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Abstract

In Drosophila photoreceptors, the multivalent PDZ protein INAD interacts with multiple signaling
components and localizes complexes to the rhabdomere, a subcellular compartment specialized for
phototransduction. Since this localization is critical for signaling, we conducted a genetic screen of
the third chromosome for mutations that result in mislocalization of an INAD-GFP fusion protein.
We identified seven mutant lines that fall into two complementation groups, /d/ (INAD
localization)-A and /d/-B. We show that /a/-A mutants fail to complement with chaoptic (chp)
mutants. Since chaoptin is a structural component of the rhabdomere, mislocalization of INAD
may be a secondary effect of the retinal degeneration in ¢/ip and id/-A mutants. Genetic
complementation and DNA sequencing reveal that the two /d/-8 mutants represent new alleles of
trp, a gene encoding the major light-activated channel. The molecular change in each allele affects
a highly conserved residue in either an ankyrin domain on the N-terminus or in the S6
transmembrane domain of TRP. These changes lead to the loss of TRP protein. TRP has
previously been shown to anchor INAD in the rhabdomeres, therefore the independent
identification of two frpalleles validates our screen for INAD-GFP localization. One possibility is
that a limited number of proteins are required for localizing INAD-signaling complexes. A similar
screen of the X and second chromosomes may be required to find the remaining players involved.
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Introduction

Intracellular organization of signaling proteins is important for fast and accurate signal
transduction in many cell types. Drosophila photoreceptors have shown how a very high
speed of signaling is achieved through proper subcellular organization of phototransduction
proteins.1-4 Phototransduction occurs in the rhabdomere, a specialized subcellular
compartment composed of ~60,000 microvilli that house all phototransduction signaling
components. Upon light stimulation, the light-receptor rhodopsin photo-isomerizes to its
active form, meta-rhodopsin, and activates the heterotrimeric G protein. The active Gga
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subunit then stimulates the effector protein, phospholipase C (PLC). PLC catalyzes the
breakdown of the minor membrane phospholipid, phosphatidylinositol-4,5-bisphosphate
(PIPy) into two intracellular messengers: diacylglycerol (DAG) and inositol triphosphate
(InsP3). Activation of PLC leads to the opening of at least two cationic channels, transient-
receptor-potential (TRP) and TRP-like (TRPL), thereby generating a depolarizing membrane
potential. 156 Deactivation of the cascade occurs, at least in part, through activation of an
eye-specific protein kinase C (eye-PKC) and calmodulin, as well as binding of an arrestin
protein to rhodopsin.”-12

The organization of phototransduction components was found to be mediated by the scaffold
protein INAD (inactivation-no-afterpotential-D), which is composed of five PDZ
(postsynaptic density-95, discs-large, ZO-1) domains that each interact with a specific
component of the phototransduction cascade. PDZ1 and specific component of the
phototransduction cascade. PDZ1 and PDZ5 reportedly bind to two distinct sites on the C-
terminus of the effector protein PLC,13-15 PDZ2 and PDZ4 have been shown to interact with
eye-PKC,13.16 and PDZ3 binds near the extreme C-terminus of the light-activated TRP
channel.13:17:18 Assembly of signaling complexes by INAD was shown to be essential for
the localization of signaling components to the rhabdomeres of photoreceptor cells since
inaD null photoreceptors displayed a complete mislocalization of PKC, PLC and TRP.13
Consequently, the mislocalization of INAD-signaling complexes resulted in severe signaling
impairment, demonstrating the importance of localizing and organizing complexes in the
rhabdomeres of photoreceptors.12:13 The formation and localization of macromolecular
signaling complexes has emerged as a common cellular strategy underlying proper signal
transduction.2:19.20

Little, however, is known about the mechanisms responsible for the assembly, targeting and
anchoring of INAD-signaling complexes in photoreceptors. Previous studies have shown
that the INAD-TRP interaction is required to anchor INAD-signaling complexes in the
rhabdomere.18.21 Tsunoda et al. (2001) further hypothesized that additional anchors of
INAD were likely to exist since ~25% of INAD protein remained localized in the
rhabdomeres of frp null photoreceptors. In this study, we have taken a genetic approach to
identify additional proteins involved in the rhabdomeric localization of INAD-signaling
complexes.

We conducted a genetic screen for mutants that display mislocalization of an INAD-GFP
fusion protein. After screening over 2,600 lines, we identified seven /d/ (INAD localization)
mutant lines that displayed mislocalization of INAD. These mutants fall into two
complementation groups, /d/-A and /d/-B. Complementation and immunolocalization assays
revealed that /d/-A encodes the protein chaoptin, which functions in the adhesion between
microvilli in the rhabdomere.22:23 Thus, chaoptin is required for the structural integrity of
the rhabdomere, and mislocalization of signaling proteins observed in /id/-A photoreceptors
may be due to the retinal degeneration seen in these mutants. Two independently isolated
idl-B alleles display mislocalization of INAD to photoreceptor cell bodies and light-
dependent retinal degeneration. Complementation analyses and DNA sequencing revealed
that each /d/-B allele contains a misense mutation in the #7p gene: one in an N-terminal
ankyrin domain and one in the S6 transmembrane domain of the channel. Both mutations
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Results

result in a loss of TRP protein. Because only two complementation groups on the third
chromosome were identified in our screen, we suggest that a limited number of proteins may
be required for the rhabdomeric localization of INAD-signaling complexes. The independent
identification of two new frp alleles validates our assay for INAD-GFP localization, and
demonstrates the feasibility of a similar screen for the X and second chromosomes.

