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Abstract

Two insults often underlie a variety of eye diseases including glaucoma, optic atrophy, and
retinal degeneration—defects in mitochondrial function and aberrant Rhodopsin trafficking.
Although mitochondrial defects are often associated with oxidative stress, they have not
been linked to Rhodopsin trafficking. In an unbiased forward genetic screen designed to iso-
late mutations that cause photoreceptor degeneration, we identified mutations in a nuclear-
encoded mitochondrial gene, ppr, a homolog of human LRPPRC. We found that ppr is
required for protection against light-induced degeneration. Its function is essential to main-
tain membrane depolarization of the photoreceptors upon repetitive light exposure, and an
impaired phototransduction cascade in ppr mutants results in excessive Rhodopsin1 endo-
cytosis. Moreover, loss of ppr results in a reduction in mitochondrial RNAs, reduced electron
transport chain activity, and reduced ATP levels. Oxidative stress, however, is not induced.
We propose that the reduced ATP level in ppr mutants underlies the phototransduction
defect, leading to increased Rhodopsin1 endocytosis during light exposure, causing photo-
receptor degeneration independent of oxidative stress. This hypothesis is bolstered by
characterization of two other genes isolated in the screen, pyruvate dehydrogenase and cit-
rate synthase. Their loss also causes a light-induced degeneration, excessive Rhodopsin1
endocytosis and reduced ATP without concurrent oxidative stress, unlike many other muta-
tions in mitochondrial genes that are associated with elevated oxidative stress and light-
independent photoreceptor demise.
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Author Summary

Mitochondrial dysfunction is associated with a number of metabolic and neurological dis-
eases such as Leigh syndrome and progressive blindness. Increased oxidative stress, which
is often associated with mitochondrial dysfunction, is thought to be a common cause of
disease progression. Here, we identified nuclear genes that encode mitochondrial proteins,
whose loss causes the demise of photoreceptor neurons. Contrary to the common idea
that this degeneration is triggered by elevated levels of oxidative stress, we find no change
in the levels of oxidative stress. We show that activating photoreceptor neurons with light
significantly increases energy production, and that this process is required to sustain their
activity. Mitochondrial dysfunction impairs this capacity and leads to a premature termi-
nation of the light response. This in turn impairs the cycling of the light-sensitive receptor
Rhodopsin in photoreceptors, and Rhodopsin accumulates in the cell inducing toxicity.
This distinct mechanism of degeneration suggests that different mitochondrial diseases
may follow different paths of disease progression and would hence respond differently to
treatments.

Introduction

The causes of progressive dysfunction or death of photoreceptors (PRs) is genetically heteroge-
neous in humans [1]. PR degeneration is a complex process influenced by numerous genes and
environmental factors. Although prolonged exposure to sunlight is one of the major causes of
retinal degeneration, more than 200 genes have been associated with retinal diseases in humans
[2,3]. Genes associated with retinal diseases affect a variety of cellular processes including
phototransduction, cellular stress, metabolism, catabolism, and mitochondrial function [1,3,4].
PR activity is a highly energy-dependent process [5,6], and mitochondrial dysfunction has
been implicated in glaucoma, optic atrophy, Leber hereditary optic neuropathy (LHON), and
retinitis pigmentosa [1,7,8]. A widely accepted view postulates that increased reactive oxygen
species (ROS) levels, resulting from mitochondrial dysfunction, is a major cause of retinal
degeneration in human and mouse [9]. According to this model, light triggers mitochondrial
activity, leading to increased production of ROS and cellular damage.

In Drosophila, the function of several mitochondrial genes has been assessed in PRs. These
include Succinate dehydrogenase A (SdhA), a subunit of mitochondrial Complex IT [10], Sicily,
a protein required for Complex I assembly in mitochondria [11], Opal, a protein required for
inner mitochondrial membrane fusion [12], Aats-met, a mitochondrial methionyl-tRNA syn-
thetase [13], and NnaD, a mitochondrial zinc carboxypeptidase [14]. Consistent with previ-
ously published data in mammals [9], all of the mutants in which ROS was assessed have been
associated with elevated ROS, suggesting that increased oxidative stress promotes PR degenera-
tion [10-13].

Genetic screens in Drosophila have identified mutations in numerous genes that cause PR
degeneration and that are also conserved in human. These mutants can be categorized into two
broad groups: those that cause light- and activity-dependent PR degeneration and those that
cause light- and activity-independent degeneration. The majority of mutations in genes that
are primarily implicated in the phototransduction pathway typically cause light-dependent PR
degeneration either due to aberrant Rhodopsin1 (Rh1) trafficking or Ca**-mediated excitotoxi-
city [15-17]. However, mutations that constitutively activate the phototransduction pathway,
leading to excessive Ca** influx, cause light-independent PR degeneration, e.g., loss of function
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of rdgA [18] or in trp
Potential) channel [19].

Light-independent PR degeneration has also been documented for a single fly mitochon-
drial mutant. The authors showed that the demise of neurons is due to oxidative stress because
of the loss of SdhA in mitochondria [10]. Since light dependence has not been tested for the
other mutations causing mitochondrial dysfunctions, it is not obvious which mutations cause
which type of neurodegeneration, nor what the nature of the insults are that underlie these
neurodegenerations.

In this study, we show that mutations that impair mitochondrial ATP production without a
concurrent increase in oxidative stress exhibit light-dependent PR degeneration. In contrast,
mutations that affect ATP production as well as oxidative stress exhibit light-independent PR
degeneration that can be exacerbated by light exposure. Furthermore, the observed light-
induced PR degeneration in mutants affecting mitochondrial ATP synthesis stems from defects
in the phototransduction cascade leading to aberrant endocytosis and delay in the degradation
of Rhl.

, which encodes a constitutively active TRP (Transient Receptor

Results

Ppr Localizes to Mitochondria and Its Loss Causes a Progressive Defect
in ERGs

To identify genes required for the maintenance of neurons in the visual system, we performed
an unbiased mosaic genetic screen on the X chromosome. We induced large homozygous
mutant clones of essential genes in the eyes using the ey-FLP system and screened for age-
dependent defects in electroretinograms (ERGs) [20,21]. ERG recordings are induced by light
and exhibit “on” and “off” transients (arrow and arrowhead in Fig 1A), indicative of synaptic
communication between the PR neurons and postsynaptic cells. They also exhibit a corneal
negative response, the amplitude of which signifies the depolarization of PR neurons (dashed
line) (Fig 1A). One of the isolated complementation groups, named ppr, pentatricopeptide
repeat containing protein (see below), displayed a dramatic reduction in ERG amplitude as well
as aloss of “on” and “off” transients in five-wk-old but not 2-3-d-old animals, suggesting a
progressive PR degeneration (Fig 1A).

The causative mutations of the five alleles of this complementation group were mapped to
CG14786 (ppr), an uncharacterized gene in Drosophila (Fig 1B and 1C and S1 Fig). All alleles
carry a premature stop codon (Fig 1B and 1C). Two rescue transgenes, a 20 kb P[acman] BAC
(P/®C31 artificial chromosome for manipulation) CH322-75021 genomic fragment that con-
tains CG14786 [22] and a 5 kb genomic fragment of CG14786 (Fig 1C), rescue the pupal lethal-
ity associated with the loss of ppr. Moreover, ppr mutants (ppr", W150Stop) carrying the
genomic rescue transgene (P[acman] BAC CH322-75021, S1A Fig) show normal ERG ampli-
tudes in aged animals (Fig 1A).

The human homolog of ppr is LRPPRC, a mitochondrial protein (Fig 1D) whose loss causes
Leigh syndrome [23]. Similar to LRPPRC and other pentatricopeptide proteins, the Ppr protein
contains multiple PPR repeats (Fig 1E and S1B Fig; hence ppr). The Ppr protein has a putative
amino terminal mitochondrial targeting sequence, as predicted by Mitoprot [24] (Fig 1E). To
assess the subcellular localization of the protein, we created transgenic lines carrying a 5 kb
genomic rescue transgene in which ppr is tagged at the C-terminus with Green Fluorescent
Protein (GFP) (Fig 1C). This construct rescues the lethality of ppr” and ppr”, is ubiquitously
expressed, and the protein colocalizes with a mitochondrial protein, ATP5A (Fig 1F and S1C
and S1D Fig). In summary, we identified mutations in a fly homolog of LRPPRC, a protein that
is localized to mitochondria and whose loss causes a progressive decline of PR function.
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Fig 1. Mutations in ppr cause PR degeneration. (A

) ERG traces from eye clones of control (y w FRT 19A), ppr, ppr®, and ppr’-carrying genomic

transgene (CH322-75021)-containing wild-type ppr (pprA Rescue). Arrow and arrowhead indicate “on” and “off” transient respectively. Dashed line indicates
the amplitude. Top: upon eclosion, flies were raised in dark for 2-3 d, after which ERGs were recorded. Bottom: flies were reared for 5 wkina 12 h light/12 h
dark cycle. (B) Table presenting all identified ppr alleles, their lethal stage, and molecular lesion. Lethality in these alleles is rescued by a genomic copy of ppr
or ubiquitous expression of ppr cDNA. (C) Genomic location of the ppr (CG14786) gene, displaying the position of the molecular lesions associated with the
different alleles. The genomic rescue construct spans a region from 0.3 kb upstream to 1.3 kb downstream of the ppr coding region. The genomic rescue-
Green Fluorescent Protein (GFP) construct contains a GFP tag at the C-terminus of ppr. (D) The Ppr protein has 27% identity (1) and 44% similarity (S) to
human LRPPRC. (E) The Ppr protein’s predicted mitochondrial localization signal and PPR repeats are shown. (F) Colocalization of the GFP-tagged Ppr
protein (green) with mitochondrial complex V (ATP5A antibody, red) in larval muscle.

doi:10.1371/journal.pbio.1002197.9g001
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Loss of ppr Results in Light-Dependent PR Degeneration

To determine whether the progressive age-dependent decay in ERG amplitudes is light-
dependent, we raised the flies in constant darkness or a 12 h light/dark cycle for five weeks.
The ERG amplitudes of mutant PRs are not affected when the flies are raised in the dark,
whereas flies maintained under a 12 h light/dark cycle exhibit severely diminished ERG ampli-
tudes (Fig 2A and 2B). Moreover, the ERG amplitude is dramatically reduced in one-week-old
ppr mutant flies if they are maintained under constant light (Fig 2C). Hence, the progressive
defect in ERG loss in ppr mutants is induced by light.

To assess the morphological features of ppr mutant PRs upon aging and light exposure, we
examined cross-sections of the retina by light and Transmission Electron Microscopy (TEM).
In the fly eye, PR cells are organized in ~800 ommatidia, and each ommatidium contains eight
PR cells (R1-R8). Cross-sections across the retinal PRs reveal the dense microvillar structures
of the rhabdomere (Fig 2D arrows), a stack of membranes that are highly enriched in Rh1 and
are required for phototransduction [15]. Retina of control, young ppr mutants and ppr mutants
reared in the dark for three weeks show very similar morphological features (Fig 2D-2F and
S2A-S2F Fig). Moreover, the morphology of PRs of control flies maintained on a 12 h light/
dark cycle for three weeks are comparable to young flies (Fig 2G and S2G Fig), whereas the
morphology of ppr mutants is highly aberrant (Fig 2H and 2I and S2H and S2I Fig). This phe-
notype is fully rescued by a genomic rescue transgene (Fig 2] and 2K). Degeneration occurs in
PRs R1-R6, which all express Rh1 [25] (blue arrow in Fig 2D), whereas R7 and R8 are spared
(red arrows, Fig 2H and 21; compare to red arrow in 2D). Hence, the residual ERG amplitude
in ppr ERG traces may be contributed by R7 and R8. In summary, a light-induced mechanism
causes degeneration of PRs in ppr mutants.

Loss of ppr Leads to a Rapidly Diminishing Light Response upon
Repetitive Stimulation

Although both young and old ppr mutants raised in the dark display normal ERGs, light-
dependent PR degeneration typically indicates a defect in the phototransduction cascade
[15,16]. To establish if the ppr mutants display defects in the phototransduction cascade, we
recorded ERGs upon repetitive pulses of light [26-29]. Flies were kept in the dark for 3-4 min
prior to the ERG recordings and stimulated with 10-15 cycles consisting of white light for 1 sec
followed by a 1.5 sec dark period (Fig 3A). In ppr mutant eyes, there is a rapid run-down of the
amplitude and “on” and “off” responses, whereas control flies show only a very modest reduc-
tion in amplitude (Fig 3A). Since this phenotype is activity-dependent, it prompted us to assess
the inactivity period (darkness) needed to recover normal ERG amplitude in ppr mutant eyes.
We exposed flies to light for 30 sec to maximally reduce the stimulation response in ppr mutant
eyes (Fig 3B). Upon a 5-120 sec rest period, we measured the recovery of the ERG amplitude
and observed a full recovery to the light response upon a two minute rest period in the dark
(Fig 3B). These results demonstrate that Ppr function is required to maintain PR activity.

Phototransduction in Drosophila PRs (Fig 3C) is initiated with the conversion of Rh1 to
active meta-Rh1 (MRh1) by blue light (~480 nm) [15,29,35,36]. MRh1 triggers a G-protein cas-
cade that activates Phospholipase C (PLC, encoded by norpA), causing hydrolysis of the mem-
brane phospholipid, phosphatidylinositol 4,5-bisphosphate [P1(4,5)P,] (Fig 3C). Hydrolysis of
PI(4,5)P, activates the light-sensitive TRP channel causing a Ca" influx, which is essential to
depolarize the PRs [29,37-41].

