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A familial form of Amyotrophic lateral sclerosis (ALS8) is caused by a point mutation (P56S) in the vesicle-
associated membrane protein associated protein B (VapB). Human VapB and Drosophila Vap-33-1 (Vap) are
homologous type Il transmembrane proteins that are localized to the ER. However, the precise consequences
of the defects associated with the P56S mutation in the endoplasmic reticulum (ER) and its role in the pathology
of ALS are not well understood. Here we show that Vap is required for ER protein quality control (ERQC). Loss of
Vap in flies shows various ERQC associated defects, including protein accumulation, ER expansion, and ER
stress. We also show that wild type Vap, but not the ALS8 mutant Vap, interacts with a lipid-binding protein,
Oxysterol binding protein (Osbp), and that Vap is required for the proper localization of Osbp to the ER.
Restoring the expression of Osbp in the ER suppresses the defects associated with loss of Vap and the ALS8
mutant Vap. Hence, we propose that the ALS8 mutation impairs the interaction of Vap with Osbp, resulting in
hypomorphic defects that might contribute to the pathology of ALS8.

is cleaved and secreted from neurons (12,13). The cleaved MSP
acts as a ligand for growth cone guidance receptors expressed
on muscle surfaces and affects mitochondrial dynamics in the

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative

disease characterized by preferential loss of motor neurons. Ap-
proximately 90% of all ALS cases occur sporadically, whereas
the remaining 10% are inherited (1,2). Although mutations in
almost 20 genes have now been shown to cause ALS (3), their
proposed functions appear quite divergent, lacking any obvious
link that would hint towards a specific molecular pathway (4).
ALSS is an autosomal dominant form of ALS caused by a point
mutation (P56S) in the gene encoding the VapB protein (5).
Human vapB is evolutionarily conserved, with homologs in nu-
merous species (6), including Drosophila Vap-33-1 or vap.
Vaps contain an amino (N)-terminal domain, called the major
sperm protein (MSP) domain (7,8) and a transmembrane
domain that anchors the protein in the ER (9—11). Studies with
Drosophila and Caenorhabditis elegans demonstrate that Vap
has non-autonomous functions. Indeed, the MSP domain of Vap

muscles. However, Vaps also have autonomous functions as
they are ER associated proteins. They have been shown to func-
tion in glucose transport (14), neurite extension (15), the develop-
ment of the neuromuscular junctions (16) and ER-to-Golgi protein
trafficking (17). Importantly, Vaps have been implicated in the
regulation of phospholipid biosynthetic proteins (18,19). Vaps
interact with proteins containing two phenylalanines in an
acidic tract (FFAT)-motif (20), which include lipid-binding
proteins like Oxysterol binding protein (Osbp) (21) and ceramide
transfer protein (Cert) (22). Studies with cultured -cells
indicate that the Vap/Osbp interaction is required for sphingomye-
lin (SM) biosynthesis in response to 25-hydroxycholesterol
(18,23,24). Hence, Vap seems to be required for Osbp function
in the ER or in ER—Golgi membrane contact sites (18,17).
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The ER is the site where newly synthesized proteins are folded
and modified. Protein folding in the ER is monitored by a strin-
gent ER quality control (ERQC) system that only permits prop-
erly folded proteins to traffic to the Golgi (25—-27). The
accumulation of misfolded proteins in the ER, caused by altera-
tions in ER homeostasis, initiates ER stress and attempts to
resolve the protein-folding defects (28,29). Interestingly, ER
stress has been observed in human sporadic ALS patients (30)
and in SODI1 transgenic mice (31,32). Overexpression of the
ALS8 mutant Vap has been shown to cause ER stress in flies
(12) and mice (33). However, the role of Vap in ER stress and
ER biology remains to be determined.

To determine the function of Vap, we characterized the loss of
function phenotype associated with the loss of Vap in null mutant
and transgenic flies expressing the ALS8 mutant Vap at physio-
logical levels in the appropriate tissues. We found that the ALS8
mutation causes the Vap protein to be less active and we show
that Vap is required for ER protein homeostasis. Loss of Vap
causes defects in ERQC, resulting in protein accumulation and
ER stress. Loss of the Vap protein also causes Osbp to be mislo-
calized from ER to Golgi, and restoring expression of Osbp in the
ER partially suppresses the defects in vap null and ALSS trans-
genic flies. We propose that loss of Vap contributes to ER stress
and that this stress might play a role in the pathology of ALS.

RESULTS

Vap is required for ER proteostasis

Vap is localized to the ER and overexpression of the ALS8
mutant isoform causes ER stress in flies (12). However, the
precise role of wild type (WT) of Vap (Vap"") in the ER
remains to be determined. We therefore examined whether
Vap is required for ER proteostasis. The ER is integral to main-
taining protein homeostasis (proteostasis), as protein-folding of
transmembrane and secreted proteins occurs under the supervi-
sion of ERQC (34). The ERQC is able to identify misfolded pro-
teins, retrotranslocate the misfolded proteins and promote their
degradation. ERQC overload induces ER stress, which restores
proteostasis by halting protein translation, and by activating sig-
naling pathways that lead to an increased production of molecu-
lar chaperones, that facilitate protein folding (35). The ERQC is
especially important for membrane proteins, which are prone to
aggregation due to their inherent tendency to assemble in oligo-
mers (36).

To determine whether the Vap functions in ER proteostasis,
we examined for membrane protein accumulation in the
neurons of the vap null mutant (16). We first stained adult
brains of control and vap null mutant flies with an antibody for
Chaoptin, a membrane protein that is expressed in photoreceptor
cells (37). Some neurons of the adult cortex of control flies
express low levels of Chaoptin, a feature that has not been previ-
ously reported (Fig. 1A, arrows). However, in cortical neurons of
vap mutants, Chaoptin accumulates in punctae in the cytoplasm
ofthe cell body (Fig. 1B, B’ and B”, arrows). In addition, we find
that other membrane proteins such as Robo-1 (38) and
N-cadherin (39) also accumulate in the cytoplasm of neurons
of vap null mutants (Fig. 1D and data not shown), but not in
control flies (Fig. 1C). These accumulated proteins are very
closely associated with the ER membrane, as shown in

neurons of the adult brain that are co-stained with anti-Chaoptin
and anti-Boca antibody, an ER marker (40) (Fig. 1E, E’ and E”
and Supplementary movie 1). Interestingly, Chaoptin accumu-
lates in only 64.6 + 8.4 neurons per adult brain of vap null
mutants (N = 3), and hence affect a small subpopulation of
neurons (Fig. 1). To test whether a specific neuronal population
is affected in the vap mutants we expressed a membrane
anchored GFP (CD8-GFP) protein (41) driven by a neuronal
GAL4 driver (OK307-GAL4) (42) and stained adult cortical
neurons with anti-Chaoptin and anti-GFP antibodies (Fig. 2A,
A’ and A”). Although CD8-GFP is expressed in all cortical
neurons (Fig. 2A and A"), only a selective subset of neurons ac-
cumulate both Chaoptin and CD8-GFP (Fig. 2A, A" and A",
arrows). Moreover, CD8-GFP also accumulates in adult motor
neurons of vap mutants (Fig. 2C) whereas CD8-GFP is barely
expressed in the control (Fig. 2B), suggesting that the adult
motor neurons are affected in the vap null. Furthermore, al-
though CD8-GFP accumulates in the cytoplasm of vap null
adult flies, we did not observe this in mutant larvae (data not
shown), indicating that protein accumulations are stage- and
possibly age-dependent and that Vap might be required for ER
proteostasis.

