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A genetic screen to uncover mechanisms underlying lipid
transfer protein function at membrane contact sites

Shirish Mishra'®, Vaishnavi Manohar', Shabnam Chandel’, Tejaswini Manoj'®, Subhodeep Bhattacharya'®,
Nidhi Hegde', Vaisaly R Nath™@®, Harini Krishnan', Corinne Wendling’®, Thomas Di Mattia®, Arthur Martinet’@®,

Prasanth Chimata', Fabien Alpy’®, Padinjat Raghu'®

Lipid transfer proteins mediate the transfer of lipids between
organelle membranes, and the loss of function of these proteins
has been linked to neurodegeneration. However, the mechanism
by which loss of lipid transfer activity leads to neurodegeneration
is not understood. In Drosophila photoreceptors, depletion of
retinal degeneration B (RDGB), a phosphatidylinositol transfer
protein, leads to defective phototransduction and retinal de-
generation, but the mechanism by which loss of this activity leads
to retinal degeneration is not understood. RDGB is localized to
membrane contact sites through the interaction of its FFAT motif
with the ER integral protein VAP. To identify regulators of RDGB
function in vivo, we depleted more than 300 VAP-interacting
proteins and identified a set of 52 suppressors of rdgB. The
molecular identity of these suppressors indicates a role of novel
lipids in regulating RDGB function and of transcriptional and
ubiquitination processes in mediating retinal degeneration in
rdgB®. The human homologs of several of these molecules have
been implicated in neurodevelopmental diseases underscoring
the importance of VAP-mediated processes in these disorders.
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Introduction

The maintenance of exact membrane lipid composition is impor-
tant for providing a distinct identity to cellular organelles and thus
for supporting normal cellular physiology (Harayama & Riezman,
2018). Various lipid species reach their specific organelle mem-
brane via either vesicular or non-vesicular transport. Proteins that
shuttle lipids in a non-vesicular manner across various compart-
ments are known as lipid transfer proteins (LTPs). Each of these
LTPs transfer specific lipid species such as sterols, ceramides, or
phospholipids, and in many cases, the LTPs are localized at very
specific locations known as membrane contact sites (MCS). In a
eukaryotic cell, MCS are regions where two organelle membranes

come very close at the range of 10-30 nm but do not fuse (Prinz et al,
2020). Being the largest cellular organelle, the ER forms MCS with
the mitochondria, lysosomes, the Golgi network, lipid droplets, and
the plasma membrane (PM). MCS provide the fast and efficient
delivery of metabolites between two membranes and could be
permanent or induced (Wu et al, 2018); this includes the exchange
of lipids between organelle membranes to support ongoing cell
physiology (Cockcroft & Raghu, 2018). Growing evidence suggests an
important role of LTP function at MCS and LTPs in human neurological
disorders (Fowler et al, 2019; Peretti et al, 2020; Guilléen-Samander
& De Camilli, 2022). However, much remains to be discovered on
the regulation of LTP function at MCS.

MCS between the ER and the PM are important for regulating
both plasma membrane lipid composition and signalling functions.
One of the best examples of the requirement of an LTP at the ER-PM
MCS is sensory transduction in Drosophila photoreceptors (Yadav
et al, 2016). Photoreceptors detect light through the G protein-
coupled receptor rhodopsin (Rh), leading to the hydrolysis of
phosphatidylinositol 4,5-bisphosphate [PI(4,5)P,] by G protein-
coupled PLC activity (Hardie & Raghu, 2001). As part of their ecology,
fly photoreceptors are exposed to light; in bright daylight, they
typically absorb ca. 10° effective photons/second resulting in ex-
tremely high PLC activity. Hence, fly photoreceptors provide an
excellent model system to study the turnover of PI(4,5)P, during
PLC-mediated cell signalling (Raghu et al, 2012).

