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blue cheese Mutations Define a Novel, Conserved Gene
Involved in Progressive Neural Degeneration
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A common feature of many human neurodegenerative diseases is the accumulation of insoluble ubiquitin-containing protein aggregates
in the CNS. Although Drosophila has been helpful in understanding several human neurodegenerative disorders, a loss-of-function
mutation has not been identified that leads to insoluble CNS protein aggregates. The study of Drosophila mutations may identify unique
components that are associated with human degenerative diseases. The Drosophila blue cheese (bchs) gene defines such a novel degen-
erative pathway. bchs mutants have a reduced adult life span with the age-dependent formation of protein aggregates throughout the
neuropil of the CNS. These inclusions contain insoluble ubiquitinated proteins and amyloid precursor-like protein. Progressive loss of
CNS size and morphology along with extensive neuronal apoptosis occurs in aged bchs mutants. BCHS protein is widely expressed in the
cytoplasm of CNS neurons and is present over the entire length of axonal projections. BCHS is nearly 3500 amino acids in size, with the last
1000 amino acids consisting of three functional protein motifs implicated in vesicle transport and protein processing. This region along
with previously unidentified proteins encoded in the human, mouse, and nematode genomes shows striking homology along the full
length of the BCHS protein. The high degree of conservation between Drosophila and human bchs suggests that study of the functional

pathway of BCHS and associated mutant phenotype may provide useful insights into human neurodegenerative disorders.
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Introduction

With an increase in the number of older adults, age-associated
neural degenerative disorders have become an area of growing
public concern, medical attention, and scientific study. Although
significant progress has been made in characterizing many as-
pects of human neurodegeneration, the multifactorial nature and
the long period over which these diseases develop have hampered
informative research. Considering these difficulties, recent work
has highlighted the value of studying disease-associated genes in
model organisms and has led to the genetic study of neurodegen-
eration in Drosophila (Mutsuddi and Nambu, 1998; Chan and
Bonini, 2000; Mugqit and Feany, 2002).

Two main approaches have been productive: (1) the study of
mutations in endogenous Drosophila genes and their neurode-
generative phenotypes and (2) the study of transgenic flies ex-
pressing disease-associated variants of human proteins. Among
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the endogenous genes and proteins that have been studied are
homologs of human proteins, including the amyloid precursor
protein, presenilins, and superoxide dismutase (Phillips et al.,
1989; Mutsuddi and Nambu, 1998; Reiter et al., 2001), as well as
genes involved in retinitis pigmentosa (i.e., thodopsin and arres-
tin) (Davidson and Steller, 1998; Alloway et al., 2000; Kiselev et
al., 2000). Work on these genes, their corresponding proteins,
and interacting partners in flies has led to unique insights into
normal function and consequences associated with human de-
generative diseases.

Expression of disease-associated proteins in flies has included
studies of polyglutamine expansion proteins (Warrick et al.,
1999; Fernandez-Funez et al., 2000; Kazemi-Esfarjani and Ben-
zer, 2000; Steffan et al., 2001; Kazantsev et al., 2002) as well as
mutant forms of a-synuclein (Feany and Bender, 2000; Auluck et
al., 2002) and tau (Wittmann et al., 2001). For most of these
studies the animals develop hallmark features associated with the
human disease counterpart. These include the formation of pro-
tein aggregates marked with ubiquitin, neuronal apoptosis, and
the loss of neural tissues. This work underscores the conserved
nature of cellular pathology and degenerative cascades. These
transgenic models have allowed genetic screens to identify mod-
ifiers of degenerative phenotypes (enhancers or suppressors) that
would be difficult to characterize in other systems (Warrick et al.,
1999; Fernandez-Funez et al., 2000; Kazemi-Esfarjani and Ben-
zer, 2000; Steffan et al., 2001; Kazantsev et al., 2002).

Given the success of studying Drosophila neurodegenerative
loci and misexpressed human disease genes, it is somewhat sur-
prising that endogenous Drosophila mutations have not been



Finley et al. » blue cheese Mutations in Progressive Neural Degeneration

identified with certain key features associated with common late-
onset human neurodegenerative disorders, notably the forma-
tion of protein aggregates containing ubiquitinated proteins and
amyloid precursor-like protein (APPL) (Bence et al., 2001; Sher-
man and Goldberg, 2001; Ding et al., 2002). This study closes this
gap by identification and characterization of a new Drosophila
gene, blue cheese (bchs), which defines a novel degenerative path-
way displaying this pathology. Inspiring the mutant name, we
find the formation of protein inclusions throughout the CNS of
bchs mutants. These inclusions contain insoluble ubiquitinated
protein aggregates and the Drosophila APPL and stain positive
with the amyloid dye thioflavine S. Along with abnormal retinal
and CNS morphology and size, aged mutant brains show exten-
sive neuronal apoptosis. Loss-of-function mutations in bchs also
result in a significantly shortened adult life span. The BCHS pro-
tein is highly conserved from nematodes to humans and contains
motifs implicated in membrane vesicle transport and protein
processing. Given the substantial level of homology, it is reason-
able to propose functional and pathological consequences as a
result of the loss of BCHS in other species.

Materials and Methods

Drosophila culture and mutagenesis. Stocks and crosses were grown on
standard Drosophila medium at 25°C until eclosion. For aging studies
and protein and confocal analysis, newly emerged adults were placed in
fresh vials containing 25 individuals and were aged at 29°C for the times
indicated. Flies were transferred to fresh food every 2-3 d. For analysis of
life span the number of dead individuals for each genotype was counted
during transfer, and the percentage remaining alive was calculated. Life
span is given as the mean time of death. Aging profiles were plotted with
CA-Cricket Graph III program, and p value comparisons were prepared by
using Microsoft Excel and the online program GraphPad (http://www.
graphpad.com/quickcalcs/ttest2.cfm).

New mutations in bchs were generated by using established P-element
mutagenesis techniques and EP(2)2299 transposable element (Rio,
1991). Initially, all lines containing mobilization events were examined
for viability and health over Df(2L)clot7 and as homozygotes and were
tested for female fertility (dsf ™). Of the 80 mobilized lines meeting these
criteria, nearly one-half demonstrated precise removal of the P-element
as determined via genomic Southern blot, PCR, and/or sequencing anal-
ysis in and around the original insertion site (see Fig. 1 B). The remaining
lines contain small deletions or rearrangements to the 5’ region of bchs
and were grouped into 13 molecular classifications for aging analysis.

Molecular techniques. Cloning of the bchs genomic region and the de-
letion boundaries have been described previously (Finley et al., 1998)
(http://flybase.bio.indiana.edu/). blue cheese cDNAs were isolated from
libraries (Tulle Hazelrigg, Columbia University, New York, NY), using
standard techniques and genomic restriction fragment probes. Sub-
cloned cDNA fragments were sequenced with vector primers or primers
designed to match previously sequenced DNA regions on an ABI auto-
mated sequencer. Contiguous sequences were assembled with Se-
quencher software (Gene Codes, Ann Arbor, MI). BLAST, ProfileScan
[run remotely, National Center for Biotechnology Information (NCBI),
Bethesda, MD], or DNA STAR programs were used for data base
searches, sequence comparisons, and alignments. For Northern blots
total RNA was isolated (RNeasy Total RNA Kit; Qiagen, Chatsworth,
CA), and RNA from 20 heads was loaded per lane. Transferred blots were
hybridized with *?P-labeled random primed probe from bchs cDNA
clones via established techniques.