The observed transient depolarization phenotype upon repetitive stimulation, as observed
in ppr mutant PRs (Fig 3A and 3B), could be due to impaired PLC activity [27] and/or the
inability to quickly regenerate P1(4,5)P, [28,42], resulting in diminished TRP activity.
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Fig 2. PR degeneration due to ppr loss of function is light-dependent. (A) ERG traces from control and ppr® mutant eye clones. Flies were raised either
in constant dark for three days, constant dark for five weeks, or a 12 h light/dark cycle for five weeks. Dashed line indicates ERG amplitude. (B) Quantification
of ERG amplitudes for experiment shown in (A). (C) Quantification of the ERG amplitude of control and ppr* mutant eye clones of flies that were grown in
dark or constant light for one week. Error bars represent mean + standard error of the mean (SEM); statistical significance was determined using a two-tailed
Student’s t test (p-value: *** < 0.001). (D—K) Transmission Electron Microscopy (TEM) of a single ommatidium from control (D, G), ppr” (E, H), ppr© (F, 1),
ppr’; genomic rescue (J) and ppr’; genomic rescue (K). Flies were raised in the dark (D-F) or in a 12 h light/dark cycle for three weeks (G—K). The dark
structures indicated by arrows in (D) are rhabdomeres. The red arrow specifically indicates R7 or R8 rhabdomeres, which do not degenerate in mutants
exposed to light (H, 1). Light intensity during light periods was ~1,800 Lux.

doi:10.1371/journal.pbio.1002197.g002
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exposed to blue light, Rh1 is converted to meta-Rh1 (MRh1). Through a G-protein cascade, MRh1 activates the TRP and TRPL channels, leading to a Ca®*
influx and PR depolarization. MRh1 is quickly phosphorylated by GPRK1 and bound by Arrestin2 (Arr2), leading to the inactivation of MRh1 [30,31].
Subsequently, MRh1 is converted to Rh1 by orange light. Rh1 is recycled through a Ca®*-dependent pathway leading to Arr2 released from Rh1 [32-34]. A
fraction of Rh1 forms a stable complex with Arr2 when exposed to light. This complex is endocytosed and degraded by the endolysosomal system (Reviewed
in[15,17]).

doi:10.1371/journal.pbio.1002197.g003

However, we did not find any evidence for a loss of PLC activity in ppr mutants. Indeed, PLC
loss typically impairs PI(4,5)P, hydrolysis [43] and causes a delay in repolarization [44], nei-
ther of which was observed in ppr mutants (Fig 3A and S3A-S3C Fig). To assess if the expres-
sion of other proteins required for the phototransduction pathway are affected in ppr mutant
PRs, we performed western blots of many key players in the process [15,16,35]. As shown in
Fig 4A, none of the proteins tested display altered expression levels in ppr mutant eyes (2-3-d-
old, reared in the dark). Hence, ppr does not seem to affect proteins known to be required for
the light transduction pathway. In addition, there are no hints of morphological changes in
these PRs prior to testing (Fig 4B and 4C). These data indicate that PLC activity is not impaired
and that most known players are present.

Light Induces Rh1 Accumulation in ppr Mutant PRs

Upon photoisomerization of Rh1 to MRh1 by a photon of blue light, the latter is quickly inacti-
vated by Arrestin2 (Arr2) binding (Fig 3C and S4E Fig) [45,46]. Subsequently, MRh1 is rei-
somerized to Rh1 by a photon of orange light (~580 nm), leading to the release of Arr2 [32,45].
The mechanism of Rh1 recycling requires Ca®* influx through TRP channels [32-34,45,47~
49]. A small fraction of Rh1/Arr2 complex is endocytosed and degraded [50]. A reduced Ca**
influx results in increased levels of the Arr2/Rh1 complex, causing excessive endocytosis of
Rh1, which is toxic to cells as it stresses the endolysosomal system [47,50-54].

The inability to maintain a sustained light response in ppr mutant eyes (Fig 3A) suggests an
impaired Ca®" influx in PRs [37-40], which in turn may affect the Rh1 cycle and hence lead to
an increased internalization of Arr2-bound Rh1 upon exposure to light. Inducing a constitutive
Ca’" influx, however, severely impairs the function and affects the morphology of ppr mutant
PRs, even in newly eclosed flies (S3D and S3E Fig), possibly due to synergizing effects of Ca**
toxicity and mitochondrial stress. To assess whether Rh1 internalization is affected, we per-
formed whole mount antibody staining for Rh1 [47,55]. As shown in Fig 4D-4G, ppr mutants
show no defect in the dark but exhibit Rh1 accumulation when exposed to light. Note that
although Rh1 is found throughout the rhabdomeres when sections are performed (S4A-S4D
Fig), in whole mount preparations Rh1 is detected on the outer rim as the antibodies cannot
penetrate the membrane stack. However, the whole mount protocol reveals internalized Rh1
much better (Fig 4D-4G) than stained sections (54D Fig) [47,55-57]. In addition, brief expo-
sures to blue light followed by orange light cause very similar accumulations of Rh1 in the cyto-
plasm, indicating a defect in Rh1 cycling in ppr mutant PRs (S4E Fig). Since increased
cytoplasmic Rh1 is known to cause degeneration of PRs [52], our data suggest that Rh1 medi-
ates degeneration of ppr mutant PRs.

To determine if increased Rh1 internalization in ppr mutant PRs is associated with a defect
in Arr2 dynamics, we tested Arr2 translocation to rhabdomeres upon blue light exposure and
its release following orange light exposure. To detect Arr2, we expressed Arr2::GFP under the
control of the RhI promoter (Green or Gray, Fig 4H-4]), which is active in R1-R6 PRs [31].
We generated small ppr mutant mitotic clones with ey-FLP in otherwise heterozygous retina.
The mutant ppr PRs (dotted circles, Fig 4H-4]) can be distinguished from wild-type PRs by the
absence of RFP (shown in red). Upon blue light exposure, Arr2 translocates to the rhabdomere
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of flies containing control or ppr® mutant eyes. (B—C) TEM of a single PR from 2-3-d-old, dark-reared control or ppr* eye clones. (D-G) Whole mount Rh1
(red) immunostaining in control (D, F) and ppr* mutant PR (E, G). Rhabdomeres are marked by Phalloidin/Actin (green). Flies used in this experiment were
3-4d old and raised in the dark (D, E) or exposed to ~30 h of light (F, G). (H-K) Arr2::GFP (green or grey) levels in rhabdomeres of ppr* mosaic retina. RFP
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Flies were raised in constant dark and dissected and fixed under dim red light. Prior to fixation, flies were kept in dark (H) or blue light (1) for 1.5 min, allowing
Arr2::GFP to translocate to rhabdomeres. Alternatively, flies were kept in blue light for 30 min and then shifted to orange light for 60 min to assess release of
Arr2::GFP from rhabdomeres (J). (K) Quantification of the difference in green fluorescence intensity between mosaic ommatidia of ppr and wild-type
rhabdomeres. Error bars represent + SEM; statistical significance was determined using a two-tailed Student’s t test (p-values: * <0.05, ***<0.001).

doi:10.1371/journal.pbio.1002197.g004

membranes (binding to Rh1). The subsequent exposure to orange light relocates Arr2 to the
cytoplasm as it is released from Rh1 [31,45,52]. In wild-type and ppr mutant clones, Arr2:GFP
levels are low in rhabdomeres when flies are kept in the dark (Fig 4H). However, upon expo-
sure to ~1.5 min of blue light, Arr::GFP levels are increased in wild-type as well as ppr mutant
rhabdomeres (Fig 4I). To assess the release of Arr2::GFP from rhabdomeres, we kept flies in
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blue light for 30 min followed by a 60 min exposure to orange light prior to fixation. As shown
in Fig 4] and 4K, we observe a higher level of GFP florescence in ppr mutant rhabdomeres than
in wild-type rhabdomeres, indicating the slow release of Arr2 in ppr mutant rhabdomeres.
Moreover, light-induced internalized Rh1 in ppr mutant PRs colocalizes with Arr::GFP punctae
when compared to wild-type PRs (S4F Fig). Hence, our data indicate that impaired dynamics
of Arr2 release from Rh1 in ppr mutant PRs leads to increased internalization of Rh1 and
toxicity.

PR Degeneration in ppr Is Mediated by Rh1

To test if excessive Rh1 internalization causes PR degeneration in ppr mutant eyes, we exam-
ined whether reducing Rh1 suppresses the light-dependent degeneration of ppr PRs. Matura-
tion of Rh1 requires the binding of the chromophore, 11-cis 3-hydroxyretinal, to the opsin
moiety. In the absence of the chromophore, opsin is not exported to the rhabdomere but is
instead degraded [17,58,59]. In flies, the major source of the chromophore is derived from die-
tary f-carotene/vitamin A [59]. Indeed, Rh1 levels can be reduced to less than 3% by raising
flies in vitamin A-deficient food, and this reduction has been shown to suppress Rh1-mediated
PR degeneration [47,56]. Interestingly, under constant light or dark conditions, the ERG
amplitude in flies deprived of S-carotene is comparable to those raised on normal food (Fig 5A
and S5A Fig). ppr mutants raised in constant light for seven days on normal food display ERG
amplitude that is ~ 20% of control (Fig 5A and 5B), whereas ppr mutants raised on vitamin A-
deficient food display an ERG amplitude that is ~60% of control. Hence, removal of most Rh1
in PRs (S5A Fig) strongly suppresses the neurodegenerative phenotypes associated with the
loss of ppr.

To assess whether depriving flies of vitamin A suppresses the morphological alterations of
ppr mutant PRs induced by light exposure, we performed TEM of the retina in flies reared in
a 12 h light/dark cycle for three weeks. As previously shown [52], rhabdomeres of flies deprived
of vitamin A are small, since Rh1 is an important structural component of rhabdomeres
(Fig 5D). When raised on normal food, the morphology of ppr mutant rhabdomeres is severely
affected (Fig 5C), but PRs of mutant flies deprived of vitamin A are indistinguishable from con-
trols, albeit reduced in size in both cases (Fig 5D and S5B Fig). Combined with the Arr2 data,
these results indicate that increased Rh1 internalization is a major cause of PR degeneration in
the absence of ppr.

We have previously shown that the retromer complex alleviates endolysosomal stress in
PRs by preventing Rh1 from entering the endolysosomal pathway. Hence, overexpression of
subunits of the retromer promotes its activity and suppresses Rh1-induced endolysosomal traf-
ficking defects in some mutants [56]. Similarly, overexpression of vps35 in PRs suppresses or
delays the neurodegenerative defects in ppr mutants (S5C Fig). These data provide further sup-
port that aberrant Rh1 internalization/degradation is a major cause of PR degeneration in the
absence of ppr.

Mitochondrial-Derived Transcript Levels Are Reduced in ppr Mutants

Since Ppr is a mitochondrial protein, and the phototransduction process consumes a signifi-
cant amount of ATP [5,60,61], we sought to assess whether loss of ppr compromises ATP pro-
duction. LRPPRC, the human homolog of ppr, and its homologs are required for
polyadenylation and stability of mitochondrial RNA (mtRNA) and translation [62,63]. Mito-
chondrial DNA is transcribed as two long polycistronic precursor RNAs [64]. The precursor
RNAs are then processed to create smaller mtRNAs, which are stabilized by the addition of a
polyA tail [64,65]. To assess whether ppr is required for mtRNA stability, we quantified the
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(blue, left) or low vitamin A food (red, right) and kept in the dark or constant light for seven days. (B) Quantification of relative ERG amplitude from the
experiment shown in A. Error bars represent + SEM; two-tailed Student's t test (p-value ***<0.001). (C, D) TEM of control and ppr” ommatidia. Flies were
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doi:10.1371/journal.pbio.1002197.g005
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mtRNA levels for 14 transcripts by RT-qPCR and normalized this data to mitochondrial pre-
cursor RNA. As shown in Fig 6A, except for Complex I, all mtRNA levels are significantly
reduced in mitochondria of ppr mutant larvae, in agreement with a role of Ppr proteins in
mtRNA stability [62,63,66-69]. Moreover, the mtDNA content, normalized to nuclear DNA,
in ppr mutants is about four times higher than in control larvae (Fig 6B), suggesting that the
loss of mtRNA may induce a compensatory increase in mitochondrial biogenesis. Indeed,
when we normalize the mtRNA levels with nuclear RNA (RP49), we found an increase in mito-
chondrial precursor RNA levels (right of Fig 6C) consistent with an increase in mitochondrial
biogenesis (Fig 6B). However, normalization of processed mtRNA with nuclear RNA reveals
that the mtRNA of ND5, Col, and Coll are up-regulated and Cyt-b is down-regulated, whereas
others are unchanged (Fig 6C). Hence, the overall mtRNA levels in a cell are not dramatically
altered. These data suggest the presence of a compensatory response, which induces mitochon-
drial biogenesis in ppr mutant and can, in part, counterbalance the reduced mtRNA stability
per mitochondrion.

Loss of ppr Leads to Decreased Mitochondrial ATP Production

Given that mtRNAs encode 13 different proteins that are all components of the mitochondrial
electron transport chain (ETC) complex (I, III, IV, and V) [13,64], we sought to determine
enzymatic activities of individual ETC components from whole cell lysates (Fig 6D) or isolated
mitochondria (S1 Data). We also measured Citrate synthase (CS) activity to normalize ETC
complex activity. We observed significant decreases in the activities of Complex I, Complex II,
and Complex IV in ppr mutant larvae (Fig 6D). The decreased activity of Complex II is strik-
ing, as its subunits are encoded in the nucleus [70]. Nevertheless, these data are consistent with
the reduced Complex II activity that was observed in LRPPRC knockout mice [63]. Finally, the
defects in ETC activity are rescued by a wild-type genomic copy of ppr, showing that the loss of
ppr is indeed responsible for these phenotypes.