Given the low abundance of PI(4,5)P,, replenishment of this lipid
at the PM is necessary for uninterrupted PLC signalling. Many
enzymes and proteins participate in this process, but a key step is
the transfer of lipids that are intermediates of the PI(4,5)P, cycle.
One of the proteins at this site is retinal degeneration B (RDGB), a
large multi-domain protein with an N-terminal phosphatidylino-
sitol transfer protein (PITP) domain (Raghu et al, 2021). The PITP
domain belongs to the superfamily of LTPs. In the case of RDGB, its
PITP domain can transfer phosphatidylinositol (PI) and phospha-
tidic acid (PA) in vitro (Yadav et al, 2015); a property that is con-
served in its mammalian ortholog, Nir2 (Kim et al, 2015). rdgB
mutant flies undergo light-dependent retinal degeneration, a
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reduced electroretinogram (ERG) response, and a reduced rate of
PI(4,5)P, resynthesis at the PM after PLC activation (Hotta & Benzer,
1970; Harris & Stark, 1977; Yadav et al, 2015). In photoreceptors, RDGB
is localized at the ER-PM MCS formed between the microvillar
plasma membrane and the SMC, a specialization of the smooth ER
(Yadav et al, 2016). The localization of RDGB at this MCS is critically
dependent on its interaction with the ER integral membrane
protein, VAP (vesicle-associated membrane protein-associated
protein). This interaction is physiologically relevant as disruption of
the protein-protein interaction between RDGB and VAP in Dro-
sophila photoreceptors results in mislocalization of RDGB from this
MCS, reduces the efficiency of PI(4,5)P, turnover, and impacts the
response to light (Yadav et al, 2018). However, the mechanisms
by which the activity of RDGB is regulated by other proteins at
the MCS in this in vivo model system remain to be discovered. VAPs
are involved in a range of interactions with proteins containing
FFAT/FFNT/Phospho-FFAT/non-FFAT motifs (Slee & Levine, 2019;
Cabukusta et al, 2020; Di Mattia et al, 2020). Thus, it seems possible
that other proteins involved in regulating biochemical activity at
this MCS might also be localized to the sub-microvillar cisternae via
VAP interactions. The identification and analysis of proteins en-
gaged in VAP-dependent interactions might help in understanding
the regulation of RDGB function. Importantly, VAPs have been
implicated in neurodegenerative disorders such as amyotrophic
lateral sclerosis, frontotemporal dementia, Alzheimer's disease
(AD), and Parkinson’s disease (reviewed in Dudas et al [2021]).

In this study, we have carried out a proteomics screen to identify
protein interactors of VAP-A and VAP-B in mammalian cells and
tested their functional significance in the context of neuro-
degeneration using the experimental paradigm of RDGB function in
Drosophila photoreceptors in vivo. The candidates so identified
perform a wide range of sub-cellular functions indicating an ex-
tensive network of biochemical processes that control the function
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of RDGB in regulating lipid transfer during PLC signalling, thus
maintaining the structural and functional integrity of neurons.

Results
Strategy of proteomics screen

To obtain a list of proteins interacting with VAPs, we performed pull-
down experiments in human cells. We produced, in Escherichia coli,
and purified the MSP domain of human VAP-A and VAP-B fused to a
C-terminal 6His-tag (Fig 1A). As a negative control, we used the
K94D/M96D and K87D/M89D mutants (herein named KD/MD mu-
tants) of VAP-A and VAP-B, respectively, that are unable to bind FFAT
(two phenylalanines in an acidic tract) motifs (Kaiser et al, 2005;
Wilhelm et al, 2017). Recombinant proteins were attached to a Ni?*'-
NTA resin and then incubated with protein extracts from Hela cells.
Bound proteins were eluted and analysed by SDS-PAGE followed by
silver nitrate staining (Fig 1B) that showed numerous differential
bands between WT and mutant VAP samples, suggesting that many
proteins are pulled down owing to VAP's ability to bind FFAT motifs.
To verify the pull-down efficiency, we performed Western blot using
antibodies against two known VAP partners, ORP1 and STARD3NL
(Fig 1C) (Rocha et al, 2009; Alpy et al, 2013). ORP1 exists as a long and
a short isoform called ORP1L and ORP1S, respectively, ORP1L being
the only one of the two to possess an FFAT motif. As expected, the
ORP1Lisoform was pulled down by WT VAPs but not by mutant VAPs,
and the ORP1S isoform was not precipitated (Fig 1C). Besides,
STARD3NL co-precipitated with WT VAP-A and VAP-B and not with
mutant VAPs, whereas actin, used as a loading control, was not
found in the eluted fractions (Fig 1C and Table S1). To identify the
proteins pulled down by VAPs, eluates were analysed by tandem
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mass spectrometry (MS/MS) (referred to below as IP-MS). The full
list of interactions identified by MS/MS in this experiment is shown
in Table S2. To identify proteins pulled down according to their
ability to interact with VAPs in an FFAT-dependent manner, proteins
were ranked based on their enrichment in the WT over the KD/MD
mutant VAP sample, and on their MS/MS score (Fig 1D). This strategy
led to the identification of 401 proteins, 194 of which were pulled
down by both VAP-A and VAP-B. Interestingly, many known partners
of VAP-A and VAP-B, such as OSBP, ORP1, ORP2, WDR44, VPS13A, and
VPS13C, were identified (Fig 1D). Using a position weight matrix

Lipid transfer at contact sites and neurodegeneration Mishra et al.

strategy, we looked for potential FFAT and Phospho-FFAT in the
protein sequences; sequences were attributed a score, with 0 corre-
sponding to an ideal FFAT/Phospho-FFAT sequence. Among the 401
proteins identified, 136 had an FFAT or Phospho-FFAT with a significant
score (between 0 and 2.5) (Table S1). We used this list of 401 mam-
malian proteins and identified their Drosophila orthologs using DRSC
Integrative Ortholog Prediction Tool (Hu et al, 2011), and the fly
orthologs with the best score were identified. Using this approach, we
were able to identify fly orthologs with more than 90% coverage for 393
of 401 mammalian proteins in the VAP interaction list (Table S3).
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Strategy of a genetic screen