Mammalian and nematode homologs of BCHS were identified by
tblastn searches run remotely at NCBI, using all or part of the BCHS
sequence as query. The majority of human and mouse BCHS sequences
(with the exception of short 3" cDNA contig, KIAA0993) was assembled
by linking of previously unidentified and unconnected exons from hu-
man or mouse genomic sequence. Regions of weak homology to Dro-
sophila were checked further for splice site and reading frame alignment
and by cross comparison between the human and mouse sequences.
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In situ hybridization. Pharate adults were embedded in Tissue Freezing
Medium (Triangle Biomedical Sciences, Durham, NC) and cryostat sec-
tioned (20 wm). In situ hybridization followed described procedures
(Finley et al., 1998). Riboprobes were synthesized by using T3 or T7
polymerase with a linearized pBluescript vector containing 5 bchs cDNA
templates and digoxygenin-coupled nucleotides (DIG RNA Labeling Kit,
Boehringer Mannheim, Indianapolis, IN).

Plastic section histology. Heads, from flies of a particular age, were
dissected from the body and proboscis and fixed overnight in 3% glutar-
aldehyde, 3% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.4, at
4°C. Heads were washed after primary fixation in 0.1 M cacodylate buffer
and postfixed on ice in 1% OsO,/0.1 M cacodylate buffer for 2 hr. After
two washes in water the tissues were dehydrated in a standard acetone
series and infiltrated with Epon 812 (EMS grade). Heads were oriented
relative to the head cuticle before sectioning. Semithick sections (1.0 um)
were stained warmed for 2 min with 0.5% methylene blue, 0.5% borax,
and 0.5% Azurell and rinsed with water. Sections were dehydrated before
mounting with Permount (EMS grade, Fisher Scientific, Houston, TX).

BCHS antibody production, protein preparation, and immunoblot anal-
ysis. The BCHS C terminus (183 amino acids) was subcloned into the
pGEX-KG vector (Amersham Biosciences, Piscataway, NJ). Guinea pigs
were immunized with purified BCHS-fusion protein (glutathione beads,
Sigma, St. Louis, MO) by following standard techniques. Antibodies
were affinity purified by using membrane-bound fusion protein
(Immobilon-P, Millipore, Bedford, MA) and standard techniques.

Approximately 30 flies for a particular age and genotype were placed in
individual 15 ml conical centrifuge tubes, flash-frozen in liquid nitrogen,
and vortexed several times. Severed heads were separated from thoraxes
and abdomens by using a standard tea sieve. Heads were homogenized in
PBS, 1% Triton X-100, and protease inhibitors at 4°C and centrifuged at
15,000 X g (Johnston et al., 1998; Mohtashami et al., 2001). Supernatants
were collected as the Triton X-100 soluble fraction, and the remaining
pellet was resuspended in 50 mm Tris, pH 7.5, and 2% SDS with protease
inhibitors and then sonicated (Johnston et al., 1998). After centrifugation
the supernatant was collected as the Triton X-100 insoluble fraction. For
each sample 30 g of protein (Bio-Rad, Hercules, CA) was resolved by
4-20% SDS-PAGE (Invitrogen, Carlsbad, CA) and electroblotted. West-
ern blots were probed sequentially with anti-ubiquitin (1:1000 dilution;
Zymed Laboratories, San Francisco, CA), anti-histone 2B (1:500 dilu-
tion; James Kadonaga, University of California, San Diego, CA), and
anti-BCHS (1:200 dilution) antibodies with the use of standard tech-
niques. Specific antibody binding was detected with standard ECL
reagents.

Fluorescence confocal microscopy. For aggregate formation studies the
flies were aged at 29°C for the indicated times. Under anesthesia the
heads were removed and placed in PBS; the surrounding cuticle was
dissected and the brains fixed for 45 min at 25°C in PBT (1X PBS with
0.1% Triton X-100) with 3.5% paraformaldehyde. After three PBT
washes the brains were incubated in ubiquitin monoclonal antibody (1:
100 dilution; Zymed Laboratories) and/or APPL antibody (preabsorbed,
1:2000 dilution; Kalpana White, Brandeis University, Waltham, MA) in
PBT with 3% normal goat serum (NGS) as blocking agent overnight at
4°C. After three washes with PBT the samples were incubated in the
indicated secondary antibodies (1:200 dilution, PBT with 3% NGS; Jack-
son ImmunoResearch, West Grove, PA) for 1 hr. For actin detection a
1:250 dilution of phalloidin-TRITC (100 mg/ml stock; Sigma) was added
to the secondary antibody incubation. To label protein aggregates, we
added a 1:100 dilution of thioflavine S (direct yellow 7, 1 mg/ml stock;
Sigma) to the secondary incubation. Samples were washed three times (in
PBT), mounted, and imaged with an Olympus 1X 70 inverted confocal
microscope and Fluoview digital imaging software.

To detect the BCHS protein, we dissected staged larval and adult tis-
sues, fixed them (PBS, 3.5% paraformaldehyde) for 25 min at room
temperature, and washed them three times in PBT. Samples were incu-
bated in BCHS antibody (1:50 dilution; affinity-purified) and with either
ELAV antibody (1:1000 dilution; Developmental Studies Hybridoma
Bank, Iowa City, IA) or REPO antibody (preabsorbed fixed embryos,
1:1000 dilution; Gerd Technau, University of Mainz, Mainz, Germany)
overnight at 4°C in PBT containing 3% NGS. Tissues were washed three
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times in PBT and incubated in the indicated secondary antibodies (1:200
dilution, PBT with 3% NGS; Jackson ImmunoResearch) for 1 hr.
Washed samples were confocal imaged as described.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling analysis. Aged brains were dissected and fixed (PBS, 4%
paraformaldehyde) for 20 min at room temperature. Tissues were
washed twice in PBS, once in PBS plus 0.1% Triton X-100 and 0.1%
sodium citrate for 5 min, and then twice in PBS. The final wash was
removed carefully with 3 mm paper strips. TUNEL analysis was per-
formed by following the manufacturer’s instructions (Boehringer Mann-
heim). Direct fluorescence confocal microscopy was used to detect
fluorescein-labeled DNA strand breaks. For each CNS image a single
compressed confocal stack was made from a series of 10 optical sections
(2.0 wm each).

Results

Loss of bchs results in premature adult death

Initial work on the bchs gene began during our characterization of
the 26A salivary chromosome region and the adjacent dissatisfac-
tion gene (dsf) (Fig. 1A) (Finley et al., 1998). Since this initial
study we have generated or identified multiple bchs alleles and
deletions of the surrounding genomic region. These include
Df(2L)dsf3 (bchs') and Df(2L)dsf4 (bchs®) chromosomes, which
remove ~60 kb of sequence containing both bchs and dsf genes, as
well as the Df(2L)clot7 and Df(2L)w3 deletions (Fig. 1 A) (Finley
etal.,, 1998). P-element insertion alleles bchs’ (isolated in our lab)
and behs® [isolated by Rorth as EP(21)2299] (Rorth, 1996; Kraut
et al., 2001) interrupt the first intron and substantially lower
BCHS protein expression (Fig. 1 B; also see below).