A mutation in Rhodopsin-1(Rh-19°") has been characterized
as an ERQC substrate (43). To determine whether Vap is
required for ER proteostasis, we expressed the mutant Rh-1 in
the eye of control and vap null mutants using the GMR-GAL4
driver (44) and stained eyes with Rh-1 antibody (45). As
shown in Figure 2D and E, mutant Rh-1 aberrantly accumulates
in punctae in the eyes of vap null mutants and the levels of Rh-1
are upregulated in the vap mutants when compared with control
flies, suggesting defects in ER proteostasis in the vap null
mutants.

Loss of Vap causes ER stress

Defects in ER proteostasis cause ER stress (28,29). To determine
the ultrastructural features associated with the loss of Vap, we
carried out transmission electron microscopy (TEM) of adult
brains of WT and vap null mutant flies. These images revealed
large intracellular vacuoles in a subset of neurons, often near
the nuclei (Fig. 3A and B, 100% of the brains exhibit vacuoles
in a small percentage of the neurons in three vap null mutants
versus 0% in three brains of control flies). These vacuoles are sur-
rounded by a single membrane and contain non-homogenous
materials (Fig. 3B, asterisk). In addition, the vacuoles are con-
tiguous with the nuclear membrane (Fig. 3C, arrows) and deco-
rated with electron-dense ribosomes (Fig. 3D, arrow heads),
indicating that they correspond to a vastly expanded ER. These
ER expansions are typically observed in the presence of ER
stress (46), which induces ire-/-mediated unconventional spli-
cing of the Drosophila xbpl mRNA (47). Upon expression of
the ER stress sensor Xbpl-GFP (43,48) in control and vap
mutant flies, we find that GFP is significantly upregulated in a
subpopulation of mutant neurons (Fig. 4B and D), but not in
control flies (Fig. 4A and C). Similarly, Bip, a chaperone and
ER stress indicator (48), is upregulated in mutant brains relative
to control flies (Fig. 4E and F), further suggesting that loss of Vap
causes ER stress.

In summary, our data suggest that loss of Vap causes defects in
ER proteostasis, resulting in accumulation of membrane
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Figure 1. Loss of Vap causes accumulation of membrane proteins in the adult neurons. (A and B) Neurons in the brain of 1-day-old adult flies stained with
anti-Chaoptin and anti-Elav antibodies. In control flies, Chaoptin labels individual synapses in the lamina (dots) as previously published (102). However, it is also
expressed in few cortical neurons of the brain at low levels (A, arrows). In vap null mutant brains, Chaoptin accumulates in the cytoplasm of the neurons of
the cortex (B, B’ and B", arrows). A precise excision of P{Mae-UAS.6.11} in vap was used as a control in A-A” (see Materials and Methods). (C and D) Staining
of cortical neurons in the adult brain of 1-day-old flies with anti-Robo-1 and anti-Elav. In vap null mutants, Robo-1 accumulates in the cytoplasm of a subset of
neurons (arrows, D). (E) Staining of affected neurons in the adult brain of the vap null mutant. Accumulated Chaoptin protein is very closely associated with

Boca, an ER marker (indicated by * in E”).

proteins and ER stress in a subpopulation of neurons in the fruit-
fly brain.

Loss of Vap causes accumulation of ubiquitinated proteins

Continuous ER stress causes an impairment of the proteasome
system and leads to accumulation of ubiquitinated proteins
(49). Moreover, ubiquitin immunoreactive inclusions in lower
motor neurons represent a characteristic pathological feature
of ALS (50). We therefore assessed the presence of ubiquitinated
proteins in adult brains using an ubiquitin antibody. We find that
ubiquitinated proteins accumulate in subpopulations of cortical
neurons of adult mutant flies (Fig. 4H and H"), but not in those of
adult control flies (Fig. 4G and G'). We did not observe accumu-
lations of ubiquitinated proteins in mutant larvae (data not
shown). Hence, our data suggest that loss of Vap leads to accu-
mulation of ubiquitinated proteins in a stage/age-dependent
manner. As shown previously (12), Vap is cleaved and acts as
a ligand for axon guidance receptors expressed in muscles. To
determine whether the ERQC phenotypes are cell-autonomous
or non-autonomous, we performed clonal analysis (51) and
find that only vap null clones exhibit an accumulation of ubiqui-
tinated proteins (average 2.3 Ubiquitin positive cells per 27.6
GFP positive cells per brain, N = 3 brains) (Fig. 41, I, and 1”),
suggesting that accumulation of ubiquitinated proteins is a

cell-autonomous defect in vap mutant neurons. Hence, Vap
has at least two independent functions: a cell-autonomous func-
tion in ER proteostasis and a non-cell-autonomous function as a
secreted factor.

Vap is required for the proper localization of Osbp

Neurons in which the ALSS8 protein is overexpressed also exhibit
ER stress, similar to what is observed in the vap null mutant ((12)
and Fig. 4). We therefore examined if the ALS8 mutation causes
loss of interactions with proteins that are required for its normal
function. We performed a two-hybrid screen using a human adult
brain cDNA library to identify proteins that are able to bind to the
WT human VapB protein, but are unable to interact with mutant
ALS8 human VapB protein (52). Among the positives we found
two Osbp-related proteins: ORP3 (53—55) and OsbpL6 (56).
Both interact with WT VapB, but are unable to interact with
ALSS8 VapB, as reported previously (17). The Drosophila
Osbp homolog encoded by CG6708 contains a Vap binding
site or FFAT motif (57,58). As shown in Figure 5A, Drosophila
WT Vap, but not the ALS8 mutant version, can interact with
Osbp in GST pull down assays, indicating that the interaction
between Vap and Osbp is direct and evolutionarily conserved.
The Osbp protein family is an evolutionarily conserved
protein family whose function was initially linked to non-
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Figure 2. Loss of Vap causes accumulation of membrane proteins in the ER of neurons. (A) Staining of cortical neurons in the adult brain of 1-day-old flies expressing
the membrane anchored GFP (CD8-GFP) with anti-Chaoptin and anti-GFP antibody. In the vap null mutant neurons, some neurons accumulate both CD8-GFP
(arrows, A’) and Chaoptin (arrows, A”). (B and C) Motor neurons in the second thoracic segment of 1-day-old adult flies. CD8-GFP, a membrane protein, is expressed
in control flies and the vap null mutant flies with OK307-GAL4 line, a driver with expression in motor neurons (42). CD8-GFP accumulates in the vap null mutant (C,
arrow), but not in the WT flies (B, arrow). (D and E) Retina of 1-day-old adult flies stained with anti-Rhodopsin 1. The mutant Rhodopsin (RhlG(’QD), a substrate of
ERQC, is expressed in control and the vap null mutant eyes with GMR promoter. Rh19%°® mislocalizes and accumulates in punctae of the vap null mutant (E), but not in

the control flies (D).

vesicular intracellular transport of sterols in yeast (59-61).
However, several studies suggest that Osbps integrate sterol
and SM metabolism (61-63), and control microtubule-
dependent motility of endosomes/lysosomes, and exocytosis
(60). Studies with cultured cells indicate that the Vap/Osbp inter-
action is required for SM biosynthesis in response to
25-hydroxycholesterol (18,23,24). Vap seems to be required
for Osbp function in SM biosynthesis at ER—Golgi membrane
contact sites (18). However, how Osbp is required for Vap func-
tion in the ER remains to be determined.

