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General Introduction



Vision is one of the most important senses with which animals get a great deal
of information from the external environment. In a visual system, the molecules
called visual pigments, which are represented by rhodopsin, absorb light at the
first step of phototransduction. Light-activated pigment initiates a sequential
molecular event leading to a change in plasma membrane conductance.

In photoreceptor cells, a large amount of visual pigments accumulates in the
specialized photoreceptive membranes forming such characteristic structures as
closely packed stack of disk-shaped sacs in vertebrate or stack of microvilli in
invertebrate. These membrane structures are important for the effective capture
of photon and the high sensitivity of photoreceptor cells to light. In addition, these
structures are also important for phototransduction, since they contain most
proteins employed in the phototransduction.

In the fly, each ommatidium, a unit of compound eye, contains a set of eight
photoreceptor cells (R1-8). Each cell projects tightly packed stack of microvilli
called "rhabdomere" into the lumen of a circle formed with the photoreceptor cells.

In both Drosophila and human, rhodopsin mutations often cause the
degeneration of photoreceptor structure (Scavarda et al., 1983; Kurada and
O'Tousa, 1995; Colley et al., 1995; Gal et al., 1996). In human, many rhodopsin
mutations result in a progressive retinal dystrophy, retinitis pigmentosa (RP)
(Dryja et al., 1990; Humphries et al., 1992; Gal et al., 1996). In Drosophila,
complete absence of rhodopsin in null mutant allele (ninaE°I17) leads to
rhabdomere degeneration (O'Tousa et al., 1989; Kumar and Ready, 1995). This
mutant fly shows decrease in rhabdomere size at eclosion and progressive
destruction of microvillous structure of rhabdomeres. The rhabdomere defects are
allele-dependent and correlate roughly with the severity of the lesion in the
rhodopsin gene (Leonard et al., 1992). More severe rhodopsin mutant expresses
much less rhodopsin and results in the more pronounced atrophy. These
observations suggest that rhodopsin has an essential role in the development and
maintenance of the specialized architecture of photoreceptive membranes,
although these structures are quite different between Drosophila and human.
Molecular mechanism of the retinal degeneration caused by mutant rhodopsin
remains unclear. However, these reports suggest that construction and
maintenance of photoreceptive membranes need continuous synthesis of normal
rhodopsin taking proper structure.

Some previous studies proposed that extracellular regions of rhodopsin are
important for its proper folding and/or assembly (Doi et al., 1990; Kaushal and
Khorana., 1994). As expected from a hydropathy plot analysis, rhodopsin has
seven membrane-spanning alpha-herices, and is divided into three parts, a
membrane-spanning domain, an intracellular domain and an extracellular
domain. The former two domains have important functions in light absorption
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and phototransduction. The membrane-spanning domain is bound to 11-cis-
retinal and tunes the absorption spectrum of each visual pigment. The
intracellular domain physiologically interacts with other proteins, G-protein,
rhodopsin kinase and arrestin, on the intracellular surface. The extracellular
domain is composed of an amino-terminal tail and three loop regions that connect
two membrane-spanning herices. In this domain, there exist several
characteristic structures those are well conserved among visual pigments
(Applebury and Hargrave, 1986). First, it contains two cysteine residues which
connect the first and the second extracellular loops by forming a disulfide-bond.
Generally, the disulfide-bond is important for the protein assembly and largely
restricts a conformational capacity of the protein. Also in rhodopsin, a disulfide-
bond has an important role in protein assembly (Karnic and Khorana, 1990; Ridge
et al., 1995). Second, the extracellular domain contains one or several consensus
sequences for asparagine-linked glycosylation (N-glycosylation). They are located
at the N-terminal tail of all visual pigments, and at second extracellular loop in
some cases. However, the role of N-glycosylation is not yet clear. In Drosophila
rhodopsin, one possible binding site is found in the second extracellular loop.
Finally, there is a highly conserved amino acid sequence in the second
extracellular loop of many visual pigments (Applebury and Hargrave, 1986).
Because any deletions in this region caused low expression of rhodopsin in culture
cells and the remarkable loss of regeneration with retinal, it has been assumed
that this region is essential to form normal conformation of rhodopsin (Doi et al.,
1990).

In this thesis, I present a series of investigations carried out to understand the
importance of the N-glycosylation and the second extracellular loop of rhodopsin
by the use of Drosophila melanogaster. To study the protein synthesis in vivo,
using mutation analysis, it is very important that proteins are expressed in their
native cells rather than in other heterologous expression systems, because the
proteins are often processed by the cell specific manner and mature using protein-
specific chaperone-like proteins (Baker et al., 1994; Ferreira et al., 1996). We
thus use Drosophila, in which null mutant of rhodopsin has been isolated, and the
transgenic mutant can be constructed easily.

In Chapter I, I determine the accurate site for N-glycosylation in Drosophila
rhodopsin, and demonstrate that it plays essential role in late stages of rhodopsin
maturation. In Chapter II, I describe the detailed analysis of the retinal
degeneration that occurs in a mutant carrying a point mutation in the second
extracellular loop of rhodopsin. Although, this region does not undergo N-
glycosylation, the results demonstrated that the mutation in the second loop
leads photoreceptor cells into light-enhanced degeneration.



Chapter I

N-linked Glycosylation of Drosophila Rhodopsin
: Binding Site of the Oligosaccharide Chain and
its Functions in the Rhodopsin Maturation



Abstract

Two mutant rhodopsins, whose putative N-glycosylation sites (Asn20 and
Asn196) are alternatively replaced by isoleucine, were synthesized using both a
cell-free translation system and transgenic flies (ninaEN20I and ninaEN196I), In
these systems, I examined whether each mutant opsin undergoes N-glycosylation
or not. Furthermore, to determine the step of rhodopsin metabolism in which the
N-glycosylation is required, I compared the protein level at each step of mature
and immature rhodopsin in the transgenic flies. In the cell-free system, N201
opsin was less glycosylated than N196I. Immature N1961 opsin expressed in
ninaENI96I fly was glycosylated like immature wild-type opsin in the normal fly.
On the contrary, the immature opsin of N20I was not glycosylated in ninaEN20!
fly. From these results, I concluded that Asn20 is a unique site for the N-
glycosylation of Drosophila opsin in vivo. In addition, since the maturation of
rhodopsin lacking Asn20 was greatly inhibited between the immature
intermediate in the rER and mature rhodopsin, the glycosylation plays an
important role especially in the protein maturation provably after chromophore
binding step in the rER. These results provide the first direct evidence showing
that rhodopsin N-glycosylation is involved in the maturation process of rhodopsin.