Genetic screen for mutants displaying mislocalization of INAD-signaling complexes

To identify proteins involved in the rhabdomeric localization of INAD-signaling complexes,
we conducted a forward genetic screen for mutants that display mislocalization of a GFP-
tagged INAD fusion protein (INAD-GFP) in vivo. We first generated a transgenic fly line
that expresses INAD-GFP in photoreceptor cells. To determine if INAD-GFP localizes and
functions like wild-type INAD, we began by examining the localization of INAD-GFP in 1-
um-thick frozen retinal sections. We found that INAD-GFP was indeed localized exclusively
to the rhabdomeres of photoreceptor cells (Fig. 1A). To examine if INAD-GFP was
functional, the transgene was expressed in an /naD null background and analyzed by
electroretinogram (ERG) recording. In /naD null flies, signaling complexes are not formed,
and signaling is severely impaired.13 In contrast, when INAD-GFP was expressed in an inaD
null background, a near wild-type ERG was restored to photoreceptors (Fig. 1B), suggesting
that INAD-GFP assembles and localizes fully functional signaling complexes in
photoreceptors. These results validate the use of INAD-GFP as a reporter for INAD
localization.

We next developed an assay to examine the localization of INAD-GFP in vivo. Live flies
were secured and positioned on glass slides to examine one eye of each fly. Flies were
overlaid with halocarbon oil, and imaged for INAD-GFP by standard epi-fluorescence at low
magnification. In this manner, we were able to rapidly screen a large number of fly lines. In
a wild-type background, every ommatidium in the field displayed INAD-GFP localized to
the rhabdomeres of each of its seven visible photoreceptor cells (Fig. 1C). To test if
mislocalization of INAD-GFP could be detected in our assay, we examined INAD-GFP in a
frp null background. Since previous studies showed that TRP is required to localize INAD in
the rhabdomeres, 1821 we expected the absence of TRP protein to result in clear INAD-GFP
mislocalization. Indeed, when INAD-GFP was expressed in a #rp background, GFP signal
was nearly absent in the rhabdomeres of the six outer photoreceptor cells of each
ommatidium (Fig. 1C). Thus, this assay was likely to detect mutations that disrupt the
rhabdomeric localization of INAD.

We screened a collection of third chromosome viable mutants generated and maintained by
the Zuker lab (the Zuker collection). These ~6,000 lines were generated by mutagenizing
flies with ethyl methanesulfonate at a concentration predicted to result in at least seven
mutant alleles in the collection for every nonessential gene.24 The Zuker collection has
proven to be an invaluable resource for many genetic studies seeking nonessential mutants/
genes involved in phototransduction,101325.26 35 well as a variety of other biological
processes.2427.28 To generate homozygous mutant flies with INAD-GFP expression, we
designed a two-generation genetic scheme (Fig. 2). We first crossed P(GMR-inaD-GFP);
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bw; DTS4 D/TM6B female flies to third chromosome mutant males from the Zuker
Collection, + bw/CyO; st*/TM6B (* indicates the mutated chromosome). To bypass manual
selection of F1 flies, we used the Dominant Temperature Sensitive 4 (1(3)DT54) mutation to
exclude unwanted progeny. To do this, we incubated the parental crosses at 29°C for 5 days.
At this restrictive temperature, progeny carrying the DTS mutation would not survive past
the embryonic/larval stage. Viable progeny, P(GMR-inaD-GFP)/+; bw/bw or bw/CyO, st*/
TM6B, were then transferred to new vials and allowed to intermate (F1). Third
chromosomes in the mutant collection are marked with a mutation in the scarfet (sf) gene so
that homozygous mutant lines (st*/5t*) could be detected in a second chromosome bw/bw
background by the presence of white eyes. We screened white-eyed F2 male and female flies
(<24 hrs old) for localization of INAD-GFP.

The criterion for a wild-type INAD-GFP localization pattern was the presence of robust GFP
signal in all seven rhabdomeres of all visible ommatidia. Mutants identified in our screen
displayed fewer than seven distinct GFP-positive rhabdomeres in each ommatidium, or
diffuse localization in cell bodies. From the 6,150 parental lines crossed, we were only able
to screen sufficient numbers of white-eyed F2 flies from 2,624 F2 lines (Table 1). This
unexpected reduction in the number of fly lines that could actually be screened was likely
due to the accumulation of new mutations which have made the previously viable lines from
the Zuker collection semi-lethal/lethal.2* From the 2,624 lines that we screened, 2,391 lines
displayed wild-type localization of INAD-GFP and 233 fly lines were considered mutant
with varying degrees of severity.