Starting with the bchs” allele, we generated several internal
deletions by P-element mobilization (Rio, 1991; Finley et al.,
1998). These substantially alter or remove intron 1 and portions
of the behs coding sequence. For example, the bchs” allele deletes
most of the first intron, second exon, and much of the third exon,
removing the translation start site and the first ~200 amino acids
of the protein (Fig. 1 B). Precise excisions of the bchs* P-element,
such as bchs™”, restore the wild-type sequence and gene structure
(Fig. 1 B, arrows). All mutant alleles of bchs, either as homozygotes or
in conjunction with larger regional deletions [Df(2L)clot7], gener-
ated normal Mendelian frequencies of adults that display appropri-
ate motor, feeding, and grooming behaviors. This includes the
DFf(2L)dsf3 (behs') and Df(2L)dsf4 (bchs®) deletion alleles. All behs
mutations generate males that are fertile, and genetic combinations
that are dsf™ produce fertile females (i.e., bchs’, behs?, behs”).

In contrast to the normal survival found during larval and
pupal development, bchs mutant adults demonstrate a significant
decrease in life span (Fig. 2, Table 1). When compared with wild-
type controls, the mean life span is decreased between 40 and 45%
to an average of between18 and 23 d when grown at 29°C (Table
1). This decrease in longevity includes all P-element misexcision
alleles (Fig. 2A), P-element insertions (Fig. 2 B), and any combi-
nation of deletions, which remove or alter both copies of the bchs
gene (Fig. 3C). Rescue of the phenotype and a return to normal life
span is seen in those lines with precise P-element excisions that re-
store a wild-type sequence and gene structure (i.e., bchs™"") (Fig. 2 A,
Table 1). Nor is premature death associated only with higher tem-
peratures. When maintained at 25°C, bchs’/Df(2L)clot7 flies have
an average life span of 22.25 d (n = 219), whereas wild-type
controls (Canton S) have an average of 36.8 d (n = 99). This is a
similar 40% reduction in adult life span and indicates that early
death of bchs mutant flies is not a temperature-dependent phe-
notype. The lack of pronounced developmental defects, normal
behaviors in young adults, and premature death all indicate that
the bchs gene is essential for normal adult survival and longevity.
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Figure 1.  The bchs region, mutations, protein structure, and species alignment. A, The loca-
tion and extent of deletions uncovering behs are illustrated. The map of the bchs genomicregion
and deletion boundaries is as described previously [Finley et al. (1998); see flybase website in
Materials and Methods]. The location and arrangement of the bchs and dsf genes are indicated,
asare the 402Cy P-element (w *; dark gray) and P-elements generating bchs mutations (bchs®
and behs light gray). The 402Cy P-element is the parent of the Df(2L)dsf3 and Df(2L)dsf4
deletions and the bchs® insertion. It is carried on the Cy0 chromosome used as a wild-type
control in aging experiments. B, The intron/exon structure of bchs was determined by compar-
ison and alignment of cDNA and genomic sequences. The locations of BEACH, WD40, and FYVE
protein motifs and potential phosphorylation sites are indicated. Sites of P-element insertion
are indicated. The extent of the bchs® internal deletion (determined by DNA sequencing) is
indicated by the hatched bar. A precise excision derivative, the bchs™” allele, was determined
by DNA sequencing and is indicated by arrows. C, Drosophila, vertebrate, and nematode BCHS
protein alignments were generated by comparison of the inferred amino acid sequences. The
overall size, protein domains, and amino acid sequence of the different BCHS proteins are
conserved, including the first 2500 amino acids possibly identifying functional motifs within
this region. The identified domains within the C-terminal region have the highest amino acid
identity over divergent phyla, reaching >80% over extended regions of the protein.

Characterization of the bchs gene and protein

Genomic DNA from the bchs region was used to probe adult
cDNA libraries. Thirty-four cDNAs were identified and fully or
partially sequenced. Analysis and alignment of these sequences
yielded a single continuous inferred mRNA for the bchs gene. The
bchs mRNA consists of 11,140 nucleotides with a single open
reading frame of 10,476 nucleotides. The mRNA encodes a pre-
dicted protein of 3492 amino acids with a molecular weight of
389,755 Da. We verified the mRNA sequence and mapped in-
tron—exon junctions by direct sequencing of the 15 kb bchs
genomic region (Fig. 1B) and later verified these conclusions by
using sequence data from the Drosophila genome project, which
identified the gene as CG9011 and CG14001. Database screens
and sequence homology comparisons reveal two distinct regions
within the protein, a novel N-terminal portion (nearly 2500
amino acids) and a motif-rich C terminus containing three iden-
tifiable domains.

The first of these domains, termed BEACH, originally was
classified in the lyst family of genes (lysosomal trafficking regula-
tor) (Barbosa etal., 1996; Nagle et al., 1996; Tchernevetal., 2002).
Recessive mutations in lyst cause the beige phenotype in mice and
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Figure2. Premature death of bchs mutants. Newly eclosed males were collected and aged at
29°C for the duration of the experiments. 4, Imprecise excisions of the bchs* P-element, gener-
ating alterations in the 5' region of the bchs gene, result in a shortened average life span, as
shown by the behs®/behs®, behs®/bchs®, behs”/behs”, behs®/bchs®, and behs®/behs’ fly lines.
Rescue of premature death occurs when the same bchs* P-element is removed precisely from its
behs location, as demonstrated by the bchs™ " /bchs™ line. B, P-element insertions in the first
intron of bchs reduce average life span, as seen in behs*IDF2L)clot7, behs*/bchs?, and behs?/
Df(2L)clot7 genetic combinations. C, Flies containing one or more wild-type copies of bchs,
Canton S, 402Cy/Df(2L)w3, or 402Cy/Df(2L)clot7 have an average life span between 29.0 and
32.5 d. Adults with both copies of the bchs genomic region removed, Df(2L)dsf3/Df(2L)clot7,
Df(2L)dsf4/Df(2L)w3, or Df(2L)dsf4/Df(2L)clot7 flies, show a 40 — 45% reduction in average life
span when compared with controls. Mutating the dsf gene in the case of dsf'/Df(2L)clot7 flies
does not alter average adult longevity significantly. Mean lifespan, SDs, and p values for a
selection of genotypes are summarized in Table 1.

the Chediak—Higashi syndrome in humans. Both disorders are
associated with lysosomal metabolism, trafficking, and protein-
sorting defects. Humans and mice demonstrate pigmentation de-
fects; however, humans have the additional pathology of immune
disorders and mental retardation (Nagle et al., 1996; Faigle et al.,
1998). As with other BEACH-containing proteins, BCHS also has
a series of WD40 repeats that are thought to mediate protein—
protein interactions (Neer et al., 1994).

