The V-ATPase V1 subunit A1 is required for
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ABSTRACT Synthesis and maturation of the light sensor, rhodopsin, are critical for the main-
tenance of light sensitivity and for photoreceptor homeostasis. In Drosophila, the main
rhodopsin, Rh1, is synthesized in the endoplasmic reticulum and transported to the rhabdo-
mere through the secretory pathway. In an unbiased genetic screen for factors involved in
rhodopsin homeostasis, we identified mutations in vhaé8-1, which encodes the vacuolar
proton-translocating ATPase (V-ATPase) catalytic subunit A isoform 1 of the V1 component.
Loss of vha68-1 in photoreceptor cells disrupted post-Golgi anterograde trafficking of Rh1,
reduced light sensitivity, increased secretory vesicle pH, and resulted in incomplete Rh1 de-
glycosylation. In addition, vha68-1 was required for activity-independent photoreceptor cell
survival. Importantly, vha68-1 mutants exhibited phenotypes similar to those exhibited by
mutations in the VO component of V-ATPase, vha100-1. These data demonstrate that the V1
and VO components of V-ATPase play key roles in post-Golgi trafficking of Rh1 and that
Drosophila may represent an important animal model system for studying diseases associat-
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ed with V-ATPase dysfunction.

INTRODUCTION

The vacuolar proton-translocating ATPase (V-ATPase) is composed
of 14 different subunits that are organized into subcomplexes,
namely, an ATP-catalyzing domain (V1) and a proton-translocation
domain (VO). V-ATPase plays a major role in organelle acidification in
eukaryotic cells (Forgac, 2007; Cotter et al., 2015) and has been
shown to regulate a number of other cellular processes, including
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membrane trafficking and protein degradation (Maxson and
Grinstein, 2014; Cotter et al., 2015). Recently, several studies have
identified unusual and controversial functions of V-ATPase, implicat-
ing this protein in membrane fusion and neurotransmitter release
(Peters et al., 2001; Hiesinger et al., 2005). It has been suggested
that the physical presence of the VO domain, and not the proton-
translocation ability, is required for membrane fusion (Peters et al.,
2001; Bayer et al., 2003; Baars et al., 2007; Sreelatha et al., 2015).
However, several studies have claimed that acidification, rather than
the physical presence of VO, is instead how the VO domain contrib-
utes to vesicle fusion (Ungermann et al., 1999; Coonrod et al., 2013).

The major rhodopsin in Drosophila, Rh1, is synthesized in the
endoplasmic reticulum (ER), where it undergoes N-linked glycosyl-
ation and strict quality control before being trafficked to the rhabdo-
meres, where it becomes a functionally active photon receptor
(Satoh et al., 1997; Wang and Montell, 2007). Proper targeting of
Rh1 to the rhabdomere is crucial for normal phototransduction and
photoreceptor cell survival (Colley et al., 1995; Xiong and Bellen,
2013; Schopf and Huber, 2017). A wide array of chaperones within
the ER ensure proper biosynthesis and folding of rhodopsin (Colley
et al., 1991; Rosenbaum et al., 2006, 2011; Satoh et al., 2015). After
Rh1 exits the ER, it is subjected to additional quality control, includ-
ing a series of deglycosylation events that are essential for the trans-
port and function of newly synthesized rhodopsin (Cao et al., 2011;

Molecular Biology of the Cell



Rosenbaum et al., 2014). Rab11, which is present in the trans-Golgi
network and post-Golgi vesicles, is required for trafficking from the
Golgi to the apical rhabdomere membrane (Satoh et al., 2005;
Xiong et al., 2012). However, other than the role played by Rab11,
very little is known about how anterograde transport of rhodopsin
from the Golgi to the rhabdomere is regulated.

Both active and intact V-ATPase is required for trafficking and
processing of a variety of plasma membrane receptors, including
components of the Wnt receptor complex, namely the G protein—
coupled receptor Frizzled and LRP6 (Buechling et al., 2010; Cruciat
etal., 2010; Hermle et al., 2010). A previous unbiased genetic screen
for synaptic malfunction in Drosophila identified a mutation in
vha100-1 (VO Subunit a1), which encodes the largest subunit of the
VO domain and regulates the formation of soluble N-ethylmaleimide—
sensitive factor activating protein receptor (SNARE) complexes dur-
ing vesicle exocytosis (Hiesinger et al., 2005; Wang et al., 2014a).
Studies in Drosophila, Caenorhabditis elegans, and mammalian cells
have directly implicated the VO domain in secretory vesicle exocyto-
sis, independent of the V1 domain (Hiesinger et al., 2005; Liegeois
et al., 2006; Poea-Guyon et al., 2013). However, mutations in both VO
and V1 components have been reported to disrupt vesicular traffick-
ing and deglycosylation of secretory proteins in cutis laxa patients,
indicating a role for the V1 domain in vesicle exocytosis (Kornak
et al., 2008; Hucthagowder et al., 2009; Van Damme et al., 2017).

In the present study, we performed ethyl methanesulfonate
(EMS) mutagenesis in Drosophila and screened chromosome 2L for
mutations that affect rhodopsin homeostasis and photoreceptor cell
integrity using the “Rh1::GFP ey-flo/hid" method with in vivo fluo-
rescence imaging of Rh1-green fluorescent protein (GFP) (Huang
et al., 2015). A mutation in vhab8-1, which encodes the V-ATPase
catalytic subunit A (isoform 1) of the V1 subcomplex, was isolated.
vhaé8-1 mutants exhibited synaptic dysfunction, reduced light sen-
sitivity, defective post-Golgi anterograde trafficking of rhodopsin,
and light-independent retinal degeneration. Similar phenotypes are
seen in vha100-1 mutants. Our data reveal a conserved function of
the V1 subcomplex in secretory vesicle exocytosis.