These 233 fly lines were then subjected to a secondary screen in which we examined the
localization of endogenous INAD and rhodopsin (Rh1) in retinal tissue sections. Rh1 is the
major light receptor in Drosophila photoreceptors R1-6, and represents a rhabdomeric
protein that is not associated with the INAD-signaling complex. In addition to examining the
specificity of INAD mislocalization, we also examined the structural integrity of retinal
sections. This was important because apparent mislocalization of INAD-GFP could be the
result of a structural or developmental defect affecting photoreceptor morphology. Indeed, a
few mutants that were recovered from the primary screen were identified as having structural
defects in our secondary screen. In one of these mutants (£0189) the R7 cell is elongated
while the second mutant (Z2528) lacks R7 altogether (data not shown). These structural
mutants were not pursued further. Since many mutations affecting phototransduction also
lead to retinal degeneration, we did not rule-out mutants that displayed potential
degeneration. The majority of the fly lines re-screened, however, proved to be wild-type in
the secondary screen. This may be due to the nature of the in vivo assay used. Physical
damage to the eye, or extended exposure of the eye to fluorescent light stimulation, may
have resulted in a misdiagnosis of INAD-GFP localization in the primary screen. From the
233 mutant fly lines re-screened, we identified seven lines, now referred to as /a/ (INAD
localization) mutants, which appeared to display specific mislocalization of INAD.
Intermating the seven /d/ mutant lines and examining the localization of INAD in their
progeny revealed that these mutants fall into two complementation groups, /d/-A and /d/l-B.
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idl-A encodes the cell adhesion protein, chaoptin

The /d/l-A complementation group is comprised of five mutant alleles (Z3513, 25240,
24345, 21062, Z2482) that all displayed mislocalization of INAD-GFP. /d/-A mutant
photoreceptors displayed mislocalization of INAD, but normal rhabdomeric localization of
Rh1 (Fig. 3), suggesting that /d/-A may play a role in the rhabdomeric localization of INAD.
In characterizing /d/-A mutants, we found that they also displayed retinal degeneration.
Degeneration is largely light-independent since /a/-A flies exhibit abnormal photoreceptor
structure, with small and deteriorating rhabdomeres, regardless of light condition; prolonged
light-exposure, however, did tend to enhance retinal degeneration (Fig. 3A).

Since light-independent retinal degeneration often results from mutations that affect the
structural integrity of photoreceptors,23:30-32 we conducted complementation analyses with
known third chromosome mutants affecting proteins such as chaoptin (¢/p) and Rhl
(ninaE). Chaoptin is an integral membrane protein that provides cell adhesion between
microvilli of the rhabdomere.22:23 We show that /a/-A mutants failed to complement with
hypomorphic chaoptic alleles?3 for INAD localization (Fig. 3B). Unfortunately, the available
anti-chaoptin antibody (Developmental Hybridoma Studies Bank) did not work on
immunoblots so we were not able to confirm complementation tests by immunoblot
analysis. However, we were able to use the antibody on tissue sections, and we found that all
idl-A alleles lacked chaoptin staining (Fig. 3B). Together, these results strongly suggest that
our /dl-A mutants are alleles of chaoptic. Although INAD is mislocalized in idl-A
photoreceptors, we could not rule out the possibility that this phenotype is a secondary effect
of the retinal degeneration caused by the loss of chaoptin.

idl-B mutants display INAD-signaling complex mislocalization and retinal degeneration

The /dl-B complementation group is composed of two alleles, id/-B* (Z5679) and idl-B2
(£0838), isolated independently in the INAD-GFP mislocalization screen. To confirm that
the INAD-signaling complex was specifically affected in /d/-B mutant photoreceptors, we
immunostained retinal tissue sections for PKC, TRPL and Rh1. Our results show that PKC
is mislocalized to the cell body in both /d/-B mutants (Fig. 4) while Rh1 and TRPL remain
rhabdomeric (Fig. 4), suggesting that the displacement of signaling proteins in both /id/-B
mutants is specific to the INAD-signaling complex.

In addition to the mislocalization of INAD-signaling complexes, both /d/-B mutants display
retinal degeneration. Dark-raised /d/-B mutants display an organized arrangement of intact
ommatidia, while light-exposed flies 3 days post-eclosion (3 DPE) display retinal
degeneration depicted by smaller or missing rhabdomeres, and an overall decreased
organization within the retina (Fig. 5). This retinal degeneration seen in both /g/-8 mutants
was light-dependent since 3 DPE dark-raised mutants displayed wild-type structure (Fig. 5).

idl-B mutants represent two new alleles of trp

Since previous studies have shown that #p mutants display both a mislocalization of
INAD18:21 and light-dependent retinal degeneration,33:34 we investigated whether id/-B
mutants have reduced levels of TRP protein. We found that /a/-B% and Jd/-B? mutants lacked
detectable TRP protein even in dark-raised flies (Fig. 6A). We also tested /d/-B mutants by
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electroretinogram (ERG) recording. In wild-type flies, exposure to a light stimulus leads to a
rapid response that is sustained for the duration of the light pulse. #7p mutants, in contrast,
lack this sustained response and display a transient response that decays during the light
pulse (Fig. 7). We found that /d/-8 mutants display a transient response during a light pulse
similar to #rp mutants (Fig. 7A).