To assess mitochondrial energy production, we measured the rate of oxygen consumption of
intact mitochondria in vitro by polarography. In the presence of the Complex I-specific oxidiz-
able substrates malate and glutamate, ppr mutant mitochondria exhibit a significant defect in
state III (ADP-stimulated O, consumption rate), resulting in a decreased respiratory control
ratio (RCR), defined as the ratio of state III to state IV (ADP-limiting O, consumption rate)
(Fig 6E). The observed partial deficiencies of several ETC complexes in ppr mutants, combined
with the defective respiration of isolated ppr mutant mitochondria (manifesting as reduced state
I1I rate and RCR), are indicative of a reduced efficiency of oxidative phosphorylation
(OXPHOS), or in other words, reduced OXPHOS-dependent ATP production [71]. We there-
fore measured steady state levels of ATP and observed reduced ATP levels in ppr mutant larvae
when compared to control animals (Fig 6F). Together, these results provide compelling evidence
that ppr regulates mitochondrial RNA levels and thereby affects OXPHOS and ATP levels.

PRs are known to consume up to 10% of total ATP in blowflies [60,72]. ATP consumption
increases 5-fold above baseline in Drosophila PR in the presence of light [5,6]. Thus, we tested
ATP levels in ppr mutant eyes exposed to light for 1 h (Fig 6G) and found that the ATP deficit
in mutant PRs is about twice as high (40%) as in the third instar larvae (20%). Furthermore, we
investigated the change in ATP levels following light exposure in control and ppr mutant heads.
Interestingly, there is a significant increase (48%) in ATP levels in wild type controls upona 1 h
light exposure but only a subtle increase (13%) in ATP level in ppr mutants (Fig 6H). In sum-
mary, there is impaired ATP production in the eye of ppr mutants.

It has been shown that mitochondrial activity is triggered by Ca** influx in neurons [72-75].
We therefore measured changes in ATP following light exposure in mutants that have an
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Fig 6. Light-induced ATP synthesis is reduced in ppr mutant eyes. (A) Relative mtRNA levels, normalized to precursor RNA transcribed from the heavy
strand (+) of the mitochondrial genome, in control and ppr” third instar larvae. (B) Relative mtDNA content, normalized to nuclear DNA, in control and ppr*
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third instar larvae. (C) Relative mtRNA levels, normalized to nuclear RNA RP49. (D) Activities of mitochondrial electron transport chain (ETC) protein
complexes (Cl, ClI, ClIl, CIV) and Citrate synthase (CS) from third instar larval extracts. Genotypes shown are control, ppr* and ppr”; genomic rescue
(CH322-75021). ETC complex activity was normalized to CS, and data are expressed as percentage of the activity detected in controls. (E) O, consumption
assayed by polarography. O, consumption was measured from isolated third instar larvae-derived mitochondria in the presence of Cl-specific substrates.
State lll is the ADP-stimulated O, consumption rate; State IV represents the ADP-limited O, consumption rate; RCR is the Respiratory Control Ratio (state IlI
rate / state IV rate). (F-G) Relative ATP levels from control and ppr” third instar larval extracts (F) and adult eyes (exposed to 1 h light, 1,800 Lux) (G). (H)
Relative change in ATP levels in adult heads upon 1 h exposure to light (1,800 Lux). In A—H, error bars represent mean + standard deviation (SD); statistical
significance was determined using a two-tailed Student’s t test (p-values: *** < 0.001, ** < 0.01, * <0.05).

doi:10.1371/journal.pbio.1002197.g006

impaired Ca®" influx (trp [38] and norpA/PLC [37,76]). Indeed, these mutants fail to increase
ATP levels following light exposure (Fig 6H), suggesting that a Ca** influx is required to activate
mitochondrial ATP production. These data indicate the presence of a feedback mechanism
required for ATP generation to ensure the continuity of the phototransduction process.

Bicoid Stability Factor, Another Pentatricopetide Repeats-Containing
Protein Plays a Partially Redundant Role with Ppr

Besides ppr, the Drosophila genome contains a single other gene that contains PPR motifs,
bicoid stability factor (bsf) [66]. RNAi-mediated knockdown of bsf also affects mtRNA stability
[66]. Hence, ppr and bsf may be partially redundant. We identified an allele of bsf (bsf>"'"%’;
Fig 7A) that appears to be a null allele, as no Bsf protein was detected in western blots (Fig 7B).
Ubiquitous expression of bsf cDNA rescues the pupal lethality associated with bsf*"**%, Finally,
Bsf also colocalizes with Ppr::GFP (Fig 7C). These data permitted us to compare and contrast
the mitochondrial phenotype of ppr mutants to bsf mutants. When we assessed mtRNA levels,
as shown in Fig 7D and 7E, bsf mutants show a similar phenotypic profile to ppr mutants
although typically more severe. In addition, bsf mutants also show defects in the ETC activity
(Fig 7F). Similar to ppr mutants, CII activity is reduced in bsf mutants. However, unlike ppr, bsf
mutants display a severe reduction in CIII activity. These data suggest that Ppr and Bsf may
play partially redundant functions. To test this hypothesis, we created double mutants. As
mentioned before, ppr and bsf mutants cause pupal lethality. However, “ppr-bsf” double
mutants die as embryos (Fig 7G), suggesting that Ppr and Bsf are partially redundant.

Loss of ppr Does Not Cause Oxidative Stress

Mitochondrial defects have been shown to cause elevated ROS levels and retinal degeneration
in mammals and flies [9-13,77]. We therefore tested if ROS levels are elevated in ppr mutants
by staining with dihydroethidium (DHE), a dye which detects superoxide radicals [78,79]. As
shown in Fig 8A, ppr mutant clones in eye imaginal discs, marked by loss of GFP, do not show
differences in fluorescence intensity when compared to neighboring wild-type tissue. We also
performed DHE staining in adult eyes exposed to 24 h constant light. As shown in Fig 8A, the
level of DHE staining in mutant eye is similar to control eye (Fig 8B-8C). We also assessed
ROS levels by assaying mitochondrial aconitase activity. The native activity of this enzyme is
extremely sensitive to elevated ROS [80] and a highly reliable readout in Drosophila [11,77]. As
shown in Fig 8D, aconitase activity in mutant animals is comparable to control, suggesting that
ROS levels are not affected in ppr mutants. Furthermore, we overexpressed human copper-zinc
superoxide dismutase (hSOD1), a potent suppressor of neurodegeneration induced by ROS in
flies [12,77,81], in ppr mutant PRs. However, we did not observe a suppression of the degenera-
tive phenotype (Fig 8E), again implying that PR degeneration in ppr mutants is not induced by
oxidative stress.
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Fig 8. PR degeneration is not induced by oxidative stress in ppr mutants. (A—C) Detection of ROS levels by DHE (red) staining in ppr mutant clones in
eye imaginal discs. Mutant clones, encircled by dotted lines, are marked by loss of GFP (green). (B, C) Detection of ROS levels by DHE staining (red) in
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ppr’ expressing hSOD1 in R1-R6 using Rh1-Gal4. All flies carried Rh1-GAL4 in this experiment. Flies were raised in constant light for seven days. Error bars
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doi:10.1371/journal.pbio.1002197.g008

Relative ERG amplitude

Control

Mutations That Cause a Loss of CS or Pyruvate Dehydrogenase Also
Lead to Light-Induced PR Degeneration

Based on our findings, loss of ppr causes reduced ATP production but does not alter steady
state ROS levels. However, ppr deficiency causes a severe loss of ERG responses and Rh1 accu-
mulation upon repetitive light stimulation as well as a progressive light-induced PR degenera-
tion. In the genetic screen that permitted the isolation of ppr, we identified mutations in
numerous genes whose proteins are targeted to mitochondria [20]. To assess if mutations in
genes that have been shown to affect ATP production display similar phenotypes, we evaluated
an embryonic lethal allele of knockdown (knd'®%) [21], which encodes a homolog of CS, and
CG7010 (pdha®™*, G170E) [20], which encodes the E1 subunit of Pyruvate dehydrogenase.
Loss of CS impairs the tricarboxylic acid (TCA) cycle and hence NADH and ATP production
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[82,83], whereas Pyruvate dehydrogenase converts pyruvate to acetyl-CoA and mediates entry
of glycolytic products into the TCA cycle [84]. Mutant clones in the eyes of knd and pdha show
normal primary ERG amplitudes in young flies and flies aged in complete darkness, similar to
ppr mutant PRs (Fig 9A). However, a seven-day exposure to light nearly abolishes ERG ampli-
tudes in these mutants, whereas wild type control PRs are barely affected. Hence, loss of kdn or
pdha causes a severe light-induced degeneration. In addition, both mutants fail to sustain the
ERG amplitude upon repetitive stimulation in young animals (Fig 9B), similar to the pheno-
types associated with the loss of ppr (Fig 3A). These observations suggest that perturbations of
oxidative metabolism leading to loss of ATP production in both mutants underlie these
phenotypes.

Given that loss of ppr induces Rh1 accumulation upon light exposure, we tested Rh1-locali-
zation in knd and pdha mutant PR of flies raised in the dark. Rh1 localization is indistinguish-
able from controls in 2-d-old flies (Fig 9C, 9E, and 9G). Similar to ppr mutant PRs (Fig 4G), an
~24 h exposure to constant light leads to a substantial increase in cytoplasmic Rh1 in knd and
pdha mutants when compared to controls (Fig 9D, 9F, and 9H). Finally, as shown in S6A and
S6B Fig, mutant clones of knd and pdha in eye discs do not show any change in DHE staining,
suggesting that loss of these enzymes does not affect ROS production. In summary, the key
phenotypes associated with the loss of ppr in the eye are very similar to those of knd and pdha,
suggesting a common underlying pathology.

PR Degeneration in sicily Is Enhanced by Exposure to Light

Since increased ROS is commonly associated with mitochondrial dysfunction and causes reti-
nal degeneration in flies and humans [9-11,13,77], we tested whether mutations that severely
affect the ETC and exhibit a severe increase in ROS levels cause both a light-dependent and
light-independent degeneration. Mutations in sicily show a severe reduction in Complex I
activity, a reduction in ATP levels (S7A Fig), and a significant increase in ROS production and
PR degeneration [11,77]. In dark-reared young flies, ERG amplitudes recorded from sicily
mutants are comparable to controls (S7B Fig). When raised in the dark for seven days, sicily
mutant eyes exhibit a ~50% reduction in ERG amplitude, whereas the ERG amplitudes of sicily
mutant eyes is reduced by ~80% when the flies are kept in constant light for seven days (S7B
Fig). These findings suggest that both light-independent and light-dependent mechanisms
cause degeneration in sicily mutant PRs.

As noted in ppr, kdn, and pdha mutants (Figs 3A and 9B), sicily mutants also show a loss of
ERG amplitude upon repetitive stimulation in young animals (S7C Fig). Upon exposure to
light for 7 d, we observe an increase in Rh1 levels in the cytoplasm of sicily mutant PRs (S7E
Fig) when compared to controls (Fig 9D). Finally, Rh1 localization in dark-reared sicily mutant
PRs is indistinguishable from controls (Fig 9C and 9D), similar to what we observed in ppr,
kdn, and pdha mutant PRs (Figs 4 and 9). These results indicate that in sicily mutants,
increased ROS levels [11,77] promote a degeneration that is exacerbated by Rh1 accumulation
upon light exposure.

Discussion

In a forward genetic screen designed to identify mutations in essential genes that cause neuro-
nal degeneration, we identified mutations in numerous nuclear genes that encode mitochon-
drial proteins. One of these genes corresponds to ppr, a homolog of human LRPPRC (Fig 1).
Interestingly, ppr mutant PRs do not degenerate in the dark, in contrast to other mitochondrial
mutants such as sicily [11] and sdhA [10], suggesting that a different mechanism underlies the
degeneration in ppr mutants. Intriguingly, unlike many other mitochondrial mutants [10-
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13,771, loss of ppr does not affect ROS levels but impairs ATP production (Figs 6G and 6H and
8A-8D), suggesting that a reduced ATP production underlies the light-dependent degenera-
tion. This hypothesis is supported by the identification and characterization of mutations in
two other genes encoding Pyruvate dehydrogenase and CS, which play an important role in the
TCA cycle. Both are critical to sustain mitochondrial ATP production [82,83,85-87]. These
results, however, do not rule out the possibility that the ratios of other metabolites will be
altered because of the different mitochondrial defects, and that these alterations contribute to
degeneration. Nevertheless, our results indicate that mutations that affect mitochondrial ATP
production without altering ROS levels do not cause PR degeneration in the absence of neuro-
nal activity. This is in sharp contrast with other mitochondrial mutations like sdhA that display
increased ROS [10]. Hence, reduced neuronal activity in this subgroup of mitochondrial
mutants has neuroprotective effects.

In a French Canadian population, mutations in human LRPPRC have been associated with
Leigh Syndrome, an autosomal recessive neurodegenerative disorder with onset in infancy
[23]. LRPPRC is a key regulator of mtRNA polyadenylation and stability as well as translation
[62,63,69], and loss of LRPPRC causes a decrease in mtRNA abundance, defects in translation,
ETC activity, and mitochondrial ATP production. In agreement with the phenotypes associ-
ated with loss of LRPPRC, we observe a reduction in mtRNA stability in mitochondria of ppr
mutants (Fig 6A).