RESULTS
Vha68-1 is required for rhodopsin homeostasis
and visual response
To identify genes involved in rhodopsin homeostasis, we performed
EMS mutagenesis and screened chromosome 2L using the
“Rh1::GFP ey-flo/hid” system (Supplemental Figure S1) (Huang
et al., 2015). We generated homozygous mutant eyes in the hetero-
zygous animal and examined fluorescence of GFP-tagged Rh1, the
major rhodopsin in Drosophila. When wild-type eyes were exam-
ined using this system, they had intact deep pseudopupils (DPP),
with six rhabdomeres clearly visible via optical neutralization, either
1 or 5 d following eclosion. We screened for mutants in which DPP
fluorescence was largely reduced on day 1 and/or day 5 (Figure 1A).
In summary, among ~10,000 mutagenized flies, we identified
~50 alleles that affected Rh1 DPP fluorescence, including three new
alleles of ninaA (neither inactivation nor afterpotential A), which
clearly functions in rhodopsin biogenesis. For one complementation
group that included two alleles, the DPP was completely lost, and
the Rh1-GFP fluorescence signal was diffuse on both days 1 and 5
(Figure 1A). To identify the gene responsible for this phenotype, we
performed chromosome 2L deficiency mapping, eventually localiz-
ing these mutations to the vhaé8-1 genomic locus, which encodes
one of the three Drosophila isoforms of the V-ATPase catalytic
subunit A (isoform 1). We named these two alleles vhaé8-1" and
vha68-12. These two alleles both contain single-nucleotide changes
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within the coding region that alter a conserved amino acid of the
Vhaé8 protein (Figure 1B and Supplemental Figure S2).

We next used immunohistochemistry to visualize the localization
pattern of endogenous Rh1 in resin-embedded retinal sections. In
wild-type flies, the majority of Rh1 localized exclusively to the
rhabdomere, whereas in vhaé8-1" photoreceptor cells, Rh1 accu-
mulated in the cell body (Figure 1, C and D). This is also seen in
vha100-12 mutants. Moreover, expressing Vha68-1 in vhaé8-1' pho-
toreceptor cells via the rh1 promoter (ninaE: neither inactivation nor
afterpotential E) completely rescued Rh1 mislocalization. We then
performed electroretinogram (ERG) recordings to analyze visual re-
sponses in vhaé8-1" mutant animals. Exposing wild-type flies to or-
ange light resulted in two discernible components in the ERG,
namely, a photoreceptor-derived sustained corneal negative re-
sponse and on and off transients reflecting synaptic transmission to
second-order lamina neurons (Figure 1E). As has been reported for
vha100-1 mutants, which exhibit disrupted visual transmission
(Hiesinger et al., 2005), both vhaé8-1" and vha100-1? mutants exhib-
ited complete loss of on and off transients (Figure 1E). Expressing
wild-type vhaé8-1 via the ubiquitin (ubi) promoter in the vha68-1'
mutant fully restored on and off transients (Figure 1E). Moreover,
vha68-1" and vha100-12 flies both displayed dramatic decreases in
light sensitivity compared with wild-type flies, indicating that levels of
functional rhodopsin were reduced in these two mutant flies (Figure
1F and Supplemental Figure S3A). Consistent with the light sensitiv-
ity data, Western blot analysis of vhaé8-1" flies revealed reduced
levels of total Rh1 (Supplemental Figure S3, B and C). Together with
the accumulation of Rh1 in the cell body, these results demonstrate
a large reduction in rhabdomeric rhodopsin in vhaé8-1" mutant flies.

We next tested whether mutations in other V-ATPase subunits
result in similar retinal phenotypes. As expected, because V-ATPase
is essential for cellular homeostasis, many of these subunits were
cell lethal when homozygous in the eye (Supplemental Table S1).
According to our data, vhaé8-1 and vhal00-1 were the only V-
ATPase subunits for which this was not the case, as eye-specific loss
of these genes resulted in retinas with defective ERG responses.
This suggested that there are other genes with functions redundant
to vhaé8-1 and vha100-1. Similar to Vha100, which is encoded by
five different genes, three conserved genes encode a V-ATPase
catalytic subunit A, namely vhaé8-1, vha68-2, and vha68-3 (Supple-
mental Figure S2). vhaé8-1 is primarily expressed in the fly head,
vhaé8-2 is ubiquitously expressed, and vha68-3 is expressed specifi-
cally in the testes, according to in situ hybridization analysis (Allan
et al., 2005). To test whether vhaé8-1 is functionally distinct from
these other two genes, we used the ninaE promoter to drive expres-
sion of vha68-2 and vhaé8-3 in vhaé8-1" photoreceptor cells.
Both rescued Rh1 mislocalization (Figure 1C), suggesting that differ-
ent Vhaé8 variants have the same function and that defects in Rh1
accumulation may result from loss of the major photoreceptor
Vhaé8 protein.