To identify in vivo regulators of RDGB function at ER-PM contact
sites, we used a hypomorphic allele rdgB° (Vihtelic et al, 1991). rdgB°
expresses a small amount of residual RDGB protein that provides
some function in contrast to the protein null allele rdgB? The FFAT
motif of RDGB interacts with the ER-resident membrane protein
dVAP-A to provide both localization and function to RDGB (Yadav
et al, 2018). FFAT motifs are found in many proteins of varied bi-
ological functions and serve to localize them to ER contact sites
through a protein-protein interaction with VAP (Murphy & Levine,
2016). We reasoned that if several proteins with an FFAT motif bind
to VAP at the ER-PM interface, the lipid transfer function of RDGB
could be modulated by their presence at the ER-PM MCS (Fig 2A).
Such proteins relevant to RDGB function could be identified by
testing their ability to modify the phenotype of the rdgB mutant.

rdgB® shows retinal degeneration that is enhanced when flies
are grown under illumination (Harris & Stark, 1977; Stark et al, 1983).
Under illumination, rdgB® flies show severe retinal degeneration by
2 d post-eclosion, making it difficult to score for modulation of this
phenotype by other gene products. To overcome this problem, we
reared rdgB’ flies without illumination, a condition under which the
retinal degeneration still occurs but at a slower rate; in dark-reared
rdgB? flies, it takes 2 d for the retinal degeneration to set in, and by
day 4, complete retinal degeneration was seen (Fig 2B). Retinal
degeneration was scored by visualizing the deep pseudopupil (DPP)
under a fluorescence stereomicroscope (Georgiev et al, 2005). To
visualize fluorescent pseudopupil, a protein fusion of rhodopsin 1
(Rh1) was tagged with GFP, expressed under its own promoter, and
recombined in rdgB°. Under these conditions, rdgB° shows a clear
fluorescent DPP on day 1that is lost by day 4 with the progression of
retinal degeneration (Fig 2Ci).

To identify molecules regulating RDGB function, we depleted
their mRNA levels using transgenic RNAi from publicly available
collections (Dietzl et al, 2007; Perkins et al, 2015); for 5 of 393 fly
genes, there was no RNAI line available from public resources
(Table S3). The eye-specific Rh1 promoter was used to restrict GAL4
expression and thus gene depletion, in space to the outer six
photoreceptors and in time to post-70-h pupal development
(Yadav et al, 2015). To validate the genetic screen, Goq Was down-
regulated in the rdgB’ flies and the pseudopupil was scored after
days 2 and 4. Knocking down Gggq in rdgB?® flies under Rh1 promoter
showed partial suppression of retinal degeneration, and hence,
pseudopupil presence after day 4 in dark suggested the efficacy of
the screening method (Fig 2Cii).

Using this strategy, we depleted each of the 388 VAP-interacting
proteins via RNAi in the rdgB’-sensitized background (Fig 2Ciii,
Table S3). The screen was performed such that the phenotype
arising from off-targets could be minimized. We first used a
single RNAI line per gene of interest for the pseudopupil
analysis, and once a positive phenotype was scored, the assay
was repeated with a second independent RNAI line for the same
gene. Only those genes were finally tabulated where two in-
dependentlines per gene showed a positive phenotype. To assay
the enhancement of retinal degeneration, fly eyes were visu-
alized on day 2, whereas for suppression, fly eyes were checked
on day 4. Any suppressor that showed complete recovery of DPP
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was scored as a full rescue, whereas others were designated as
partial suppressors.

Of 388 genes, knockdown of 52 (two independent RNAI lines per
gene) in rdgB® showed suppression of retinal degeneration (Fig 2D,
Table 1) (Table S4); we designated these as su(rdgB). In this study,
we did not identify any candidate that showed enhancement
of degeneration when depleted in rdgB°. Moreover, 15 genes
where only a single RNAI line was available, when tested, did not
result in adult progeny (larval death/pupae formed but no fly
emerged). Based on their Gene Ontology tags, the 52 su(rdgB)
could be classified into several categories (Fig 2E). Of these, the
largest number of suppressors was from the class of RNA binding
and DNA/chromatin binding proteins. Examples of candidates
with strong suppression phenotypes are the pleckstrin homology
(PH) domain-containing protein CG9205, phosphorylated adaptor
for RNA export (PHAX), ceramide transfer protein (Cert), anaphase-
promoting complex 7 protein (APC7), and laminin G domain-
containing protein Kon-tiki (Fig 2Ciii). These findings indicate that
the mechanisms underlying retinal degeneration in rdgB° likely
involve diverse sub-cellular processes.