We also show that ppr and bsf, the two fly homologs of LRPPRC, play partially redundant
roles. We find that CIII activity, which is not affected in ppr mutants (Fig 6D), is significantly
lower in bsf than in ppr mutants (Fig 7F). In contrast, CIV activity is significantly down-regu-
lated in ppr mutants (Fig 6D) when compared to bsf mutants (Fig 7F). Surprisingly, both ppr
and bsf mutants display a decreased activity of the nuclear-encoded CII (Figs 6D and 7F), a
phenotype also observed in LRPPRC knockout mice [63]. We do not know the cause for this
reduced CII activity. Reduced CII activity in ppr and bsf mutants as well as in LRPPRC knock-
out mice may be related to the increase in mitochondrial DNA and transcription, as observed
in mouse knockouts for Mterf3 and TfbIm [88,89].

Finally, we show that mitochondria isolated from ppr mutants show reduced ADP-stimulated
oxygen consumption (Fig 6E), suggesting a defect in OXPHOS leading to reduced mitochondrial
ATP production (Fig 6F-6H). In summary, features associated with the loss of ppr in flies are
similar to what has been described in human cell and mouse experiments [62,63,68,69,90].

Phototransduction is a high ATP-consuming process, and eyes have been estimated to con-
sume 10% of total ATP produced in blowflies [5,60,72]. Moreover, neurons primarily rely on
mitochondrial OXPHOS for ATP production [72,91,92]. We show that ATP synthesis
increases upon exposure to light in controls suggesting the need for a constant energy supply
during phototransduction (Fig 6H). Ca>" has been shown to activate ATP synthesis in mito-
chondria, and we observe that blocking Ca®" influx in PRs also inhibits light-induced ATP pro-
duction (Fig 6H). Hence, the failure to maintain PR activity during repetitive light exposure in
young ppr animals (Fig 3A) may result from reduced mitochondrial activity.

In ppr mutant PRs, a defect in Rh1 cycling (S4E Fig), due to reduced Ca>" influx as predicted
by reduced ERG amplitude (Fig 3A), induces excessive internalization of Rh1 (Fig 4G and S4E
Fig). Excessive Rhl internalization is known to overload the endolysosomal system, resulting
in neurodegeneration upon prolonged light exposure [47]. Indeed, reducing Rh1 by reducing
vitamin A uptake strongly suppresses the PR degeneration associated with ppr mutants (Fig
5A-5D). The observation that the overexpression of the retromer complex protein Vps35,
which recycles internalized Rh1 and protects PRs from degeneration [56], partially rescues
light-induced ERG phenotypes in ppr (S5C Fig) provides further support that excessive Rh1
mediates degeneration of ppr mutant PRs.
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Mitochondrial dysfunction is one of the leading causes of neurodegeneration [93]. However,
mitochondrial disease-associated phenotypes differ significantly depending on the gene that is
affected and the nature of the mutations [94]. Comparing the phenotypes observed in previ-
ously characterized Drosophila mitochondrial genes allows us to start subdividing them into
more discrete phenotypic groups that can be correlated with the observed physiological defects.
For example, sdhA mutants exhibit PR degeneration in the dark and an increase in ROS, yet
the ATP levels remain normal [10]. In contrast, ppr, kdn, and pydh mutants exhibit reduced
ATP levels [82,83,85-87,90], unaltered ROS levels and their PR only degenerate when exposed
to light (Figs 2 and 9A). Mutations that cause reduced ATP production and increased ROS lev-
els may show an intermediate phenotype. sicily mutants show a severe CI deficiency, severely
increased ROS levels [11,77] and reduced ATP levels (S7A Fig). Indeed, sicily mutants exhibit a
light-independent PR degeneration that is accelerated by light exposure (S7B Fig). Consistent
with phenotypes observed in ppr mutants, sicily mutant PRs fail to sustain ERG amplitude
upon repetitive light exposure (S7C Fig) and accumulate Rh1 when exposed to light (S7D Fig).
These observations suggest that reduced mitochondrial ATP production exacerbates the phe-
notype induced by excessive ROS production through Rh1-mediated toxicity. In summary, our
data suggest that the mechanisms that underlie the neurodegenerative phenotypes in a number
of mitochondrial mutants are due to differences in key parameters like ATP production and
ROS levels. Obviously, other mechanisms are also likely to play a role in mitochondrial dys-
function-associated neurodegeneration.

Materials and Methods
Fly Strains and Genetics

Mutagenesis and mutant strains. To isolate lethal mutations on the X chromosome,
mutagenesis was performed on an isogenized fly strain y w P{neoFRT}19A. Mutagenesis was
performed using ethylmethane sulfonate (EMS, 7.5-15 mM). Detailed mutagenesis methods
for isolating ppr, kdn, pdha, and sicily alleles were described earlier [20,21]. Fly strain bsf *"**%!
is a lethal P-element insertion in bsf [95]. The original bsf "''¥! line, obtained from Blooming-
ton Stock Center, was backcrossed to wild-type for seven generations to remove second site
lethal mutations. We mobilized the P-element in the bsf /%! line and identified a viable pre-
cise excision line to use as control. Other mutant lines used in this work are trpl [38]and nor-
pAP?* [76,96].

Mapping. y w mutant P{neoFRT}19A/FM7c, Kr-GAL4 UAS-GFP flies were crossed to a set
of large duplication lines that cover part of the X chromosome (~1-2 Mb) on the Y chromo-
some to roughly map the lethality and to generate rescued males. Mutants rescued by the same
duplication were then crossed inter se to establish complementation groups. ppr alleles were
rescued by Dp(1;Y) y°67g19.1 (FBab0003240) that covers cytological region 2B17-2B18;20A3;
h1-h25B. Through array comparative genomic hybridization (CGH), we molecularly mapped
this duplication to chromosomal location X:184,000. . .1,836,000 [21]. We then performed
complementation tests of ppr alleles with deficiencies within this region and found that Df(1)
Exel6227 (FBab0037794) [97] and Df{(1)BSC719 (FBab0045788) [98] failed to complement ppr
alleles. These deficiencies share a 25 kb interval (S1 Fig). We Sanger sequenced the open read-
ing frames in this 25 kb region and identified mutations in CG14786 in all ppr alleles (Fig 1B).

Mutant eye clones. To generate homozygous mutant clones in the eyes of a heterozygous
animal, we crossed P{GMR-hid}SS1, y' w* P{neoFRT}19A, I(1)CL1 / FM7c, Kr-GAL4 UAS-GFP;
ey-FLP(II) females with y w mutant P{neoFRT}19A/ Dp(1;Y) males. P{GMR-hid}SS1, y' w* P
{neoFRT}19A, I(1)CLI flies were obtained from the Bloomington stock center (FBst0005249).
This technique allowed us to generate a full eye mutant clone [99]. To generate homozygous
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mutant clones that are marked by the absence of GFP, we crossed y w mutant* P{neoFRT}19A/
FM7c, KrGAL4 UAS-GFP with y w hsFLP Ubi-GFP P{neoFRT}19A males (a gift from David
Bilder). To induce mitotic clones, first instar larvae were incubated at 37°C in a water bath for
an hour. To generate homozygous mutant PR clones that are marked by the absence of RFP,
we crossed y w ppr* P{neoFRT}19A/ EM7c, Kr-GAL4 UAS-GFP with y w P3-RFP FRT19A;ey-
FLP/SM1. To reveal Arr2::GFP levels in homozygous mutant PR clones, marked by absence of
RFP, we crossed y w ppr" P{neoFRT}19A/ FM7c, Kr-GAL4 UAS-GFP with y w P3-RFP
FRT19A; NinaE-Arr2::GFP, ey-FLP/SM1 [100]. To overexpress vps35 [56] or hSOD1 [81], we
crossed P{GMR-hid}SS1, y1 w* P{neoFRT}19A, I(1)CL1/ FM7c, Kr-GAL4 UAS-GFP; ey-FLP(II)
Rh1-Gal4 females with y w ppr* P{neoFRT}19A/ Dp(1;Y) y°67g19.1; UAS-vps35 or y w mutant
P{neoFRT}19A/ Dp(L;Y) y°67g19.1; UAS-hSODI males.

Low vitamin A medium. Vitamin A-deficient medium contained 10% dry yeast, 10%
sucrose, 0.02% cholesterol, and 1% agar in water [56].

Generation of Transgenic Lines

Genomic rescue. A 17 kb genomic BAC clone that covers CG14786 (ppr), Pl[acman] BAC
CH322-75021, which is suitable for transgenesis in Drosophila [22], was used for transgenesis
in fly line y w; PBac[y" attP]VK00005 (FBst0009725) [101].

GFP tagging in CG14786 (ppr) genomic fragment. For a 5 kb genomic rescue construct
that covers only CG14786 (X:1349976. . .1354925), the ppr open reading frame was amplified
from P[acman] BAC CH322-75021 using a primer set GGGAATTCGGAATATCTGCCG
ATGGTTA TC (forward) and ATAAGAATGCGGCCGCCGACGCCGCTTGGCCAGATCC
(reverse). This fragment was cloned into p[w*]attB [102] using EcoRI and NotI sites. Trans-
genesis was done in fly line y w; PBac[y" attP] VK00005 (FBst0009725) (FBst0009725). A
BamH]1 restriction site was added before the stop codon in the CG14786 5 kb genomic rescue
construct by chimeric PCR. PCR amplified EGFP sequence was cloned in this BamH]1 restric-
tion site to tag Ppr at the C end. Transgenesis was done in fly line y w; PBac[y" attP] VK00005
(FBst0009725) (FBst0009725) and y w; PBac[y" attP] VK00037 (FBst0009752).

CG14786 (ppr) cDNA. The coding sequence of CG14786 was amplified from cDNA clone
UT01249 (FBcl0292583) (forward primer GGAATTCGCCACCATGCAGCGAGCACGAC
TGTTG and reverse primer AAATATGCGGCCGCCTATCTAACGTGGGCG CGCAGQG) and
cloned in the pUASattB vector [103] between EcoR1 and Notl sites. Kozak consensus
sequences, GCCACC, were added to the 5. Transgenesis was done in fly line y w; PBac[y
[+]-attP]VK00037 (FBst0009752).

bsf cDNA. The coding sequence of bsf was amplified from cDNA clone SD10676
(FBcl0290815) (forward primer GCCACCATGGCATCCATCCTGAGGAC and reverse
primer GCTCTAGACTAGGCCTTGCTGTCCGGTTTG) and cloned in the pUASattB vector
[103] between Notl and Xbal sites. Kozak consensus sequences, GCCACC, were added to the
5'. Transgenesis was done in fly line y w; PBac[y[+]-attP]VK00033 (FBst0009750).

ERGs

For ERG recordings, flies were immobilized on a glass slide with glue. A sharp glass-recording
electrode, filled with 100 mM NaCl was placed on the surface of the eye, and another sharp
glass reference electrode was inserted in the thorax. Field potential recordings were performed
after three to four minutes of darkness. The PR response was digitized and recorded using
AXON-pCLAMPS.1. To record ERGs from a single stimulation, ~1 sec of light flashed using a
halogen lamp (~1,700 Lux). To record ERGs from repeated stimulations, repeated cycles of ~1
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sec of light followed by ~1.5 sec of darkness was used. See [104] for a detailed method of ERG
recording in Drosophila.

Bright Field and TEM

Fly heads were dissected and fixed overnight at 4°C in 4% paraformaldehyde, 2% glutaralde-
hyde, 0.1 M sodium cacodylate (pH 7.2), postfixed in 1% OsOj for 1 h, dehydrated in ethanol
and propylene oxide, and then embedded in Embed-812 resin (Electron Microscopy Sciences).
One micron-thick sections were stained with toluidine blue and imaged with a Zeiss micro-
scope (Axio Imager-Z2) equipped with an AxioCam MRm digital camera. Thin sections (~50
nm) were stained in 4% uranyl acetate and 2.5% lead nitrate, and TEM images were captured
using a transmission electron microscope (model 1010, JEOL). Images were processed with
Image] and Adobe Photoshop. See [105] for detailed methods.

Fluorescence Staining

For immunostaining of larval tissue and adult testis, tissues were dissected in PBS (pH?7.2),
fixed in 3.7% formaldehyde in PBS for 20 min, and washed in 0.2% Triton X-100 in PBS
(PBT). For whole mount staining of fly eyes, heads were prefixed in 4% formaldehyde in PBS
for 30 min after removal of the proboscis. Fly eyes were then dissected from these heads, fixed
for another 15 min, and washed in 0.3% Triton X-100 in PBS. Fixed samples were blocked in
1X PBS containing 5% normal goat serum and 0.2% Triton X-100 for 1 h (PBTS). Samples
were incubated in primary antibody diluted in PBTS overnight at 4 C. For anti- PI(4,5)P, stain-
ing, samples were incubated in primary antibody for two days at 4'C. Samples were washed in
PBT, incubated in secondary antibody diluted in PBT for two hours at room temperature, and
then washed in PBT prior to mounting. Primary antibodies were used at the following dilu-
tions: Mouse monoclonal anti-Rh1 4C5, DSHB[106] 1:50, Rabbit anti-GFP (Invitrogen) 1:500,
mouse anti-ATP synthase o subunit (Complex V; MitoSciences) 1:500, mouse anti- PI(4,5)P,
(Echelon) 1:100. Secondary antibodies conjugated to Cy3 (Jackson ImmunoResearch Labora-
tories, Inc.) or Alexa Fluor 488 (Invitrogen) were used at 1:500. Phalloidin conjugated with
Alexa 488 or Alexa 647 (Invitrogen) 1:250 was added with secondary antibody. Samples were
mounted in Vectashield (Vector Laboratories) before imaging with a confocal microscope.