Rh1 anterograde trafficking is slow in vha68-1'
photoreceptors

We next asked why Rh1 accumulated in cytoplasmic vesicles of
vhaé8-1" flies. Because V-ATPase sustains low pH within degrada-
tive cellular compartments, disruption of the key catalytic subunit of
V1 may have disrupted the endolysosomal degradation of rhodop-
sin. Alternatively, because Vha100-1 is required for synaptic vesicle
exocytosis, it is possible that mislocalization of Rh1 in vhaé8-1
photoreceptors resulted from defective anterograde trafficking of
membrane proteins (Hiesinger et al., 2005; Haberman et al., 2012).
Rhodopsin, and the major downstream Ca?"/cation channel TRP
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Rhodopsin mislocalization, defective visual transmission, and reduced light sensitivity in vhaé8-1 mutants.
(A) Isolation of the vha68-1" and vhaé8-12 mutations via a forward genetic screen. Rh1-GFP fluorescence was detected
in the deep pseudopupil (top) and by corneal optical neutralization (bottom). Images from 1-d-old and 5-d-old wild-type
(wt: ey-flp rh1-GFP; FRT40A/GMR-hid CL FRT40A), vha68-1'(ey-flp rh1-GFP;vha68-1" FRT40A/GMR-hid CL FRT40A), and
vha68-12 (ey-flp rh1-GFP;vhaé8-12 FRT40A/GMR-hid CL FRT40A) flies are shown. Flies were raised in 12-h light/12-h
dark cycles. (B) The vha68-1 locus and mutations associated with the vha68-1" and vha68-12 alleles. (C) Rh1 accumulated
in the cell body of both vhaé8-1" and vha100-12 (ey-flp rh1-GFP;FRT82B vha100-12/FRT82B GMR-hid CL) photoreceptor
cells. Tangential resin-embedded retinal sections of compound eyes from ~1-d-old wt, vha68-1", vha100-12, vha68-
17;ninaE-vhaé8-1 (ey-flp rh1-GFP; vhaé8-1" FRT40A/GMR-hid CL FRT40A;ninaE-vha68-1/+), vhaé8-1";ninaE-vhaé8-2
(ey-flp rh1-GFP; vha68-1" FRT40A/GMR-hid CL FRT40A;ninaE-vha68-2/+), and vha68-1";ninaE-vhaé8-3 (ey-flp rh1-GFP;
vhaé8-1" FRT40A/GMR-hid CL FRT40A;ninaE-vha68-3/+) flies were labeled using anti-Rh1 antibodies. Rh1 vesicles are
indicated by arrows in vhaé8-1" and vha100-12 cell bodies. (D) Quantification of Rh1 vesicles shown in C. Nine
20 x 20 pm areas from each section of three different eyes were quantified for each genotype. Error bars
indicate SD; ***, p < 0.001 (Student’s unpaired t test). (E) ERG recordings from 1-d-old wt, vha68-17, vha100-12, and
vha68-1";ubi-vhaé8-1 (ey-flp rh1-GFP; vha68-1" FRT40A/GMR-hid CL FRT40A;ubi-vhaé8-1/+) flies. Flies were exposed to
a 5-s pulse of orange light after 2 min of dark adaptation. On and off transients are indicated. (F) Reduced light
sensitivity in vhaé8-1" and vha100-12 flies. ERG amplitudes at each intensity are normalized to ERG amplitudes at
maximum light intensity (10-', ~300 lux). Error bars represent SD; significant differences were determined using the
unpaired Student'’s t test (n=7, ***, p < 0.001).
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Vha68-1 is required for Rh1 maturation. (A) Tangential resin-embedded retinal sections from ~1-d-old

wild-type and vhaé8-1" flies were labeled using antibodies against Rh1 (green) and TRP (red). Colocalized Rh1 and TRP
vesicles are indicated by arrowheads in vhaé8-1" cell bodies. (B) Quantification of the Pearson’s correlation between Rh1
and TRP vesicles. Images of retinas from six different flies for each genotype were used for quantification. Error bars
represent SD; ***, p < 0.001 (Student’s unpaired t test). (C) Cryostat sections of hs-rh1-RFP (ey-flpo rh1-GFP;hs-rh1-RFP/+)
and vhaé8-1";hs-rh1-RFP (ey-flp rh1-GFP;vha68-1" FRT40A/GMR-hid CL FRT40A; hs-rh1-RFP/+) labeled using RFP
antibodies are shown. Flies were heat shocked for 1 h and kept in the dark for 24 h. GFP fluorescence of Rh1-GFP was
directly observed to indicate rhabdomeres. (D) Quantification of rhabdomere-localized, newly synthesized Rh1-RFP at
indicated time points after a 1-h heat shock. Six different compound eye sections of each sample were quantified. Error

bars indicate SD; ***, p < 0.001 (Student’s unpaired t test). (E) Live confocal imaging of dissected ommatidia from
rab11-RFP (rh1-GFP;ninaE-rab11-RFP/+) and vha68-1";rab11-RFP (ey-flo rh1-GFP;vhaé8-1" FRT40A/GMR-hid CL
FRT40A;ninaE-rab11-RFP/+) flies. Images with high magnification are shown in right panels. (F) Quantification of
colocalization between Rh1 and Rab11 vesicles. At least 15 ommatidia from three compound eyes of each genotype
were quantified. Error bars indicate SD; **, p < 0.01 (Student’s unpaired t test).

(transient receptor potential), are synthesized in the ER and trans-
ported to rhabdomeric membranes. Rh1 is rapidly endocytosed in
response to light, whereas TRP is stabilized in rhabdomeres through
formation of a complex with INAD (Inactivation no afterpotential D)
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(Tsunoda et al., 1997; Han et al., 2007; Wang et al., 2014b; Schopf
and Huber, 2017). Thus, in our analysis of wild-type animals, TRP
localized exclusively to the rhabdomere, whereas Rh1 was found in
small, cytoplasmic exocytic vesicles (Figure 2A). To determine
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whether anterograde or retrograde trafficking was affected in vhaé8-
1" flies, we used immunohistochemistry to assess Rh1 and TRP local-
ization in vhaé8-1" mutant retinas. We found that TRP protein also
accumulated in the cell bodies of vhaé8-1" photoreceptors, largely
colocalizing with Rh1 (Figure 2, A and B). In contrast, rhabdomeric
localization of INAD was not affected in vha68-1' flies (Supplemen-
tal Figure S4A). We also measured the localization of NatK*ATPase,
which is a basolateral membrane protein in fly photoreceptors.
Na*K*ATPase localized normally in the basolateral membrane and
did not accumulate in the cytoplasm of vhaé8-1" adult eyes (Supple-
mental Figure S4B). These data indicate that anterograde trafficking
of membrane proteins, including Rh1 and TRP, was defective in
vhaé8-1"photoreceptor cells, but transport toward the basolateral
membrane was not affected.

To further distinguish between Rh1 biosynthetic and endocytic
processes, we introduced into vhaé8-1" mutant flies a transgene in
which red fluorescent protein (RFP)-tagged Rh1 is expressed un-
der control of the heat-shock promoter (hs-rh 1-RFP). We used this
fly to perform a pulse—chase assay (Supplemental Figure S5A).
Young flies were exposed to a 37°C heat shock for 1 h to induce
Rh1-RFP expression and subsequently kept in the dark to avoid
Rh1-GFP endocytosis. The trafficking of newly synthesized Rh1-
RFP was measured at 6, 18, 24, and 48 h after the heat shock. In
wild-type flies, newly synthesized Rh1 was primarily detected in
the rhabdomere by 24 h (Figure 2C and Supplemental Figure S5,
B-E), as has been reported (Rosenbaum et al., 2011). In vha68-1'
flies, however, there was significantly less rhabdomeric Rh1 at both
24- and 48-h time points compared with wild type (Figure 2, C and
D, and Supplemental Figure S5, D and E), indicating that Rh1 an-
terograde trafficking was affected in vhaé8-17 flies. Although the
trafficking of newly synthesized Rh1-RFP could be visualized in
cryostat sections, we found that Rh1 vesicles were poorly pre-
served in this system. Rh1 vesicles were lost in both wild-type and
vhaé8-1"flies. However, Rh1 vesicles could be directly observed in
dissected ommatidia (Figure 2E) or by staining resin-embedded
sections (Figures 1C and 2A).