Identification of suppressors specific to rdgB’

In principle, depletion of a gene product can suppress retinal
degeneration in rdgB’® by one of the two mechanisms: (i) by altering
the underlying biochemical abnormality resulting from loss of
RDGB function, that is, the trigger; and (i) by down-regulating
downstream sub-cellular processes that are part of the degener-
ative process, that is, the effectors. Genes in the first category, that
is, the trigger mechanism, might be expected to suppress only the
degeneration of rdgB® and no other retinal degeneration, whereas
genes that are effectors of retinal degeneration might be expected
to suppress multiple retinal degeneration mutants.

To distinguish these two categories of genes, we tested each of
the 52 su(rdgB) for their ability to block retinal degeneration in
norpAP?* (Fig 3A and Table S5). norpA encodes for the PLC and
catalyses the hydrolysis of PI(4,5)P, to DAG and IPs. norpAP?* is a
strong hypomorph and shows light-dependent retinal degenera-
tion (Pearn et al, 1996). Of the 52 su(rdgB), 13 genes partially
suppressed light-dependent retinal degeneration in norpAP?
suggesting that they likely participate in the process of retinal
degeneration (Fig 3B and C). Most genes in this category belong to
the class of RNA binding/processing and DNA/chromatin binding
(Fig 3C). The remaining 39 genes therefore likely represent unique
suppressors of rdgB® and therefore may participate specifically in
the trigger mechanism.

ERG screen to identify su(rdgB) that may regulate
phototransduction

A direct test of the role of a candidate in regulating photo-
transduction will be its ability, when depleted in an otherwise WT
fly, to alter the electrical response to light. This can be monitored
using ERG that are extracellular recordings that measure the
electrical signal from the eye in response to a light stimulus
(Vilinsky & Johnson, 2012). Any deviation of the ERG amplitude when
compared to that from a WT fly will imply that the interactor likely
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suppressed the norpAP?* retinal
degeneration phenotype. n = 5 flies/RNAI line.
(C) Complete list of 13 genes with their cellular
functions that suppressed the norpAP?
phenotype. ERG screen. (D) Of 52 candidates,
five su(RDGB) showed reduced (CG9205, Yeti,
Apc7, Set, and dCert) and one (CG3071)
showed higher ERG phenotype (traces and
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functions in the process of phototransduction. We down-regulated
each su(rdgB) using the eye-specific promoter, GMR-GAL4, in an
otherwise WT background and measured ERG amplitudes. Of 52
su(rdgB), GMR-driven knockdown (in both of two independent RNAI
lines) of five candidates (CG9205, Yeti, APC7, Set, and Cert) showed a
lower ERG amplitude and of one candidate (CG3071) a higher ERG
amplitude compared with control flies (Fig 3D and Table S6). In the
case of six additional su(rdgB), depletion with GMR-GAL4 resulted in
a rough eye phenotype with the first RNAi line (Fig S1Ai). When a
second independent RNAI line was used, four (Ars2, CG7483, Cmtr1,
and Secs) of six candidates showed lower ERG amplitude (Fig S1Aiii).
Arough eye phenotype after knocking down Rpl10ab and Sf3b1with

Lipid transfer at contact sites and neurodegeneration Mishra et al.

multiple RNAI lines points towards involvement of these genes in
the eye development (Fig STAii).

The spatial and temporal profile of dCert and CG9205 down-
regulation results in contrasting impact on rdgB® phenotypes

To confirm the findings of our RNAI depletion studies, we sought to
study the impact of germline mutations in candidates identified in
the RNAi screen on rdgB®. Of the six genes identified as specific
rdgB interactors, CG9205, yeti, APC7, set, dcert, and CG3071, there
were no mutants available in two of them (set and CG3071). Mutants
in yeti are homozygous lethal, making it difficult to work on it in this
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setting. A viable mutant in APC7 is available, but the encoded
protein has no obvious membrane interaction domains. However,
as dCert and CG9205 have membrane-interacting domains, we
chose to focus on these two candidates for the proof-of-principle
analysis. As previously noted, down-regulation of dCert in rdgB’
caused suppression of retinal degeneration when the RNAI con-
struct was expressed using the Rh1 promoter (Fig 4Ai and ii), al-
though the suppression of retinal degeneration was not sufficient
to rescue the ERG phenotype of rdgB’ (Fig 4Bi and ii). We retested
this genetic interaction using a germline mutant allele of dcert
(dcert”) (Rao et al, 2007). Surprisingly, the double mutant rdgB®
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<