The BCHS C terminus ends in a cysteine-rich FYVE finger
domain (Fig. 1B) (Burd and Emr, 1998; Corvera et al., 1999;
Stenmark and Aasland, 1999; Wurmser et al., 1999; Cormont et
al., 2001). This motif is found in an independent set of proteins
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with vesicle transport and protein-processing functions. Recent
work indicates that FYVE fingers function as phosphatidyl inosi-
tol 3-phosphate [PtdIns(3)P] binding modules and downstream
effectors of Rab protein signaling cascade (Kutateladze et al.,
1999; Cormontetal.,2001). BCHS is the first identified protein to
contain both BEACH and FYVE domains (Stenmark and Aas-
land, 1999).

Of the several hundred amino acids in BCHS capable of being
phosphorylated, seven residues have surrounding sequence con-
sensus motifs consistent with potential kinase phosphorylation
sites (Fig. 1B; 1 tyrosine, 4 serines, and 2 threonines). These
residues may act as phosphorylation and interaction sites for a
range of adapter and regulatory proteins functioning through
SH2 or PTB domains (Shoelson, 1997).

Aside from potential phosphorylation sites, the first 2500
amino acids of BCHS lack significant homology to any previously
identified protein or functional domain. However, comparison of
EST and genomic sequences from different species reveals strong
conservation of this region in novel proteins from nematodes
(NP502420, NP502421, NP502422) to humans (KIAA0993)
and mice (X144441). Indeed, using the Drosophila sequence as a
scaffold, we have assembled the nearly complete amino acid se-
quence for worm, mouse, and human BCHS. The degree of
amino acid identity among these different proteins is illustrated
in Figure 1C. For identifiable motifs, like the BEACH domain,
identity between Drosophila and human BCHS can be >80%
over 400 amino acids. In addition, the overall protein size and
motif organization are also highly conserved between divergent
species. The continuous homology and the multiple regions of
high identity across the length of different BCHS proteins
strongly suggest that they are conserved orthologs and are likely
to perform similar cellular functions.

BCHS expression pattern and subcellular location

As a step toward characterizing bchs function, we examined the
temporal and tissue expression patterns of the bchs RNA. North-
ern blot analysis reveals a nearly 12.0 kb transcript from adult
head tissues of both wild-type and dsf' mutant flies that is absent
from bchs deletion alleles [Df(2L)dsf3] (Fig. 3A). In situ hybrid-
ization analysis of frozen sections reveals uniform levels of the
bchs mRNA throughout the young adult CNS, but none in sur-
rounding adipose or muscle tissues (Fig. 3B). The signal is stron-
gest in outer cortical regions of the CNS, areas dense in neuronal
cell bodies (Fig. 3, arrows). The mRNA is not detected in regions
of neuropil (axonal projections). A similar pattern of bchs neuro-
nal expression is found in the cortical layer of the adult ventral
ganglia (data not shown).

Immunoblot analysis with BCHS-specific antibodies identi-
fies alarge protein in neuronal tissue from young control animals
and bchs® mutants, which is absent in Df(2L)dsf3/Df(2L)clot7
and bchs’/Df(2L)clot7 flies (Fig. 3C). At 2 weeks the BCHS pro-
tein is not detected in head preparations from any mutant strains,
including bchs® animals. At this time wild-type BCHS exhibits a
slightly faster electrophoretic mobility. These data indicate that
the null and P-element bchs alleles substantially eliminate or
lower expression of the protein (Table 1).

To determine whether BCHS could mediate some aspects of
vesicle and/or protein trafficking like other BEACH- or FYVE-
containing proteins, we asked whether the BCHS protein is cyto-
plasmic and present in neuronal projections. We took advantage
of the well characterized developmental profile and stereotypic
organization of the Drosophila visual system to examine BCHS
localization within neurons and axons (Torroja et al., 1996; Hay
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Table 1. Summary of bchs alleles and phenotypes
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Increase Ubiquitin

Genotype Mean life span SD p value with WT BCHS expression in lUCP* aggregates APPL aggregates
Df(dsf3)/Df(clot7) behs” 18.2n =190 6.3 <<0.0001 0 22.8 + +
Df(dsf4)/Df(clot7) behs? 19.6n = 136 6.5 <0.0001 0 nd + +
behs® 402Cy011/Df(clot7) 19.1n = 209 5.6 <<0.0001 0 16 + +
behs* EP(2)2299/Df(clot7) 21.7n =161 7.9 <0.0001 ++/0 6.9 + +
behs® EP(2)2299/EP(2)2299 229n =135 83 <<0.0001 ++/0 nd + +
behs®[bchs® 2150 =99 8.5 0.00024# nd nd + nd
behs™"/behs™®"” 27.2n =81 7.7 0.81# nd nd 0 nd
Wild-type (Canton S) 32n=123 9.1 1 ++++ 0 0 0
402Cy0/Df(clot7) genotype control 32.5n =151 5.8 0.67 ++++ nd 0 0
dsf1/Df(clot7) regional control 31.5n=284 83 0.62 +++ nd 0 0

*Insoluble ubiquitin conjugated proteins.

The mean life span for each genotype is indicated, as are SDs and p value (Student  Test). Comparisons with wild-type (Canton S) and # note that p values were calculated from wild-type controls aged at the same time and under the same
conditions (average = 27.6,SD = 11.9,and n = 73). The + and 0 symbols used for BCHS expression summarize the Northern and Western analyses of the message and/or protein. The /0 symbols used for bchs * allele reflect the presence
of the protein in young adults and its absence in aged individuals. The relative levels of ubiquitin and APPL aggregate formation detected by confocal (starting at 10 d of age) are summarized by + (presence) or 0 (ahsence) symbols. Of the
three independent experiments done to examine levels of insoluble ubiquitin-conjugated proteins (IUCP), the representative Western blot in Figure 6 was used to calculate the fold increase after correcting for load (histone 2B) and

normalization to wild-type controls.

etal., 1997). In the late larval eye disc we find BCHS expressed in
photoreceptor cells after neuronal differentiation (Fig. 3D, FITC
and merged image). The cytoplasmic localization of BCHS is best
illustrated by comparison with the nuclear staining pattern of the
ELAV protein (Texas Red). ELAV is localized primarily in pho-
toreceptor nuclei, as illustrated by its staining in confocal sections
from apical regions of the eye disc (Robinow and White, 1988).
BCHS appears to be excluded from nucleus and instead generates
a lattice-like staining pattern in confocal sections from basal re-
gions of the disc. This indicates that BCHS is cytoplasmic within
the eight neurons making up an ommatidial cluster. The bright
central staining in each ommatidium marks BCHS in the conflu-
ence of photoreceptor axons before their projection toward the
optic lobes of the CNS.

An examination of larval eye discs that remain attached to the
brain reveals the presence of the BCHS protein in neuronal pro-
jections (Fig. 3E). Most notably, the protein can be followed in
axons projecting down the optic stalk and into the developing
opticlobes. At this developmental time point BCHS reaches as far
as growth cones and is visible only because of the lack of its
expression in the surrounding neuroblasts. Later this staining
pattern would be obscured by ubiquitous BCHS expression
within neurons of this region. The enlarged inset image highlights
the presence of BCHS within the photoreceptor cytoplasm.