To separate the Rh1 exocytic and endocytic processes, we intro-
duced the temperature-sensitive allele of dynamin, namely shi®’,
into vhaé8-17;hs-Rh1-RFP flies. Dynamin is required for Rh1 endocy-
tosis upon light exposure (Alloway et al., 2000). Dynamin function is
normal at the permissive temperature of 18°C but loses its function
at elevated temperatures. Impaired dynamin function inhibits the
endocytic process. Newly eclosed flies were exposed to a 37°C heat
shock for 1 h and subsequently kept in the dark at 25°C. The traffick-
ing of newly synthesized Rh1-RFP was measured at 24 h after the
heat shock. In vhaé8-1" flies, newly synthesized Rh1 was still less
localized to the rhabdomere compared with wild type (Supplemen-
tal Figure S6, A and B). We also measured Rh1 vesicles in vha68-1"
ninaE-Gal4;UAS-shit" flies. Rh1 vesicles still accumulated in vhaé8-
1" flies, even though the endocytotic pathway was blocked (Supple-
mental Figure S6C). These data indicate that Vhaé8-1 is required for
Rh1 anterograde trafficking to the rhabdomere.

It has been reported that Rab11 functions in post-Golgi traffick-
ing of Rh1 and TRP to rhabdomeric membranes of photoreceptors
and that Rab11 may serve as a marker for the post-Golgi secretory
pathway (Satoh et al., 2005). We therefore asked whether Rh1 ac-
cumulated in Rab11-positive vesicles in vhaé8-1" mutant cells. We
introduced rab11-RFP into vhaé8-1' flies and dissected ommatidia
for live imaging. Indeed Rh1 largely colocalized with Rab11 in
vhaé8-1" photoreceptor cells (Figure 2, E and F). These results
suggest that Vha68-1 plays a role in the post-Golgi trafficking of
rhodopsin to the apical rhabdomere membrane.

1644 | H.Zhao etal.

Vhaé8-1 is required for Rh1 deglycosylation

Because Vha68-1 is a subunit of the cytosolic V1 domain of V-
ATPase, we asked whether the pH gradient of secreted vesicles was
disrupted in vhaé8-1" photoreceptors. For this analysis, we fused
the secretory vesicle protein nSyb (neuronal Synaptobrevin) to a
pH-sensitive version of GFP, called pHluorin, together with pH-
insensitive mCherry (Koivusalo et al., 2010). The nSyb-mCherry-
pHluorin reporter (hereafter referred to as nSyb-mp) was then
expressed in photoreceptor cells using the ninaE promoter, and the
subcellular localization of the reporter was measured. We performed
colocalization analysis of Rh1 and the nSyb-mp reporter in the adult
eye. Rh1 vesicles largely colocalized with nSyb vesicles, both in wild-
type and vhaé8-17 flies (Figure 3A).Vha100-1 localizes to presynap-
tic photoreceptor terminals in the lamina (Hiesinger et al., 2005).
The nSyb-mp reporter colocalized with Vha100-1 in the synaptic
terminals (Supplemental Figure S7A). Vha100-1 colocalized with
multiple endosome markers in the lamina, including Rab5, Rab?,
and Rab11, but colocalized less with the lysosome marker Lamp1
(Supplemental Figure S7B). Similarly, comprehensive colocalization
analysis has revealed that Vha100-1 strongly colocalizes with early
endosome markers and synaptic vesicles, but exhibits less colocal-
ization with lysosomal markers (Williamson et al., 2010). These
results indicate that the nSyb-mp reporter colocalizes with Rh1 vesi-
cles in the retina and localizes to synaptic terminals in the lamina.

In wild-type flies, green fluorescence was barely detectable in
dissected ommatidia, due to low pH. However, the pHluorin signal
was readily detected in vhaé8-1" ommatidia, with the pHluorin/
mCherry fluorescence ratio approaching 1 (Figure 3, B and C). These
results demonstrate that pH levels were increased in vhaé8-1'
secretory vesicles.

During biosynthesis, Rh1 is transiently glycosylated at Asn20
within the extracellular N-terminal region. This modification is re-
moved as it is transported from the ER to the rhabdomere (O'Tousa,
1992; Webel et al., 2000; Rosenbaum et al., 2014). As several glyco-
syl hydrolase enzymes involved in glycoprotein deglycosylation are
present in the exocytic vesicles (Nilsson et al., 2009; Fisher and
Ungar, 2016), we asked whether Rh'1 deglycosylation was disrupted
in V-ATPase mutants, which exhibit loss of acidification. We ob-
served an increase in the molecular weight (MW) of Rh1 in both
vhaé8-1" and vha100-1 flies (Figure 3D and Supplemental Figure
S3B). After extracts were digested with two glycosidases, endogly-
cosidase H (Endo H) and peptide N-glycosidase F (PNGase F), Rh1
from vhaé8-1" or vha100-12 animals was reduced to wild-type size
(Figure 3D). Moreover, Rh1 deglycosylation defects were rescued
by expressing vhaé8-1, vhab8-2, or vhab8-3 in vhaé8-1" mutants
(Figure 3E).