Introduction

Asparagine-linked (N-linked) glycosylation is often observed in the secretary
and membrane proteins, including visual pigments. The extensive studies on the
roles of glycosylation have been carried out, and elucidated their roles as the
recognition determinants for the cell-protein and cell-cell interaction (reviewed by
Lis and Sharon, 1993). In addition to these extracellular functions of
oligosaccharide chain, another role of glycosylation played in the intracellular
event is recently noted. For instance, correct folding and subcellular distribution
require glycosylation in several kinds of proteins (reviewed by Helenius, 1994;
Fiedler and Simons, 1995).

Visual pigment, rhodopsin, is a light-sensitive membrane protein. It is
composed of an apoprotein moiety, called opsin, and a covalently bound 11-cis-
retinal. In the vertebrate, rhodopsin undergoes N-glycosylation (Hargrave, 1977).
Microscopic analysis of the frog retina revealed that tunicamycin, a drug that
blocks the N-glycosylation, inhibits the disk morphogenesis and the incorporation
of the newly synthesized opsin into rod photoreceptor outer segment (ROS)
(Fliesler et al., 1984; Fliesler et al., 1985; Fliesler and Basinger, 1985). Although
these data suggest that N-glycosylation of rhodopsin is required for rhodopsin
localization to ROS, other studies using tunicamycin on the bovine rhodopsin
contrarily suggest that glycosylation is not essential for its proper localization
(Plantner et al., 1980; Kaushal et al., 1994). Thus, the role of rhodopsin N-
glycosylation is still confused.

In contrast to vertebrate rhodopsin, fly rhodopsin is not glycosylated in its
mature form (De Couet and Tanimura, 1987; Huber et al., 1990). However, it was
recently found that, the glycosylated opsin, instead of nonglycosylated mature
rhodopsin, is accumulated in the carotenoid-deprived fly (Ozaki et al., 1993;
Huber et al., 1993). Because carotenoid is a precursor of rhodopsin chromophore,
3-hydroxyretinal, the glycosylated opsin in the carotenoid-deprived fly is an
immature intermediate of rhodopsin before binding chromophore. The
intermediate stays in the rough endoplasmic reticulum (rER) presumably due to
improper folding of the peptide. By giving chromophore to the deprived fly, the
intermediate binds chromophore, takes correct conformation, and is exported from
rER. The oligosaccharide chain of the intermediate is then trimmed during the
transport from rER toward photoreceptive membrane, and completely removed
when it reaches the photoreceptive membrane as a mature rhodopsin. These
characteristics of fly rhodopsin suggest that the oligosaccharide chain of rhodopsin
is not needed after maturation, but may function in the pathway of its synthesis
and transport. Therefore, glycosylation of fly rhodopsin would be one of the best



systems to elucidate the role of glycosylation in protein synthesis and transport.

N-glycosylation generally requires a consensus amino acid sequence, Asn-X-
Ser/Thr (where X is any amino acids) (Marshall, 1972). Oligosaccharide chains are
covalently linked to the first Asn residue in the sequences. According to the above
rule, Drosophila rhodopsin contains two putative N-glycosylation sites, Asn20 and
Asn196 (O'Tousa et al., 1985; Zuker et al., 1985). In the previous study, O'Tousa
constructed the transgenic fly, AAsn20 (designated ninaEN20I in this thesis), in
which Asn20 of rhodopsin is replaced by isoleucine (N20I) to eliminate one of two
possible glycosylation sites (O'Tousa, 1992). In the transgenic fly, the amount of
mature rhodopsin is remarkably reduced, while opsin mRNA level is equal to that
in the wild-type control. A trace amount of N20I rhodopsin, however, appears to
function normally to initiate the phototransduction cascade. These results
indicate that the substitution of Ile for Asn20 does not cause a defect in the
phototransduction, but affects the synthesis or degradation of rhodopsin.
However, some problems still remain. First, there is no evidence indicating that
Asn20 is actually glycosylated in immature rhodopsin, and whether Asn196 also
undergoes glycosylation or not. Furthermore, it is obscure how and in which step
of the rhodopsin metabolism the glycosylation functions.

In order to answer the above questions about rhodopsin glycosylation, I took
the next four strategies. (1) I utilized the cell-free translation system to get
biochemically detectable amount of mutant rhodopsins. Using the system, I
examined in vitro whether the mutant rhodopsins lacking each putative
glycosylation site can bind oligosaccharide chain. (2) I constructed a new
transgenic fly, ninaEN196I | in which the other putative glycosylation site, Asn196,
is replaced by Ile. Using the fly, I examined whether Asn196 undergoes the
glycosylation or not. Since N196I rhodopsin still possesses a single glycosylation
site at Asn20, the result would also demonstrate whether Asn20 can be
glycosylated or not. (3) I attempted to detect the N20I rhodopsin in ninaEN20I fly
and elucidated whether Asn20 is glycosylated or not in vivo. (4) To know the step
of the rhodopsin metabolism in which glycosylation is implicated, I examined the
expression level of rhodopsin during its maturation in the two transgenic flies,
ninaEN20I and ninaEN1961,



Materials and Methods

Animals

All experiments were carried out on white-eyed (w) Drosophila melanogaster
(Oregon R). In this thesis, I term the white-eyed stock (w) without any other
mutation "wild-type". Fly stocks were obtained from Dr. K. Isono and Dr. J. E.
O'Tousa. Transgenic flies, ninaEN20I and ninaEN196I were constructed in J. E.
O'Tousa's laboratory. Methods on the construction of ninaEN20! were previously
described (O'Tousa 1992), and were used for the construction of ninaEN196I too.
ninaEN196I was first constructed as a red-eyed mutant, carrying normal white
(w*) gene in the genetic background. In the present study, I replaced the X-
chromosome carrying w* gene with the mutant w allele to get white-eyed
ninaEN196I,

Fly stocks were ordinarily maintained at 25 °C on a carotenoid-rich medium
(6% yellow corn meal, 5% dry yeast, 3.2% sucrose, and 0.5 - 1.5% agar) under a 12
hr light: 12 hr dark cycle of fluorescent lighting at intensity of 50 lux. Carotenoid
deprivation was achieved by raising flies from egg to adult on a medium composed
of 10% dry yeast, 10% sucrose, 0.02% cholesterol and 1 - 2% agar.

Unless specified, flies used for experiments were kept in a constant darkness
from third instar larva to adults in order to minimize the light-dependent damage
of rhodopsin and photoreceptor structure. To rear the flies in a constant darkness,
the feeding vials were kept in a can with a lid, and subcultured under dim red
light.