To investigate if /a/-B mutants are indeed trp alleles, we conducted complementation
analyses with #p3#3 null flies. id/-B/tro®#3 progeny were analyzed for these three
phenotypes: loss of TRP protein, mislocalization of INAD, and light-dependent retinal
degeneration. We found that dark-raised ia/-B/trp># flies showed loss of TRP protein on
immunoblots (Fig. 6A), mislocalization of INAD to the cell body of photoreceptors (Fig.
6B), and a transient ERG phenotype, all similar to the #rp null mutant (Fig. 7A). Taken
together, these results show that /g/-B mutants are indeed alleles of #p.

To determine the molecular changes in /a/-B and jdl-B7 alleles, we sequenced the entire frp
gene in both /d/-B and idl-B2 mutants. Several overlapping ~1 kb genomic DNA fragments
were isolated from both mutant lines and the wild-type parental strain, and sequenced using
primers designed to cover the entire #rp gene (5,770 bp). We found that /a/-B7 contains a
single base pair change that results in a leucine to phenylalanine change on the cytoplasmic
N-terminus of TRP (L(74)F). Interestingly, L(74) F occurs in the second of the three
conserved ankyrin repeats on the N-terminus of the TRP protein (Fig. 8B). The mutation in
idl-BY occurs in a leucine that is highly conserved in ankyrin repeats of the TRPC family
(Fig. 8A) as well as among other ankyrin domains. Significantly, this leucine plays a role in
the folding and maintenance of the ankyrin repeat shape.3%-37 jg/-BZ contains a mutation that
results in an amino acid change (L(653) H) in the sixth transmembrane domain (S6) of TRP
(Fig. 8B). The mutation in /d/-B2 occurs in a highly conserved leucine in S6 of TRP
channels. Both mutations lead to instability of the TRP protein, and subsequent
mislocalization of INAD-signaling complexes.

To determine if there are any functional differences between the two /d/-8 mutants, we
conducted ERG recordings using different light intensities. jd/-82 mutants display responses
similar to #7p null mutants at all light intensities. ERG responses of jd/-B81 mutants were
similar to #rp null mutants at high light intensities, but interestingly, were similar to wild-
type at lower light intensities (Fig. 7B). Previous studies have shown that low levels of TRP
protein expressed under a heat shock promoter, 10% of wild-type levels, can produce a near
wild-type ERG in trp/; trp null flies.3* Therefore, one possibility is that /a/-B81 mutants have
a small amount of TRP protein present that supports the light response at lower light
intensities. To test this hypothesis, we loaded tissue from as many as ten /a/B< heads for
immunoblot analysis, but were unable to detect any TRP protein present (Fig. 6), even after
probing blots with two different anti-TRP antibodies (data not shown). Although we could
not show that 7a/B? flies express low levels of TRP, we noted that #7p°YZ, a reported severe
hypomorph,38 also did not display TRP protein by similar immunoblot analysis. Since the
trp°%1 mutant has been shown to be a hypomorph, we conducted ERG recordings to see if
trp?! mutants display a similar ERG phenotype to jg/B% mutants. Indeed, trp®%Z flies
displayed a transient response to pulses of higher light intensity and a wild-type response to
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pulses of lower light intensity similar to /a/-B mutants (Fig. 7). These results suggest that
idl-B?is a trp null while ja/-B may be a hypomorph of #p.

Discussion

The assembly of signaling proteins into macromolecular complexes by scaffold proteins like
INAD has proven to be a general organizational strategy used in many systems and cell
types. Here, we report a forward genetic screen for mutants that fail to localize a GFP-
tagged INAD fusion protein in photoreceptors. The significance of localizing INAD-
signaling complexes to the rhabdomeres of photoreceptors has previously been demonstrated
in an /naD null mutant, which displays a mislocalization of binding proteins and a near-
complete loss of signaling.13 Because previous evidence suggested that INAD-signaling
complexes are pre-assembled and targeted as a whole to the rhabdomere,?! we envisioned
that our screen would identify mutants with defects in many aspects of INAD-complex
regulation, including assembly of complexes before localization, targeting and transport of
complexes to the rhabdomeres, as well as anchoring of complexes in the rhabdomeric
membrane. Understanding how INAD-signaling complexes are assembled, targeted and
anchored will likely lend important insight into the mechanisms underlying similar
processes for other macro-molecular complexes.