We next sought to determine which step in the deglycosylation
process involves Vha68-1. NinaA is an ER chaperone for Rh1, and
immature Rh1 with an untrimmed N-linked glycosylation is re-
tained in the ER of ninaA mutants (Colley et al., 1991). As ex-
pected, Rh1 protein was smaller in vhaé8-1' than in ninaA? flies,
indicating that Vhaé8-1 functions downstream of the ER (Figure
3F). Drosophila metallophosphoesterase (dMppe) is required for
Rh1 deglycosylation in the Golgi, and Rh1 MW was slightly greater
in dmppe®®??% mutants than in vhaé8-1" flies (Figure 3F) (Cao
etal., 2011). We next generated vhaé8-1" dmppe’??%5 double mu-
tants and found that Rh1 MW in the double mutants was indistin-
guishable from that measured in dmppe9?% flies (Figure 3F). This
indicates that Vhaé8-1 functions downstream of the Golgi in Rh1
deglycosylation. Although it has been reported that glycosyl hy-
drolases for removal of the remaining mannose residues and the
two core GlcNAc residues retain deglycosylation activity at neutral
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Vha68-1 is required for Rh1 deglycosylation and pH homeostasis of secretory vesicles. (A) Rh1 vesicles and
nSyb secretory vesicles largely colocalized. Eyes from control (ninaE-nSyb-mCherry-pHluorin/+) and vha68-1" (ey-flp;
vha6é8-1" FRT40A/GMR-hid CL FRT40A; ninaE-nSyb-mCherry-pHluorin/+) flies expressing nSyb-mCherry-pHluorin were
labeled with antibodies against Rh1 (green) and RFP (red). Images with high magnification are shown in right panels.
(B) Secretory vesicle pH was increased in vha68-1" photoreceptors. Live confocal imaging of dissected ommatidia from
control and vhaé8-17 flies expressing nSyb-mCherry-pHluorin. The pHluorin fluorescence was brighter in vha68-1' flies
compared with controls, which indicates an increase in pH. (C) Quantification of fluorescence ratios in control and
vha68-1" flies. Four eyes from different flies and 20 ommatidia from each eye were quantified. Error bars represent SD;
*** p<0.001 (Student’s unpaired t test). (D) The increase in Rh1 MW is due to a failure of deglycosylation. Head
extracts prepared from 1-d-old vha68-1" or vha100-12 flies were digested with Endo H or PNGase F at 37°C for 4 h
before being labeled with antibodies against Rh1. (E) Rh1 MW was reverted to wild type upon expression of vha68-1,
vha68-2, or vha68-3 in photoreceptor cells. Western blot analysis of head extracts from 1-d-old wild-type, vha68-17,
vhaé8-1';ninaE-vhab8-1, vhaé8-1":ninaE-vhaé8-2, and vhaé8-1;ninaE-vhaé8-3 flies that were labeled with antibodies
against Rh1. One-day-old flies were used. (F) Vha68-1 functions downstream of dMPPE. Head extracts were prepared
from 1-d-old wild-type, vha68-1', dmppe©??%, vha68-1" dmppe©??%5(ey-flp rh1-GFP;vhaé8-1" FRT40A dmppe®027%5/
GMR-hid CL FRT40A dmppe®®??%%), and ninaA%lies and labeled with antibodies against Rh1. (G) Similar Rh1 MW in
vha68-1" and a-Man-11a®47" flies. Head extracts were prepared from 1-d-old flies and labeled with antibodies against
Rh1. (H) Tangential resin-embedded sections of compound eyes from ~1-d-old wild-type, vhaé8-17, and o.-Man-11a®4%!
flies were labeled using antibodies against Rh1 (green). Rh1 vesicles did not accumulate in o-Man-11a%4°" flies, which
showed deglycosylation defects. (I) Light-sensitivity analysis of ~1 d posteclosion flies. ERG amplitudes at each intensity
are normalized to ERG amplitudes at maximum light intensity (10-!, ~300 lux). n = 7; data are presented as mean * SD;
*** p<0.001 (Student’s unpaired t test).
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pH (Leonard et al., 2006; Rosenbaum et al., 2014), a single large
Rh1 band was detected in both vhaé8-1" and vha100-1" mutants,
indicating that these glycosyl hydrolases failed to function in
high pH. Therefore, our data suggest that the final steps of
rhodopsin deglycosylation occur in post-Golgi vesicles and that
low pH is required for proper functioning of relevant glycosyl
hydrolases.

In the mutant genes ninaA and santa maria (scavenger receptor
acting in neural tissue and majority of rhodopsin is absent), which
encode a peptidyl-prolyl cis-trans isomerase and a class B scaven-
ger receptor, respectively, Rh1 remains fully glycosylated and accu-
mulates in the ER, suggesting deglycosylation of newly synthesized
rhodopsin may be essential for its rapid transport to the rhabdo-
mere (Colley et al., 1991; Wang et al., 2007). However, incomplete
deglycosylation of Rh1 within the Golgi of dmppe mutants did not
affect Rh1 localization (Cao et al., 2011). To establish the relationship
between Rh1 deglycosylation defects and the Rh1 accumulation in
vesicles of vhaé8-1" mutants, we used a mutation in the gene a-
Man-lla, which mediates Rh1 deglycosylation (Cao et al., 2011,
Rosenbaum et al., 2014). Although, the size of Rh1 was similar be-
tween vhaé8-1" and o-Man-11a%47%" flies, Rh1 did not accumulate in
vesicles in a-Man-11a%4°" flies, and the light sensitivity of a-Man-lla
mutants was indistinguishable from that of wild-type flies (Figure 3,
G-l). Moreover, TRP, which is likely not subjected to N-glycosylation
modification, was also mislocalized in vhaé8-1" cells. In addition,
Rh1 vesicles still accumulated in vhaé8-1" dmppe®®??%> double mu-
tants (Supplemental Figure S8A). Although dMppe functions up-
stream of Vha68-1 in the Rh1 deglycosylation process, dMppe could
not suppress Rh1 accumulation phenotypes in vhaé8-1' flies. These
results suggest that the deglycosylation of newly synthesized rho-
dopsin in the post-Golgi secretory pathway is not required for its
trafficking to the rhabdomere.