To determine the cellular distribution of Osbp, we generated
antisera against Drosophila Osbp. To confirm the specificity of
this antibody, we created null alleles of osbp (see Materials
and Methods) and confirmed the deletion of the oshbp locus
with Southern blotting (data not shown), and the loss of Osbp
protein expression with western blotting (Fig. 5B). Mosaic ana-
lyses (64) (Fig. 5C) show that mutant osbp clones marked by
GFP lack Osbp, showing that the antibody is specific. To
examine the cellular distribution of Osbp and Vap, we co-stained
salivary glands with anti-Osbp and anti-Vap antibody. As shown

in Figure 5D, Osbp colocalizes with Vap in the ER and the cell
membrane.

To determine whether Vap is required for the proper localiza-
tion and function of Osbp, we examined the localization of Osbp
in vap null mutant clones. We created vap mutant clones and
labeled them with Osbp antibody. As shown in Figure 6, loss
of vap (marked by GFP) leads to an aberrant distribution of
Osbp and an accumulation of Osbp in punctae (arrows in
Fig. 6B). To determine the intracellular distribution of Osbp
in vap null mutants, we stained neurons in control flies and vap
null mutant flies with Osbp, Ms120 (medial-Golgi marker)
(65) and GM130 (cis-Golgi marker) (66). In Drosophila, Golgi
cisternae are stacked but not connected to form a ribbon, even
during interphase (67). Ms120 protein and GM130 are always
closely associated, but do not overlap (67). We found that
Osbp is recruited to or is very closely associated with the
Ms120 or GM130 positive punctae in vap null mutants
(Fig. 6D and F, arrows), but not in control flies (Fig. 6C and
E). We conclude that in the absence of vap, Osbp is mislocalized
from ER to Golgi.
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Figure 3. Loss of Vap causes an aberrant ER expansion. (A—D) TEM analysis of
neurons of control (A) and of vap null mutants (B—D). Large cytoplasmic
vacuoles in the neurons of the vap null mutant (asterisk (*), B). The vacuole is
contiguous with the nuclear membrane (arrow heads, C). The vacuole is also
decorated with electron-dense ribosomes (arrows, D), suggesting that the
vacuoles are aberrantly expanded ER. N: Nucleus. A precise excision line was
used as a control.

ALSS8 mutation causes a partial loss of function of Vap

We preV1ously showed that overexpression of ALS8 mutant Vap
(Vap™™® in flies affects the secretion of the MSP amino terminal
domain of Vap™'8, causm§ a loss of function of Vap. Further-
more, expression of Vap”™>® causes an ER stress when overex-
pressed in neurons. However, overexpression of Vap”™® also
rescues the lethality associated with the loss of Vap. The data
suggest that Vap™™® is a partial loss of function mutation, and
that overexpression may mask or create some of the associated
cell biological defects (WZ) (68). To obtain the proper tissue speci-
ficity and express Vap™ ' and Vap™"® proteins at physiological
levels, we created transgenlc flies carrying a genomic fragment
of vap using P-element mediated transformation with and
without a site-specific a#tB docking sites, to attenuate positional
effects of transgenes (69). These constructs were transformed
using classical P-element mediated transformation or phi-C31
mediated transformation into the VK31 and VK33 docking sites
(70). We confirmed with western blots that both the Vap" ' and
Vap™"® proteins encoded by these transgenes are expressed at
levels that are comparable with endogenous Vap (Supplementary
Material, Fig. S1A).

We first tested if the genomic vap”” transgene can rescue the
lethality associated with vap null mutants (Avap). Loss of vap
causes pupal or pharate adult lethality with occasional adult
escapers (Fig. 7A). All tested genomic vap”” transgenes (four
lines) rescue the lethality associated with loss of vap and signifi-
cantly restore the lifespan of the vap null flies (Fig. 7A and Sup-
plementary Material, Flg S1B; P < 0.001). Intriguingly, 8 out
of 11 P-element vap transgenic lines also rescued the
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lethality, suggesting that the Vap*"® protein retains some WT

protein function (Fig. 7A, Supplementary Material, Fig. S1B
and data not shown). However, all vap™™® rescued flies
exhibit a severely reduced lifespan when compared with vap””
rescued flies (Fig. 7A and Supplementary Material, Fig. S1B,

compare Avap; vap”” gF7) average life span is 52 days (N =
56) versus Avap; vap™™>* (M6), 23 days (N = 102; P < 0.001).

Furthermore, a single copy WT vap (Avap; vap” ", /vapALS8
pensates for the defects assomated with vap?-® (compare the
lifespan of Avap; vap™ % (M6), 23 days and Avap ;vap”” (F7)
fvap™™5¥ (M6), 65 days (N = 50); P < 0.001), suggesting that
the ALS8 mutation only causes a partial loss-of-function.

To avoid possible positional effects of the dlfferent trans-
genes, we also compared the ability of vap”” and vap™®“*® trans-
genes inserted in the same docking site (VK31 line) to rescue the
vap\xEF\x80null associated phenotypes. We confirmed that
vap™5¥ rescued flies indeed have a severely reduced lifespan
when compared with vap”” rescued flies (Fig. 7A, Avap;
vap™™S® average longevity 14 days (n= 61) versus Avap;
vap””, average longevity 67 days (n=25); P <0.001),
showing that positional effects are not responsible for the
observed differences in life span.

To assess the physiological consequences of the incomplete
rescue, we examined flight ability (Fig. 7B), brain pathology
(Fig. 7C), and the electrophysiological properties of adult
neurons using the giant fiber (GF) responses of Avap,vapAL58
(VK31) transgenic flies (Fig. 7D and E). Interestingly, vap™®-
rescued flies exhibit a progressive flight defect (Fig. 7B) that
worsens with age and a single co opy of WT vap suppresses the
defects associated w1th vapALS (Fig. 7B, compare Avap;
vap™® and Avap/vap”™; vap™™¥), once more suggesting that
the defects caused by the ALSS mutation are due to a partial
loss of function. Hence, vap™™*® causes defects in flight ability
in an age-dependent manner.