Cloning and mutagenesis of opsin cDNA
Poly(A)*RNAs were isolated from Drosophila heads by the oligo-dT-cellulose
column, and reversetranscribed using poly-dT sequences added to the end of
linearized pUC9 vectors as a primer. From these single strand cDNAs, the cDNA
encoding opsin was amplified using the polymerase chain reaction (PCR) with the
vector primer (M13 Primer RV, Takara) and a synthetic oligonucleotide primer
against the coding region of the N-terminus of the opsin (according to O'Tousa et
al., 1985, Zuker et al., 1985), which is introduced EcoRI restriction site to the 5 '-
terminus. A single fragment was amplified and inserted into pBS vector
(Stratagene) using EcoRI and HindIII sites. The sequence of the ¢cDNA clone,
which include the whole coding sequences and full-length of the 3' noncoding-region
(O'Tousa et al., 1985, Zuker et al., 1985), was confirmed by the dideoxynucleotide
chain-termination method (Sanger et al., 1977) using Thermo Sequenase
Fluorescent Labeled Primer Cycle Sequencing Kit (Amersham). '
cDNAs which encoding the mutant opsins lacking putative N-glycosylation site
were constructed using mismatched oligonucleotides as primers for the PCR ( 5'-
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GTGACCTTGTCCACCACCGATCCAA(<-T)TGGAC-3! N20I, : 5'-CGAGGTCAG
GA(<- TYTACCCTCCG-3' ; N196I). These primers included the coding sequences
for residues 18-28 and 194-199 of opsin, respectively, and contained single
replacements from the residues in the parentheses to others (bold letters), which
cause substitution of Ile for Asn20 or Asn196. Then the complete cDNA of N20I
and N196]I were prepared by the replacement of the partial fragments of the wild-
type cDNAs with the mutant cDNA fragments digested at suitable restriction
sites : EcoRI-Tth111I for N20I, EcoT38-BstEII for N1961. These ¢cDNAs were
inserted into the pBS vectors. The séquences of the mutant cDNAs were confirmed
by the sequencing as described above.

In vitro translation and glycosylation

cDNAs encoding wild-type or mutant rhodopsins were cloned into the
transcription vector pBS downstream of the T7 transcriptional promoter. RNAs
were transcribed from the linearized pBS clones and 5'-capped by the mCAP™
mRNA Capping Kit (Stratagene) according to its instruction manual. The
presence of 5'cap structure (5' TmeGppp5'G) has been shown to enhance the
translation efficiency of eukariotic mRNA by a rabbit reticulocyte lysate. RNAs
derived from 0.15 mg of pBS were translated per reaction, in the presence of
[35S]methionine (293.0-445.8KBq per reaction, 39.9-44.1TBq/mmol, ICN
biomedicals and Du pont) in the rabbit reticulocyte lysate methionine L-[35S]
Translation Kit (Du pont) supplemented canine pancreatic microsome (1m 1 per
reaction, Du pont). Translation reactions were carried out at 20 °C for 3.0 hr (for
Figure 2A) 3.5 hr (Figure 2B) or 2 hr (Figure 3). Radiolabeling accompanied with
the translation were terminated by the addition of cold methionine or placing on
ice. Then, the microsome membranes supplemented into the reaction mixtures
were precipitated by the centrifugation at 15,000 x g for 30 min at 4°C. The
membranes were solubilized in the SDS loading solution (2.3% SDS, 5% 2-
mercaptoethanol, 5% glycerol, 62.5mM Tris-HCI [pH6.8]), and incubated at 37°C
for 1 hr, followed by SDS-PAGE. For the control experiment, translation was
carried out without the microsome membranes or mRNA. In that case without
microsome membranes, after the termination of the translation and
centrifugation, the supernatant was directly mixed with 4xSDS loading solution
and incubated at 37°C for 1 hr, then aliquot was subjected to SDS-PAGE.

Preparation of Drosophila retinas

Drosophila retinas were prepared from young adult flies (~24hr after eclosion). To
minimize the light dependent damage to rhodopsin and photoreceptors, flies were
reared in a constant darkness from lava to adults. Flies for the Figure 5 were
reared in the 121/12D cycle, and prepared under the light. Other retinal samples
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of the dark-reared flies were prepared under the dim red light. The methods of the
retinal preparation described by former report (Ozaki et al., 1993). Briefly,
Compound eyes were hand dissected and immersed in ice-cold/distilled water
(100ul). After 10 min on ice, retinas were suspended by pipeting and remove the
corneas. The suspensions were centrifuged, and collected the retinal membrane as
pellets. The pellets were solubilized in the SDS loading solution and incubated at
37°C for 1 hr, subjected to SDS-PAGEs.

The method of radiolabeling of opsin in flies was described before (Ozaki et al.,
1993). 1.8MBq of [35S]methionine (44.1TBq/mmol) was used to feed 10 flies. -

Protein analysis

Protein samples were analyzed by SDS-PAGE (Laemmli, 1970) with 12.5%
polyacrylamide slab gels. To get autoradiograms, gels were stained with
Coomassie brilliant blue R-250, treated with radioactivity enhancer solution
(EN3HANCE, New England Nuclear), dried in vacuum drier and exposed to X-ray
film (O-mat AR, Kodak) for 3days. For the autoradiogram shown in Figure 2B, the
treatment with the enhancer was omitted, and then the dried gel was subjected to
exposure against an Imaging plate (Fuji Photo Film) and visualized by the Image
Analyzer BAS2000 (Fuji Photo Film).

For immunoblotting, separated proteins by SDS-PAGE were electrophoretically
transferred onto polyvinylidene difluoride (PVDF) membranes (Immobilon-P,
Millipore), using SDS-containing buffer (0.02% SDS, 100 mM tris(hydroxymethyl)
aminomethane, 192 mM glycine, 15% methanol), according to the method
described previously (Ozaki et al., 1993). The membranes were incubated with a
monoclonal antibody (MAb) (de Couet and Tanimura, 1987) against C-terminal
region of the major Drosophila opsin, at room temperature for 30 min.
Immunoreactive proteins were detected by an avidin-biotin amplification system
(Vecstain ABC kit Elite, Vector Lab.).

To remove N-linked oligosaccharide chain from opsin, in vitro translation
mixture (containing 0.2u] microsomal membranes) or retinal membrane
suspension (containing 12 retinas) was centrifuged to yield membrane fraction.
The fraction was solubilized in 2 pl of SDS loading solution, diluted to 23 ul by
adding n-octylglucoside (2% at final) and peptide-N-glycosidase F (PNGase F, 2.2
mM at final, Boehringer Mannheim) solutions, and incubated at 37 °C for 17 h.
The solution was then mixed with 7 pl of 4 x SDS loading solution for SDS-PAGE.