To investigate the relationship between Rh1 post-Golgi traffick-
ing and increased vesicle pH, we exploited a single amino acid mu-
tation, R755A, that specifically disrupts the proton translocation
function of V100 (Williamson et al., 2010). v100F%A-GFP was ex-
pressed in the vhal00-12 mutant background using the ninaE pro-
moter. This acidification-defective form of V100 could not rescue
Rh1 vesicle accumulation or Rh1 deglycosylation phenotypes (Sup-
plemental Figure S8, B and C). These results indicate that V-ATPase
is required to maintain pH in Rh1 secretory vesicles during its traf-
ficking to the rhabdomere.

Mutations in vhaé8-1 lead to light-independent retinal
degeneration

Because Rh1 showed unusual cellular localization and abnormal
posttranslational modifications, we set out to determine whether
photoreceptor integrity depends on Vha6é8-1. Wild-type ommatidia
consistently exhibited seven intact rhabdomeres, regardless of age
and light/dark conditions (Figure 4A). However, vha68-1' flies dis-
played light-independent loss of photoreceptor cells and rhabdo-
meres. Twenty-day-old vhaé8-1" flies exhibited a complete loss of
rhabdomeres within R1-Ré cells when reared either in a light/dark
cycle or constant darkness. Moreover, many vesicles accumulated in
vhaé8-1" cell bodies, even shortly after eclosion under both dark
and light conditions, reflecting an accumulation of secretory vesicles
(Figure 4, B and C). A cross-section of wild-type ommatidium con-
tains seven photoreceptors, organized in a stereotypical pattern
(Figure 4D). Cell-death and vesicle-accumulation phenotypes in
vhaé8-1" flies were completely rescued by expressing vhaé8-1,
vhaé8-2, or vhaé8-3 (Figure 4E). These results demonstrate that
Vhaé8-1 is required for photoreceptor cell survival.
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DISCUSSION

In addition to functioning in vesicular acidification, V-ATPase is also
involved in trafficking and processing of plasma membrane recep-
tors, such as receptors in the Wnt and Notch signaling pathways in
both vertebrates and invertebrates (Yan et al., 2009; Buechling et al.,
2010; Cruciat et al., 2010; Hermle et al., 2010; Vaccari et al., 2010).
Here, we isolated mutations in the V1 component subunit, Vha68-1.
In these mutants, maturation of the photon receptor, rhodopsin, was
disrupted, impairing light sensitivity of photoreceptors. Rhodopsin
accumulated in vesicles in these mutant photoreceptors, but this ac-
cumulation did not result from disruption of endocytic trafficking or
degradation of the receptor. We base this conclusion on four results.
First, The TRP channel accumulated together with rhodopsin in pho-
toreceptor cell bodies, even though TRP is not normally subjected to
high levels of endocytosis. In contrast, INAD, which forms a complex
with TRP in rhabdomeres, still localized to the rhabdomere in vhaé8-
1 mutant cells, suggesting that mislocalization of TRP occurred up-
stream of formation of the signalplex with INAD (Li and Montell,
2000). Second, a pulse—chase assay demonstrated that rhodopsin
maturation was dramatically slower in vhaé8-1 mutants compared
with wild-type controls. Rh1 vesicles still accumulated in vhaé8-1'
flies in the shi*" background, which blocks the endocytotic pathway.
Third, cytosolic rhodopsin largely colocalized with Rab11, a marker
of the post-Golgi secretory pathway (Satoh et al., 2005). Finally, loss
of Vhaé8-1 led to severe, light-independent retinal degeneration,
whereas retinal degeneration in mutations that affect retrograde traf-
ficking of endocytic rhodopsin require light to activate the endocytic
event (Xu et al., 2004; Chinchore et al., 2009; Xu and Wang, 2016).
We therefore propose a model in which Vhaé8-1 functions in post-
Golgi secretory vesicles to deglycosylate and transport Rh1 to the
apical rhabdomere membrane (Figure 5).

Direct involvement of the VO component in membrane fusion,
independent of the V1 component, has been demonstrated in
worm, fly, zebrafish, and mouse models (Peters et al., 2001; Baars
et al., 2007; Stroupe et al., 2009; Strasser et al., 2011; Sreelatha
et al., 2015). However, a role for the VO domain in homotypic fusion
is controversial, as vacuole acidification may instead be the mecha-
nism by which V-ATPase affects this process (Ungermann et al.,
1999; Coonrod et al., 2013). In flies, mutations in the largest VO
component, vhal00-1, lead to synaptic vesicle accumulation and
loss of visual transmission in synaptic terminals (Hiesinger et al.,
2005). Although these data suggest that Vha100-1 and perhaps
other VO components mediate the release of synaptic vesicles,
their potential role in the acidification of synaptic vesicles must also
be taken into account. Recently, a mutation in the B subunit of
V1 was isolated in C. elegans. This mutant exhibits defects in acetyl-
choline neurotransmission, suggesting a crucial role of the V1
component in membrane fusion (Ernstrom et al., 2012). Here, we
identified a mutation in the A1 subunit of the V1 component, and
mutations in both vhaé8-1 and vha100-1 disrupted visual transmis-
sion and displayed Rh1 trafficking defects, suggesting that V1 and
VO may both play vital roles in membrane fusion. It has been re-
ported that V-ATPase is also important for sorting proteins in the
secretory pathway, as disruption of V-ATPase activity causes cyto-
plasmic accumulation of plasma membrane proteins and secretory
granules (Sobota et al., 2009; Huang and Chang, 2011). Neverthe-
less, our data support a key role of V-ATPase in anterograde traffick-
ing of membrane proteins.