We do not detect BCHS in glia or in most adult motor neuron
projections (data not shown). Consistent with results from in situ
and immunoblot analysis of adult brains, BCHS expression re-
mains high in neuronal cytoplasm and projections, as shown in
the 2-week-old adult retina and laminal ganglia (Fig. 3F). BCHS
is absent from retinal or other neuronal tissue from age-matched
null controls, as seen in an enhanced image (fivefold enhance-
ment) with staining equivalent to secondary antibody alone (Fig.
3G). Together these data show that BCHS is present in neuronal
cytoplasm and is present in CNS projections, which is consistent
with a function in intracellular vesicle transport or protein
trafficking.

bchs mutants demonstrate extensive neurodegeneration

Extensive expression of BCHS in the CNS and neural projections
and its continued presence in older adults suggested that prema-
ture death is the result of progressive deterioration in neural tis-
sues. Initial light microscopy and phase-contrast images of fixed
tissues from bchs mutants showed a general loss of CNS size and
morphology. The progressive nature of the bchs neural degener-

ative phenotype is best illustrated in the well defined and ordered
structure of the adult retina.

Plastic-embedded tangential sections from 1-d-old wild-type
and bchs’/Df(2L)clot7 adults show normal development of reti-
nal structures. Ommatidia have the correct number of cells, and
rhabdomeres are in the appropriate orientation (Fig. 4A,B). At
10 d the wild-type controls have normal mature ommatidial
structures (Fig. 4C), whereas the behs’IDE(2L)clot7 adults show
signs of degeneration (Fig. 4C). We find the beginnings of archi-
tectural disorganization as well as the development of vacuoles
between clusters of ommatidia (Fig. 4 D, indicated by arrows). At
14 d the structure of wild-type retinas still appears robust, with
only an occasional vacuole being detected (Fig. 4E, arrow). At
this time retinal structures from bchs®/Df(2L)clot7 mutants show
increased degeneration (Fig. 4F) (Alloway et al., 2000). There is
substantial loss of ommatidial morphology, a condensation of
individual rhabdomeres, and the development of large vacuoles
between ommatidia (Fig. 4 F, arrows), all tissue-specific features
of a progressive degenerative process (Alloway et al., 2000).

The neural degeneration associated with loss of bchs is not
limited to the retina. In comparing plastic-embedded frontal sec-
tions from the same depth within the head from aged wild-type
(n =7 from 10 to 14 d) (Fig. 4G) and bchs’/Df(2L)clot7 (n = 10
from 10 to 14 d) (Fig. 4 H) individuals, we consistently find atro-
phy of neural tissues in mutant animals. Using the esophagus
(Fig. 4E, arrows) as a further positional landmark and starting at
the periphery and working toward the central regions of the CNS,
we find the retinal degeneration as demonstrated in Figure 4, D
and F (arrow), clearly visible down the length of individual om-
matidia. Loss of tissue size and morphology is also apparent in the
laminal and medullary ganglia, inferior lateral deutocerebrum,
superior lateral and medial protocerebrum, subesophageal gan-
glia, and fan-shaped and ellipsoid body regions of the CNS. Sec-
tions taken at 14 d demonstrate an increase in atrophy and fra-
gility for bchs mutant brains. At later times mutant deterioration
is significant enough to make the production of quality, complete
sections to examine CNS morphology extremely difficult. Never-
theless, regions of sections from such older adults indicate a con-
tinued decrease in brain volume. In addition, dissected brains of
multiple genotypes used for confocal microscopy (Figs. 41],
5A,B) show an approximately one-sixth decrease in linear dimen-
sion, indicating an ~40% decrease in volume. Unlike in other
characterized Drosophila mutations, which show CNS-wide neu-
ral degeneration and early adult death, we do not detect extensive
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Figure3.  BCHS mRNA and protein expression patterns. A, Northern blot analysis of total RNA from 20 adult male and female
heads. Wild-type ( 7) and dsf'/Df(2L)clot7 ( 3) mutant brains express a single, nearly 12.0 kb mRNA that s absent from Df(2L)dsf3/
Df(2L)clot7 flies  2). B, Frozen sections from wild-type pharate adults (Finley et al., 1998) were used for in situ hybridization to bchs
mRNA. Specific labeling for bhs is detected in a horizontal section through the head at the level of the antennal lobes. Labeling is
seen in cortical regions containing neuronal cell bodies and is absent from neuropil areas. Arrows point to labeled cortical cells; the
antenna lobe (AL), opticlobe (OL), and retina (R) are indicated. mRNA was not detected in muscles of the head (m) or other tissues.
Sections through adult thorax also show uniform bchs labeling in thoracic and abdominal ganglia neurons and not in other tissues
(data not shown). C, Western blot analysis of BCHS shows a protein running well above the largest molecular weight marker (250
kDa) in head extracts from 1-d-old Canton S ( 7) and 402Cy0/Df(2L)clot7 ( 2) wild-type controls. At this age bchs?/Df(2L)clot7 flies
(3) express some BCHS, whereas BCHS is absent from bchs®/Df(2L)clot7 (4) and Df(2L)dsf3/Df(2L)clot7 ( 5) flies. At 2 weeks only
wild-type flies ( 7) have detectable levels of the BCHS protein. Protein no longer is detected in bchs*/Df(2L)clot7 flies (3). D-F,
Subcellular location of the BCHS protein. D, Immunofluorescence staining of a third instar larval eye disc double-labeled for BCHS
(basal section; FITC) and neuronal-specific marker ELAV (apical section; Texas Red). The two proteins demonstrate similar temporal
expression patterns in neurons, but ELAV is located primarily within the nucleus while BCHS is found in cytoplasm (center; merged
panel ). £, Eye disc (£D), optic stalk (0S), and attached larval optic lobe (OL) are stained for BCHS (FITC). The protein is found along
the entire length of photoreceptor axons. The inset is an enhanced intensity image showing BCHS extending as far as growth cones.
This patternis visible only because of the lack of BCHS expression in surrounding undifferentiated neuroblasts at this developmen-
tal time point. £, Mature BCHS expression pattern in a retina (R) and laminal ganglion (LG) optical section of a 2-week-old
dsf'/Df(2L)clot7 adult (n = 9). BCHS protein levels are still high in older adults (consistent with Western blots). The protein remains
located in the cytoplasm of retinal axons and in laminal ganglia. G, Enhanced image of an identically prepared retina and attached
CNS from an age-matched bchs mutant [Df(2L)dsf3/Df(2L)clot7; n = 11]. This level of staining is similar to secondary antibody
alone and s substantially below the staining of bchs * animals.

vacuolization of bchs mutant brains. Occasional vacuoles that do
develop are indicated (Fig. 4 H, arrows).

With the use of a range of light microscopy staining tech-
niques for sectioned tissues, typically used to characterize the loss
of neural morphology or development of neural tangles (includ-
ing silver staining), we failed to detect obvious differences be-
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tween the brains from aged bchs mutants
and their wild-type counterparts (data not
shown). However, we do find the devel-
opment of dark inclusions throughout the
CNS of older bchs flies, using phase-
contrast light microscopy on fixed whole-
mount preparations. This indicated the
possible development of neural inclu-
sions, which may be associated with the
degeneration and premature death found
with bchs mutants.