Northern Analysis

Poly(A)" RNA was directly extracted from 50 heads of the each stock of the flies
(0-1 day old) by the guanidine thiocyanate method (Chirgwin et al., 1979),
combined with the purification with oligo(dT)-cellulose using a QuickPrep Micro
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mRNA Purification Kit (Pharmacia). The extracted poly(A)* RNAs were roughly
quantified spectrophotometrically. About 150 ng of poly(A)* RNA from each
fraction was then subjected to the northern analysis to determine the relative
amount of histone H3.3Q mRNA in each fraction. Based on the results, the
amount of poly(A)* RNA charged in each lane was readjusted finely to give equal
density of histone signal. Poly(A)* RNA was separated on a 1.4% agarose gel
containing 6% formaldehyde, vacuum transferred onto a nylon membrane
(Hybond-N, Amersham), and fixed on the membrane by UV irradiation. ¢cDNA
probe for opsin is derived from PstI-Pstl fragment, and labeled with [0-32P]dCTP
by random priming method. Hybridization was carried out at 53°C for 12 h, and
the membrane was washed with 2 x SSC at 25°C, followed by washing with 0.2 x
SSC containing 0.1% SDS at 60°C. Hybridization signals were detected with an
Imaging plate (Fuji Photo Film) and visualized by the Image Analyzer BAS2000
(Fyji Photo Film).
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Results

In vitro Synthesis of Wild-Type Opsin

The major Drosophila rhodopsin encoded by nineE gene has two possible N-
glycosylation sites within the N-terminal (Asn20) and the second extracelluler
loop regions (Asnl196), (Figure 1; O'Tousa et al., 1985; Zuker et al., 1985). To
determine the actual N-glycosylation site of immature rhodopsin, I first carried
out the in vitro synthesis of opsin using a cell-free translation system. Rhodopsin
is a membrane protein which has seven transmembrane domains, and is initially
synthesized in rER. Generally, N-linked oligosaccharide chains attach to the
extracelluler domains of the peptide at the lumenal side of rER. In order to
enable the peptide integration into the membrane and the N-glycosylation of the
peptide, I added the canine microsome membranes to the translation system of
rabbit reticulocyte lysate. Using this system, I first examine the synthesis of
wild-type opsin (Figure 2A). Without microsomal membrane, a single kind of
polypeptide having apparent molecular weight of 36 k was synthesized in this
system (Figure 2A, lane 2). On the other hand, no translated product was detected
in the control experiment without opsin mRNA (Figure 2A, lane 1). Because
rabbit reticulocyte lysate used here does not contain membrane fraction, the
products do not undergo post-translational modifications those require rER or
Golgi membranes. Therefore, above results indicated that the 36 k peptide is a
core peptide of opsin without N-glycosylation.. .

I next examined the opsin synthesis in the presence of microsomal membranes.
As shown in Figure 2A (lane 3), two kinds of polypeptides having apparent
molecular weight of 40 k and 43 k, respectively, were synthesized in addition to
the 36 k core peptide. To examine whether 40 k and 43 k opsins are N-
glycosylated or not, these products were digested with peptide-N-glycosidase F
(PNGase F) which cleaves the linkage between asparagine and every type of N-
linked oligosaccharide chain (Figure 2B). By this treatment, two upper bands of
opsin (40 k and 43 k) completely disappeared, and 36 k core opsin increased
instead (Figure 2B, lane 2). This result then indicates that both 40 k and 43 k
opsins are N-glycosylated products of 36 k core opsin. Drosophila opsin encoded
by ninaE gene has two possible sites for N-glycosylation. It is therefore most
likely that 40 k and 43 k opsins bind one and two oligosaccharide chains,
respectively. This presumption was supported by the following experiments using
the mRNAs coding N20I and N1961 mutant opsins.

In Figure 2B, mature rhodopsin (lane 1) synthesized in vivo is electrophoresed
with cell-free translated products. It should be noted that 36 k core opsin is a
little larger than mature rhodopsin (35 k). This suggests that, during maturation,
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rhodopsin would undergo additional modifications which reduce apparent
molecular weight from 36 k to 35 k, but it is still unknown what change happen

here.

In vitro Synthesis of N20I and N1961I Opsins

Using the same system as above, two mutated opsins, N20I and N196I, were
synthesized in the presence of microsomal membranes (Figure 3). Asn20 residue
of opsin is replaced by isoleucine in N20I mutant, and Asn196 is replaced in
N196I. In both N20I and N196I opsins, 36 k and 40 k peptides were synthesized,
but 43 k opsin was not detected (Figure 3, lanes 2 and 3). Because each of N20I
and N196I opsin has one possible site for N-glycosylation, the result indicates
that 40 k opsin binds a single oligosaccharide chain at Asnl96 or Asn20,
respectively. Furthermore, this result strongly supports the previous presumption
that 43 k opsin synthesized in vitro from wild-type opsin mRNA would have two
oligosaccharide chains both at Asn20 and Asn196.

The apparent molecular weight of immature opsin accumulated in rER of the
carotenoid-deprived fly is 40 k (Ozaki et al., 1993), which is corresponds
approximately to that of the mono-glycosylated opsin synthesized in the cell-free
translation system. Although our cell-free translation system does not originated
from Drosophila, microsomal membranes used in the system are mostly derived
from rER, too. It has been shown that the initial structure of oligosaccharide
chain and its processing occurring in rER is common in all eukaryotes examined
(Kornfeld and Kornfeld, 1985). Therefore, it is highly probable that 40 k opsins
synthesized in vivo and in the cell-free system have similar ER-type
oligosaccharide chains, which are not so different in size each other. This
speculation gives us an idea that 40 k intermediate synthesized in vivo does not
have two small oligosaccharide chains at Asn20 and Asnl196, but has a single
oligosaccharide chain like 40 k opsin synthesized in vitro. As shown in Figure 3,
both N20I and N196I opsins can be N-glycosylated in vitro. However, 40 k
glycosylated opsin of N20I mutant is much less than that of N1961 opsin. This
result indicates that Asn196 residue of N20I opsin is less easily glycosylated
than Asn20 of N1961 opsin. Based on these results, I hypothesized that 40 k
intermediate of opsin synthesized in vivo would bind a single oligosaccharide
chain at Asn20, and next examined the hypothesis by the use of transgenic flies.

Opsin Glycosylation in the Transgenic Flies

In the present study, I newly constructed a transgenic fly, ninaEN196I in addition
to ninaEN20I which has been developed by O'Tousa (O'Tousa, 1992). Because both
mutants were constructed over ninaE°l17 the null allele of ninaE, these
transgenic flies express N20I and N196I opsins, respectively, without any
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expression of wild-type opsin at all. In ninaEN20I fly, it has been reported that
the amount of mature rhodopsin is greatly reduced, while mRNA of N20I opsin is
expressed as much as that of wild-type opsin in the wild-type control fly (O'Tousa,
1992; Brown et al., 1994). First, I compared the expression level of rhodopsin
transcript of ninaEN196I with those of ninaEN20I and wild-type, by northern blot
analysis (Figure 4). Poly(A)* RNA purified from heads of the each strain was
electrophoresed and probed with radio-labeled ninaE fragments. The total
amount of the RNA loaded in the each lane was normalized with the histone
mRNA. Opsin mRNA expressed in ninaEN196! fly (lane 3) is approximately 1.5-
fold more than that in wild-type (lane 1) and nearly equal to that in ninaEN20I
(lane 2). The difference at transcription level between wild-type and the mutants
might reflect a change of expression efficiency of the genes according to the
position in the genome, because the P-elements carrying the mutant rhodopsin
genes were inserted at random into the genome. However, since both transgenic
flies possess the comparable level of rhodopsin mRNA, the lowered amount of
rhodopsin in the mutant is likely to result from disturbances of post-
transcriptional step of rhodopsin biogenesis.

