing 0.1% Triton and the number of released bacteria was determined by
spreading the cell lysate on LB agar plates, and counting the number of bacterial colonies
after incubation overnight at 37°C.

Adult eyes were imaged using a SteREO DiscoveryV12 microscope. Composite pictures
were generated from projections of optical sections at multiple Z positions using CZFocus
software. Transmission electron microscopy was performed on an FEI Tecnai G2 Spirit
Biotwin (55).

For immunofluorescence detection of bacterial phagocytosis E. coli expressing GFP were
grown to mid-log phase, diluted to ODggg = 0.5 and heat killed at 65°C for 20 minutes,
pelleted and re-suspended at ODggp = 0.5 in Schneider's S2 cell medium.

Antibodies used for immunofluorescence were anti-Avl at 1:1000 (56), anti-Boss1 at 1:1000
(57), anti-DI at 1:400 (58), anti-Hook at 1:1000 (59), and anti-Rab7 at 1:250 (60). We
followed published protocols for the staining of eye discs (61), phagosomes in isolated
hemocytes (29), and for the detection of organelles marked with lysotracker (38), mCherry-
Atg8 (39, 62) or mCherry-GFP-Atg8 (40) in fed and starved fat bodies.
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Fluorescence images were captured with a 63%, NA 1.4 lens on an inverted confocal
microscope (LSM510 Meta; Carl Zeiss, Inc.) at room temperature (21°C). All digital images
were imported into Photoshop (Adobe) and adjusted for gain, contrast, and gamma settings.

For the quantification of lysotracker, images were thresholded in ImageJ to detect
autolysosomes and their staining intensity was integrated and expressed relative to the
average integrated intensity of starved wild-type fat bodies. For the quantification of ATG8-
positive structures, images were thresholded in ImageJ to detect autophagosomes and their
area, as fraction of the total area, was determined in ImageJ.

For the quantification of bacteria in different stages of phagosomes, hemocytes were
harvested and allowed to phagocytose GFP-tagged E. coli as described above. After the
indicated times, cells were fixed and stained for Avl, Rab7 or Hook. Images were collected
as Z-stacks, to ensure that only bacteria were counted that were contained within
phagosomes outlined by the relevant marker.

Biochemistry

For western blots, two adult flies were crushed in 800 .l of lysis buffer (5% SDS, 50 mM
Tris/HCI pH 6.8), incubated for two minutes at 95°C, and spun for 10 minutes at 20,000 g to
remove cuticle and other debris. 10 pl of cleared lysate were run in each lane. Antibodies
were raised in rabbits against the C-terminal 18 amino acids of Mauve and affinity purified
with the same peptide (Open Biosystems). Other antibodies for western blots were against
actin (JLA20) at 1:2,000 (Developmental Studies Hybridoma Bank), Rab7 at 1:500 (60),
Hook at 1:5,000 (59), Dor at 1:2,000 and Avl at 1:10,000 (56) and Cathepsin L at 1:5,000,
(R&D Systems). Bound antibodies were detected with far-red labeled secondary antibodies
(Li-Cor) and quantified using an Odyssey imaging system (Li-Cor). For quantification, band
intensities were normalized to the level of actin in each sample. The pre-stained HiMark
molecular weight marker was from Invitrogen.

Levels of red (drosopterin) and brown (ommochromes) eye color pigments were measured
as described (63).

Statistical Methods

Statistical significance was determined in Prism (Graph Pad Software Inc) using One-way
ANOVA, followed by Tukey's test. Error bars indicate standard deviation (S.D.) in all
figures unless indicated otherwise. P-values above 0.05 are considered not significant (ns).

Protein comparisons

Phylogeny was inferred using the Neighbor-Joining method using the Mega5 software (64).
For each of the twelve BEACH domain proteins compared we used the C-terminal 2000
amino acids that contained the BEACH domains and other well-conserved features. The
bootstrap consensus tree inferred from 1000 replicates is taken to represent the evolutionary
history of the taxa analyzed (65). The percentages of replicate trees in which the associated
taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches.
The evolutionary distances were computed using the Poisson correction method and are in
the units of the number of amino acid substitutions per site. All positions with less than 95%
site coverage were eliminated.
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Figure 1. The mv eye color mutant has opposite effects on ommochromes and drosopterins
pigments