To assess the morphological consequences of the Avap flies
rescued with vap?™*® we performed histological sections of
adult brains that are 12 days old. As shown in Figure 7C, we
observe significant histological differences in these brains
when com ared with those of controls. The adult brains of
Avap; vap" ™ flies did not show any obvious defects (Fig. 7C)
In contrast, Avap; vap™™*® flies exhibit numerous vacuoles in
the optic lobe and central brain (Fig. 7C), though appearing
more frequently in the central lobe. Importantly, one copy of
vap”” completely suppresses the defects associated with
vap™™® In summary, the defects that we observe show that the
central nervous system (CNS) is affected in Avap; vap™™*® flies.

To assess neuronal function in the adults we recorded from the
giant fiber system (GFS). The GFS is comprised of large neurons
whose input consists of visual and mechanosensory inputs (71).
Within the GFS, there are two types of motor neurons that are
activated by a stimulus that induces escape behavior: the
dorsal longitudinal flight motor and tergotrochanteral jump
motor neurons. Their activation leads to contractions of the
dorsal longitudinal muscles (DLMs) and tergotrochanteral
muscles (TTMs) respectively (71,72). To stimulate the GFS,
one impales the eyes with stimulation electrodes and records
from the different muscles simultaneously (71,72). Following
GF stimulation, we monitored responses of the DLM and TTM
using different stimulation protocols (from 10 to 200 Hz with
fixed 20 pulses, see Materials and Methods). The DLM and
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Figure 4. Loss of Vap causes ER stress. (A—D) An ER stress reporter Xbp 1-GFP is significantly upregulated in the neurons of the 1-day-old vap null mutant adult brain
(Band D), butnotin the control flies (A and C). A precise excision line was used as a control. (E and F) Neurons of 1-day-old adult fly brains stained with anti-Bip,an ER
stress marker. Bip is upregulated in the neurons of the vap null mutant (arrows in F). (G and H) Staining of the neurons in the cortex of the adult brain of control (G) and
the vap null mutant (H) with Ubiquitin antibody. Ubiquitinated proteins accumulate in the cytoplasm of cortical neurons in adult vap null mutant (H and H'), but not in
control adults (G and G'). (I) MARCM analysis of adult brains of y w, hsFLP, tub-GAL80, FRT19A4/A vap, FRT19A4; Act-GAL4, UAS-CDS8:GFP flies. Ubiquitinated
proteins accumulate only in GFP positive vap null mutant clones (I, arrows in I”), suggesting that accumulation of ubiquitinated proteins is associated with cellular
autonomous defects. A membrane protein, CD8-GFP accumulates in the cytoplasm of vap null mutant clones (arrows in I). Staining with GFP (I"), Ubiquitin (I”) and

Elav (I"”) antibodies.

TTM responses accurately reflect the activity of the motor
neurons (72,73), providing a read-out of motor neuron function
in the adult fly and allowing us to assess an age-dependent
demise of the function of these neurons. As shown in
Figure 7D, control flies can maintain responses in TTM and
DLM at the 20th pulse of a 200 Hz stimulation. In contrast,
1-day-old vap null mutants are unable to follow increasing
stimulation rates, suggesting that loss of vap causes severe func-
tional defects in the adult motor neuron system (Fig. 7D and Data
not shown). However, the neuronal network must still be intact,
as the flies still respond to a 10 Hz stimulation efficiently at day 1
when vap is lost.

To determine the rescuing effects of Vap™™® in adult motor

neurons, we also performed GF recordings of Avap; vap”” and
Avap; vap™¥ transgenic flies (Fig. 7E). Importantly, the vap” "
transgene can fully rescue the defects in Avap adult motor
neurons (Fig. 7E and Data not shown). However, vap™5®
rescues the defects only partially (day 6) and exhibits a defect
that progressively worsens (Avap; vap™™%, 6 versus 12 days),
showing that vap™™*® causes a progressive demise of the GFS.
All the phenotypic data indicate that vap®*® transgene behaves
as a z)artial loss of function allele of vap. To determine if the
vap™™® transgene causes similar ERQC defects as observed in

Avap flies, we examined the accumulation of ubiquitinated
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Figure 5. Osbp colocalizes with Vap in the ER. (A) Vap and Osbp interaction in a GST pull-down assay. GST-Vap" | binds Osbp, but GST-Vap”"S® binding is se-
verely reduced. GST-Vap™ " and GST-Vap”"S® were expressed in bacteria and purified with glutathione—sepharose beads. Osbp protein was overexpressed and
extracted from flies. The GST-Vap proteins linked to beads were then incubated with the lysate of these flies. The precipitate and input were analyzed with immuno-
blots using anti-Osbp antibody and anti-GST antibody. A GST only control was used to test specificity in binding of Vap GST and Osbp proteins. *: GST dimer. (B)
Immunoblot analysis of proteins extracted from flies overexpressing Osbp, control (WT) and Aosbp over deficiency DA3R)ED622, Aosbp/Df flies. Note the lack of
Osbp protein expression in Aosbp/Df, showing the specificity of the Osbp antibody (GP89). (C) MARCM analysis of y w, hsFLP, tub-GAL4, UAS-GFP; FRT 82B,
Aosbp/FRT 82B, y+, tub-GALS0 flies. Only GFP negative (WT) clones (C”) show Osbp expression (C’), suggesting the specificity of the guinea pig anti-Osbp (GP89)
antibody. A portion of the salivary gland stained with anti-Osbp antibody (GP89). GFP marks the osbp null mutant cells (C and C”). (D) Immunostaining of a WT
salivary gland cell with anti-Osbp (GP89) and anti-Vap antibody (Rb92). Osbp colocalizes with Vap in the ER.

proteins in Avap; vap™** flies. We performed immunostaining of
adult brains that are 1 day and 12 days old with a polyubiquitin
antibody. As shown in Supplementary Material, Figure S3, we
found that Avap; vap™“5* exhibits cytoplasmic accumulatlons of
ubiquitinated proteins in 12-day-old flies, but not in 1-day-old
flies (Supplementary Material, Fig. S3C, C/, C” and data not
shown). In contrast, we did not observe accumulation of ubiquiti-
nated protelns in control and v vap null mutants carrying the
genomic WT vap (Avap; vap”') (Supplementary Material,

Fig. S3A and B). Importantly, the accumulation of ubiquitinated
proteins in Avap; vap™>¥ does not overlap with the accumulation
of the ubiquitinated mutant Vap*“® protein (Supplementary
Material, Fig. S3 C, C and C”) (12). This suggests that mutant
Vap “5% is responsible for defects in protein homeostasis in the
ER, and results in the accumulation of ubiquitinated proteins.
Lastly, we examined the ER stress in Avap; vap 155, A conse-
quence of ER stress is the cytoplasmic, unconventional splicing
of the small intron of xbp1 (xbp1s) by the ER stress sensor Irel
(74). Thus, we examined if vap % causes xbp1 splicing. We

spec1ﬁcally amplified xbpls transcripts by conventional PCR
using a primer straddling the ER-sensitive intron that cannot hy-
bridize with xbpl unspliced transcripts (see Material and
Methods). Consistent with the ﬁnd1n§ that vap™*® induces xbp1
expression, flies expressing Vap accumulate higher levels
of xbp1 transcripts than Avap; vap”” flies (Supplementary Mater-
ial, Fig. S3D and E). Hence, we conclude that vap null mutants car-
rying a genomic vap“** exhibit the ERQC phenotypes. However,
this phenotype is milder than the ERQC phenotype observed in
vap null mutants.