No. of rhabdomere fommatidia §

dcert' showed enhancement of retinal degeneration compared
with rdgB® (Fig 4Ci and ii). We confirmed these findings using the
same dCert RNAi line used in the screen (expressed using Rh1 Gal4)
but this time with the whole-body expression of the RNAI using
Actin-GAL4 that expresses throughout development beginning
with embryogenesis. In rdgB%:actin>dcert™* we found en-
hancement of retinal degeneration such that by day 3, all
photoreceptors except R7 were completely degenerated (Fig 4Di
and ii), thus recapitulating the observations seen with rdgB’;
dcert’. In a similar fashion, down-regulating CG9205, which en-
codes a PH domain—-containing protein, under the Rh1 promoter
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Figure 5. Spatial and temporal down-regulation
of CG9205 in rdgB®.
(A) Suppression of retinal degeneration when
€G9205 RNAI line (29079/GD, VDRC) was expressed
using Rh1 promoter. After eclosion, flies were
kept in the dark and assayed on either day 1 or 3:
(i) on day 1, there was no appreciable difference in
two genotypes and rhabdomeres were intact;
and (ii) on day 3, down-regulation of CG9205 in
rdgB’ suppressed the retinal degeneration
observed in rdgB? control. (B) When subjected
to ERG analysis, down-regulation of CG9205 using
Rh1-GAL4 in the background of rdgB? did not
suppress the ERG phenotype, whereas down-

*k regulation of CG9205 using Rh1-GAL4 in an
Foo67 n=8  otherwise WT background shows reduced ERG

amplitude: (i) ERG trace and (ii) quantification.

' ns . n = 8 flies. scattvervplots with the mean * SEM
are shown. Statistical tests: unpaired t test.
E (C) Double mutant of rdgB%CG9205%° showed
" enhancement of retinal degeneration: (i, ii) by day
1 alone, double mutant has severely enhanced
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retinal degeneration phenotype when
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compared to rdgB°. (D) Enhancement of retinal
degeneration when €G9205 (29079/GD, VDRC) was
down-regulated with a whole-body Actin-Gal4
promoter in the rdgB® background: (i) on day 1,
rhabdomere loss is significant in the experimental
files compared with control that remains the
same on day 3 and phenocopies the retinal
degeneration present in the double mutant. For
optical neutralization experiments, scoring was
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resulted in the suppression of retinal degeneration in rdgB’ (Fig 5Ai
and ii). When subjected to ERG, the suppression of retinal degen-
eration did not result in ERG rescue, whereas in an otherwise WT
background, reduction in CG9205 levels under Rh1showed a reduced
ERG amplitude (Fig 5Bi and ii). In contrast, when a germline CG9205
CRISPR knockout (€G9205°) was combined with rdgB’, there was
enhanced photoreceptor degeneration (Fig 5Ci and ii). This result was
corroborated using the whole-body promoter, Actin-Gal4, to reduce
€G9205 levels in the rdgB® background where retinal degeneration
was enhanced (Fig 5Di and ii). These findings suggest that dCert and
CG9205 depletion more broadly in the fly across both space and time

No. of rhabdomere /ommatidia

rdgB° ActinGal4>
g
rdgB®;ActinGal4>CG9205"" |<

rdgB®;ActinGal4>

rdgB®;ActinGal4>CG9205~N
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No. of rhabdomere /ommatidia

No. of rhabdomere /Jommatidia

done by quantifying 10 ommatidia/fly head, n =5
fly heads.

Hekokk

O aNwsEO O N®
.

Day 3

domains may have distinctive effects compared with a more re-
stricted expression in post-mitotic adult photoreceptors using Rh1
GAL4. This finding also suggests multiple modes of action for dCert
and CG9205 in Drosophila photoreceptors during distinct phases of
photoreceptor development.

Discussion
Neurodegeneration is a complex process involving multiple

layers of cellular and molecular events leading to the phenotype
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observed in vivo. Regardless of the part of the nervous system that
is affected, be it the central or peripheral, conceptually, the pro-
cesses leading to any neurodegeneration can be classified into two
groups: (i) trigger steps—that is, those initial molecular or bio-
chemical changes that initiate the process of degeneration; and (ii)
effector steps—that is, those steps that are subsequently part of the
process that leads to loss of neuronal structure and consequently
function. Identifying the molecular processes involved in each of
these steps is critical for developing strategies to manage neu-
rodegenerative disorders. The Drosophila eye has been used in
several settings for modelling neurodegeneration (Bonini & Fortini,
2003) such as those caused by repeat disorders such as Hun-
tington’s disease and various ataxias, Alzheimer’s disease, and
primary degenerative disorders of the human retina (Xiong &
Bellen, 2013). In the present study, we performed a genetic anal-
ysis to uncover the mechanisms of retinal degeneration underlying
mutants in rdgB, which encodes a Class Il PITP. Mutations in Class |
PITP (PITPa) in mice result in a neurodegeneration phenotype
(Hamilton et al, 1997), and recently, human patients carrying mu-
tations in VPS13 have been reported with neurodegenerative dis-
orders (Ugur et al, 2020). Thus, the findings of our screen will inform
on mechanisms of neurodegeneration.