I next analyzed the rhodopsin synthesis in these transgenic flies at the protein
level. I especially focused on the glycosylation of rhodopsin intermediate and its
maturation. In the previous study, it was demonstrated that the intermediate of
rhodopsin bearing no chromophore is accumulated, when flies are raised in the
absence of carotenoid. If flies were given carotenoid and exposed to the light, the
intermediate is supplied with chromophore, and then processed into the 35 k
mature rhodopsin (Ozaki et al., 1993). Although the mature rhodopsin is not
glycosylated, the intermediate accumulating under the carotenoid-deprived
condition is known to be N-glycosylated (Ozaki et al., 1993). So I examined
whether the intermediate is glycosylated or not in the two transgenic flies. As
shown in Figure 5, 40 k peptide is the intermediate of rhodopsin accumulated in
the wild-type flies under the carotenoid-deficient condition (Figure 5A, lane 1,
Figure 5B, lane 1). Like wild-type flies, carotenoid-deficient flies of nina EN196I
also accumulate 40 k intermediate (Figure 5A, lane 3; Figure 5A, lane 5). By
digesting these intermediates with PNGase F, the apparent molecular weight of
them were reduced to 36 k (Figure 5B. lanes 2 and 6). This result demonstrates
that 40 k intermediate of ninaEN196I as well as that of wild-type, is composed of
36 k core peptide and an N-linked oligosaccharide chain. In contrast to
ninaEN196I 40 k intermediate was not detected in the carotenoid-deficient
ninaEN20I flies, whereas 36 k peptide was found instead (Figure 5A, lane 2;
Figure 5B, lane 3). Because the apparent molecular weight of this 36 k peptide
was not affected by the treatment with PNGase F (Figure 5B, lane 4), it is clear
that the intermediate of ninaEN20! s not N-glycosylated.
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Above results indicate that not Asn196 but Asn20 is essential to form the
glycosylated intermediate of 40 k in vivo. In addition, in vitro experiments also
suggested that 40 k peptide of opsin binds a single oligosaccharide chain, and that
Asn20 is much more easily glycosylated than Asn196. Based on these results in
vitro and in vivo, I here concluded that the 40 k intermediate of rhodopsin
synthesized in the Drosophila photoreceptor cell is a glycoprotein binding a single
oligosaccharide chain at Asn20.

Synthesis and Maturation of 40 k Intermediate in the Transgenic Flies

We next investigated in which step of rhodopsin synthesis and maturation the
oligosaccharide chain is essentially functioning. As described above, the wild-type
(Figure 5A, lane 5) and ninaEN196I (Figure 5A, lane 7) flies accumulate the
glycosylated immature opsin having apparent molecular weight of 40 k, when they
are raised under the carotenoid-deprived condition. On the other hand, ninaEN20I
fly synthesizes the non-glycosylated immature opsin with the molecular weight of
36 k (Figure 5A, lane 6). By providing these immature molecules with
chromophore (i.e. raising flies in a carotenoid-rich medium), they proceed in the
maturation pathway and processed into the 35 k mature rhodopsin. Figure 5A
indicates that the amounts of immature opsin in ninaEN20! (lane 6) and
ninaEN196I (Jane 7) are significantly less than that in the wild-type fly (lanes 3).
This result indicates that amino-acid substitution at Asn20, as well as that at
Asnl196, affects the synthesis or stability of immature opsin. However, this
reduction of immature opsin would not arise from the loss of the oligosaccharide
chain at Asn20 but possibly from some conformational defect in opsin peptides
induced by the amino-acid substitution, because the reduction occurs not only in
the non-glycosylated opsin of ninaEN20I but also in the glycosylated opsin of
ninaEN196I,

In contrast to the immature opsin, the synthesis of mature rhodopsin is greatly
different between ninaEN20I and nina EN196I mutants. As well as wild-type flies
(Figure 5, lane 1), both ninaEN20I and ninaEN196I flies produce the 35 k mature
rhodopsin (Figure 5, lanes 2 and 3), when they are raised on carotenoid-rich
medium. However, the synthesis of mature rhodopsin is largely reduced in
ninaEN20I compared with ninaEN196I, Because no significant difference in the
amount of immature opsin can be found between ninaEN20I and ninaEN196I, this
result demonstrates that the defect in N-glycosylation at Asn20 dramatically
inhibits the maturation process from the immature intermediate to the mature
form of rhodopsin. Furthermore, it should be noted that, in the ninaEN20!
mutant, the 36 k immature opsin is detectable even when they are raised under
carotenoid-rich condition. Because no immature intermediate (40 k) is found in
the wild-type nor ninaEN196I fly under the same condition, this result again
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indicates that the maturation process is largely blocked by the loss of the
oligosaccharide chain at Asn20. In Figure 54, it is also shown that the amount of
mature rhodopsin in ninaEN196I fly is reduced to approximately 20% of that in
the wild-type fly (lanes 1 and 3; note that total proteins in lane 1 is reduced to
20% of those in other lanes). However, this reduction can possibly be explained by
the reduction in the immature intermediate of opsin (lanes 5 and 7). In
conclusion, the present results demonstrate that N-glycosylation at Asn20 would
contribute to the acceleration of rhodopsin maturation rather than the synthesis
and stabilization of immature rhodopsin.
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Discussion