Osbp genetically interacts with the ALS8 mutation

To determine whether loss of 0osbp shows similar defects as loss of
vap, we tested the phenotype associated with loss of osbp (Aosbp)
(75). Flies lacking osbp (Aosbp/Df(3R)ED622) are viable and
male-sterile, in agreement with previously published observations
(58). However, in contrast to loss of vap, loss of osbp does not lead
tothe accumulation of ubiquitinated proteins or ER stress (datanot
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Figure 6. Osbp is mislocalized to the Golgi in vap null mutant cells. (A and B) MARCM analysis shows that Osbp accumulates in cytoplasmic punctae of vap null
mutant cells (B and arrows in B") but not in WT cells (A and A’). (C and F) Osbp accumulates in the Golgi of vap null mutant cells. Immunostaining of the 1-day-old
adultbrain of WT (control) (C and E) and vap null mutant neurons (D and F) with anti-Osbp (C'—F’), anti-Ms120 (C” and D”) and anti-GM130 (E” and F”) antibodies,
Golgi markers. Osbp barely colocalizes with the Golgi markers, Ms120 KDa protein (C—C”) and GM130 (E—E”) in the WT control, whereas Osbp colocalizes or is
closely associated with Ms120 KDa protein (arrows, D—D’) and GM130 (arrows, F—F”) in the vap null mutant neurons.

shown). These observations suggest that osbp may play a redun-
dant role with other osbp paralogues in flies (58). To determine
whether Osbp and its paralogue, CG1513 have redundant func-
tion, we created a null allele of CG1513 (see Material and
Methods). Neither CG1513 nor osbp mutants (A CGI1513/
Df(2R)BSC298 and Aosbp/Df(3R)ED622) present obvious
defects in viability (58), whereas double mutants lacking both
osbp and CGI1513 die during early larval stages (data not
shown), indicating a redundant function between osbp and
CG1513.

Since Osbp is mislocalized to the Golgi in vap null mutants,
and if CG1513 has a redundant function, the protein encoded
by CGI513 may also be mislocalized in the vap mutant.
Indeed, loss of vap (marked by GFP) leads to an aberrant distri-
bution of the CG1513 protein and an accumulation of CG1513 in
punctae (arrows in Supplementary Material, Fig. S2A). Import-
antly, CG1513 accumulates in the same intracellular regions
where Osbp accumulates in the vap null clone (Supplementary
Material, Fig. S2B), suggesting that Vap mediates the function
of Osbp and its paralogue, CG1513.

To determine if the mislocalization of the Osbps contribute to
defects in the ER when Vap is lost, we created transgenic flies
expressing human OsbpL8 (75). There are 16 Osbp homologues
in humans and only four Osbp homologues (Osbp (CG6708),
CG1513, CG3860 and CG5077) in flies. All Osbp homologues
contain the Osbp domain, which includes a binding site for
sterols or cholesterol (59—-61). Importantly, each Osbp protein
is also likely to have distinct functions. Some, but not all
human and Drosophila Osbps have an FFAT motif and bind to
Vap proteins, suggesting that Vap is required for the function
of some Osbp proteins. Other Osbp proteins do not seem to