In an attempt to identify genes involved in these processes, we chose to screen mutant lines
that were predicted to saturate non-essential genes of the third chromosome (the Zuker
collection). The first problem we encountered was that we were only able to screen 43% of
the mutant lines from the collection. This was due to an unexpected increase in the number
of lines that have become lethal or semi-lethal in this collection; this is a problem that has
been seen by multiple groups using the collection, and cannot be readily explained. Even so,
with mutagenized chromosomes predicted to contain 5-6 “hits” each,24 we estimated that
screening 2,624 lines would still be assaying most of the non-essential genes on the third
chromosome. In the end, however, only two complementation groups were identified: (1)
idl-A, which, based on complementation tests, but not sequence analysis, is likely to encode
chaoptic, and (2) id/l-B, which encodes trp. Both of these genes were previously identified.

Why were only two complementation groups identified? The independent identification of
multiple alleles for each loci suggests that the portion of the collection we screened was
likely to represent all of the third chromosome, and further, that our assay for INAD-GFP
localization is reliable, and loss of ¢Ap or trp does indeed lead to mislocalization of INAD.
Since ¢Ap mutants display rather severe retinal degeneration, mislocalization of INAD may
be a secondary effect of the loss of structural integrity of the rhabdomere. Although
rhodopsin localization was less affected than INAD, which could indicate that chaoptin does
regulate INAD localization, this effect may not be specific to INAD since we also found the
initial targeting of TRPL in late pupae may be defective (data not shown). Future studies will
need to elucidate whether chaoptin indeed functions in the localization of some signaling
proteins, or if retinal degeneration from loss of chaoptin affects the localization of proteins
differently. The isolation of new #rp alleles from our screen further verifies the reliability of
our screen since #p has previously been shown to be required for anchoring INAD in the
rhabdomere.18:21 The identification, however, of only two third-chromosome genes suggests
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that a very limited number of genes/proteins are needed for properly assembling and
localizing INAD-signaling complexes in the rhabdomere. Although we anticipated the
identification of many more mutants from this screen, one hypothesis is that formation and
targeting of INAD-signaling complexes depends largely on components in the complex
itself. Signaling proteins in the complex may function, for example, in a novel trafficking
capacity. It will be interesting to see if the subcellular localization of other macromolecular
complexes also relies primarily on new roles of signaling proteins within the complexes.

Another possibility is that components required for INAD-signaling complex assembly/
localization are encoded by essential genes, rather than non-essential eye-specific genes.
Although all the signaling components in INAD-complexes are eye-specific, or nearly so, it
is possible that the trafficking of these eye-specific components is dependent on motors and
chaperone proteins that function ubiquitously, or in processes vital for survival. The assay
described here could be used, for example, to screen a collection of lethal mutants. Genetic
manipulation described by Stowers et al.3% could be performed to generate heterozygous
flies with homozygous mutant eyes. Candidate motor and chaperone proteins, for which
there are existing mutants, could be screened similarly.

In this study, TRP has been confirmed again to play an essential role in the rhabdomeric
localization of INAD. Two new alleles of trp are identified here, one affecting a conserved
residue in the second N-terminal ankyrin domain (id/-B% ; L(74)F), and one affecting a
highly conserved residue in the S6 domain of TRP (/d/B? ; L(653)H). Each mutation appears
to make the TRP protein unstable. Although this may be the result of defective targeting or
anchoring of TRP, it is difficult to draw such conclusions since TRP could simply be
misfolded with these alterations. Additional structure-function studies may help to determine
how TRP anchors INAD in the rhabdomere. For example, no function has been identified for
the ankyrin domains on the N-teminus of TRP channels, and one possibility is that these
domains may bind components of the actin cytoskeleton, thereby stabilizing INAD-signaling
complexes in the rhabdomere. Based on our results, we do not anticipate a lot of genes to be
involved in INAD localization, but a similar screen of the X and 2"d chromosome may reveal
the few remaining, and perhaps key, players involved in INAD-complex localization.

Methods and Materials

Fly stocks

Fly lines were maintained at 25°C on standard fly food. The following Drosophila stocks
were used: w28 or bw;stas wild type, trp™4340 130138 chp? 23 and P(inaD-GFP); bw;
F9DTS4 D/TM6B (Tsunoda and Zuker, previously unpublished). For P(inaD-GFP)
transformants, /naD cDNA was fused in-frame to a C-terminal GFP sequence, and
subcloned into the pGMR transformation vector to drive expression in photoreceptors.4!
Transgenic fly lines were generated by standard P-element mediated transformation
techniques. Third chromosome mutant flies from the Zuker Collection2* were used for the
genetic screen. The Zuker identification number is listed in parenthesis for all third
chromosome mutants discussed in this manuscript.
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Analysis of INAD-GFP in intact eyes

Live flies expressing INAD-GFP were immobilized, with one eye pointing upwards, on
double-stick tape mounted to glass microscope slides. Heads of immobilized flies were
overlaid with Halocarbon oil 700 (Sigma-Aldrich, St. Louis, MO) and examined by standard
epi-fluorescence at low (10X) magnification. In a wild-type background, every ommatidium
in the field displayed clear GFP signal in all seven rhabdomeres.