To characterize the temporal develop-
ment and composition of these CNS in-
clusions better, we coupled chemical and
immunohistochemical techniques used in
the detection of protein aggregates with
confocal microscopy of dissected, fixed
Drosophila CNS preparations from a
range of genotypes and ages. We began
with specific proteins known to be in-
cluded in pathological neural aggregates
and focused on the protein degradation
peptide signal, ubiquitin. This was in part
attributable to its extensive association
with a wide range of neural-toxic protein
inclusions, mechanistic conservation, and
the cross-reaction of commercial anti-
bodies with the Drosophila protein (War-
rick et al., 1999; Lai et al., 2001; Sherman
and Goldberg, 2001).

The 10-d-old wild-type and mutant
brains were immunostained for ubiquitin
(FITC) and counterstained for actin (Texas
Red). Confocal CNS sections from wild-
type flies revealed a robust and characteristic
staining pattern for both proteins (Fig. 5A).
Actin primarily highlights neural projec-
tions (neuropil), whereas ubiquitin is dis-
tributed uniformly throughout the CNS. In
optical sections from identically prepared
and age-matched bchs mutants, only minor
global changes were detected for actin. Un-
like other studies of in vivo aggregate forma-
tion, we did not observe incorporation of
actin into inclusion-like structures (Fig. 5B)
(Suhr et al., 2001). This is in sharp contrast
to ubiquitin. In 10-d-old bchs mutants we
find immunoreactive ubiquitin concen-
trated in aggregate-like structures through-
out the CNS (Fig. 5B). Extracellular deposits
are even more pronounced at later ages
(data not shown). Consistent with the pro-
gressive nature of the bchs phenotype,
young bchs mutant brains do not contain
these ubiquitinated structures and are indis-
tinguishable from their age-matched sibling
controls (data not shown).

To determine whether bchs ubiquitin aggregates demonstrate
structural similarities associated with other pathological conditions,
we coupled ubiquitin staining with the fluorescent dye thioflavine S
(Bacskai et al., 2001). Used to detect protein aggregates, thioflavine S
binds to proteins that have taken on a B-pleated sheet conformation.
It highlights abnormal in vivo and in vitro protein structures
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(often associated with neural pathology),
including those containing A peptide and
mutant a-synuclein (Ostrerova-Golts et al.,
2000; Bacskai et al., 2001). At 10 d we do not
detect staining or colocalization of ubiquitin
with thioflavine S within the CNS of wild-
type controls (Fig. 5C), nor do we detect
specific staining or aggregate formation in
young bchs mutants or in age-matched con-
trols (data not shown). We do find a close
association of thioflavine S staining with
ubiquitin containing inclusions in brains
from 10-d-old bchs mutants (Fig. 5D, inset).
This indicates that aloss of bchs results in the
formation of protein aggregates with struc-
tural similarities to aggregates associated
with  other progressive  pathological
conditions.

Other proteins also associated with hu-
man neurodegenerative disorders and
CNS aggregate formations are conserved
in Drosophila. This includes the amyloid
precursor protein (APP) linked to Alzhei-
mer’s disease (Reiter et al.,, 2001). The
Drosophila homolog (APPL) is expressed
abundantly in older adult neuronal tissues
(Torroja et al., 1996). In 2-week-old bchs
null brains we find that APPL (Texas Red)
colocalizes with the CNS ubiquitinated
inclusions (FITC) (Fig. 5E). Once again,
these structures are genotype- and age-
dependent and are not found in young
bchs mutant animals (data not shown) nor
in age-matched controls containing a
functional copy of behs gene (Fig. 5F). At
higher magnification we find colocaliza-
tion of ubiquitin and APPL in CNS inclu-
sions (Fig. 5G). To varying degrees all
tested bchs mutant alleles show similar
ubiquitin aggregate formation over time,
with the weaker bchs” allele being the least
affected at 10 d of age (Table 1).

Protein aggregate formation is often
toxic to neurons and can initiate the apopto-
tic cell death pathway. We performed
TUNEL analysis (direct labeling of DNA
strand breaks) to determine whether aggre-
gate formation in bchs mutant brains is as-
sociated with an increase in programmed
cell death of neurons (Davidson and Steller,
1998; Abrams, 1999; Alloway et al., 2000;
Kiselevetal., 2000). In 2-week-old wild-type
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Figure 4.  Neural degeneration and apoptosis in bchs mutants. A—F, Plastic-embedded tangential sections (1 pm) of adult
retina stained with methylene blue. Minor differences in early ommatidial morphology are attributable to the depth of each
individual section and position within a given eye. A, Retinal morphology of Canton S controls at 1 d of age i very similar to that of
behs®/Df(2L)clot7 ( B) individuals of the same age. C, At 10 d wild-type controls demonstrate the mature architecture and cellular
morphology of Drosophila retina, whereas age-matched bchs®/Df(2L)clot7 flies (D) show the first signs of degeneration (vacuoles
noted by arrows). £, At 14 d of age the wild-type retinas appear healthy and intact, with only the rare development of small
vacuoles (arrow). F, At 14 d the degeneration detected earlier in bchs®/Df(2L)clot7 mutant flies has progressed further. There is a
substantial loss of ommatidial architecture and an enlargement of vacuoles (arrows). G, H, Frontal sections (1 m) from 10-d-old
adults taken at the same depth within the head, near the central complex, as noted by the esophagus (£, arrows) and fan-shaped
(FB) and ellipsoid bodies (£B). G, A section taken from 10-d-old controls demonstrates the characteristic organization and size of
mature Drosophila neural structures. H, Age-matched section from a bchs®/Df(2L)clot7 fly shows the presence of retinal degener-
ation (arrow) as well as atrophy of laminal (G) and medullary (MG) ganglia, inferior lateral deutocerebrum (/LD), superior lateral
(SLPr) and medial (SMPr) protocerebrum, and subesophageal ganglia (S0G) structures of the CNS. Nuclei and background appear
darker in this image because of slight image enhancement. , J, In situ TUNEL analysis of 2-week-old brains. In wild-type brains (/)
the arrows indicate the limited number of cells undergoing apoptosis [402Cy0/Df(2L)clot7; n = 101. behs null brains (J) have
extensive TUNEL labeling, indicating significant numbers of cells undergoing apoptosis in most cortical regions of the CNS
[Df(2L)dsf3/Df(2L)clot7; n = 7].

progressive condition is consistent with the formation of protein

control brains we find an average of 10-20 cells undergoing apopto-
sis (Fig. 41, arrows). In contrast, age-matched bchs mutants show
extensive CNS-wide apoptosis (Fig. 4]). Colocalization of dying cells
with neuronal-specific (ELAV) (Robinow and White, 1988) or glial-
specific (REPO) (Xiong and Montell, 1995) markers was not possi-
ble at this late developmental and degenerative time (data not
shown). However, the cortical placement (location of neuronal cell
bodies) and extensive number of cells highlighted by TUNEL label-
ing indicate that the majority of affected cells is neurons. Collectively,
these results show that premature death of bchs adults is associated
with age-dependent accumulation of neuronal abnormalities. This

inclusions containing ubiquitin and APPL and with protein aggre-
gates having B-pleated sheet properties. Also associated with aggre-
gate formation is an increased neuronal apoptotic death for bchs
mutants.