require Vap for their function. Human OsbpL8 contains a con-
served Osbp domain and an ER retention signal, but unlike Dros-
ophila Osbp (CG6708), CG1513 or human Osbp6, it does not
contain the FFAT binding motif (Fig. 8G) (75), suggesting that
human OsbpL8 may be able to function in the ER in the
absence of vap. We therefore expressed human OsbpL.8 HA
tagged protein in neurons of vap null mutants. As expected,
human OsbpL8 localizes in the ER of neurons in the vap null
mutant as shown by colocalization with an ER marker, Calnexin
(76) (Supplementary Material, Fig. S4B, B’, and B””). However,
Drosophila Osbp is still mislocalized in the vap null mutant
(compare Fig. 8H and H’). Hence, human OsbpL8 localization,
unlike Drosophila Osbp or CG1513, does not depend on Vap ex-
pression. Loss of Vap causes increased levels of Bip protein
(compare Fig. 8C with A) and accumulation of ubiquitinated
proteins (Fig. 8D compared with B) but the presence of human
OsbpLS8 in vap mutants strongly attenuates the upregulation of
Bip and the accumulation of ubiquitinated proteins (Fig. 8E
and F compared with 8C and D). In contrast, Drosophila Osbp
does not rescue the defects associated with loss of Vap efficiently
(data not shown), suggesting that restoring expression of Osbp in
the ER is able to rescue the defects associated with loss of vap.
To further characterize the contribution of Osbp in the loss of
vap, we examined whether expressing human OsbpL8 in neuronal
tissues can rescue the flight defects and lethality associated with the
hypomorphic vap™**® mutation. As shown in Figure 9A and B, re-
storing expression of Osbp in the ER with human OsbpL8 is able to
rescue the flight defects (Fig. 9A) and lethality (Fig. 9B) associated
with the hypomorphic defects caused by the vap®“*® mutation.
vap™S8 causes severe flight defects in 12-day-old flies and expres-
sion of human OsbpL8 in neurons with two different GAL4 drivers
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Figure 7. ALS8 mutation causes a partial loss of function of VAP and progressive defects in adult fly brain. (A) Longevity of adult flies. A Kaplan—Meier curve was
used to show the probability of members of each genotype to exceed a certain lifespan. The vap™*® transgene can rescue the lethality associated with loss of vap, but
vap™©5% is not as active as the vap” " transgene. A cow of vap" can compensate for the defects associated with vap™™®. Genotypes shown: Avap (vap null mutant),
Avap; vap"” (vap null mutant carrying genomic vap” 7, line F7 and line VK31), Avap; vap™™S® (vap null mutant carrying genomic vap®“%: line M6 and line VK31),
Avap; vap”/ vap =58 (vap null mutant carrying genomic vap” " and vap®“5%). Line F7 and M6 are P-element mediated transgenes. VK31 lines are site-specific inte-
grated transgenes. A one-way independent groups ANOV A and post-hoc Tukey HSD tests were used to show a significant difference in lifespan between Avap; vap” "
and Avap; vap™"S flies. Longevity: Avap (pharate lethal, n = 46), control (precise excision line, average 64 days, n = 70), Avap; vap”” (F7) (average 52 days, n =
56), Avap; vap"™ (VK31) (average 62 days, n = 25), Avap; vap™*5® (M6) (average 23 days, * P < 0.0001, n = 102, compared with control), Avap; vap®“® (VK31)
(averagel4 days, * P < 0.0001 compared with control), Avap; vap" "(F7)/vap **5% (M6) (average 65 days, n = 50) and Avap; vap" "/vap **5% (VK31) (average 67
days, n = 68). (B) Flight test. vap” " can suppress the flight defects associated with vap™™S5. Avap; vap™™® (VK31) flies exhibit flight defects at day 12 (* P <
0.001 compared with control), but not at day 4 after eclosion. However, Avap; vap” " /vap®“5* flies do not show flight defects. Flies were individually dropped into
a plastic cylinder, and the height at which they landed was recorded. The shorter the distance from the bottom to their landing point, the worse their ability to fly.
Numbers tested: control (n = 24), Avap; vap” ™ (n = 28), Avap; vap™™® (n = 24), and Avap; vap" " vap™ % (n = 27). Error bars represent SEM. (C) vap™**
causes adult brain degeneration. Brain section of 12-day-old adult flies. Avap; vap™% (VK31), but not Avap; vap”” (VK31) flies show vacuolation of brains in
the optic lobe and central lobe. A copy of vap” ™ suppresses the defects associated with vap™™®. op: optic lobe and cen: central lobe. (D) Loss of Vap causes functional
defects in motor neurons in adult flies. In the vap null mutant 1-day-old flies, the TTM muscles are unable to follow a 200 Hz stimulus, but they can almost respond
accurately when stimulated at 10 Hz. (D) shows the difference between WT control (n = 16) and vap null mutants (n = 9) at the 20th pulse when stimulated at 10 Hz
(control P = 1; Avap P = 0.76 + 0.15;mean + SEM),20 Hz (control P = 1; Avap P = 0.49 + 0.16),50 Hz(control P = 1; Avap P = 0.23 + 0.12), 100 Hz(control
P=1; Avap P = 0.14 + 0.03), 200 Hz (control P = 0.97 + 0.02; Avap P = 0.04 + 0.03). n: the number of flies used. * P < 0.05 and ** P < 0.005. (E) vap™**
causes functional defects in motor neurons in adult flies. Comparison of 6- and 12-day-old flies that are responding to high frequency nerve stimulation (200 Hz)
between control, Avap; vap”” (VK3 1) and Avap; vap™™S¥ (VK3 1) at 20th pulse. There is no difference in 6- and 12-day-old control flies (6 day P = 0.99 + 0.013,
n=28;14day: P = 0.98 + 0.025,n = 9) as well as Avap; vap" " (6 day: 0.98 + 0.017,n = 8; 12 day: 0.99 + 0.010,n = 12). However, there is a significant reduction
in the ability to follow a 200 Hz stimulus in Avap; vap?*5% (6 day: P = 0.87 + 0.057, n = 17; 12 day: P = 0.57 + 0.116, n = 15. Control flies are those that have a
precise excision of P{Mae-UAS.6.11}.
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Figure 8. Expression of human OsbpL8 suppresses the ER defects associated with loss of Vap. (A—F, H) Immunostaining of the adult brain of WT (control) (A and B),
vap null mutant (C and D), vap null mutants expressing HA-hOsbpL8 with neuronal GAL4 (D42) driver (E, F and H). Expression of human OsbpL8 suppresses the
upregulation of Bip and accumulation of ubiquitinated proteins caused by loss of Vap (compare E and F to C and D) without restoring the localization of Osbp (H). (G)
Graphical overview of the Osbp and hOsbpL8 proteins. Human OsbpL8 contains a transmembrane domain, but neither a Vap binding FFAT motifnor a signal peptide.
FFAT: Vap binding site, ORD: Osbp-related domain, TM: transmembrane domain. In UAS hosbpL§ transgene, the HA epitope tag was inserted at the amino terminus

of human OsbpLS8.

(D42-GAL4 and C164-GALA4) alleviates the defects associated
with vap™™® (Fig. 9A, compare Avap; vap™™® and Avap;
vap™™%; C164-GAL4 > UAS-human OsbpL8 or Avap; vap™™>5;
D42-GAL4 > UAS-human OsbpL8; P < 0.0001). Moreover,
human OsbpL8 expression in neurons also improves the 1ongevi?/
of Avap; vap™™* flies (Fig. 9B, compare life span of Avap; vap™=>*
(average 12.47 days, n = 150), Avap; vap™™*%; D42-GAL4 >
UAS-human OsbpL8 (average 25.33 days, n=52, P<
0.0001) and Avap; vap™™¥; C164-GAL4 > UAS-human OsbpL8,
(average 31.87 days, n = 46, P < 0.0001), showing that restoring
Osbp function in the ER of neuronal tissues partially rescues the

defects associated with vap™™?,

DISCUSSION

Based on our findings, we propose that an impairment of the
normal function of Vap in the ER may contribute to the path-
ology of ALSS8. Vap is required for the proper localization of
Osbp in the ER, and the interaction between Vap and Osbp func-
tion is apparently required for the implementation of the ERQC.
Failure of Vap-Osbp to function causes a defect in ER proteosta-
sis, resulting in protein accumulations in the ER and ER stress.
These defects in the ER overload probably promote the Ubiqui-
tin Proteasome System (UPS), which subsequently leads to an

accumulation of ubiquitinated proteins. In the autosomal domin-
ant form of ALS, ALSS, patients express both WT Vap and the
ALSS8 mutant Vap. As the ALS8 mutant Vap is not able to
bind to Osbp, this loss of binding seems to result in the partial
loss of function of Vap. This in turn may cause a gradual decrease
in function of the ERQC. These defects may also lead to second-
ary defects that have been previously reported: namely the lack
of the secretion of MSP (12,13).

Defects in ER proteostasis have been implicated in the path-
ology of ALS. The ER constantly requires maintenance of
protein homeostasis, or proteostasis (76). To this end, the ER
carries the burden of continuously modulating protein folding
and degradation to avoid accumulation of misfolded proteins
(34). An overloaded ERQC induces ER stress, and severe or pro-
longed ER stress leads to cell dysfunction and eventually cell
death. Various proteins involved in ERQC have been identified,
including VCP (77), Derlin-1 (78) and Calreticulin (79). More-
over, a familial form of ALS is associated with mutations in
VCP (80) and mutations in SOD1 have been shown to inhibit
the function of Derlin-1 (31) and reduce the levels of Calreticulin
and trigger ER stress (81). In SOD1 mice, the ER stress seems to
contribute to selective motor neuron degeneration (31,32), and
ER stress has also been implicated in numerous patients with
sporadic ALS (30). Together, these observations suggest that
defects in ER proteostasis might be a common pathological
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Figure 9. Neuronal expression of OsbpL8 enhances the longevity associated with vaptS$ transgenic flies. (A) Flight assay of Avap; vap'S flies expressing human