Genetic mutations affecting V-ATPase have been identified in
several human autosomal-recessive disorders. In particular, muta-
tions in the VO component subunit ATP6VOAZ2, the counterpart of fly
vha100, cause symptoms of cutis laxa, a condition characterized by
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FIGURE 4: Light-independent retinal degeneration and massive vesicle accumulation in vha68-1" photoreceptors.
(A-C) Transmission electron microscopy images of representative ommatidia are shown. Sections were obtained from
wild-type (A) or vha68-1' (B) flies, which were raised in the dark or in 12-h light/12-h dark (L/D) cycles for the indicated
time points. Red circles indicate cell bodies filled with vesicles. (C) Vesicles accumulated in a single photoreceptor cell of
vha68-1" flies raised in the dark or in 12-h light/12-h dark (L/D) cycles at day 0. (D) Cartoon picture illustrates
photoreceptor cells in a single ommatidium in the distal region. Seven photoreceptor cells (1-7) are marked and shown.
R, rhabdomere. (E) Suppression of retinal degeneration in vhaé8-1" mutants by ninaE-vhaé8-1, ninaE-vha68-2, or
ninaE-vhaé8-3. All flies were raised for 10 d under 12-h light/12-h dark cycles.

disrupted vesicular trafficking, abnormal glycosylation of serum pro-
teins, intracellular accumulation of tropoelastin, and reduced levels
of mature elastin in the extracellular matrix (Kornak et al., 2008;
Hucthagowder et al., 2009). Recently, mutations in ATP6V1A, the
counterpart of fly Vhaé8, have also been implicated in cutis laxa
disorders, affecting protein glycosylation, Golgi trafficking, and
extracellular matrix homeostasis (Van Damme et al., 2017). As muta-
tions in fly vhaé8-1 affect the deglycosylation and post-Golgi traf-
ficking of rhodopsin, resulting in retinal degeneration, this system
represents a conserved model for studying diseases associated with
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defective V-ATPase. Thus, these genetic reagents provide opportu-
nities for exploiting this model organism to identify genetic and/or
pharmacological suppressors of V-ATPase mutants.

MATERIALS AND METHODS

Fly stocks

The following stocks were obtained from the Bloomington Stock
Center: 1) y* w'''8; PlneoFRT] 82B Vha100-12/TM3, Sb', 2) w*; ni-
naAZ?, 3) w'''8; PEP a-Man-11a%4%0", 4) M(vas-int.Dm)ZH-2A;M(3xP3-
RFPattP)ZH-86Fb, 5) w'''é, 6) w*; P[UAS-shi®'.K]3. The PBac
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FIGURE 5: Model of Vha68-1 function in Rh1 trafficking. In wild-type flies, Rh1 is synthesized in the ER and undergoes
N-glycosylation. Oligosaccharides are sequentially removed in the Golgi and secretory vesicles before mature Rh1 is
delivered to the rhabdomere. In vha68-1" mutant flies, post-Golgi secretory vesicles fail to maintain low pH level
because of V-ATPase malfunction. As a result, Rh1 is not fully deglycosylated, accumulating in secretory vesicles within
the photoreceptor cell body. Levels of functional Rh1 are therefore reduced in the rhabdomere.

Mppec927% flies were obtained from J. Han (Institute of Life Science,
Southeast University, China). The ninaE-rab5-rfp, ninaE-rab7-rfp,
ninaE-rab11-rfp, ninaE-lamp1-rfo, ey-flo ninaE-Rh1-GFP;FRT40A,
ey-flo ninaE-Rh1-GFP;GMR-hid CL FRT40A/Cyo, and ey-flp ninaE-
Rh1-GFP;FRT82B GMR-hid CL/TM3 flies were maintained in the
laboratory of T.W. Flies were maintained in 12-h light/12-h dark cy-
cles with 2000 lux illumination at 25°C, unless different conditions
are described in the text.

EMS mutagenesis

The second chromosome of ey-flp,ninaE-Rh1-GFP;FTR40A flies was
isogenized, and young male flies were fed 25 mM EMS (Sigma, St.
Louis, MO) in 2% sucrose for 8 h. Mutagenized flies were mated
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immediately to ey-flo ninaE-Rh1-GFP;GMR-hid CL FRT40A/Cyo
flies (Supplemental Figure S1). F1 progeny were screened by per-
forming fluorescence DPP assays at days 1 and 5 following eclosion.
Approximately 10,000 F1 flies were screened.

Generation of transgenic flies

The vhaé8-1, vhaé8-2, vhaé8-3, vha100-1, and nSyb cDNAs were
amplified from the cDNA clones GH21132, RE30552, AT09773,
LD21248, and GHO4664, respectively, which were obtained from
the Drosophila Genomic Resource Center. For expression of vhaé8-
1, vhaé8-2, and vhaé8-3 cDNAs under control of the ninaE promoter,
the cDNAs were subcloned into the pninaE-attB vector between the
Notl and Xbal sites (Xu and Wang, 2016). The vha100-1 cDNA was
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subcloned into the plIB-c-GFP or plB-c-myc vector between the
EcoRl and Notl sites. The mutant form v100%%> was obtained using
site-directed mutagenesis. The fragment v100-GFP, v100%7>A-GFP,
or v100-myc was separately subcloned into the pninaE-attB vector
between the EcoRI and Xbal sites. The nSyb cDNA was subcloned
into the pIB-mcherry-pHluorin vector between the Hindlll and EcoRI
sites. The mcherry-pHluorin vector was a gift from S. Grinstein (De-
partment of Biochemistry, University of Toronto, Canada) (Addgene
plasmid #32001). The nSyb-mcherry-pHluorin fragment was sub-
cloned into the pninaE-attB vector. These constructs were injected
into M(vas-int.Dm)ZH-2A;M(3xP3-RFP.attP)ZH-86Fb embryos, and
transformants were identified on the basis of eye color (Bischof
et al., 2007). The 3xP3-RFP marker was eliminated by crossing to a
Cre-expressing line.

For expression of RFP-labeled Rh1 under control of the heat-
shock (hs) promoter, an RFP tag was added to the C terminus of the
rh1 cDNA sequence and subsequently subcloned into the pCaspeR-
hs vector between the Notl and Xbal sites. The construct was in-
jected into w'""8 embryos, and transformants were identified on the
basis of eye color.

Fly imaging and optical neutralization assay

Flies were anaesthetized on a CO; pad, and fluorescence DPP
images were taken with a Leica M165 FC Fluorescence Stereo Micro-
scope (Leica, Wetzlar, Germany). For the optical neutralization assay,
fly heads were immersed in mineral oil with antennae facing up.
Samples were observed using a Nikon Ni-U fluorescence microscope
equipped with a CFl Plan Fluor 40x objective (Nikon, Tokyo, Japan).