Immunoblot analysis of ubiquitin conjugates

Along with extensive ubiquitination and (-sheet structure, an
additional feature of pathological protein aggregates is their ten-
dency to be insoluble (Sherman and Goldberg, 2001). There is
evidence that, along with removal of problematic proteins, se-
questering cytotoxic peptides in insoluble aggregates may act as
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Figure5.  CNSprotein aggregate formation. A—G, Single 0.2 m transverse optical sections taken at least 5 pm into adult CNS.
A, Optical section from an 11-d-old wild-type adult brain (n = 27) stained for actin (phalloidin-TRITC, Texas Red) and ubiquitin
(FITC). Normal flies have a consistent pattern of actin and ubiquitin proteins within the CNS. Actin is enriched in neural projections
and regions of synaptic innervation, whereas ubiquitin is stained uniformly throughout the entire CNS. B, Age-matched bchs null
brains (n = 53) have deposits of ubiquitin in the CNS, mainly in regions of neuropil. ¢, Confocal images of 10-d-old wild-type
controls (n = 20) stained for thioflavine S ( green) and anti-ubiquitin (TexR). D, Identical images from age-matched bchs>/
Df(2L)clot7 flies (n = 15) stained with thioflavine S and for ubiquitin aggregates. £, Confocal sections from 11-d-old Df(2L)dsf3/
Df(2L)clot7 adult brain (n = 22) stained for APPL (TexR) and ubiquitin (FITC). Drosophila APPL colocalizes with ubiquitin deposits
inthe CNS. F, APPL aggregates do not form in 2-week-old wild-type controls (n = 12). G, Inset enlargement (through portions of
the mushroom body) shows the close association of ubiquitin and APPL in protein aggregates.
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an intermediate mechanism to protect the
cell from harmful secondary effects
(Johnston et al., 1998; Marsh et al., 2000;
Bence et al., 2001). To determine whether
bchs mutants demonstrate an alteration in
the ubiquitination pathway and whether
older mutants develop substantial levels of
insoluble proteins, we performed immuno-
blot analysis of CNS proteins that were ob-
tained after sequential protein extractions
(Fig. 6) (Johnston et al., 1998; Mohtashami
et al.,, 2001). In the soluble protein fraction
(Triton X-100 extraction) we do not detect a
genotype- or age-specific change in levels of
free ubiquitin or in the amounts of ubiq-
uitin-conjugated proteins (Fig. 6A). This
indicates that overall levels of ubiquitin and
the steady-state level of soluble ubiquitin
conjugates are not altered significantly for
any age or genotype that was examined.

Consistent with the absence of CNS
aggregates in 1-d-old bchs mutant adults,
levels of ubiquitin-conjugated proteins
from the insoluble protein fraction (SDS)
are not significantly different for any partic-
ular genotype (genotype-independent)
(Fig. 6B). This reinforces the observation
that loss of bchs does not result in gross
developmental defects associated with pro-
tein processing or turnover. However, in
the insoluble protein fraction older bchs
mutants do demonstrate a sharp increase in
levels of high molecular weight ubiquiti-
nated proteins (genotype-dependent) (Fig.
6 B). When normalized to histone 2B (load
control) and compared with age-matched
wild-type controls, bchs mutant brains show
between a ninefold (bchs*) and a 23-fold
[Df(2L)dsf3/Df(2L)clot7] increase in levels
of insoluble ubiquitinated proteins (Table
1). Along with the formation of age-depen-
dent CNS protein inclusions (Fig. 5), these
data indicate that a significant fraction of
ubiquitinated, aggregated proteins is in an
insoluble conformation. Given the potential
role of BCHS in vesicle transport, these data
suggest that the lack of BCHS may lead to
alterations in the transport of proteins that
are to be degraded.

Discussion

Loss of bchs identifies a novel
degenerative pathway in Drosophila

In this paper we demonstrate that a loss
of the Drosophila blue cheese gene results
in premature adult death. Elimination of
the protein by gene deletion, interruption of
transcription with transposable P-elements,
or removal of the translational start site all
result in the same premature death pheno-
type. Of the 17 mutant bchs alleles tested for
average life span, all were found to die early
and behave as recessive loss-of-function
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Figure 6. Immunoblot analysis of ubiquitin-conjugated proteins from adult Drosophila

heads. Sequential protein extracts from heads of (1) wild-type, (2) behs*/D2L)dlot7, (3) behs®/
Df(2L)clot7, and (4) Df(2L)dsf3/Df(2L)clot7 flies were examined by Western blot analysis for
free ubiquitin and conjugated forms of the protein. A, In the Triton X-100 fraction (readily
soluble proteins) the levels of free ubiquitin and high molecular weight ubiquitin-conjugated
proteins were not altered significantly for any genotype or age that was examined (1 or 14 d).
Significant differences in less soluble ubiquitin-conjugated proteins also were not detected in
young animals after more stringent extractions (SDS fraction). B, At 14 d there is a substantial
increase in the amount of less soluble high molecular weight ubiquitinated conjugates in the
SDS fraction for all three bchs mutant combinations, but not for wild-type controls. The bchs*
allele (2) has a nearly ninefold increase, whereas the Df(2L)dsf3/Df(2L)clot7 deletion genotype
(4) has the highest level of accumulation (22.8-fold increase) when compared with wild-type
controls. Results are summarized in Table 1.

mutations. For the alleles that were examined in detail, we find a tight
correlation between lack of adult BCHS expression, premature
death, and protein aggregate formation in the CNS. These data,
along with phenotype rescue in those lines with clean P-element
excisions and the absence of similar phenotype for other mutations
in nearby genes (i.e., dsf), clearly indicate that removal of BCHS
significantly reduces adult life span.

The decrease in longevity for bchs mutants is closely associated
with the progressive formation of CNS-wide protein aggregates,
which stain with thioflavine S. Although direct demonstration of
ubiquitin/APPL coaggregates will require immunoelectron mi-
croscopy, at the level of confocal microscopy these inclusions at
least partly consist of ubiquitinated proteins with APPL. Consis-
tent with the thioflavine S staining of aggregates, Western blot
analysis reveals that a substantial fraction of ubiquitinated pro-
teins is located in the Triton X-100 insoluble protein fraction.
This suggests that a sequestering mechanism may be functioning
to buffer the cytotoxic effects of protein aggregate formation
within the mutant CNS. The progressive formation of protein
aggregates in bchs adults could be the precipitating factor initiat-
ing a degenerative cascade. The downstream consequences are
the loss of retinal and CNS size and morphology, apoptosis of
neurons, and premature death of older bchs mutant individuals.
These phenotypes define a novel mechanism of progressive CNS-
wide neural degeneration for Drosophila.

Although there may be subtle developmental defects associ-
ated with a loss of bchs, several mechanistic functions for the
protein can be eliminated because of a notable lack of phenotypes
involving gross failures in nervous system development or syn-
aptic function. Unlike other genes with major roles in neuronal
differentiation or axonal path finding, bchs mutant animals
emerge as adults at normal genetic ratios and breed with appar-
ently normal efficiency. This also implies that many aspects of
protein trafficking associated with earlier stages of development
are substantially correct. The survival of BCHS mutants to adult-
hood also suggests that the protein is not essential for more global
aspects of protein trafficking or vesicle transport. Therefore, it
does not perform similar functions to those attributed to the
Drosophila hrs gene (encoding a Snap 25 binding protein) (Lloyd
etal., 2002). Similarly, young bchs mutant adults do not demon-
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strate behavioral deficits expected of defective synaptic vesicle
release, recycling, or refilling, such as those shown by the
temperature-sensitive allele of the GTPase dynamin encoded by
the shibere gene (Seugnet et al., 1997; Kiselev et al., 2000).