OsbpL8 in neurons. Avap; vap™“5* flies exhibit flight defects at day 12 of adulthood (*P < 0.0001 compared with control). Neuron-specific expression (using D42
GAL4 and C164 GAL4) of OsbpL8 in Avap; vap™™*® flies significantly abates the defects associated with Avap; vap™™®. Flies tested: control (precise excision
line, average 11.61 in, n = 59) Avap; vap™™** (average 3.47 in, n = 49), Avap; vap™™S®; D42-GAL4> UAS-human OsbpL8 (average 8.99 in, n = 45, *P < 0.0001
compared with vap?“S® mutant) and Avap; vap™*S%; C164-GAL4> UAS-human OsbpL8 (average 8.90 in, n = 39, *P < 0.0001 compared with vap'S% mutant).
Error bars represent SEM. (B) Longevities of Avap; vap™"® flies expressing human OsbpL8 in neurons. Human OsbpL8 was expressed using two different neuron-
specific GAL4 drivers (D42-GAL4 and C164-GAL4). Expression of OsbpL8 in neurons of Avap; vap™*** flies significantly enhances the longevity associated with
these flies. Longevity: control (precise excision line, average 63.69 days, n = 71), Avap; vap™*S* (average 12.47 days, n = 150), Avap; vap™***; D42-GAL4>-
UAS-human OsbpL8 (average 25.33 days, n = 52, *P < 0.0001 compared with vaptS$ mutant) and Avap; vap'*S®; C164-GAL4> UAS-human OsbpL8 (average

31.87 days, n = 46, *P < 0.0001 compared with vap™* mutant).

feature of ALS. In many neurodegenerative diseases, only a sub-
population of neurons is initially targeted. However, in most
cases the disease-causing proteins are ubiquitously expressed.
Why some regions of the brain are more susceptible to defects
remains unknown. We found specific defects in some subtypes
of neurons in the vap null mutants. The defects are not limited
to motor neurons. Interestingly, VapB levels decrease concomi-
tantly with the disease’s progression in the SOD1 mouse model
(82), and sporadic ALS patients have been reported to have
decreased levels of the VapB protein (82,83), suggesting that
impaired VapB function may contribute to the pathogenesis of
familial and sporadic forms of ALS. It is therefore likely that
the molecular mechanism by which loss of Vap affects the
cells is not restricted to ALSS.

Animportant question raised by our results is how VapB func-
tions in protein homeostasis in the ER. The ERQC is involved in
identifying aberrantly misfolded proteins, retrotranslocating the
misfolded proteins and processing the degraded retrotranslo-
cated proteins (34). These processes seem to be tightly linked.
Indeed, many proteins function in multiple different steps in
the ERQC. However, Vap is unlikely to function in chaperone-
dependent refolding, since a molecular chaperone, Bip, is upre-
gulated in vap null mutants. Moreover, Bip overexpression fails
to rescue the ER stress in the vap null mutants (data not shown).

Restoring the levels of an Osbp that is not dependent on Vap
binding suppresses the ER defects caused by loss of Vap, sug-
gesting that this pathway is required for the execution of the
ERQC. Mammalian Osbp and Osbp-related protein (Orp) con-
stitute a large eukaryotic gene family characterized by a con-
served C-terminal sterol binding domain (Fig. 8G) (56). This
domain organization suggests that a primary function of Osbp/
Orp is to sense cholesterol or oxysterols to control transport

between target membranes (63,84,85). Differential localization
of Osbp between organelles in response to exogenous and en-
dogenous sterol ligands indicates that Osbps transfer cholesterol
and/or oxysterols between these organelles. Although the ER
membrane is cholesterol poor (3—6% of total lipids) (86),
acute cholesterol depletion in culture medium impairs the mobil-
ity of membrane proteins and protein secretion from the ER in
cultured cells (87). Hence, the defects in ER proteostasis might
be due to decreased levels of cholesterol in the ER caused by
loss of Osbp/Vap function. In addition, Osbps are also coupled
to the activation of Cert and SM synthesis through increased ac-
tivity of PI4KIla, a cholesterol sensitive PI 4-kinase (63,88).
This suggests that loss of Vap may also cause defects in ceramide
transport from the ER, which may result in accumulation of cer-
amide and defects in ER proteostasis, consistent with the obser-
vation that ceramide accumulates in ER stress (89).

In this paper, we document the defects caused by mutant
Vap”"S® protein expressed under the control of its endogenous
regulatory elements in a genomic rescue construct. Previous
studies suggested that the Vap™"® protein causes dominant
negative defects when the mutant protein is overexpressed in
flies or cultured cells (33,90,91). However, overexpression of
Vap”tS® rescues the lethality associated with the vap null
mutant (12) and the data presented here based on the vap =5
genomic transgene strongly suggests that the defects caused by
the ALS8 mutant protein are hypomorphic rather than dominant
negative. Consistent with our findings, Kabashi ef al. (2013),
reported two mutations (A145 V and S160A) in the vapB gene
in an ALS patients. They examined if WT and the mutant vap
mRNA expression were able rescue the defects caused by loss
of vapB in zebrafish and observed that these mutations
(A145 V and S160A) partially fail to rescue (68). We therefore
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propose that the ALS8 mutation in patients is a partial loss of
function mutation and that vapB is haploinsufficient in humans.

MATERIALS AND METHODS
Fly transgenes and strains

To generate UAS-osbp, the PCR fragment of the Drosophila EST
clone (LD31802) containing the osbp cDNA was subcloned into
pUAST and pUASTattB vector (92). To generate UAS-human
OsbpL8, the PCR fragment of the human EST clone
(MHS1010-98684599) containing OsbpL8 was subcloned into
attB pUASTHA vector (gift from S. Yamamoto). Human
OsbpL8 protein does not have a signal peptide. The HA epitope
tag was inserted at the amino terminus of human OsbpL8. To gen-
erate the genomic WT vap construct, a PCR fragment was ampli-
fied with the following primers, 5'-GAATTCCTTGCTTGTG
GACCCCGCTGGCTG-3 and 5-GGATACAATCTCTGCT
GCTTAAATGGGATTT-3'. The genomic ALS8 mutant vap
construct was created by chimeric PCR with primers containing
a P58S mutation. The genomic fragment was subcloned into the
pCasper 4 vector. To create site-specific transgenes (70), the
attB sequence was inserted in the genomic WT or ALS8 mutant
vap/pCasper 4 constructs. The attB constructs were injected
into VK31 and VK33 attP docking sites (70).

The following strains were used:

yw,vapA31/FM7, Kr-GAL4, UAS-GFP [vapA31] was created
by imprecise excision of the P-element present in yw,
P{Mae-UAS.6.11},Vap-33-1“"%? (93). Southern blotting and
western blotting with the Vap (Rb92) antibody (12) shows that
[vapA31]isanullallele. The stock containing the precise excision
of y w, P{Mae-UAS.6.11},Vap-33-1“""" was used as a control.
The osbp null mutant was created by screening for a deletion of the
DNA between two piggyBac elements, PBac{ WH}Osbp/"**® and
PBac{RB}e04437 (94) using the method described by Golic
and Golic (95). The CG1513 mutant was created b%/ imprecise ex-
cision of the P-element in y’ w*; P{EP}CG1513%?"**. Southern
blotting and PCR shows the deletion of exons 5 and 6 which
contain coding sequence of CG1513 (548—651 amino acids).
The other strains used were yw; P{w[+mC]= UAS-
mCD8::GFP.LYLL5(51) and w; P{w[-+mW.hs] = GawB}D42
(D42-GAL4) (96), P{iw+mW.hs = GawB}C164 (C164-GAL4)
(97), GMR-Rh-1¢%°P (43), P{hsFLP}1, P{tubP-GALSO}LLI, w*
P{neoFRT}194; P{UAS-mCDS8::GFP.L}LL5 (BDSC stock
5134), and yw, P{hsFLP}, P{tubP-GAL4}, P{w[+mC]=
UAS-mCD8::GFP.L}; P{neoFRT}82B, P{tubP-GALS80}/ TM6B,
Tb (Gift from Gary Struhl).