Light/dark exposure

For light-induced retinal degeneration assays, all flies were first dark-raised in a 25°C
incubator. Light-exposed flies were placed seven inches from a 15W white fluorescent lamp
for 3 days at a light intensity that ranged between 3,100-4,300 lux, unless otherwise stated.

Immunostaining of retinal tissue sections

Flies were either dark-raised, light-exposed (as described above), or reared in the lab on an
approximate 12-hour light/dark cycle. Heads were fixed in 3% paraformaldehyde in PBS for
1 hour on ice, washed with PBS, and infiltrated with 2.3 M sucrose in PBS overnight at 4°C.
Heads were then bisected, positioned on ultramicrotomy pins (Ted Pella, Redding, CA) and
frozen in liquid nitrogen. 1-pum thick sections were cut using a Leica Ultracut UCT attached
to an EM FCS cryo unit (Leica Microscopy and Scientific Instruments Group, Heerbrugg,
Switzerland) at —81°C. Frozen tissue sections were picked up with a drop of cold 2.3 M
sucrose and 1% calf serum in PBS, and then placed on gelatin coated glass slides. Gelatin
coated slides were prepared by dipping microscope glass slides in a solution containing
0.5% gelatin (Fisher, Pittsburgh, PA) and 0.05% chromium potassium sulfate (Sigma
Aldrich, St. Louis, MO).

For retinal degeneration studies, tissue sections were washed with PBS and mounted in 90%
glycerol (Sigma Aldrich, St. Louis, MO). For immunostaining studies, the retinal sections
were incubated in blocking solution (1% BSA and 0.1% saponin in PBS) for at least 1 hour
at room temperature, followed by 2 hours at room temperature for anti-PKC (1:100), or
overnight at 4°C for: anti-INAD (1:1,000), anti-TRPL (1:100), 4C5 (1:50) or 24B10 (1:100).
Antibodies against INAD and eye-PKC were received as a gift from C.S. Zuker (University
of California, San Diego, CA). Antibodies against Chaoptin (24B10) and Rh1 (4C5) were
obtained from the Developmental Studies Hybridoma Bank (University of lowa, lowa City,
IA). The anti-TRPL antibody was generated by our lab, as described previously.42 After
primary antibody incubation, tissue sections were washed (0.1% saponin in PBS) four times,
followed by rhodamine-conjugated goat-anti-rabbit (1:200) or FITC-conjugated-anti-mouse
secondary antibody (1:500) (Jackson ImmunoReaserch, West Grove, PA) incubation for 1
hour at room temperature. Following several 5 minute washes, the slides were mounted with
90% glycerol and p-phenylenediamine (Sigma Aldrich, St. Louis, MO). Retinal sections
were analyzed using an Olympus BX51 fluorescent microscope and Olympus Magna-Fire
cooled digital camera, S99806 (Optical Analysis Corporation, Nashua, NH). Images were
acquired with MagnaFire 2.1C and edited for presentation in Adobe Photoshop.
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Electroretinogram recordings

Dark-raised flies were immobilized with myristic acid (USB Corporation, Cleveland, OH)
and dark-adapted for at least 5 minutes before light stimulation. Electroretinogram (ERG)
recordings were performed using two glass microelectrodes filled with 1 M NaCl. The
recording electrode was positioned on the surface of the fly eye, while the ground electrode
was placed into the thorax of the fly. White light stimulation was provided by a xenon arc
lamp (Lamba LS 175W; Sutter Instruments, Novato, CA) using a 400-700 nm bandpass
filter. Signals were amplified using a differential amplifier (DAM 50, World Precision
Instruments, Sarasota, FL) and sampled at 1 kHz (Digidatal322A; Molecular Devices,
Sunnyvale, CA). Data traces were acquired using pClamp 8.0 software (Clampfit; Axon
Instruments/Molecular Devices, Sunnyvale, CA). Traces were subsequently filtered off-line
using a boxcar smoothing filter, at a range between 11-27 smoothing points, depending on
noise level. All experiments were conducted at room temperature, under dim red light.

Immunoblot analysis

Immunoblot analysis was conducted with samples obtained from adult fly heads sonicated in
20 pl of cold SDS sample buffer (0.5 M Tris pH 6.8, 10% SDS, glycerol, bromophenol blue
and DTT). Protein samples were run on 10% polyacrylamide gels by standard SDS-PAGE
techniques, transferred to nitrocellulose membrane and incubated in blocking solution (5%
milk in 0.05% Tween in PBS) for at least 30 minutes at room temperature. The blots were
then subjected to standard immunoblot analysis using antibodies against: INAD (1:1,000),
MADb83F6 (anti-TRP) (1:500), Rh1 (1:100). All incubations were conducted overnight at
room temperature. The blots were washed (0.05% Tween in PBS) and exposed to the
peroxidase-conjugated AffiniPure goat-anti-rabbit 1gG or goatanti-mouse (Jackson
ImmunoReaserch, West Grove, PA) secondary antibody (1:5,000) for 1 hour at room
temperature. After several 5 minute washes, signal was detected using SuperSignal West
Pico luminol/Enhancer and Stable Peroxidase Solutions (Thermo Scientific, Rockford, IL).