The ER-resident protein VAP that has been linked to neurode-
generative diseases (Nishimura et al, 2004) is known to interact with
multiple cellular proteins via the binding of its MSP domain with the
FFAT motif of other proteins (Murphy & Levine, 2016). In this study,
we performed an immunoprecipitation analysis that exploits this
FFAT-VAP interaction and were able to identify 401 proteins
enriched in an IP-MS experiment. Surprisingly, only 136 of these
proteins had an identifiable FFAT or Phospho-FFAT motif. This is
despite the list of 401 proteins being curated as those enriched in
an IP-MS with WT VAP but not a non-FFAT binding version of this
protein. This implies that 265 proteins (66%) of the total proteins
identified in the IP-MS experiment do not interact directly with VAP
but do so indirectly presumably via other proteins (Fig 2A). This
suggests that VAP-interacting proteins in cells include both cate-
gories (a smaller direct FFAT-VAP-meditated set and a larger in-
direct interactor set) and both groups may influence molecular
processes in the vicinity of VAP. How significant are the interactions
of VAP with these non-FFAT-containing proteins identified in the IP-
MS proteomics experiment? When tested experimentally, we found
that one such protein CG9205 could interact with VAP in an im-
munoprecipitation experiment from Drosophila head extracts (Fig
S2). In contrast, another such non-FFAT-containing interactor ca-
sein kinase Il B did not interact with VAP under similar conditions
(data not shown). Interestingly, a previous large-scale experimental
study of cellular protein-protein interactions that described a VAP
interactome through mass spectrometry-based methods also
noted non-FFAT-containing proteins such as LSG1 identified as
interactors of VAP in mammalian cells (Huttlin et al, 2015). Of 38 VAP
interactors identified in the BioPlex study, only 12 have identifiable
FFAT motifs. These findings highlight the possibility that VAP-
interacting proteins identified using proteomics screens may
also include both direct and indirect interacting groups. It also
suggests that although bioinformatics-based identification of FFAT
motifs in sequenced genomes from other systems will continue
to be a useful means of identifying VAP-interacting proteins,
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experimental methods such as IP-MS will add to the identification
of the larger group of VAP-interacting proteins, many of whom may
not have FFAT motifs.

To understand the cellular and molecular processes underlying
retinal degeneration in rdgB°®, we depleted selected molecules
using RNAi and scored for suppression of retinal degeneration. The
candidates selected for screening were initially identified using an
IP-MS proteomics screen for interactors of VAP-A and VAP-B in
cultured mammalian cells; however, the functional significance of
their interaction with VAP was not known. Although previous
studies have identified many VAP-interacting proteins in mam-
malian cell culture models by protein interaction studies, the
functional relevance of these for in vivo function and neuro-
degeneration remains unknown. Using our in vivo analysis, we were
able to identify a subset (52 of 388) of these interactors in our
proteomics screen that, when depleted, suppressed the retinal
degeneration in rdgB®. This finding underscores the value of an
in vivo genetic screen in evaluating the functional effect of can-
didates identified in vitro to understanding the mechanisms of
neurodegeneration. The human homologs in 13 of the su(rdgB)
genes have previously been linked to human neurodevelopmental
or neurodegenerative disorders (Table 1), and a large proportion of
the 52 su(rdgB) have human homologs that show high expression in
the human brain (Table S7). Thus, the findings of this study could
provide important insights into the mechanisms of human brain
disorders.

Because our primary screen for suppressors of rdgB would
identify molecules involved in both the trigger and effector steps of
the degeneration process, it is essential to classify the identified
suppressers into these two categories. Because rdgB mutants are
known to affect photoreceptor physiology before the onset of
retinal degeneration (Yadav et al, 2015), we reasoned that sup-
pressors that work at the level of the trigger might also affect the
electrical response to light, the physiological output of the pho-
toreceptor. By this rationale, we found that 6 of 52 suppressors
when depleted in an otherwise WT background led to an altered
electrical response to light; these suppressors are therefore likely
to impact the processes by which RDGB functions in photo-
transduction. Examples of these include CG9205, Yeti, APC7, Set,
Cert, and CG3071. Two of these genes (CG9205 (PH domain-
containing) and cert (ceramide transfer protein) encode proteins
with either ion binding or lipid transfer function, and their ability to
act as su(rdgB) may indicate a role of previously unidentified lipids
and lipid transfer at MCS in phototransduction. In contrast, Set
(subunit of the INHT complex that regulates histone acetylation),
Yeti (a chromatin-associated protein that interacts with the Tip60
chromatin remodelling complex), and CG3071 (snoRNA that posi-
tively regulates transcription by RNA polymerase 1) all likely exert
their effect as su(rdgB) by modulating gene expression; some of the
genes so regulated may impact phototransduction. Atranscriptome
analysis of rdgB® photoreceptors may help identify the relevant
genes and the manner in which they regulate phototransduction.