The neuropathology seen in bchs mutants is unlike that of
other characterized Drosophila degenerative mutations. Reces-
sive loss-of-function mutations in bubblegum, drop-dead, swiss
cheese, spongecake, or eggroll often are associated with defects in
either lipid metabolism or glial maintenance of adult neuronal
tissues (Buchanan and Benzer, 1993; Xiong and Montell, 1995;
Kretzschmar et al., 1997; Min and Benzer, 1997, 1999; Nakano et
al., 2001). When compared with bchs, these mutations tend to
have an even shorter adult life span, serious behavioral defects,
and different neurodegenerative pathologies, including substan-
tial neuropil vacuolization of the CNS. In contrast, bchs mutants
have a less reduced adult life span, show few early behavioral
defects, and do not develop a significant number of CNS vacu-
oles. The presence of BCHS in mature neurons and the degener-
ative CNS phenotype associated with its loss suggest that BCHS
has a direct role in maintaining those neurons in which it is
expressed.

A possible role in protein or vesicle trafficking for BCHS is
suggested by the functional motifs identified in the C terminus of
BCHS, most notably the BEACH and FYVE domains. Mutations
in proteins containing either the BEACH or FYVE domain result
in maturation and/or trafficking defects of membrane organelles,
mainly involving the endosome and lysosome (Stenmark and
Aasland, 1999; Lloyd et al., 2002; Tchernev et al., 2002). Consis-
tent with this function and bchs mutant phenotypes, it is worth
noting that during a dominant misexpression screen the overex-
pression of BCHS in developing larval motor neurons led to
changes in synaptic structures, suggesting a role in importing or
removing proteins from axons (Kraut et al., 2001).

The accumulation of ubiquitin-containing protein aggregates
further supports a role for BCHS in trafficking or degradation of
proteins. Although we do not find major alterations in the level of
free ubiquitin or soluble ubiquitin protein conjugates, we do de-
tect age-dependent accumulation of insoluble, ubiquitinated
protein aggregates and specific proteins, including APPL. This
suggests that ubiquitination still occurs but that there is a defect
in transport or degradation of targeted proteins (Hicke, 2001;
Pickart, 2001). It is possible that even a minor fraction of proteins
with altered processing or trafficking could generate the progres-
sive accumulation of insoluble ubiquitinated protein aggregates
seen in bchs mutants.

Conserved degenerative pathways

A comparison of the mutant phenotypes of bchs to the pheno-
types of other Drosophila neurodegeneration models strengthens
the concept of the conserved nature of degenerative pathways
between divergent phyla. Of interest are the direct comparisons
that can be made between human and fly dominant missense
mutations in the major opsin gene and retinitis pigmentosa.
These mutations alter rhodopsin association with regulatory pro-
teins, changing endocytotic clearance of rhodopsin from rhab-
domeres. As a result, ubiquitinated protein aggregates form, pho-
toreceptor neurons undergo apoptotic death, and there is
progressive retinal degeneration. By the removal of components
involved in this process (i.e., rhodopsin or arrestin) or by the
block of protein transport or apoptosis, retinal degeneration is
prevented in Drosophila (Davidson and Steller, 1998; Jacobson,
1998; Alloway et al., 2000; Kiselev et al., 2000). This process has
notable similarities to bchs-induced degeneration: the slow devel-
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opment of neural degeneration in photoreceptor neurons, the
formation of ubiquitinated protein aggregates in certain mutant
conditions, and apoptotic death of neurons. There are several
pronounced differences between the bchs phenotype and the mu-
tant rhodopsin-induced degeneration. The bchs phenotype re-
sults from loss of a protein, not expression of an abnormal pro-
tein, and its loss affects the entire CNS, not just retinal neurons.
The similarities and differences between the two systems indicate
a CNS-wide role for BCHS in trafficking, accumulation, or turn-
over of proteins. This further suggests potential connections of
BCHS with a number of disorders involving the accumulation of
potentially toxic protein aggregates.

In many human neurodegenerative disorders defects in mem-
brane vesicle transport and/or protein degradation are thought to
play a key role in the inability of neurons to eliminate toxic insol-
uble peptides effectively. Wild-type a-synuclein and huntingtin
proteins associate with membrane vesicles and are thought to be
involved in synaptic plasticity or trafficking of subcellular vesicles
(Jo et al., 2000; Bence et al., 2001; Sharon et al., 2001; Waelter et
al., 2001). Dominant gain-of-function mutations in either gene
result in the accumulation of these proteins along with ubiquiti-
nated insoluble aggregates. There is growing evidence that this is
mediated in part via a direct alteration in proteasome function.
Similarly, an increase in cytotoxic amyloid AB'™** peptide pro-
duction and Alzheimer’s disease may be associated with aberrant
transport of APP, resulting in altered peptide production or deg-
radation (Cataldo et al., 1996; Gandy and Petanceska, 2000; Gu-
nawardena and Goldstein, 2001). Thus there are clear precedents
in humans for changes in protein or vesicle trafficking that lead to
bchs-like neurodegenerative phenotypes.

The similarity of bchs phenotypes to aspects of human neural
degenerative disease and the high degree of similarity between
Drosophila BCHS and the human BCHS raise important ques-
tions concerning the role of human BCHS in neural maintenance
and neuropathology. Does human BCHS share conserved func-
tions with Drosophila BCHS? This seems likely given the func-
tional and phenotypic similarities between other Drosophila neu-
rodegenerative mutations and their human counterparts and the
similar phenotypic consequences when human degeneration-
inducing proteins or protein motifs are introduced into Drosoph-
ila. Interestingly, the human bchs locus, KIAA0993, Locus Link
23001 (previously identified from partial 3’ cDNAs) maps to a
region associated with several cases of familial neurodegenerative
disorders. In support of a role for mammalian BCHS in the brain,
Northern blot analysis that uses mouse bchs cDNA probes reveals
a 12 kb bchs transcript in murine neuronal cell lines and brain
tissue (data not shown). Although human neuronal tissues have
not been tested for BCHS expression, the possibility remains that
the human counterpart is required for long-term function and
survival of the nervous system, especially with regard to protein
trafficking and processing. Ultimately, the identification of a
novel degenerative pathway in a genetically tractable system
opens up new areas of study involving ubiquitination, age-
dependent protein aggregate formation, and their role concern-
ing the health and survival of the nervous system.

Note added in proof. After the analysis for Figure 1C was completed, a
full-length sequence for human BCHS appeared in GenBank under the
name ALFY, NP_055806.1. This results from unpublished work of Si-
monsen, Birkeland, and Stenmark. Homology begins at BCHS amino
acid 48 and extends to amino acid 3486. Identity based on BLAST align-
ment is 47% (63% positive).
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