Western Blots

Heads from 1-2-d-old flies were used. Samples were processed as described in [57]. Primary
antibodies were used at the following dilutions: rabbit Arr2 (1:2000) [46], rabbit RdgC (1:2000)
[107], rabbit Trp (1:2000) [108], rabbit Inad (1:2000) [109], rabbit CalX (1:2000) [110], mouse
Rh1(1:2000) DSHB [106], rabbit NinaC (1:1000) [111], rabbit PKC (1:1000) [112], mouse
Actin (1:5000) (ICN Biomedicals) and Anti-Bsf (1:1000) [113]. All secondary antibodies conju-
gated to HRP (Jackson ImmunoResearch Laboratories, Inc.) were used at 1:10,000.

Quantitative PCR for mtRNA Content

Total RNA was isolated from control and ppr* third instar larvae. Five micrograms of total
RNA from each sample were reverse transcribed using Random Hexamer Primers and the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). RT—qPCR analysis of
the rp49, mitochondrial precursor and mature mitochondrial transcripts were performed in
triplicates using 150ng of cDNA per reaction on a 7900HT Real-Time PCR System using ABI
SYBR Green PCR Master Mix (Applied Biosystems). An initial activation step for 10 min at
95°C was followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. The primer sequences used
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are provided in S1 Table. Data is presented as mean + SD. Fold change was calculated as previ-
ously described [114], and statistical significance was determined using a two-tailed Student’s ¢
test (p < 0.05).

Quantitative PCR for mtDNA Content

Method adopted from [115]. Drosophila whole DNA (genomic and mitochondrial) was puri-
fied from third instar larvae as the template for PCR. Template DNA was mixed with primers
and green supermix reagent (iQ SYBR; Bio-Rad Laboratories). PCR was performed in a ther-
mal cycler (iCycler; Bio-Rad Laboratories), and the data were collected and analyzed using the
optical module (iQ5; Bio-Rad Laboratories) and related software following the manufacturer’s
instructions. The following primer pairs were used to amplify a genomic DNA fragment corre-
sponding to CG9277/f-Tubulin or a mitochondrial DNA fragment corresponding to CG34083/
ND5, respectively: B-Tubulin forward, 5'-CCTTCCCACGTCTTCACTTC-3'; and B-Tubulin
reverse, 5'-TTCTTGGCATCGAACATCTG-3; and ND5 forward, 5'-GCAGAAACAGGTG
TAGGAGCA-3'; and ND5 reverse, 5'-GCTGCTATAACTAAAAGAGCTCAGA-3'. Dissocia-
tion curves for the amplicons were generated after each run to confirm that the fluorescent sig-
nals were not attributable to nonspecific signals (primer-dimers). The mtDNA content

(mtDNA/B-Tubulin ratio) was calculated using the formula: mtDNA content = 1/ 24t where
ACt = CtmtDNAA_CtB-Tubulin

Mitochondrial Physiology

Enzymatic activity assays were performed on larval whole cell extracts or isolated mitochondria
from third instar larvae as previously described [13,116]. Polarography was performed on iso-
lated mitochondria from third instar larvae as previously described [13,117]. Aconitase activity
assays were performed in isolated mitochondria from third instar larvae as previously
described [13]. ATP level for larvae, eyes, and heads were determined by ATP assay kit (Invi-
trogen) [118,119]. Flies were exposed to light (~1,800 Lux) for 1 h prior to detection of ATP
levels in adult eyes and heads. Eyes were dissected in PBS, and heads were frozen on dry ice
and separated on a metal plate kept on dry ice. Five third instar larvae, 20 eyes or 5 heads were
dissected and homogenized in 50 ul of 100 mM Tris and 4 mM, EDTA, pH 7.8. These homoge-
nates were snap-frozen in liquid nitrogen and then boiled for 3 min. Samples were then centri-
fuged, and the supernatant was diluted (1/50 for larvae and 1/2 for heads and eyes) in
extraction buffer mixed with luminescent solution. Luminescence was measure on FLUOstar
OPTIMA plate reader. DHE staining was performed as described previously [78]. Flies were
exposed to 24 h light (1,800 Lux) prior to DHE staining in adult eyes.

Bioinformatics

Percentage protein similarity was determined using BlastP (NCBI). Protein domains were ana-
lyzed by PROSITE [120].

Supporting Information

S1 Data. Excel spreadsheets contain the numerical data.
(XLSX)

S1 Fig. Mapping of ppr alleles. (A) Mapping strategy for ppr alleles. First, duplication map-
ping was performed. The lethality of ppr mutant alleles was rescued by duplication Dp(1;Y)
y°67¢19.1 (blue, chromosomal location is indicated by dotted lines). Second, complementation
tests were performed among mutants rescued by duplication (Dp(1;Y) y°67¢19.1). All five ppr
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alleles (shown in Fig 1) failed to complement each other. Molecularly mapped deficiencies
were used to narrow down the location of the mutations to a 25 kb region. Third, mutations in
CG14786/ppr were identified by Sanger sequencing of this 25 kb region (shown in Fig 1).
Lethality associated with ppr alleles was rescued by a 22 kb genomic rescue P[acman] construct
(CH322-75021) as well as a 5 kb genomic rescue transgene, both uncovering the wild-type
CG14786/ppr sequence. (B) Amino acid sequence of predicted PPR repeat motifs in Ppr pro-
tein. (C-D) Colocalization of the GFP-tagged Ppr protein (green) with mitochondrial complex
V (ATP5A antibody, red) in adult testes and ommatidia (D). The seven rhabdomeres that can
be observed in an ommatidium are stained by Phalloidin/Actin (blue in D).

(TTF)

S2 Fig. PR degeneration due to ppr loss of function is light dependent. (A-I) Bright field
images of retinal sections from control (A, D, G), pprA (B, E,H) and pprE (G, E, 1) eye clones.
Flies were raised in the dark for one day (A-C), three weeks (D-F), or in a 12 h light/dark cycle
for three weeks (G-I).

(TIF)

S3 Fig. PI(4,5)P, levels are not altered in ppr mutant PRs. (A-C) Anti-PI(4,5)P, immunos-
taining (green or grey) in rhabdomeres (blue). Rhabdomeres are stained by Phalloidin/Actin.
Intense PI(4,5)P, staining is seen following 2 min exposure to blue light in norpA***/PLC
mutant (A), due to its lack of PI(4,5)P,-cleaving activity. This is in sharp contrast to the mild
PI(4,5)P, staining that is observed in controls under the same conditions (B). No difference in
PI(4,5)P, staining was detected between wild-type (-/+, RFP, red) and pprA mutant PRs (lack-
ing RFP,-/-) when exposed to white light for 10 min. (D) Relative ERG amplitude from control,
ppr’, trpP% [+ and ppr?; trp®>%/+. trp™® mutant encodes a constitutive active Trp channel
causing constant Ca** influx. (E) trp"*%/+ and ppr"; trp"*°/+ mutant rhabdomeres stained
with Phalloidin/Actin (green).

(TIF)

S4 Fig. Light induces Rh1 accumulation in ppr mutant PRs. (A-D) Rh1 (grey) immunostain-
ing on one micron sections of control (A, C) and ppr”* mutant (B, D) eyes. The flies used in this
experiment were 3-4 d old and raised in the dark (A, B) or exposed to ~30 h of light (C, D). Yel-
low arrows indicate Rh1 punctae in the cytoplasm (D). (E) Transient blue light exposure con-
verts Rh1 to mRh1, which is phosphorylated and inactivated by Arr2 binding. MRh1, in turn, is
recycled to Rh1 by a process that requires (1) an orange photon, (2) Ca>* dependent activation
of Retinal Degeneration C (RDGC) to dephosphorylate Rh1- and (3) Ca®*-dependent Arr2
release (E, left) [31-34,45]. A reduced Ca®* influx would impair Rh1 dephosphorylation and
Arr2 release causing endocytosis of Rh1-Arr2 complex [33,47,51,52]. A 10 min transient expo-
sure to blue light followed by orange light, which is typically required for Rh1 cycling, induces
Rh1 (green) internalization in ppr mutant (-/-, lacking RFP) but not in control (-/+, marked by
RFP) PRs in mosaic eyes. Eyes were fixed and stained upon 24 h of light exposure. Rhabdomeres
are stained by Phalloidin/Actin (blue). (F) Colocalization of internalized Rh1 (red) and Arr2::
GFP (green), indicated by yellow arrows, in ppr mutant PRs (-/-, lack of REP). Wild-type PRs
(-/+, encircled by blue dotted line) are marked by REP (blue). Flies were exposed to 2 d of light
followed by 13 h of darkness. Transient exposure to light during dissection allows translocation
of free cytoplasmic Arr2 to rhabdomeres, facilitating visualization of Arr2 that is present in cyto-
plasmic complexes.

(TIF)

S5 Fig. Photoreceptor degeneration in ppr is mediated by Rh1 toxicity. (A) Western blot to
compare Rh1 levels in eyes from flies raised on normal or low vitamin A food. (B) Bright field
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images of retinal sections of control and ppr” eye clones. Flies were raised in low vitamin A
food and kept in the dark for 3 wk (ppr”, middle) or in a 12 h light/dark cycle for 3 wk (left,
control and right, ppr*). (C) Relative ERG amplitude from control, ppr”, and ppr*-expressing
Vps35 in R1-R6 using Rh1-Gal4. All flies carried Rh1-GAL4 in this experiment. Flies were
raised in constant light for seven days. Error bars represent + SEM; statistical significance was
determined using a two-tailed Student’s ¢ test (p-value ***<0.001).

(TIF)

$6 Fig. ROS is not increased in kdn'®* and pdha®’* mutant cells. (A-B) Mitotic clones of
kdn'®* (A, nongreen cells) or pdha*'* (B, nongreen cells), marked by loss of GFP in eye imagi-
nal discs. ROS is detected by DHE (red). The yellow dashed lines encircle mutant clones.

(TTF)

S7 Fig. Light independent and light dependent PR degeneration due to loss of sicily. (A)
Relative ATP levels from control and sicily7 E third instar larval extracts. (B) Quantification of
relative ERG amplitude from control and sicily”® eye clones. Flies were raised in the dark.
Upon eclosion, they were kept in the dark for two (blue) or seven days (red) or constant light
for seven days (green). (C) Quantification of relative ERG amplitudes measured during repeti-
tive light stimuli (1 sec light and 1.5 sec dark, as shown in Fig 3A) from control or sicily”® eye
clones. Error bars represent = SEM; Student's ¢ test (p-values: **<0.01, ***<0.001. (D, E)
Whole mount Rh1 (red) immunostaining in sicily’” mutant PRs. Rhabdomeres are marked by
Phalloidin/Actin (green). The flies used in this experiment were 2-3 days old and were either
raised in the dark (C) or exposed to ~24 h of light (D) prior to staining.

(TTF)

S1 Table. List of primers used for RT-qPCR.
(XLSX)

Acknowledgments

We thank V. Bayat, K. Zhang, W. Charng, G. David, A. Jawaid, and A. T. Lin-Moore for help
in the genetic screen; H. Pan and Y. He for injections; S. Nagarkar-Jaiswal for technical help;
and C. Haueter, L. Duraine, and Z. Zuo for sectioning for electron and fluorescence micros-
copy. We are grateful to D. Bilder, A. Satoh, C. Montell, P. J. Dolph, C. S. Zuker, and D. F.
Ready for fly strains and antibodies. We thank the Bloomington Drosophila Stock Center and
Developmental Studies Hybridoma Bank for fly strains and antibodies and K. Venkatachalam,
M. F. Wangler, K. Schulze, and D. Li-Kroger for critical reading and editing of this manuscript.

Author Contributions

Conceived and designed the experiments: MJ HJB. Performed the experiments: M] NAH HS
BX TD AK. Analyzed the data: M] NAH HS BX TD AK TAC BHG HJB. Contributed reagents/
materials/analysis tools: MJ. Wrote the paper: M] HJB. Performed the genetic screen: MJ HS
BX SY.

References

1. Wright AF, Chakarova CF, Abd EI-Aziz MM, Bhattacharya SS (2010) Photoreceptor degeneration:
genetic and mechanistic dissection of a complex trait. Nat Rev Genet 11:273-284. doi: 10.1038/
nrg2717 PMID: 20212494

RetNet http://www.sph.uth.tmc.edu/RetNet/.