Western blotting and glycosidase treatment of Rh1

For Western blotting, fly heads were homogenized in SDS sample
buffer with a pellet pestle (Fisher, Pittsburgh, PA). Proteins were then
fractionated by SDS-PAGE and transferred to Immobilon-FL transfer
membranes (Millipore, Carrigtohill, Ireland) in Tris-glycine buffer.
The blots were probed with primary antibodies against Rh1 (mouse,
1:2000; Developmental Studies Hybridoma Bank, lowa City, IA) or
INAD (rabbit, 1:2000, Wang et al., 2008), followed by IRDye 680
goat anti-mouse immunoglobulin G (IgG) or IRDye 800 goat anti-rat
IgG (Li-Cor, Lincoln, NE) as secondary antibodies. Signals were
detected using an Odyssey infrared imaging system (Li-Cor, Lincoln,
NE).

All reagents for the Endo H and PNGase F digestions were ob-
tained from New England Biolabs (NEB, Ipswich, MA). Twenty fly
heads were collected and homogenized in glycoprotein denaturing
buffer (1% SDS, 80 mM dithiothreitol). Homogenates were incu-
bated for 4 h at 22°C and centrifuged to collect the supernatant.
Digest reactions were processed according to manufacturer’s in-
structions with slight modification. Specifically, the reactions were
incubated for 4 h at 37°C. All samples were solubilized in SDS load-
ing buffer to equal volumes for Western blot analysis.

ERG recordings

ERG recordings were performed as previously described (Wang
et al., 2008). Two glass microelectrodes filled with Ringer’s solution
were inserted into small drops of electrode cream (Parker Laborato-
ries, Fairfield, NJ) that were placed onto the surface of the com-
pound eye and the thorax. A Newport light projector (model 765)
was used for stimulation. ERG signals were amplified with a Warner
electrometer |IE-210 and recorded with a Maclab/4s analogue-
to-digital converter and the clampelx v. 10.2 program (Warner
Instruments, Hamden, CT). All recordings were carried out at room
temperature.
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Immunohistochemistry

Hemisected fly heads were fixed with 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) and embedded in LR White resin as
described (Wang et al., 2005). Cross-sections (0.5 pm) of compound
eyes were cut through the distal region of the retina, which included
the R7 cells. Sections were incubated with primary antibodies
against Rh1 (mouse monoclonal 4C5, 1:200; Developmental Stud-
ies Hybridoma Bank, lowa City, I1A), TRP (rabbit, 1:200; Wang et al.,
2008), or INAD (rabbit, 1:200; Wang et al., 2008) at room tempera-
ture for 1 h. Secondary antibodies against mouse or rabbit 1gG
labeled with Alexa Fluor 488 or Alexa Fluor 568, respectively, were
used (1:400, Invitrogen, Waltham, MA). Images were captured with
a Nikon A1-R confocal microscope (Nikon, Tokyo, Japan). Acquired
images were processed using Photoshop CS6é and ImageJ (National
Institutes of Health, Bethesda, MD). For measurement of the accu-
mulation of Rh1 vesicles in cell bodies, sections from three different
eyes and three 20 x 20 pm regions of each retina were quantified.
The Pearson’s correlation as a measure of colocalization between
Rh1 and TRP vesicles was calculated using the Volocity software
(PerkinElmer, Waltham, MA).

For the Rh1 heat-pulse assay and Vha100-1 colocalization analy-
ses, fly heads were collected at indicated time points and fixed in
4% PFA in PBS (pH 7.4) for 1 h on ice. After three washes in PBS,
heads were infiltrated with 12% sucrose overnight at 4°C. The next
day, samples were submerged in optimal cutting temperature
(Sakura, Torrance, CA) and sectioned at 10-pym thickness using a
Leica CM1950 cryostat (Leica). Cryosections were incubated in 2%
PFA in PBS for 10 min and then incubated with primary antibodies
against RFP (rat, 1:200, Chromotek, Planegg, Germany), GFP
(mouse monoclonal 12A6, 1:50; Developmental Studies Hybridoma
Bank, lowa City, I1A) or Myc (rabbit, 1:200; Santa Cruz Biotechnol-
ogy, Dallas, TX). Secondary antibodies against rat, mouse, or rabbit
IgG labeled with Alexa Fluor 488, Alexa Fluor 568, or Alexa Fluor
647 were used (1:400; Invitrogen, Waltham, MA). Images were
captured with a Nikon A1-R confocal microscope (Nikon, Tokyo,
Japan). Acquired images were processed using Photoshop CS6
and NIS-Elements AR. The relative amount of Rh1-RFP present in
the rhabdomere (R) was calculated using the formula R = Ir/lb,
where Ir and Ib are fluorescence intensities in the rhabdomeres and
cell bodies, respectively.

Single ommatidium observation

Ommatidia from 1-d-old flies were dissected in Schneider's
Drosophila medium (Invitrogen, Waltham, MA) as described (Xu
et al., 2004). Images were taken within 30 min under a Nikon A1-R
confocal microscope (Nikon, Tokyo, Japan). The percentage of colo-
calization of Rh1 and Rab11 vesicles was calculated using the
software Imaris X64 v. 7.4.2 (Bitplane, Zurich, Swizerland). Briefly,
Rh1-positive and Rab11-positive vesicles were marked by red and
green dots, respectively. The percentage of Rab11-positive Rh1
vesicles was calculated by the ratio of double-labeled dots to total
red dots.

The SEpHIluorin and mCherry fluorescence intensities of omma-
tidia were measured using ImageJ. The fluorescence ratios were
calculated by quantifying four eyes from different flies; 20 omma-
tidia from each eye were used.

Transmission electron microscopy

Adult fly heads were dissected, fixed, dehydrated, and embed-
ded in LR White resin (Ted Pella, Redding, CA) as previously de-
scribed (Xu and Wang, 2016). Thin sections (80 nm) prepared at a
depth of 30-40 pm were stained with uranyl acetate and lead
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citrate (Sigma, St. Louis, MO) and examined using a FEI Tecnai
Spirit Twin transmission electron microscope (FEI, Hillsboro, OR).
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