Micrographs of adult eyes (A-D) show that compared to the Oregon R wild type control
(A), the hemizygous m2 IDf(3L)ED4287 (B) and the heterozygous mA/mi2 flies (C)
exhibit a darkened eye color. Normal eye color is restored by the genomic rescue transgene
(BAC CH322-23009) (D). Determination of the levels of red drosopterin (E) and brown
ommochrome (F) reveals small changes in the levels of these eye color pigments in 3-day
old flies that increase by 20 days of age. Unlike in most eye color mutants, the levels of
brown pigments are increased in mveyes. Values are normalized to the mean level of
pigments in 3-day old wild type flies. Statistics: (*** indicates p<0.001; **: p<0.01, *:
p<0.05, ns: p>0.05).
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Figure 2. Oversized pigment granules characterize mv eyes

Electron micrographs show sections of wild type (A,C,E,G) and /2 /Df(3L)ED4287 (B, D,
F, H) eyes at day 4 (A,B, E,F) or day 20 (C,D,G,H). Distal sections (A-D) show pigment
granules in primary (arrows) and secondary (arrowheads) pigment cells surrounding the
pseudocone (PC) just beneath the lens (66). Proximal sections (E-H) reveal the normal
arrangement and structure of rhabdomeres (Rh) in the center of ommatidia. Pigment
granules (stars) in secondary and tertiary pigment cells surrounding each ommatidium are
drastically enlarged in /2 /Df(3L)ED4287 eyes (F,H). A bar graph (1) shows quantification
of the increased diameter of electron-lucent pigment granules that dominate the distal aspect
of secondary pigment cells (***: p<0.001, ns: p>0.05).
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Figure 3. The mv gene encodes the Drosophila ortholog of the BEACH domain protein LY ST
(A) Schematic indicates conserved structural features of the Mauve protein: the ConA-like
domain including amino acids 1328 to 1626 and the arrangement of PH-BEACH and WD40
domains close to the C-terminus. The indicated mutations in the /mA and /m/2 alleles
truncate these highly conserved domains. (B) A phylogenetic tree of BEACH domain
proteins was calculated using the Neighbor-Joining method in the Mega5 software (64).
Accession numbers for the orthologs from Homo sapiens (H.s.), Mus musculus (M.m.),
Aedes aegypti (A.a.) and Drosophila melanogaster (D.m.), respectively, are for Alfy (H.s.
AAN15137.1; M. m. NP_766470.2; A. a. EAT38266.1; D. m. Bluecheese: NP_608968.2),
for Neurobeachin (H.s. CAH72182.1; M.m. CAC18811.1; A. a. XP_001649459.1; D. m.:
NP_001138158.1), and for LYST (H.s. NP_000072.2; M. m. Beige NP_034878.2; A. a.
XP_001650305; D. m. Mauve NP_647681.2). The percentages of replicate trees in which
the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next
to the branches. (C) Western blots of lysates from adult Oregon-R, 712 IDf(3L)ED4287 and
mV2 IDf(3L)ED4287 with a rescue transgene were probed with the indicated antibodies.
Mauve-specific bands at (~400 and 300 kDa) are indicated by arrows. The red asterisk
indicates a cross-reacting protein. (D) Quantification of western blots with indicated
antibodies. At least four separate samples were used for each genotype (Oregon-R, m/2 /
Df(3L)ED4287 and m2 /Df(3L)ED4287 + rescue transgene). Note that the increased level
of immature Pro-Cathepsin was not rescued by the mvtransgene and therefore is unlikely to
be due the mvmutation. Bars represent mean + S.D.; ** P<0.001; ** P<0.01; and ns
indicates P>0.05 compared to Oregon-R.
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Figure4. The mv mutant affectsinnate immunity

(A) Survival of m\2 IDf(3L)EDA4287 after injection of E. coli is significantly reduced
compared to m/2 /Df(3L)EDA4287 flies carrying a rescue transgene or OregonR flies. (B)
Bar graph shows the number of live bacteria in larval hemocytes cultured from OreR, /m/2 /
Df(3L)EDA4287, or m\2 /Df(3L)ED4287 larvae with a rescue transgene after 15 or 60 min of
continued phagocytosis (*** indicates p<0.001).
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Figure 5. Mauveisrequired latein phagocytosis