To identify molecular mechanisms that regulate the effector
steps of the degeneration process, we determined which of the
su(rdgB) could also suppress another retinal degeneration mutant,
norpAP?* Such su(rdgB) will likely represent molecules that par-
ticipate in common effector steps of retinal degeneration shared by
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these two mutants. The 13 genes so identified represent several
different functional classes. Prominent among these classes are
RNA binding and DNA/chromatin binding proteins. Overall, a large
percentage of su(rdgB) identified in our screen were of the class of RNA
processing (CG1677, CG1542, CG7971, Cmtr1, Srrm234, Nop56, CG3071,
Rpl10, Ars2, CG42458, SecS, CG9915, ST3b1), RNA editing (Tailor, Sas10), RNA
export (Phax), and RNA helicases (CG14443, CG7483). Interestingly, a role
of RNA binding proteins such as Ataxin-1 has been proposed in
neuronal homeostasis and neurodegenerative processes and our
finding may reflect a more general role of RNA binding/homeostasis in
neurodegenerative processes (Prashad & Gopal, 2021). A further large
group of su(rdgB) belong to those regulating transcription (XNP, Fne,
Yeti, TFIIFB, TFIIEa, CG33017, Set, CG7839), and Sf3b1, Cmtri, Rpl10Ab,
TFIIFB, and Sas10 were among those candidates that in addition
suppressed retinal degeneration in norpAP?. This finding suggests that
regulated transcription may be important for maintaining neuronal
homeostasis; this may be particularly significant because neurons are
post-mitotic and transcriptional process and RNA turnover may col-
lectively be key mechanisms for maintaining cellular homeostasis.

Athird class of su(rdgB) were subunits of the COP9 signalosome
(CSN1a, CSN2, CSN3, and CSN8 were identified in our screen). The
COP9 signalosome acts as a signalling platform regulating cellular
ubiquitylation status. The COP9 signalosome has been shown to
play a key role in regulating Drosophila development through E3
ubiquitin ligases by deNEDDylation (Freilich et al, 1999). In addition,
two E3 ubiquitin ligase family members were also identified in the
genetic screen: (i) APC7, which is a subunit of anaphase-promoting
complex/cyclosome that comprises seven other subunits and is
required to modulate cyclin levels during cell cycle; and (ii)
CG32847, an uncharacterized gene belonging to the “Other RING
domain ubiquitin ligases” family of proteins. Ubiquitination could
regulate the structure and function of proteins required for pho-
totransduction; depletion of APC7 resulted in a reduction in the ERG
amplitude supporting this mechanism. Alternatively, it is possible
that ubiquitination-regulated protein turnover may be part of the
process of retinal degeneration. Interestingly, a key role of ubig-
uitination has been described in the context of neurodegeneration
(Schmidt et al, 2021).

Overall, our screen uncovers a role of multiple molecular pro-
cesses regulated by VAP-interacting proteins that are required for
maintaining lipid turnover and neuronal homeostasis in photo-
receptors. It is important to note that our screen focused on VAP-
interacting proteins, but there will also be non-VAP-dependent
processes that also contribute to lipid and neuronal homeostasis in
photoreceptors. Alternative genetic screens will be required to map
their role in photoreceptor maintenance. Collectively, such studies
will help advance our understanding of neurodegeneration in the
context of LTP function.

Materials and Methods

Protein pull-down and mass spectrometry analysis

Recombinant protein expression in E. coli and purification using
plasmids encoding the MSP domain of VAP-A (8-212; WT and KD/MD
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mutant) and VAP-B (1-210; WT and KD/MD mutant) were previously
described (Di Mattia et al, 2020). For protein pull-down, the affinity
resin was prepared by incubating 100 ug of recombinant protein
with 20 ul of nickel beads (PureProteome Nickel Magnetic Beads;
Merck) in pull-down buffer PDB (50 mM Tris—HCL, pH 7.4, 50 mM NaCl,
1 mM EDTA, 1% Triton X-100, 5 mM imidazole, cOmplete protease
inhibitor cocktail [Roche], and PhosSTOP [Roche]). The beads were
then washed three times with the same buffer. 8 x 10% Hela cells
were washed with 5 ml of TBS and lysed with 1 ml of PDB. After a
10-min incubation on ice, the protein extract was separated from cell
debris by centrifugation (10 min; 9,500g; 4°C). The protein extract was
mixed with VAP-coupled nickel beads and incubated for 2 h at 4°C
under constant agitation. The beads were then washed three times
with PDB, and proteins were eluted with Laemmli buffer. Proteins
were precipitated with trichloroacetic acid and digested with Lys-C
(Wako) and trypsin (Promega). Peptides were then analysed using
Ultimate 3000 nano-RSLC (Thermo Fisher Scientific) coupled in-line
with Orbitrap ELITE (Thermo Fisher Scientific).