DNA extraction, PCR and sequencing

To extract total genomic DNA, flies were frozen in liquid nitrogen in a microcentrifuge tube
and homogenized with a pestle to a powder consistency. The sample was vortexed in cold
buffer-C (Tris and 50 mM EDTA) containing 10 mg/ml proteinase K and 10% SDS, and
incubated at 65°C for 1 hour. Phenol/chloroform extraction of the homogenate was
performed to separate proteins from nucleic acids. 3 M sodium azide and cold ethanol were
added to the DNA fraction, vortexed and spun for 10 min at 14,000 rpm to precipitate DNA.
The DNA pellet was washed with cold 70% ethanol, dried, dissolved in TE with 0.1 mg/ml
RNase and placed at 37°C for 30 min before being used for PCR.

The trp gene was isolated from total genomic DNA obtained from (1) bw idl-BZ:st. (2) bw
idl-B?,st, and the parental (3) bw;st fly strains. Primers designed using Vector NTI software
(Life Technologies, Carlsbad, CA), and generated by Invitrogen Corporation (Carlsbad,
CA), were used to amplify overlapping ~1 kb fragments of the #rp gene. Amplified PCR
products were separated on a 1% agarose gel and purified via gel extraction (UltraClean15,
Mo Bio Laboratories Inc., Carlsbad, CA). Genomic DNA fragments were sequenced by
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GENEWIZ, Inc., (South Plainfield, NJ) with the same primers used for amplification.
Overlapping sequences were assembled and aligned using Vector NTI software.
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Figurel.
INAD-GFP protein expression, localization and function in the Drosophila retina. (A) Left,

INAD-GFP fusion protein is expressed in photoreceptors, as seen in whole eyes of the fly.
Right, 1-um-thick retinal cross-sections show INAD-GFP is localized to the rhabdomeres of
photoreceptor cells. The rhabdomere (R) and cell body (c) of a single photoreceptor cell are
approximately outlined for illustration. (B) electroretinogram (eRG) recordings from wild-
type, /naD! null, and transgenic /naD? null flies expressing INAD-GFP (P(inaD-GFP);
inaD?). Flies were exposed to a 2 second flash of light (arrow). Note that P(inaD-GFP);
inaD! flies exhibit near complete rescue of signaling. (c) Visualization of INAD-GFP in
intact eyes. shown are representative ommatidia expressing INAD-GFP in inaD! (trp*) and
inaD’; trp®#3 (trp) backgrounds. INAD-GFP signal is seen in all seven rhabdomeres of each
ommatidia in wild-type. For reference, seven rhabdomeres are numbered in a representative
ommatidium. The frpnull retina displayed diffuse localization of INAD-GFP localization
pattern, especially in the six outer photoreceptors.
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Genetic scheme for the INAD-GFP localization screen. The genetic scheme used to generate
INAD-GFP expressing mutant lines for screening. Third chromosome eMs mutagenized
males from the Zuker collection (* indicates the mutation on the third chromosome) and
P(inaD-GFP); bw, DTS4 D/TM6B females were crossed at 29°c for five days. The non-
permissive temperature of 29°c was used to eliminate all progeny containing D754 D in the
F1 generation. All viable F; males and females were inbred at 25°c. D754 escapers (not
shown in the scheme) were identified by the presence of the dominant Dichete (D) mutation.
F> homozygous mutant flies (bw; st*) were identified by the presence of white eyes and
screened for INAD-GFP localization.
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Figure 3.
The Jd/l-A mutants recovered from the screen are alleles of chaoptic. (A) shown are

representative cross-sections from /a/-A mutants that have been dark-raised (DARK) or
light-exposed (LIGhT) for 10 days-post-eclosion, and then immunostained for INAD and
Rh1. Wild-type control flies were dark-raised. A phase contrast image of each cross-section
is shown to illustrate the photoreceptor structure. Wild-type retinal sections exhibited
rhabdomeric localization of INAD and Rh1 in addition to robust structural integrity. Dark-
raised /d/-A mutant photoreceptors displayed retinal degeneration, depicted by smaller
rhabdomeres, and mislocalization of INAD, but near normal localization of Rh1. With
exposure to light, /d/-A mutants showed a more severe loss of retinal integrity and
mislocalization of both INAD and Rh1. (B) complementation analysis of /d/-A and chaoptic
(chp®) mutants. Retinal cross-sections from young (<2 day old), dark raised wild-type, id/l-A,
chp? and idl-A/chi? flies were immunostained for INAD and chaoptin. Wild-type
photoreceptors exhibited normal retinal integrity, and rhabdomeric localization of both
INAD and chaoptin. chp?, idl-A and idl-A/chp? mutant photoreceptors all exhibited
mislocalization of INAD, lack of chaoptin staining, and retinal degeneration.
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TRPL