N-glycosylation functions in the many extracellular events and intracellular
localization of the proteins. Recent findings indicate that the oligosaccharides are
also required for protein maturation (Ou et al., 1993; Hebert et al., 1995).
Immature Drosophila rhodopsin has N-linked oligosaccharide, which is, however,
completely removed during the process of maturation. Although this suggests
that the oligosaccharide of opsin may play an important role in its maturation,
only a few studies on the glycosylation of Drosophila rhodopsin have been reported
(O'"Tousa, 1992; Brown et al., 1994). In fact, these studies indicate that mature
rhodopsin is not synthesized sufficiently when one candidate site for the N-
glycosylation is destroyed, but there have not been any evidence exactly
demonstrating the number of oligosaccharide chains which bind to opsin and the
actual site of its binding. Furthermore, there is no information at all showing
which step of maturation requires the N-linked oligosaccharide chain. Because
Drosophila rhodopsin transiently glycosylated only in an immature form, it is very
difficult to isolate sufficient amount of glycosylated rhodopsin for biochemical
analysis. In the present study, I first determined the glycosylation site by
constructing the mutant opsins lacking possible sites and expressing them both in
vitro and in vivo. The results demonstrated that Asn20 which exists in the
extracellular N-terminal region of opsin is the unique site for N-glycosylation.
Carbohydrates were biochemically detected from various kinds of visual pigments
(Plantner and Kean, 1976; Nashima et al., 1978; Ju et al. 1994), while there are
only a few demonstrations showing their existence at the N-terminal region of the
visual pigments (Hargrave, 1977; Duffin et al. 1993). However, possible N-
glycosylation site in the N-terminal region is conserved in all visual pigments and
most G-protein-coupled receptors whose primary structures were so far
elucidated. These facts therefore suggest that N-linked oligosaccharide in the N-
terminal region may have a common function in the seven-transmembrane
receptors belonging to the rhodopsin family. In the present study, I also
demonstrated that Asnl96 does not undergo N-glycosylation in wvivo.
Nevertheless, many visual pigments contain a consensus sequence for N-
glycosylation within the second extracellular loop (for examples Okano et al.,
1992: some vertebrate visual pigments; Smith et al., 1993: horseshoe crab, squid
and fly rhodopsins). Because any short deletions in this loop region resulted in
the formation of misfolded rhodopsins, it is proposed that the loop contains the
important information required for the assembly of rhodopsin molecule (Doi et al.,
1990). Therefore, this consensus sequence, together with its flanking region,
might be conserved to form a correct structure of rhodopsin, not to work as a target
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for N-glycosylation.

When Drosophila opsin was translated in vitro, Asn196 was glycosylated as
well as Asn20. This result suggests that N-glycosylation can potentially occur at
both sites in rhodopsin. Therefore, it might be presumable that, in the Drosophila
photoreceptor cells, co-translational binding of chaperone-like proteins to opsin
might block the glycosylation of the second site. NINAA, an eye-specific
peptidylproline cis-trans-isomerase (PPIase) (Shieh et al.. 1989; Schneuwly et al.,
1989), is one of possible opsin-binding proteins which is specifically distributed in
the photoreceptor cells (Stamnes et al., 1991; Bakeret al., 1994). However, it is
not likely that NINAA alone contributes to the inhibition of glycosylation, because
43 k rhodopsin bearing two oligosaccharide chains is not detected in the nincA
mutant (Ozaki et al., 1993). Alternatively, elongating peptide, which is in the
process of translation, may take a specific conformation which prevent the co-
translational glycosylation of the second site in the photoreceptor cells.

In the previous studies, it has been shown that the synthesis of mature
rhodopsin is depressed in the presence of TM (Stark et al., 1991). In addition, the
amount of mature rhodopsin is dramatically reduced in the transgenic fly
(ninaEN20I) whose opsin contains the amino-acid substitution of N20I (O'Tousa,
1992; Brown et al., 1994). Although these results indicate the important role of
N-glycosylation in the rhodopsin metabolism, the critical step requiring the N-
linked oligosaccharide chain was not clarified. Here, I elucidated that N-
glycosylation at Asn20 predominantly functions in the maturation process of
rhodopsin (from 40 k to 35 k) rather than the synthesis or stabilization of
immature opsin (40 k). However, it should be noted that immature rhodopsin in
ninaEN20I mutant is significantly less than that in the wild-type fly, although the
mutant contains as much immature rhodopsin as ninaEN196I, Therefore, we
could not completely exclude the possibility that N-glycosylation at Asn20 may
also partly contribute to stabilizing or accelerating the synthesis of immature
rhodopsin. Further studies using other amino-acid substitutions might be usable
to clarify this point.

The 40 k molecule is the earliest intermediate of opsin so far found, which does
not bind chromophore yet, possesses an oligosaccharide chain of high-mannose
type, and is accumulated in rER (Colley et al., 1991, Ozaki et al., 1993). The
present results thus suggest that the oligosaccharide chain at Asn20 would be
working at one or several steps between the export of rhodopsin intermediate from
rER and the incorporation of mature rhodopsin into rhabdomeric membrane. A
possible way to facilitate rhodopsin maturation is that the oligosaccharide chain
enables the interaction between opsin peptides and chaperone-like proteins.
Recently, in various kinds of cells were found lectin-like proteins, calnexin
(Helenius, 1994) and calreticulin (Peterson et al., 1995), which reside in ER and
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interact with some glycoproteins. In Drosophila photoreceptor cells, it has also
been suggested that NINAA (eye-specific PPIase) interacts with rhodopsin in rER
and facilitates its biogenesis (Baker et al., 1995). Furthermore, it was shown that
NINAA and rhodopsin also colocalize to secretory vesicles (Colley et al., 1991),
suggesting that rhodopsin may require NINAA not only in rER but also in its
maturation and transport processes. Therefore, one of these proteins may
recognize N-linked oligosaccharide chain of rhodopsin to facilitate its maturation.
It would be very important to identify proteins those interact with rhodopsin in
the maturation process through the oligosaccharide chain.

In Drosophila, all data including ours agree that N-glycosylation is essential
for rhodopsin maturation. On the other hand, there is no consistency in the role of
N-linked oligosaccharides of rhodopsin in vertebrates. In the TM-treated frog
retina, nonglycosylated opsin is not normally incorporated in the ROS membrane
(Fliesler and Basinger, 1985; Fliesler et al., 1985). Furthermore, mutant human
rhodopsin lacking a N-glycosylation site neither takes proper conformation nor
reaches the cell surface, when it was expressed in the cultured 293S cells (Sung et
al., 1991). In contrast, TM-treatment did not affect the folding and transport of
bovine rhodopsin expressed in the cultured COS-1 cells (Kaushal et al., 1994). In
the maturation and transport of rhodopsin, not only N-linked oligosaccharides but
also other proteins like chaperones would be required. In fact, as well as in
Drosophila, it is reported that retina-specific NINAA-like protein facilitates the
synthesis of vertebrate rhodopsin (Ferreira et al., 1996). Above conflicting results
might possibly be ascribed to the presence or absence of such specific molecules as
cooperatively function in the rhodopsin maturation. Therefore, as far as
investigations of protein maturation, it would be important to examine using the
native cells which originally expresses interested proteins.

In this study, I have answered the remaining questions about the position and
the significance of N-glycosylation of the major Drosophila rhodopsin. Thus, it
provides important insights into the role of protein N-glycosylation in vivo.
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Figure 1. Schematic model of major Drosophila rhodopsin.