SDS-PAGE, Western blot, and Coomassie blue staining

SDS-PAGE and Western blot analysis were performed as previously
described (Alpy et al, 2005) using the following antibodies: rabbit
anti-STARD3NL (1:1,000; pAbMENTHO-Ct-1545 [Alpy et al, 2001]),
rabbit anti-ORP1(1:1,000; ab131165; Abcam), and mouse anti-actin (1:
5,000; A1978; Merck). Coomassie blue staining was performed with
PageBlue Protein Staining Solution (Thermo Fisher Scientific).

In silico identification of potential conventional and Phospho-
FFAT motifs

The FFAT scoring algorithm used for Phospho-FFAT identification is
based on the position weight matrix (Di Mattia et al, 2020). For
conventional FFAT sequences, the Phospho-FFAT matrix described
in Di Mattia et al was modified in position 4 to assign a score of 410 S
and T, and a score of 0 to D and E. These algorithms assign con-
ventional and Phospho-FFAT scores to protein sequences. They are
based on 19 continuous residues: six residues upstream, seven
residues forming the core, and six residues downstream. An ideal
sequence Scores zero.

Fly culture and stocks

Flies (Drosophila melanogaster) were reared on standard corn-
meal, dextrose, yeast medium at 25°C and 50% relative humidity in
a constant-temperature laboratory incubator. There was no in-
ternal illumination within the incubator, and flies were subject to
brief pulses of light only when the incubator doors were opened.
To study light-dependent degeneration, flies were exposed
tolightin an illuminated incubator at an intensity of 2000 lux. rdgB°,
P[w+Rh1:GFP]; Rh1-Gal4, UAS-Dicer2 and norpAP?*, Rh1-Gal4, UAS-
Dicer2 were the strains used for the genetic screens. GMR-Gal4
(second chromosome) was used for ERG experiments. UAS-RDGB,
UAS-dCert:TurbolD, 3HA-CG9205 and CKII3-3HA were used in co-IP
experiments and generated in our laboratory.
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Fluorescent DPP analysis

Pseudopupil analysis was carried out on flies after days 2 and 4
post-eclosion. Flies were immobilized using a stream of carbon
dioxide, and fluorescent pseudopupil analysis was carried out
using an Olympus SZX12 stereomicroscope equipped with a fluo-
rescent light source and GFP optics. Images were recorded using an
Olympus digital camera.

Optical neutralization

Flies were immobilized by cooling on ice. They were decapitated
using a sharp razor blade and fixed on a glass slide using a drop
of colourless nail varnish. The refractive index of the cornea was
neutralized using a drop of immersion oil (n = 1.516 at 23°C); images
were observed using a 40x oil-immersion objective (UPlanApo,
1.00 Iris; Olympus) with antidromic illumination (Franceschini &
Kirschfeld, 1971). Images were collected on an Olympus BX-41
upright microscope and recorded using an Olympus digital camera.

Electroretinogram recordings

Flies were anaesthetized and immobilized at the end of a dis-
posable pipette tip using a drop of low melt wax. Recordings were
done using glass microelectrodes filled with 0.8% wt/vol NaCl
solution. Voltage changes were recorded between the surface of
the eye and an electrode placed on the thorax. After fixing and
positioning, flies were dark-adapted for 6 min. ERG was recorded
with 1-s flashes of green light stimulus. Stimulating light was de-
livered from an LED light source within 5 mm of the fly's eye through
a fibre-optic guide. Voltage changes were amplified using a DAM50
amplifier (WPI) and recorded using pCLAMP 10.2. Analysis of traces
was performed using Clampfit (Axon Laboratories).

Co-immunoprecipitation (fly heads)

Fly heads with respective genotypes were lysed in ice-cold protein
lysis buffer (50 mM Tris—=HCL, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100,
50 mM NaF, 0.27 M sucrose, and 0.1% B-mercaptoethanol). 10% of
the lysate was aliquoted to be used as input. The remaining lysate
was split into two equal parts. To one part, dVAP-A antibody (a kind
gift from Girish Ratnaparkhi, IISER Pune) was added, and to the
other part, a corresponding amount of control 1gG (2729S; CST) was
added, and incubated overnight at 4°C. On the next day, protein G
Sepharose beads (GE Healthcare) were spun at 130,00g for
1 min and then washed with TBS twice. The beads were then in-
cubated with 5% BSA (HiMedia) in TBS with 0.1% Tween-20 (TBST) for
2 h at 4°C. Equal amounts of blocked beads were then added
to each sample and incubated at 4°C for another 2 h. The im-
munoprecipitates were then washed twice with TBST containing
B-mercaptoethanol and 0.1 M EGTA for 5 min. The supernatant
was then removed, and the beads were boiled in 2X Laemmli
sample buffer for Western blotting. Primary antibodies used were
as follows: rat anti-RDGB (laboratory-generated, 1:4,000), mouse
anti-V5 (R960-25, 1:10,000; Invitrogen), and mouse anti-HA (1:1,000;
CST). Respective secondary antibodies were used at the dilution of
1:10,000.
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