3. Daiger SP, Sullivan LS, Bowne SJ (2013) Genes and mutations causing retinitis pigmentosa. Clin
Genet 84:132-141.doi: 10.1111/cge.12203 PMID: 23701314

PLOS Biology | DOI:10.1371/journal.pbio.1002197 July 15,2015 25/31


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pbio.1002197.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pbio.1002197.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pbio.1002197.s009
http://dx.doi.org/10.1038/nrg2717
http://dx.doi.org/10.1038/nrg2717
http://www.ncbi.nlm.nih.gov/pubmed/20212494
http://www.sph.uth.tmc.edu/RetNet/
http://dx.doi.org/10.1111/cge.12203
http://www.ncbi.nlm.nih.gov/pubmed/23701314

@’PLOS | BIOLOGY

Photoreceptor Degeneration in Mitochondrial Mutants

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

Organisciak DT, Vaughan DK (2010) Retinal light damage: mechanisms and protection. Prog Retin
Eye Res 29: 113-134. doi: 10.1016/j.preteyeres.2009.11.004 PMID: 19951742

Niven JE, Anderson JC, Laughlin SB (2007) Fly photoreceptors demonstrate energy-information
trade-offs in neural coding. PLoS Biol 5: e116. PMID: 17373859

Okawa H, Sampath AP, Laughlin SB, Fain GL (2008) ATP consumption by mammalian rod photore-
ceptors in darkness and in light. Curr Biol 18: 1917—1921. doi: 10.1016/j.cub.2008.10.029 PMID:
19084410

Schrier SA, Falk MJ (2011) Mitochondrial disorders and the eye. Curr Opin Ophthalmol 22: 325-331.
doi: 10.1097/ICU.0b013e328349419d PMID: 21730846

Maresca A, la Morgia C, Caporali L, Valentino ML, Carelli V (2013) The optic nerve: a "mito-window"
on mitochondrial neurodegeneration. Mol Cell Neurosci 55: 62—76. doi: 10.1016/j.mcn.2012.08.004
PMID: 22960139

Punzo C, Xiong W, Cepko CL (2012) Loss of daylight vision in retinal degeneration: are oxidative
stress and metabolic dysregulation to blame? J Biol Chem 287: 1642—1648. doi: 10.1074/jbc.R111.
304428 PMID: 22074929

Mast JD, Tomalty KM, Vogel H, Clandinin TR (2008) Reactive oxygen species act remotely to cause
synapse loss in a Drosophila model of developmental mitochondrial encephalopathy. Development
135: 2669-2679. doi: 10.1242/dev.020644 PMID: 18599508

Zhang K, Li Z, Jaiswal M, Bayat V, Xiong B, et al. (2013) The CBORF38 homologue Sicily is a cyto-
solic chaperone for a mitochondrial complex | subunit. J Cell Biol 200: 807-820. doi: 10.1083/jcb.
201208033 PMID: 23509070

Yarosh W, Monserrate J, Tong JJ, Tse S, Le PK, et al. (2008) The molecular mechanisms of OPA1-
mediated optic atrophy in Drosophila model and prospects for antioxidant treatment. PLoS Genet 4:
e6. doi: 10.1371/journal.pgen.0040006 PMID: 18193945

Bayat V, Thiffault |, Jaiswal M, Tetreault M, Donti T, et al. (2012) Mutations in the mitochondrial
methionyl-tRNA synthetase cause a neurodegenerative phenotype in flies and a recessive ataxia
(ARSAL) in humans. PLoS Biol 10: e1001288. doi: 10.1371/journal.pbio.1001288 PMID: 22448145

Chakrabarti L, Zahra R, Jackson SM, Kazemi-Esfarjani P, Sopher BL, et al. (2010) Mitochondrial dys-
function in NnaD mutant flies and Purkinje cell degeneration mice reveals a role for Nna proteins in
neuronal bioenergetics. Neuron 66: 835—-847. doi: 10.1016/j.neuron.2010.05.024 PMID: 20620870

Wang T, Montell C (2007) Phototransduction and retinal degeneration in Drosophila. Pflugers Arch
454: 821-847. PMID: 17487503

Shieh BH (2011) Molecular genetics of retinal degeneration: A Drosophila perspective. Fly (Austin) 5:
356-368.

Xiong B, Bellen HJ (2013) Rhodopsin homeostasis and retinal degeneration: lessons from the fly.
Trends Neurosci 36: 652—660. doi: 10.1016/j.tins.2013.08.003 PMID: 24012059

Raghu P, Usher K, Jonas S, Chyb S, Polyanovsky A, et al. (2000) Constitutive activity of the light-
sensitive channels TRP and TRPL in the Drosophila diacylglycerol kinase mutant, rdgA. Neuron 26:
169-179. PMID: 10798401

Yoon J, Ben-Ami HC, Hong YS, Park S, Strong LL, et al. (2000) Novel mechanism of massive photo-
receptor degeneration caused by mutations in the trp gene of Drosophila. J Neurosci 20: 649—-659.
PMID: 10632594

Yamamoto S, Jaiswal M, Charng WL, Gambin T, Karaca E, et al. (2014) A Drosophila genetic
resource of mutants to study mechanisms underlying human genetic diseases. Cell 159: 200-214.
doi: 10.1016/j.cell.2014.09.002 PMID: 25259927

Haelterman NA, Jiang L, Li Y, Bayat V, Sandoval H, et al. (2014) Large-scale identification of chemi-
cally induced mutations in Drosophila melanogaster. Genome Res 24: 1707—-1718. doi: 10.1101/gr.
174615.114 PMID: 25258387

Venken KJ, Carlson JW, Schulze KL, Pan H, He Y, et al. (2009) Versatile P[acman] BAC libraries for
transgenesis studies in Drosophila melanogaster. Nat Methods 6: 431—434. doi: 10.1038/nmeth.
1331 PMID: 19465919

Mootha VK, Lepage P, Miller K, Bunkenborg J, Reich M, et al. (2003) Identification of a gene causing
human cytochrome c oxidase deficiency by integrative genomics. Proc Natl Acad Sci U S A 100:
605-610. PMID: 12529507

Claros MG, Vincens P (1996) Computational method to predict mitochondrially imported proteins and
their targeting sequences. Eur J Biochem 241:779-786. PMID: 8944766

Suzuki E, Hirosawa K (1991) Immunoelectron microscopic study of the opsin distribution in the photo-
receptor cells of Drosophila melanogaster. J Electron Microsc (Tokyo) 40: 187—192.

PLOS Biology | DOI:10.1371/journal.pbio.1002197 July 15,2015 26/31


http://dx.doi.org/10.1016/j.preteyeres.2009.11.004
http://www.ncbi.nlm.nih.gov/pubmed/19951742
http://www.ncbi.nlm.nih.gov/pubmed/17373859
http://dx.doi.org/10.1016/j.cub.2008.10.029
http://www.ncbi.nlm.nih.gov/pubmed/19084410
http://dx.doi.org/10.1097/ICU.0b013e328349419d
http://www.ncbi.nlm.nih.gov/pubmed/21730846
http://dx.doi.org/10.1016/j.mcn.2012.08.004
http://www.ncbi.nlm.nih.gov/pubmed/22960139
http://dx.doi.org/10.1074/jbc.R111.304428
http://dx.doi.org/10.1074/jbc.R111.304428
http://www.ncbi.nlm.nih.gov/pubmed/22074929
http://dx.doi.org/10.1242/dev.020644
http://www.ncbi.nlm.nih.gov/pubmed/18599508
http://dx.doi.org/10.1083/jcb.201208033
http://dx.doi.org/10.1083/jcb.201208033
http://www.ncbi.nlm.nih.gov/pubmed/23509070
http://dx.doi.org/10.1371/journal.pgen.0040006
http://www.ncbi.nlm.nih.gov/pubmed/18193945
http://dx.doi.org/10.1371/journal.pbio.1001288
http://www.ncbi.nlm.nih.gov/pubmed/22448145
http://dx.doi.org/10.1016/j.neuron.2010.05.024
http://www.ncbi.nlm.nih.gov/pubmed/20620870
http://www.ncbi.nlm.nih.gov/pubmed/17487503
http://dx.doi.org/10.1016/j.tins.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/24012059
http://www.ncbi.nlm.nih.gov/pubmed/10798401
http://www.ncbi.nlm.nih.gov/pubmed/10632594
http://dx.doi.org/10.1016/j.cell.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25259927
http://dx.doi.org/10.1101/gr.174615.114
http://dx.doi.org/10.1101/gr.174615.114
http://www.ncbi.nlm.nih.gov/pubmed/25258387
http://dx.doi.org/10.1038/nmeth.1331
http://dx.doi.org/10.1038/nmeth.1331
http://www.ncbi.nlm.nih.gov/pubmed/19465919
http://www.ncbi.nlm.nih.gov/pubmed/12529507
http://www.ncbi.nlm.nih.gov/pubmed/8944766

@’PLOS | BIOLOGY

Photoreceptor Degeneration in Mitochondrial Mutants

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

Verstreken P, Koh TW, Schulze KL, Zhai RG, Hiesinger PR, et al. (2003) Synaptojanin is recruited by
endophilin to promote synaptic vesicle uncoating. Neuron 40: 733-748. PMID: 14622578

Huang FD, Matthies HJ, Speese SD, Smith MA, Broadie K (2004) Rolling blackout, a newly identified
PIP2-DAG pathway lipase required for Drosophila phototransduction. Nat Neurosci 7: 1070-1078.
PMID: 15361878

Wang T, Montell C (2006) A phosphoinositide synthase required for a sustained light response. J Neu-
rosci 26: 12816—12825. PMID: 17151285

Kohn E, Minke B (2011) Methods for Studying Drosophila TRP Channels. TRP Channels Boca Raton
(FL): CRC Press: http://www.ncbi.nim.nih.gov/books/NBK92823/.

Liu CH, Satoh AK, Postma M, Huang J, Ready DF, et al. (2008) CaZ*-dependent metarhodopsin inac-
tivation mediated by calmodulin and NINAC myosin lll. Neuron 59: 778-789. doi: 10.1016/j.neuron.
2008.07.007 PMID: 18786361

Satoh AK, Xia H, Yan L, Liu CH, Hardie RC, et al. (2010) Arrestin translocation is stoichiometric to rho-
dopsin isomerization and accelerated by phototransduction in Drosophila photoreceptors. Neuron
67:997-1008. doi: 10.1016/j.neuron.2010.08.024 PMID: 20869596

Byk T, Bar-Yaacov M, Doza YN, Minke B, Selinger Z (1993) Regulatory arrestin cycle secures the
fidelity and maintenance of the fly photoreceptor cell. Proc Natl Acad SciU S A 90: 1907-1911.
PMID: 8446607

Kristaponyte |, Hong Y, Lu H, Shieh BH (2012) Role of rhodopsin and arrestin phosphorylation in reti-
nal degeneration of Drosophila. J Neurosci 32: 10758-10766. doi: 10.1523/JNEUROSCI.0565-12.
2012 PMID: 22855823

Vinos J, Jalink K, Hardy RW, Britt SG, Zuker CS (1997) A G protein-coupled receptor phosphatase
required for rhodopsin function. Science 277: 687-690. PMID: 9235891

Hardie RC (2012) Phototransduction mechanisms in Drosophila microvillar photoreceptors. Wiley
Interdisciplinary Reviews: Membrane Transport and Signaling 1: 162—187.

Montell C (2012) Drosophila visual transduction. Trends Neurosci 35: 356—363. doi: 10.1016/.tins.
2012.03.004 PMID: 22498302

Peretz A, Suss-Toby E, Rom-Glas A, Arnon A, Payne R, et al. (1994) The light response of Drosophila
photoreceptors is accompanied by an increase in cellular calcium: effects of specific mutations. Neu-
ron 12: 1257-1267. PMID: 8011336

Hardie RC, Minke B (1992) The trp gene is essential for a light-activated Ca®* channel in Drosophila
photoreceptors. Neuron 8: 643—-651. PMID: 1314617

Ranganathan R, Bacskai BJ, Tsien RY, Zuker CS (1994) Cytosolic calcium transients: spatial locali-
zation and role in Drosophila photoreceptor cell function. Neuron 13: 837—848. PMID: 7946332

Peretz A, Sandler C, Kirschfeld K, Hardie RC, Minke B (1994) Genetic dissection of light-induced
Ca?* influx into Drosophila photoreceptors. J Gen Physiol 104: 1057-1077. PMID: 7699363

Liu CH, Wang T, Postma M, Obukhov AG, Montell C, et al. (2007) In vivo identification and manipula-
tion of the Ca®* selectivity filter in the Drosophila transient receptor potential channel. J Neurosci 27:
604—615. PMID: 17234592

Sengupta S, Barber TR, Xia H, Ready DF, Hardie RC (2013) Depletion of PtdIns(4,5)P(2) underlies
retinal degeneration in Drosophila trp mutants. J Cell Sci 126: 1247-1259. doi: 10.1242/jcs. 120592
PMID: 23378018

Bloomquist BT, Shortridge RD, Schneuwly S, Perdew M, Montell C, et al. (1988) Isolation of a putative
phospholipase C gene of Drosophila, norpA, and its role in phototransduction. Cell 54: 723-733.
PMID: 2457447

Cook B, Bar-Yaacov M, Cohen Ben-Ami H, Goldstein RE, Paroush Z, et al. (2000) Phospholipase C
and termination of G-protein-mediated signalling in vivo. Nat Cell Biol 2: 296-301. PMID: 10806481

Alloway PG, Dolph PJ (1999) A role for the light-dependent phosphorylation of visual arrestin. Proc
Natl Acad Sci U S A 96: 6072—6077. PMID: 10339543

Dolph PJ, Ranganathan R, Colley NJ, Hardy RW, Socolich M, et al. (1993) Arrestin function in inacti-
vation of G protein-coupled receptor rhodopsin in vivo. Science 260: 1910-1916. PMID: 8316831

Chinchore Y, Mitra A, Dolph PJ (2009) Accumulation of rhodopsin in late endosomes triggers photore-
ceptor cell degeneration. PLoS Genet 5: €1000377. doi: 10.1371/journal.pgen.1000377 PMID:
19214218

Kahn ES, Matsumoto H (1997) Calcium/calmodulin-dependent kinase |l phosphorylates Drosophila
visual arrestin. J Neurochem 68: 169-175. PMID: 8978723