Rh1

Figure 4.
INAD complexes are specifically mislocalized in /d/-B mutant photoreceptor cells. shown

are representative dark-raised wild-type, ia/-B% and /a/-B7 retinal cross-sections (1-pm-
thick) immunostained for INAD, pKc, TRpL and Rh1. Wild-type photoreceptors displayed
rhabdomeric localization of INAD, pKc, TRpL and Rh1. Both /d/-Balleles displayed
mislocalization of INAD and pKc, but normal localization of TRpL and Rh1.
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Figureb.
/d/l-B mutant photoreceptors display a light-dependant retinal degeneration. Representative

retinal sections from wild-type, id/-B% and jadl-B? flies that were dark-raised (DARK) or
light-exposed (LIGHT) until 3 days-post-eclosion (3DPE ). All dark-raised flies exhibited
wild-type photoreceptor structure. Light-exposure of both /d/-B alleles resulted in retinal
degeneration, especially depicted by smaller rhabdomeres.
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Figure®6.
fidl-B mutants lack TRp protein. (A) Representative immunaoblots of wild-type (wt), id/-B

alleles, frpalleles, idl-B heterozygotes and trans-heterozygous /al-B/trp flies. TRp protein
was absent from all homozygous #p and /d/-B alleles. The two /d/-B alleles failed to
complement with #p as depicted by the lack of TRp protein in the trans-heterozygous /ad/-
B/trp samples. INAD and Rh1, in contrast, were present in all fly stocks. All samples
contained 10 heads from darkraised flies. (B) Representative cross-sections of single
ommatidia from dark-raised wild-type, id/-B%/tro%3 and idl-B%/tro®% flies immunostained
for INAD. Note that INAD is mislocalized in both ig/-B%/trp3#3 and idl-B%/trp®#3, indicating
that both /d/-B alleles failed to complement with #p for INAD localization. phase-contrast
images are shown to illustrate the wild-type structure of all three genotypes analyzed.
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Figure7.
electroretinogram recordings of /id/-B mutants. (A) Representative eRG recordings from

young, dark-raised wild-type and mutant flies. With white light (400-700 nm) at an intensity
of 453 lux, both /d/-B mutants showed a transient eRG response, similar to #p mutants. /d/-
BL/tro®%3 and idl-B?/trp®# trans-heterozygotes also displayed an eRG waveform closely
resembling the #p mutants. 10 second light stimuli are depicted by a line above the eRG
traces. (B) At a lower light intensity of 6.39 lux, /a/-BZ responded more similar to wild-type
then the #o°%5 null mutant. The #p°%! hypomorph also responded more similar to wild-type
at the lower light intensity.
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Figure 8.
/dl-B mutants encode new alleles of #rp. (A) Ankyrin repeat comparison. sequence alignment

of ankyrin repeats (AR) from various TRpc channels and AR containing proteins against the
AR consensus sequence (ANK cONs, top). The well conserved amino acids within the ANK
cON's are shown in bold.3” Drosophila melanogaster TRp protein (DTRp; p19334);
Drosophila melanogaster TRpL (DTRpL; p48994); Mus musculus TRpc5 (MTRpc5;
Q9QX29); Rattus norvegicus TRpcd (RTRpc4; 035119); Homo sapiens TRpcl (h"TRpcl;
p48995); Mus musculus TRpc7 (MTRpc7; QOWNVCS); Rattus norvegicus TRpc3 (RTRpc3;
Q9JM19); Mus musculus TRpc6 (MTRpc6; Q61143). The accession numbers for each
protein are shown in parenthesis. NcBI BLAST was used for protein sequence comparison
and the alignment was done via clustal2W, online program. Residues identical to the
consensus sequence are shaded in black, residues similar to the consensus sequence are
shaded gray. The asterisk indicates the leucine at position six of the AR that is mutated in
idl-BL. Many of the TRp proteins from the TRpc family were found to contain this
conserved leucine within the ankyrin repeat. (B) A cartoon representation of the Drosophila
TRp protein illustrating the amino acid changes resulting in each /d/-B mutant. shown are
the six transmembrane domains (s1-s6), three ankyrin repeats on the N-terminus and the
INAD binding site at the c-terminal end of the Drosophila TRp protein. The /a/-B8% mutation
is an amino acid change L(74)F in the second ankyrin domain on the cytoplasmic N-
terminus of TRp. The /a/-82 mutation produces an amino acid change L(653)h in the sixth
transmembrane domain (s6) of TRp.
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Table 1

INAD-GFP localization screen sumary

Parental Crosses 6150
F1 Crosses 5225

F2 Crosses 4708

F2 Lines Screened 2624

Primary Screen Mutants 233

Seconadary Screen Mutants 7
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