Micrograph show hemocytes isolated from wild-type (A,D,G) or m/2/Df(3L)ED4287
(B,E,H) larvae. Hemocytes were allowed to phagocytose heat-inactivated, GFP-labeled £.
colifor 5 min (A-C), 10 min (D-F), or 15 min (G-I) and were fixed and immunostained for
Avl (A,B) Rab7 (D,E) or Hook (G,H). Insets show the outline of phagosomes positive for
each of the markers. The number of bacteria detected in individual phagosomes positive for
the indicated markers are shown in graphs (C,F,I) were each dot represents one individual
phagosome and each column is derived from an independent experiment. In each column,
the line indicates the mean (***: P<0.001; ns: P>0.05).
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Figure 6. Phagosomesin mv hemocytes ar e enlarged befor e they fuse with lysosomes
Micrographs show hemocytes isolated from wild-type Oregon-R (A, D) or mv2/
Df(3L)ED4287 (B, C, E) larvae. Lysosomes and their tubular extensions (yellow
arrowheads) were labeled by a 20-min pulse and 3-hour chase of Alexa594-labeled dextran.
(C to E) Alexa594-dextran loaded hemocytes were allowed to phagocytose GFP-labeled £.
colifor 15 min and images were taken for an additional 15 min. In most cells, tubular
lysosomes were visible only in optical sections close to the coverslip and much less so at
more apical levels where phagosomes were enriched. Panel C shows a Z-projection to show
both levels in a single image. In mvhemocytes (E) some phagosomes with more than 5
bacteria were positive for dextrans (yellow arrows), but not all (white arrowheads). Scale
bars: 4 um in Ato C and 3 um in D and E. (F) Quantification of percentages of phagosomes
with less than five or five or more bacteria that were labeled with pre-loaded dextran.
Phagocytosis was allowed to proceed for 15 or 30 min (as indicated) followed by 15 min of
imaging. No phagosomes with 5 or more bacteria were detected in Ore-R hemocytes (n.a.).
Bars represent means + S.D. The number of phagosomes evaluated is indicated for each
condition.
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Figure7. Mauveisrequired late in autophagosome maturation

(A) Survival of mv after onset of starvation is significantly reduced (p<0.001 Log-Rank)
compared to wild type or mvflies carrying a rescue transgene. (B) Schematic of markers
highlighting different stages of autophagosome maturation. Micrographs show larval fat
bodies from wild type (C, F, I, L) or mv (D, G, J, M) larvae that at 96 h after egg laying
were starved for 4 hours (62). (C, D) Fat bodies were stained with lysotracker (LTR) and the
integrated lysotracker intensity for fed (insets, C,D) and starved larvae was measured and
normalized to starved Oregon R intensity (E). (F, G) mCherry-Atg8 was expressed in fat
bodies and the graph (H) shows the area fraction of mCherry-Atg8-positive
autophagosomes. (I, J) mCherry-GFP-Atg8 was expressed in fat bodies and the graph (K)
shows a cumulative plot of red to green ratio for individual phagosomes. (L, M) Electron
micrographs of autophagosomes (arrowheads), autolysosomes (AL) and lipid droplets (LD)
detected in larval fatbodies after a 4-h starvation. Insets show starved fat bodies expressing
mCherry-Atg8, stained for Rab7. (N) The scatter blot depicts the diameters of individual
autophagosomes. *** indicates p<0.001, ns is not significant.

Genotypes: (A) wt: Oregon R, mv: m? IDf(3L)ED4287, mv+ Rescue : P[acman]
CH322-23009 / +; m# IDf(3L)ED4287 (C-E) wild type: Oregon R, mv: m2 |
Df(3L)ED4287, mv+ R: P[acman] CH322-23009 / +; mi2 IDf(3L)ED4287 (F—H) wild
type: wAl18; spr-Gal4 / uas-mCherry-Atg8, mv: nA118: spr-Gal4 / uas-mCherry-Atg8; mv
Df(3L)ED4287, mv + R: wA118: spr-Gal4 uas-mCherry-Atg8 / P[acman] CH322-23009;
m2 | Df(3L)ED4287 (1-K) wild type: nA118: spr-Gal4 / uas-mCherry-GFP-Atg8 mv: nAl18;
spr-Gal4 / uas-mCherry-GFP-Atg8; m2 /Df(3L)ED4287 (L—M) wild type: Oregon R,
(Inset: nA118; spr-Gal4 / uas-mCherry-Atg8), mv: mv2 IDf(3L)ED4287, (inset: nAl18; spr-
Gal4 / uas-mCherry-Atg8; m\2 IDf(3L)ED4287).
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