PLOS Biology | DOI:10.1371/journal.pbio.1002197 July 15, 2015 27/31


http://www.ncbi.nlm.nih.gov/pubmed/14622578
http://www.ncbi.nlm.nih.gov/pubmed/15361878
http://www.ncbi.nlm.nih.gov/pubmed/17151285
http://www.ncbi.nlm.nih.gov/books/NBK92823/
http://dx.doi.org/10.1016/j.neuron.2008.07.007
http://dx.doi.org/10.1016/j.neuron.2008.07.007
http://www.ncbi.nlm.nih.gov/pubmed/18786361
http://dx.doi.org/10.1016/j.neuron.2010.08.024
http://www.ncbi.nlm.nih.gov/pubmed/20869596
http://www.ncbi.nlm.nih.gov/pubmed/8446607
http://dx.doi.org/10.1523/JNEUROSCI.0565-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.0565-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22855823
http://www.ncbi.nlm.nih.gov/pubmed/9235891
http://dx.doi.org/10.1016/j.tins.2012.03.004
http://dx.doi.org/10.1016/j.tins.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/22498302
http://www.ncbi.nlm.nih.gov/pubmed/8011336
http://www.ncbi.nlm.nih.gov/pubmed/1314617
http://www.ncbi.nlm.nih.gov/pubmed/7946332
http://www.ncbi.nlm.nih.gov/pubmed/7699363
http://www.ncbi.nlm.nih.gov/pubmed/17234592
http://dx.doi.org/10.1242/jcs.120592
http://www.ncbi.nlm.nih.gov/pubmed/23378018
http://www.ncbi.nlm.nih.gov/pubmed/2457447
http://www.ncbi.nlm.nih.gov/pubmed/10806481
http://www.ncbi.nlm.nih.gov/pubmed/10339543
http://www.ncbi.nlm.nih.gov/pubmed/8316831
http://dx.doi.org/10.1371/journal.pgen.1000377
http://www.ncbi.nlm.nih.gov/pubmed/19214218
http://www.ncbi.nlm.nih.gov/pubmed/8978723

@’PLOS | BIOLOGY

Photoreceptor Degeneration in Mitochondrial Mutants

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Matsumoto H, Kurien BT, Takagi Y, Kahn ES, Kinumi T, et al. (1994) Phosrestin | undergoes the earli-
est light-induced phosphorylation by a calcium/calmodulin-dependent protein kinase in Drosophila
photoreceptors. Neuron 12:997—-1010. PMID: 8185954

Lee SJ, Montell C (2004) Suppression of constant-light-induced blindness but not retinal degeneration
by inhibition of the rhodopsin degradation pathway. Curr Biol 14:2076-2085. PMID: 15589149

Kiselev A, Socolich M, Vinos J, Hardy RW, Zuker CS, et al. (2000) A molecular pathway for light-
dependent photoreceptor apoptosis in Drosophila. Neuron 28: 139-152. PMID: 11086990

Alloway PG, Howard L, Dolph PJ (2000) The formation of stable rhodopsin-arrestin complexes
induces apoptosis and photoreceptor cell degeneration. Neuron 28: 129—138. PMID: 11086989

Satoh AK, Ready DF (2005) Arrestin1 mediates light-dependent rhodopsin endocytosis and cell sur-
vival. Curr Biol 15:1722-1733. PMID: 16213818

Wang T, Jiao Y, Montell C (2005) Dissecting independent channel and scaffolding roles of the Dro-
sophila transient receptor potential channel. J Cell Biol 171: 685-694. PMID: 16301334

Chang HY, Ready DF (2000) Rescue of photoreceptor degeneration in rhodopsin-null Drosophila
mutants by activated Rac1. Science 290: 1978-1980. PMID: 11110667

Wang S, Tan KL, Agosto MA, Xiong B, Yamamoto S, et al. (2014) The retromer complex is required
for rhodopsin recycling and its loss leads to photoreceptor degeneration. PLoS Biol 12: e1001847.
doi: 10.1371/journal.pbio.1001847 PMID: 24781186

Xiong B, Bayat V, Jaiswal M, Zhang K, Sandoval H, et al. (2012) Crag is a GEF for Rab11 required for
rhodopsin trafficking and maintenance of adult photoreceptor cells. PLoS Biol 10: €1001438. doi: 10.
1371/journal.pbio.1001438 PMID: 23226104

Ozaki K, Nagatani H, Ozaki M, Tokunaga F (1993) Maturation of major Drosophila rhodopsin, ninaE,
requires chromophore 3-hydroxyretinal. Neuron 10: 1113-1119. PMID: 8318232

Nichols R, Pak WL (1985) Characterization of Drosophila melanogaster rhodopsin. J Biol Chem 260:
12670-12674. PMID: 3930500

Laughlin SB, de Ruyter van Steveninck RR, Anderson JC (1998) The metabolic cost of neural infor-
mation. Nat Neurosci 1: 36—-41. PMID: 10195106

Hardie RC, Gu Y, Martin F, Sweeney ST, Raghu P (2004) In vivo light-induced and basal phospholi-
pase C activity in Drosophila photoreceptors measured with genetically targeted phosphatidylinositol
4,5-bisphosphate-sensitive ion channels (Kir2.1). J Biol Chem 279: 47773-47782. PMID: 15355960

Chujo T, Ohira T, Sakaguchi Y, Goshima N, Nomura N, et al. (2012) LRPPRC/SLIRP suppresses
PNPase-mediated mRNA decay and promotes polyadenylation in human mitochondria. Nucleic
Acids Res 40: 8033—-8047. doi: 10.1093/nar/gks506 PMID: 22661577

Ruzzenente B, Metodiev MD, Wredenberg A, Bratic A, Park CB, et al. (2012) LRPPRC is necessary
for polyadenylation and coordination of translation of mitochondrial mMRNAs. Embo J 31: 443-456.
doi: 10.1038/emboj.2011.392 PMID: 22045337

Stewart JB, Beckenbach AT (2009) Characterization of mature mitochondrial transcripts in Drosoph-
ila, and the implications for the tRNA punctuation model in arthropods. Gene 445: 49-57. doi: 10.
1016/j.gene.2009.06.006 PMID: 19540318

Rorbach J, Minczuk M (2012) The post-transcriptional life of mammalian mitochondrial RNA. Biochem
J 444:357-373. doi: 10.1042/BJ20112208 PMID: 22642575

Bratic A, Wredenberg A, Gronke S, Stewart JB, Mourier A, et al. (2011) The bicoid stability factor con-
trols polyadenylation and expression of specific mitochondrial mMRNAs in Drosophila melanogaster.
PLoS Genet 7: €1002324. doi: 10.1371/journal.pgen.1002324 PMID: 22022283

Rolland SG, Motori E, Memar N, Hench J, Frank S, et al. (2013) Impaired complex IV activity in
response to loss of LRPPRC function can be compensated by mitochondrial hyperfusion. Proc Natl
Acad SciU S A 110: E2967-2976. doi: 10.1073/pnas.1303872110 PMID: 23878239

Gohil VM, Nilsson R, Belcher-Timme CA, Luo B, Root DE, et al. (2010) Mitochondrial and nuclear
genomic responses to loss of LRPPRC expression. J Biol Chem 285: 13742—13747. doi: 10.1074/
jbc.M109.098400 PMID: 20220140

Sasarman F, Brunel-Guitton C, Antonicka H, Wai T, Shoubridge EA (2010) LRPPRC and SLIRP inter-
act in a ribonucleoprotein complex that regulates posttranscriptional gene expression in mitochondria.
Mol Biol Cell 21: 1315-1323. doi: 10.1091/mbc.E10-01-0047 PMID: 20200222

Craigen WJ (2012) Mitochondrial DNA mutations: an overview of clinical and molecular aspects.
Methods Mol Biol 837: 3—15. doi: 10.1007/978-1-61779-504-6_1 PMID: 22215537

Brand MD, Nicholls DG (2011) Assessing mitochondrial dysfunction in cells. Biochem J 435: 297-312.
doi: 10.1042/BJ20110162 PMID: 21726199

PLOS Biology | DOI:10.1371/journal.pbio.1002197 July 15,2015 28/31


http://www.ncbi.nlm.nih.gov/pubmed/8185954
http://www.ncbi.nlm.nih.gov/pubmed/15589149
http://www.ncbi.nlm.nih.gov/pubmed/11086990
http://www.ncbi.nlm.nih.gov/pubmed/11086989
http://www.ncbi.nlm.nih.gov/pubmed/16213818
http://www.ncbi.nlm.nih.gov/pubmed/16301334
http://www.ncbi.nlm.nih.gov/pubmed/11110667
http://dx.doi.org/10.1371/journal.pbio.1001847
http://www.ncbi.nlm.nih.gov/pubmed/24781186
http://dx.doi.org/10.1371/journal.pbio.1001438
http://dx.doi.org/10.1371/journal.pbio.1001438
http://www.ncbi.nlm.nih.gov/pubmed/23226104
http://www.ncbi.nlm.nih.gov/pubmed/8318232
http://www.ncbi.nlm.nih.gov/pubmed/3930500
http://www.ncbi.nlm.nih.gov/pubmed/10195106
http://www.ncbi.nlm.nih.gov/pubmed/15355960
http://dx.doi.org/10.1093/nar/gks506
http://www.ncbi.nlm.nih.gov/pubmed/22661577
http://dx.doi.org/10.1038/emboj.2011.392
http://www.ncbi.nlm.nih.gov/pubmed/22045337
http://dx.doi.org/10.1016/j.gene.2009.06.006
http://dx.doi.org/10.1016/j.gene.2009.06.006
http://www.ncbi.nlm.nih.gov/pubmed/19540318
http://dx.doi.org/10.1042/BJ20112208
http://www.ncbi.nlm.nih.gov/pubmed/22642575
http://dx.doi.org/10.1371/journal.pgen.1002324
http://www.ncbi.nlm.nih.gov/pubmed/22022283
http://dx.doi.org/10.1073/pnas.1303872110
http://www.ncbi.nlm.nih.gov/pubmed/23878239
http://dx.doi.org/10.1074/jbc.M109.098400
http://dx.doi.org/10.1074/jbc.M109.098400
http://www.ncbi.nlm.nih.gov/pubmed/20220140
http://dx.doi.org/10.1091/mbc.E10-01-0047
http://www.ncbi.nlm.nih.gov/pubmed/20200222
http://dx.doi.org/10.1007/978-1-61779-504-6_1
http://www.ncbi.nlm.nih.gov/pubmed/22215537
http://dx.doi.org/10.1042/BJ20110162
http://www.ncbi.nlm.nih.gov/pubmed/21726199

@’PLOS | BIOLOGY

Photoreceptor Degeneration in Mitochondrial Mutants

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Harris JJ, Jolivet R, Attwell D (2012) Synaptic energy use and supply. Neuron 75: 762—777. doi: 10.
1016/j.neuron.2012.08.019 PMID: 22958818

Chouhan AK, Ivannikov MV, Lu Z, Sugimori M, Llinas RR, et al. (2012) Cytosolic calcium coordinates
mitochondrial energy metabolism with presynaptic activity. J Neurosci 32: 1233—-1243. doi: 10.1523/
JNEUROSCI.1301-11.2012 PMID: 22279208

Rangaraju V, Calloway N, Ryan TA (2014) Activity-driven local ATP synthesis is required for synaptic
function. Cell 156: 825-835. doi: 10.1016/j.cell.2013.12.042 PMID: 24529383

Tarasov Al, Semplici F, Li D, Rizzuto R, Ravier MA, et al. (2013) Frequency-dependent mitochondrial
Ca(2+) accumulation regulates ATP synthesis in pancreatic beta cells. Pflugers Arch 465: 543-554.
doi: 10.1007/s00424-012-1177-9 PMID: 23149488

Pearn MT, Randall LL, Shortridge RD, Burg MG, Pak WL (1996) Molecular, biochemical, and
electrophysiological characterization of Drosophila norpA mutants. J Biol Chem 271: 4937—4945.
PMID: 8617767

Liu L, Zhang K, Sandoval H, Yamamoto S, Jaiswal M, et al. (2015) Glial lipid droplets and ROS
induced by mitochondrial defects promote neurodegeneration. Cell 160: 177—-190. doi: 10.1016/j.cell.
2014.12.019 PMID: 25594180

Owusu-Ansah E, Yavari A, Banerjee U (2008) A protocol for in vivo detection of reactive oxygen spe-
cies. Nature. doi: 10.1038/nprot.2008.23

Sing A, Tsatskis Y, Fabian L, Hester |, Rosenfeld R, et al. (2014) The atypical cadherin fat directly reg-
ulates mitochondrial function and metabolic state. Cell 158: 1293—1308. doi: 10.1016/j.cell.2014.07.
036 PMID: 25215488

Yan LJ, Levine RL, Sohal RS (1997) Oxidative damage during aging targets mitochondrial aconitase.
Proc Natl Acad Sci U S A 94: 11168-11172. PMID: 9326580

Parkes TL, Elia AJ, Dickinson D, Hilliker AJ, Phillips JP, et al. (1998) Extension of Drosophila lifespan
by overexpression of human SOD1 in motorneurons. Nat Genet 19: 171-174. PMID: 9620775

Lin CC, Cheng TL, Tsai WH, Tsai HJ, Hu KH, et al. (2012) Loss of the respiratory enzyme citrate
synthase directly links the Warburg effect to tumor malignancy. Sci Rep 2: 785. doi: 10.1038/
srep00785 PMID: 23139858

Fergestad T, Bostwick B, Ganetzky B (2006) Metabolic disruption in Drosophila bang-sensitive sei-
zure mutants. Genetics 173: 1357—-1364. PMID: 16648587

Gray LR, Tompkins SC, Taylor EB (2014) Regulation of pyruvate metabolism and human disease.
Cell Mol Life Sci 71: 2577-2604. doi: 10.1007/s00018-013-1539-2 PMID: 24363178

Saada A, Aptowitzer |, Link G, Elpeleg ON (2000) ATP synthesis in lipoamide dehydrogenase defi-
ciency. Biochem Biophys Res Commun 269: 382—-386. PMID: 10708561

Vazquez-Memije ME, Shanske S, Santorelli FM, Kranz-Eble P, Davidson E, et al. (1996) Comparative
biochemical studies in fibroblasts from patients with different forms of Leigh syndrome. J Inherit Metab
Dis 19:43-50. PMID: 8830176

Johnson MT, Freeman EA, Gardner DK, Hunt PA (2007) Oxidative metabolism of pyruvate is required
for meiotic maturation of murine oocytes in vivo. Biol Reprod 77:2-8. PMID: 17314311