The figure shows two putative N-glycosylation sites and the mutations used for
their substitutions. N-linked oligosaccharide chain can be attached to the Asn
residue in the sequences of Asn-X-Ser/Thr (where X is any amino acid). The major
Drosophila rhodopsin contains two possible glycosylation sites, Asn20 and
Asnl96, in the N-terminal and the second extracellular loop regions, respectively.
Lower panels show the partial peptide and DNA sequences of the wild type and
two mutant proteins, N20I and N196I. A single nucleotide was changed in each
mutant DNA to replace one of these asparagine residues to isoleucine. Details
were described in "Materials and Methods".
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Figure 2. In vitro translation and N-glycosylation of wild-type opsin.

(A) mRNA of wild-type opsin was translated in the reticulocyte lysate translation
system supplemented with microsome membranes.

Lane 1, control reaction without mRNA showing that no labeled products are

detectable.

Lane 2, another control reaction without microsome membranes. Only a
nonglycosylated core peptide (36 k) is detectable.

Lane 3, translation products in the presence of both mRNA and microsome
membranes. Two kinds of opsin peptides (40 k and 43 k) is identified in addition
to 36 k core peptide.

(B) PNGaseF digestion of in vitro translation products.

In the absence of PNGaseF, three different bands of opsin peptide are detected at
36 k, 40 k and 43 k (lane 3). By digesting with PNGaseF, the apparent molecular
weights of two larger opsin peptides (40 k and 43 k) shift to 36 k (lane 2). Mature
rhodopsin synthesized in vivo (85 k) is also electrophoresed in lane 1. Note that
the core peptide of opsin (36 k) is still larger than mature rhodopsin (35 k).

The positions and molecular weights of protein size markers are indicated on the

right.
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Figure 3. In vitro translation and N-glycosylation of mutant opsins, N20I and
N1961.

Each mRNA of wild-type (lane 1), N20I (lane 2) and N196I (lane 3) opsins was
translated in the reticulocyte lysate translation system supplemented with
microsome membranes. The products derived from the mutant mRNAs lack the
largest peptide (43 k), while 36 k and 40 k peptides are synthesized from each
mutant mRNA. Note that N-glycosylated opsin (40 k) in N196I mutant (lane 3) is
more abundant than that in N20I (lane 2).

The numbers and small bars on the right indicate the positions and molecular

weights of protein size markers.
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Figure 4. Expression of rhodopsin mRNA in wild-type and the transgenic flies.

mRNA level of major rhodopsin were examined by Northern blot analysis. 150 ug
poly(A)*RNAs from heads of the each strain were probed with ninaE cDNA .

Lane 1, Wild-type

Lane 2, ninaE N20I

Lane 3, ninaE N1961

Arrow indicates intact ninaE transcripts (1.7 kb).

The numbers on the right side indicate molecular size marker (kb).
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Figure 5. Immunoblot analysis of rhodopsin maturation in the ninaEN20I and
ninaEN196I transgenic mutants.

(A) Wild-type (lanes 1, 5), ninaEN20I (lanes 2, 6), ninaEN196I (lanes 3, 7) and
ninaE°T1? (lanes 4, 8) flies were raised under carotenoid-replete (Car+, lanes 1 - 4)
or carotenoid-deprived (Car-, lanes 5 - 8) condition. In Car- condition, 40 k
immature opsin is accumulated in the wild-type and ninaEN196I flies, whereas 36
k immature opsin is synthesized in the ninaEN20I fly. Note that the amount of
immature opsin in ninaEN20I ig similar to that in ninaEN196I, In Car+ condition,
the wild-type, ninaEN20I and nina EN196I flies yield 35 k mature rhodopsin. In
ninaEN20I however, the amount of mature rhodopsin is greatly reduced, and 36 k

EOI 17 is a null mutant of

immature opsin coexists with mature rhodopsin. nina
major Drosophila rhodopsin, showing no opsin peptide in both Car+ and Car-

conditions. Extract from 1 eye (lane I) or 5 eyes (lanes 2 - 8) is loaded in each lane.

(B) N-glycosylation of immature opsin in the wild-type (lanes 1, 2), nina EN20I
(lanes 3, 4) and ninaENI96I (Jgnes 5, 6) flies. Retinal extracts from carotenoid-
deprived flies were incubated with (lanes 2, 4, 6) or without (lanes 1, 3, 5)
PNGaseF. The enzyme reduces the size of 40 k immature opsin to 36 k (wild-type
and ninaEN196I) but is ineffective against 36 k immature opsin (ninaEN20I),
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Chapter I1

Analysis of the Light-enhanced Retinal Degeneration
Induced by a Mutation in the Second Extracellular Loop of Rhodopsin

30



Abstract

Mutations in rhodopsin gene often cause the retinal degeneration. In this
chapter, I report a novel mutation of Drosophila opsin that causes light-enhanced
retinal degeneration. In Chapter I, I constructed a transgenic fly, nina EN196I,
expressing the mutant opsin whose Asnl196 in the second extracellular loop is
replaced by Ile. When the mutant flies were raised in the constant darkness, they
synthesize mature rhodopsin at about 20% of wild-type level just after eclosion.
As the flies age, the amount of mature opsin was slowly decreased in the dark.
Interestingly, the decrease was greatly accelerated by light. In this process,
rhodopsin was subjected to the partial proteolysis. Electron microscopic
observation revealed that the mutant shows the age-dependent photoreceptor
degeneration, which was also enhanced by light. In the degenerating cells,
rhabdomeric microvilli were remarkably disorganized and shortened. Instead, a
lot of aberrant membranous structures derived from the microvillar membranes
accumulated in the cytoplasm. Finally, the cells were entirely disorganized and
probably led to death. The electroretinogram of the mutant, before drastic cell
degeneration becomes evident, exhibited normal electrophysiological response to
the light, except a defect due to the decrease in rhodopsin. This result excludes
the possibility that mutant opsin induces the abnormal activation of transduction
system. Probably, mutant rhodopsin and, much more severely, its photoproduct
are directly responsible for the photoreceptor cell degeneration.
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Introduction

Rhodopsin is a member of the superfamily of the guanine nucleotide binding
protein (G-protein) coupled receptors, which contain seven membrane-spanning
helices. To understand the structure-function relationships of rhodopsin, many
studies using mutant rhodopsins have been carried out both in vitro and in vivo.
One of the reason why those studies are proceeding actively is that many
rhodopsin mutations lead to severe dysfunction and degeneration of photoreceptor
cells. In human, many rhodopsin mutations result in a progressive retinal
dystrophy, retinitis pigmentosa (RP) (Gal et al., 1996). Patients affected by RP
initially display night blindness followed by gradual loss of peripheral vision, and
loss of all vision, eventually (Gal et al., 1996; Farber and Danciger, 1997). Most of
the RPs due to rhodopsin mutations reveal dominant phenotype (autosomal
dominant RP, adRP), except a few recessive cases (autosomal recessive RP, arRP)
(Rosenfeld et al., 1992, Kumaramanickavel et al., 1994). However, the
mechanism by which the mutant rhodopsins cause retinal degeneration is not yet
known. To define the pathogenic mechanism of RP, a large number of mutant
rhodopsin have been studied in vitro and in culture cells, and characterized their
molecular defects (Sung et al., 1991; 1993; Min et al., 1993; Kaushal and Khorana,
1994). In these studies, the mutant rhodopsins were characterized in terms of
subcellular localization, molecular conformation, binding ability of 11-cis-retinal,
absorbance spectrum and G-protein activation efficiency. Thus, it is found that
some mutant rhodopsins showed no functional abnormalities in vitro or the
culture cells (Gal et al., 1996). This would suggest that the authentic mutant
phenotype is expressed only in vivo and especially requires photoreceptor cell
environment. Therefore, in addition to the molecular characterization of the
mutant rhodopsins in vitro, it is important to investigate the defects resulting
from mutations in living animals carrying RP-related mutant rhodopsins.