Antibody generation and immunostaining

Domain of the Osbp protein (60—400 amino acids) and the
CG1513 protein (125-421 amino acids) were expressed using
the GST-fusion protein system. A polyclonal guinea pig Osbp
antibody (GP89) and mouse CG1513 antibody (Ms54) were
raised against the fusion proteins at Cocalico Biologicals (Reams-
town, PA). Larvae and adult brains were fixed in 4% paraformal-
dehyde for 20 min and washed with PBS containing 0.2% Triton
X-100. The following antibody dilutions were used: guinea pig
anti-Osbp (GP89), 1:2000; mouse anti-CG1513 (Ms54), 1:300;
rabbit anti-Vap (Rb92) (12), 1:1000; mouse monoclonal

anti-Chaoptin (37), 1:200; Elav (7E8A10) (98), 1:200; guinea
pig anti-Boca (40), 1:500; guinea pig anti-Bip (Ryoo et al.,
2007) and mouse anti-Ubiquitin (FK1) (BIOMOL), 1:100, anti-
Robol (99), 1:200, anti-N-Cadherin (39), 1:200 and
anti-Rhodospin-1 (4C5), 1:200. Anti-HA antibody (clone 3F10,
Roche) isused as 1:200 dilution to detect HA-hOSBPLS. Second-
ary antibodies conjugated to Cy3 or Alexa 488 (Jackson Immu-
noResearch, Molecular Probes) were used at 1:1000. Images
were captured with a Zeiss LSM510 confocal microscope and pro-
cessed with Image].

Protein chemistry

For immunoblotting, proteins from adult heads were extracted
with Urea buffer [8 M urea, 4% SDS, 0.125 m Tris—HCI (pH
6.8), 12 mm EDTA, 3% B-mercaptoethanol, proteinase inhibi-
tors (Roche), and 0.002% bromophenol blue]. Anti-Vap anti-
body (Rb92,1:5000) and mouse anti-Actin (MP Biomedicals)
(1:10 000) was used for immunoblotting.

GST pull-down assays

The domain N-terminal to the transmembrane domain of the WT
and ALS8 Vap protein (1248 amino acids) was expressed using
the GST-fusion protein system (12). Osbp protein is expressed in
flies with UAS-osbp and tubulin-GAL4 and lysates were col-
lected with TNT buffer (1% Triton, 50 mm Tris (pH8), 150 mm
NaCl, 1 mm EDTA, proteinase inhibitors, 1 mm PMSF). The
lysates were incubated with glutathione—Sepharose-bound
WT or ALSS Vap. The resulting precipitates were analyzed by
western blotting with anti-Osbp antibodies (GP89, 1:5000) and
anti-GST antibody (Sigma, 1:20 000).

Yeast two-hybrid assays

WT and ALS8 human Vap protein (1-222 amino acids) were
subcloned into the pBD vector (52). Human OsbpL8 and Orp3
were subcloned into pAD vector (52). All interaction assays
were performed by co-transfecting the two vectors encoding
the hybrid proteins into the yeast strain Mav203 and plating on
selective media lacking histidine. BGAL assays were performed
as described previously (52).

TEM
TEM was performed as previously described (100).

Flight assay
Flight assays were performed as previously described (42,52).

Giant fiber recording

GF recordings were performed with a protocol modified from
(71). Briefly, flies were anesthetized on ice, transferred to a
petri dish filled with soft dental wax, and the fly wings and legs
were mounted in wax, ventral side down, using forceps. For sti-
mulations and recordings from the TTM and DLM, five electro-
Iytically sharpened tungsten electrodes were used: two for
stimulating the GF, one as a reference electrode, and two for
recording from the TTM and DLM, respectively. To activate
the GF, two sharp tungsten electrodes were inserted into each
eye and voltage stimulation was applied at different frequency
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stimulations. GF-DLM and GF-TTM responses were measured
through two electrodes implanted in the DLM and TTM. Prior to
applying high frequency stimulation on the GF, low frequency
stimulations at 0.5 Hz were applied after placing the two record-
ing electrodes in TTM and DLM to ensure that the electrodes are
recording from the proper muscles (the latency of responses for
TTM: 0.8 ms and for DLM: 1.2 ms (71). High frequency train
stimulations of 20 pulses were delivered to the GF at 10, 20,
50, 100 and 200 Hz in random order. Ten times repetitive stimu-
lations were applied for each particular frequency train, inter-
spersed with 5 min rests between two trains of stimuli. 0.5 Hz
stimulations were used again after high frequency stimulation
to confirm that electrodes were still in the proper muscle.
Stimuli of the crossing electrodes were fixed at a duration of
0.1 ms at 8—15 V of amplitudes through a stimulus isolation
unit (model DS2A, Digitimer Ltd, UK) and the frequency of
train stimuli was controlled by AxoGraph acquisition software
(AxoGraph Scientific). A microelectrode amplifier (Model
1800, A-M system) was used for all recordings. Digidata
1322A (Axon Instruments) was used for data acquisition. The
probability of responses, under particular frequency of GF
stimulation, due to a particular stimulus (nth, n = 1, 2,.. ., 20),
was calculated from the proportion of successful responses
(out of 10 of repetitive, note: not 20; also see S10-C) for both
TTM and DLM pathways. The difference of probability of
responses between control and mutant (P-value) for particular
stimuli were calculated by a r-test (SigmaPlot 10; Systat Soft-
ware, Inc.).

Reverse transcription polymerase chain reaction

RNA isolated from day 3 old adult fly heads (Qiagen RNeasy
Mini Kit) was subjected to reverse transcription PCR
(RT-PCR) using One Step RT-PCR kit (Qiagen). To detect Dros-
ophila XBP1ls, the spliced form of XBP-1 implicated in ER
stress, we amplified a fragment of 148 bp using primers
xbp-1F2 5'-ACCAACCTTGGATCTGCCG-3’ and xbp-1R2
5'-CGCCAAGCATGTCTTGTAGA-3 (Life Technologies),
where the 3" end of the reverse primer straddles the ER-sensitive
intron (101). In all the reactions, a 482 bp fragment from
ActinSC was amplified as internal control using the primers
actinF  5-CTGGACTTCGAGCAGGAGAT-3" and actinR
5'-GGTGGCTTGGATGCTTAGAA-3" (Life Technologies).
PCR products were checked on 4% Metaphor agarose (Lonza)
and 2% agarose gels.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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