Park CB, Asin-Cayuela J, Camara Y, Shi Y, Pellegrini M, et al. (2007) MTERF3 is a negative regulator
of mammalian mtDNA transcription. Cell 130: 273-285. PMID: 17662942

Metodiev MD, Lesko N, Park CB, Camara Y, Shi Y, et al. (2009) Methylation of 12S rRNA is necessary
for in vivo stability of the small subunit of the mammalian mitochondrial ribosome. Cell Metab 9:
386—-397. doi: 10.1016/j.cmet.2009.03.001 PMID: 19356719

Mourier A, Ruzzenente B, Brandt T, Kuhlbrandt W, Larsson NG (2014) Loss of LRPPRC causes ATP
synthase deficiency. Hum Mol Genet 23: 2580-2592. doi: 10.1093/hmg/ddt652 PMID: 24399447

Hall CN, Klein-Flugge MC, Howarth C, Attwell D (2012) Oxidative phosphorylation, not glycolysis,
powers presynaptic and postsynaptic mechanisms underlying brain information processing. J Neu-
rosci 32: 8940-8951. doi: 10.1523/JNEUROSCI.0026-12.2012 PMID: 22745494

Lin AL, Fox PT, Hardies J, Duong TQ, Gao JH (2010) Nonlinear coupling between cerebral blood
flow, oxygen consumption, and ATP production in human visual cortex. Proc Natl Acad SciU S A
107: 8446-8451. doi: 10.1073/pnas.0909711107 PMID: 20404151

Schon EA, Przedborski S (2011) Mitochondria: the next (neurode)generation. Neuron 70: 1033—-1053.
doi: 10.1016/j.neuron.2011.06.003 PMID: 21689593

Vafai SB, Mootha VK (2012) Mitochondrial disorders as windows into an ancient organelle. Nature
491: 374-383. doi: 10.1038/nature11707 PMID: 23151580

Oh SW, Kingsley T, Shin HH, Zheng Z, Chen HW, et al. (2003) A P-element insertion screen identified
mutations in 455 novel essential genes in Drosophila. Genetics 163: 195-201. PMID: 12586707

PLOS Biology | DOI:10.1371/journal.pbio.1002197 July 15,2015 29/31


http://dx.doi.org/10.1016/j.neuron.2012.08.019
http://dx.doi.org/10.1016/j.neuron.2012.08.019
http://www.ncbi.nlm.nih.gov/pubmed/22958818
http://dx.doi.org/10.1523/JNEUROSCI.1301-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.1301-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22279208
http://dx.doi.org/10.1016/j.cell.2013.12.042
http://www.ncbi.nlm.nih.gov/pubmed/24529383
http://dx.doi.org/10.1007/s00424-012-1177-9
http://www.ncbi.nlm.nih.gov/pubmed/23149488
http://www.ncbi.nlm.nih.gov/pubmed/8617767
http://dx.doi.org/10.1016/j.cell.2014.12.019
http://dx.doi.org/10.1016/j.cell.2014.12.019
http://www.ncbi.nlm.nih.gov/pubmed/25594180
http://dx.doi.org/10.1038/nprot.2008.23
http://dx.doi.org/10.1016/j.cell.2014.07.036
http://dx.doi.org/10.1016/j.cell.2014.07.036
http://www.ncbi.nlm.nih.gov/pubmed/25215488
http://www.ncbi.nlm.nih.gov/pubmed/9326580
http://www.ncbi.nlm.nih.gov/pubmed/9620775
http://dx.doi.org/10.1038/srep00785
http://dx.doi.org/10.1038/srep00785
http://www.ncbi.nlm.nih.gov/pubmed/23139858
http://www.ncbi.nlm.nih.gov/pubmed/16648587
http://dx.doi.org/10.1007/s00018-013-1539-2
http://www.ncbi.nlm.nih.gov/pubmed/24363178
http://www.ncbi.nlm.nih.gov/pubmed/10708561
http://www.ncbi.nlm.nih.gov/pubmed/8830176
http://www.ncbi.nlm.nih.gov/pubmed/17314311
http://www.ncbi.nlm.nih.gov/pubmed/17662942
http://dx.doi.org/10.1016/j.cmet.2009.03.001
http://www.ncbi.nlm.nih.gov/pubmed/19356719
http://dx.doi.org/10.1093/hmg/ddt652
http://www.ncbi.nlm.nih.gov/pubmed/24399447
http://dx.doi.org/10.1523/JNEUROSCI.0026-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22745494
http://dx.doi.org/10.1073/pnas.0909711107
http://www.ncbi.nlm.nih.gov/pubmed/20404151
http://dx.doi.org/10.1016/j.neuron.2011.06.003
http://www.ncbi.nlm.nih.gov/pubmed/21689593
http://dx.doi.org/10.1038/nature11707
http://www.ncbi.nlm.nih.gov/pubmed/23151580
http://www.ncbi.nlm.nih.gov/pubmed/12586707

@’PLOS | BIOLOGY

Photoreceptor Degeneration in Mitochondrial Mutants

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Hardie RC, Martin F, Chyb S, Raghu P (2003) Rescue of light responses in the Drosophila "null" phos-
pholipase C mutant, norpAP24, by the diacylglycerol kinase mutant, rdgA, and by metabolic inhibition.
J Biol Chem 278: 18851-18858. PMID: 12621055

Parks AL, Cook KR, Belvin M, Dompe NA, Fawcett R, et al. (2004) Systematic generation of high-
resolution deletion coverage of the Drosophila melanogaster genome. Nat Genet 36: 288—-292.
PMID: 14981519

Cook RK, Christensen SJ, Deal JA, Coburn RA, Deal ME, et al. (2012) The generation of chromo-
somal deletions to provide extensive coverage and subdivision of the Drosophila melanogaster
genome. Genome Biol 13: R21. doi: 10.1186/gb-2012-13-3-r21 PMID: 22445104

Stowers RS, Schwarz TL (1999) A genetic method for generating Drosophila eyes composed exclu-
sively of mitotic clones of a single genotype. Genetics 152: 1631-1639. PMID: 10430588

Satoh T, Inagaki T, Liu Z, Watanabe R, Satoh AK (2013) GPI biosynthesis is essential for rhodopsin
sorting at the trans-Golgi network in Drosophila photoreceptors. Development 140: 385-394. doi: 10.
1242/dev.083683 PMID: 23250212

Venken KJ, He Y, Hoskins RA, Bellen HJ (2006) P[acman]: a BAC transgenic platform for targeted
insertion of large DNA fragments in D. melanogaster. Science 314: 1747-1751. PMID: 17138868

Bischof J, Bjorklund M, Furger E, Schertel C, Taipale J, et al. (2013) A versatile platform for creating a
comprehensive UAS-ORFeome library in Drosophila. Development 140: 2434—2442. doi: 10.1242/
dev.088757 PMID: 23637332

Bischof J, Maeda RK, Hediger M, Karch F, Basler K (2007) An optimized transgenesis system for Dro-
sophila using germ-line-specific phiC31 integrases. Proc Natl Acad Sci U S A 104: 3312-3317.
PMID: 17360644

Dolph P, Nair A, Raghu P (2011) Electroretinogram recordings of Drosophila. Cold Spring Harb Protoc
2011: pdb prot5549.

Yao CK, Lin YQ, Ly CV, Ohyama T, Haueter CM, et al. (2009) A synaptic vesicle-associated Ca*
channel promotes endocytosis and couples exocytosis to endocytosis. Cell 138: 947-960. doi: 10.
1016/j.cell.2009.06.033 PMID: 19737521

de Couet HG, Tanimura T (1987) Monoclonal antibodies provide evidence that rhodopsin in the outer
rhabdomeres of Drosophila melanogaster is not glycosylated. Eur J Cell Biol 44: 50-56.

Lee SJ, Montell C (2001) Regulation of the rhodopsin protein phosphatase, RDGC, through interac-
tion with calmodulin. Neuron 32: 1097—1106. PMID: 11754840

Niemeyer BA, Suzuki E, Scott K, Jalink K, Zuker CS (1996) The Drosophila light-activated conduc-
tance is composed of the two channels TRP and TRPL. Cell 85: 651-659. PMID: 8646774

Shieh BH, Zhu MY (1996) Regulation of the TRP Ca2* channel by INAD in Drosophila photoreceptors.
Neuron 16:991-998. PMID: 8630257

Wang T, Xu H, Oberwinkler J, Gu Y, Hardie RC, et al. (2005) Light activation, adaptation, and cell sur-
vival functions of the Na+/Ca®* exchanger CalX. Neuron 45: 367-378. PMID: 15694324

Montell C, Rubin GM (1988) The Drosophila ninaC locus encodes two photoreceptor cell specific
proteins with domains homologous to protein kinases and the myosin heavy chain head. Cell 52:
757-772. PMID: 2449973

Li HS, Montell C (2000) TRP and the PDZ protein, INAD, form the core complex required for retention
of the signalplex in Drosophila photoreceptor cells. J Cell Biol 150: 1411-1422. PMID: 10995445

Mancebo R, Zhou X, Shillinglaw W, Henzel W, Macdonald PM (2001) BSF binds specifically to the
bicoid mRNA 3' untranslated region and contributes to stabilization of bicoid mRNA. Mol Cell Biol 21:
3462-3471. PMID: 11313472

Kalsotra A, Singh RK, Gurha P, Ward AJ, Creighton CJ, et al. (2014) The Mef2 transcription network
is disrupted in myotonic dystrophy heart tissue, dramatically altering miRNA and mRNA expression.
Cell Rep 6: 336-345. doi: 10.1016/j.celrep.2013.12.025 PMID: 24412363

Bai RK, Wong LJ (2004) Detection and quantification of heteroplasmic mutant mitochondrial DNA by
real-time amplification refractory mutation system quantitative PCR analysis: a single-step approach.
Clin Chem 50: 996-1001. PMID: 15073091

Graham BH, Li Z, Alesii EP, Versteken P, Lee C, et al. (2010) Neurologic dysfunction and male infertil-
ity in Drosophila porin mutants: a new model for mitochondrial dysfunction and disease. J Biol Chem
285:11143-11153. doi: 10.1074/jbc.M109.080317 PMID: 20110367

Li Z, Graham BH (2012) Measurement of mitochondrial oxygen consumption using a Clark electrode.
Methods Mol Biol 837: 63—-72. doi: 10.1007/978-1-61779-504-6_5 PMID: 22215541

Park J, Lee SB, Lee S, Kim Y, Song S, et al. (2006) Mitochondrial dysfunction in Drosophila PINK1
mutants is complemented by parkin. Nature 441:1157-1161. PMID: 16672980

PLOS Biology | DOI:10.1371/journal.pbio.1002197 July 15,2015 30/31


http://www.ncbi.nlm.nih.gov/pubmed/12621055
http://www.ncbi.nlm.nih.gov/pubmed/14981519
http://dx.doi.org/10.1186/gb-2012-13-3-r21
http://www.ncbi.nlm.nih.gov/pubmed/22445104
http://www.ncbi.nlm.nih.gov/pubmed/10430588
http://dx.doi.org/10.1242/dev.083683
http://dx.doi.org/10.1242/dev.083683
http://www.ncbi.nlm.nih.gov/pubmed/23250212
http://www.ncbi.nlm.nih.gov/pubmed/17138868
http://dx.doi.org/10.1242/dev.088757
http://dx.doi.org/10.1242/dev.088757
http://www.ncbi.nlm.nih.gov/pubmed/23637332
http://www.ncbi.nlm.nih.gov/pubmed/17360644
http://dx.doi.org/10.1016/j.cell.2009.06.033
http://dx.doi.org/10.1016/j.cell.2009.06.033
http://www.ncbi.nlm.nih.gov/pubmed/19737521
http://www.ncbi.nlm.nih.gov/pubmed/11754840
http://www.ncbi.nlm.nih.gov/pubmed/8646774
http://www.ncbi.nlm.nih.gov/pubmed/8630257
http://www.ncbi.nlm.nih.gov/pubmed/15694324
http://www.ncbi.nlm.nih.gov/pubmed/2449973
http://www.ncbi.nlm.nih.gov/pubmed/10995445
http://www.ncbi.nlm.nih.gov/pubmed/11313472
http://dx.doi.org/10.1016/j.celrep.2013.12.025
http://www.ncbi.nlm.nih.gov/pubmed/24412363
http://www.ncbi.nlm.nih.gov/pubmed/15073091
http://dx.doi.org/10.1074/jbc.M109.080317
http://www.ncbi.nlm.nih.gov/pubmed/20110367
http://dx.doi.org/10.1007/978-1-61779-504-6_5
http://www.ncbi.nlm.nih.gov/pubmed/22215541
http://www.ncbi.nlm.nih.gov/pubmed/16672980

el e
@PLOS | BIOLOGY Photoreceptor Degeneration in Mitochondrial Mutants

119. Vilain S, Esposito G, Haddad D, Schaap O, Dobreva MP, et al. (2012) The yeast complex | equivalent
NADH dehydrogenase rescues pink1 mutants. PLoS Genet 8: €1002456. doi: 10.1371/journal.pgen.
1002456 PMID: 22242018

120. Sigrist CJ, De Castro E, Langendijk-Genevaux PS, Le Saux V, Bairoch A, et al. (2005) ProRule: a
new database containing functional and structural information on PROSITE profiles. Bioinformatics
21: 4060-4066. PMID: 16091411

PLOS Biology | DOI:10.1371/journal.pbio.1002197 July 15,2015 31/31


http://dx.doi.org/10.1371/journal.pgen.1002456
http://dx.doi.org/10.1371/journal.pgen.1002456
http://www.ncbi.nlm.nih.gov/pubmed/22242018
http://www.ncbi.nlm.nih.gov/pubmed/16091411