Drosophila is often used in mutational analysis of protein function in vivo,
because of its facility of mutagenesis and the construction of the transgenic
animals. In Drosophila, as well as in human, many rhodopsin mutants have been
isolated (Scavarda et al., 1983; Colley et al., 1995; Kurada and O'Tousa, 1995)
Most of these mutants are dominant for retinal degeneration (Colley et al., 1995;
Kurada and O'Tousa, 1995). In addition, some, but not all, mutations of
Drosophila rhodopsin correspond to the mutations of human rhodopsin those are
implicated in RP. These facts suggest that a similar molecular mechanism works
in the process of the retinal degeneration arising from mutations of rhodopsin
genes both in human and Drosophila.

RP-related mutations reported to date are dispersed over the rhodopsin except
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the third extracellular loop (Gal et al., 1996). However, they are somewhat
concentrated in the second extracellular loop, and rare in the cytoplasmic loop. In
contrast, the most mutant rhodopsins having lesions in the extracellular loops
are abnormally accumulated in the rough endoplasmic reticulum (rER) in the
culture cell and show low regenerativity with retinal in vitro (Doi et al., 1990).
Some of them were actually demonstrated to take abnormal conformation by CD
spectroscopy (Ridge et al., 1995). From these results, it was proposed that the
extracellular domain of rhodopsin would be required for protein folding or
assembly rather than direct involvement in the phototransducing activity
(Kaushal et al., 1994).

In the study reported in Chapter I, I constructed a new transgenic fly,
ninaEN196I g0 as to eliminate the possible N-glycosylation site in the second
extracellular loop. The fly possesses a mutant rhodopsin gene carrying a point
mutation that causes a replacement of Asn196 to Ile (N196I). Using the fly, I
demonstrated that Asn196 is not concerned with the N-glycosylation. However,
the amount of major rhodopsin in ninaEN196I was reduced to about 20 % of that
in wild-type just after eclosion. It suggests that the loss of Asn196 and/or
substitution of Ile affect the rhodopsin metabolism or photoreceptor viability.

In this chapter, in order to explore the effects of the N196I mutation, I
investigated the rhodopsin metabolism, photoreceptor cell morphology and
electrophysiological photoresponse of the transgenic mutant ninaEN196I,
Consequently, I demonstrated that the mutation induces a light-enhanced retinal
degeneration as a recessive character.' Furthermore, I elucidated the time course
of morphological changes in degenerating photoreceptor cells, with the detailed
electron microscopic analysis.
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Materials and Methods

Animals
All experiments were carried out on white-eyed (w) Drosophila melanogaster
(Oregon R). Fly stocks were obtained from Dr. K. Isono and Dr. J. E. O'Tousa.
Transgenic flies, nina EN20I and ninaEN196I, were constructed in J. E. O'Tousa's
laboratory. Methods on the construction of ninaEN20I were previously described
(O'Tousa 1992), and were used for the construction of ninaEN196I too. ninaEN196I
was first constructed as a red-eyed mutant, carrying normal white (w+) gene in the
genetic background. In the present study, I replaced the X-chromosome carrying
w+ gene with the mutant w allele to get white-eyed nina EN1961,

Flies were ordinarily maintained at 25 °C on a carotenoid-rich medium (6%
yellow corn meal, 5% dry yeast, 3.2% sucrose, and 0.5 - 1.5% agar).

Lighting conditions

Unless specified, flies used for experiments were kept in the constant darkness
from third instar larva to adults in order to minimize the light-dependent damage
of rhodopsin and photoreceptor cells in adult compound eyes. To rear the fliesin a
constant darkness, the feeding vials were kept in a can with a lid, and subcultures
were conducted under dim red light. For observation of light-enhanced retinal
degeneration, dark-raised young flies (1 day after eclosion) were put into tissue
culture dishes, in which moist white filter papers are lying. Then, the dishes were
set under the white fluorescent light (500 lux) for indicated period.

Immunoblot analysis

Extracts from retinal membranes were prepared as described in Chapter I.
Proteins are separated by SDS-PAGE (Laemmli, 1970) with 12.5%
polyacrylamide slab gels. For immunoblotting, separated proteins were
electrophoretically transferred onto polyvinylidene difluoride (PVDF) membranes
(Immobilon-P, Millipore), using SDS-containing buffer (0.02% SDS, 100 mM
tris(hydroxymethyl)aminomethane, 192 mM glycine, 15% methanol), according to
the method described previously (Ozaki et al., 1993). The membranes were
incubated with a monoclonal antibody (MAb) (de Couet and Tanimura, 1987) or
an antiserum (PAb) against C-terminal region of the major Drosophila opsin, at
room temperature for 30 min. The antiserum was generously presented by Dr. J.
E. O'Tousa. Immunoreactive proteins were detected by an avidin-biotin
amplification system (Vecstain ABC kit Elite, Vector Lab.).
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Conventional Electron Microscopy (EM)

The eyes were prefixed with a fixative containing 2% paraformaldehyde, 2%
glutaraldehyde in 0.1M sodium phosphate buffer (pH7.4) for 2 hours on ice. Then
the eyes were postfixed with 2% OsOy4 in the same buffer for 2 h on ice. After being
dehydrated through the graded ethanol series and embedded in Epon (Quetol 812,
Nisshin EM). Ultrathin sections cut with a diamond knife were double-stained
with uranyl acetate and lead citrate, and then examined with a JOEL JM1010
electron microscope. The eyes of dark-raised flies were prepared in dim red light
until the end of the postfix.

Electron Microscopic Immunocytochemistry

The eyes were fixed with 4% paraformaldehyde, 0.5% glutaraldehyde and 0.05%
CaCl; in 0.1M sodium cacodylate buffer (CB, pH7.4) for 2 hours on ice, and they
were stored overnight in CB at 4 °C. Then the eyes were postfixed with the
reduced osmium fixative, containing 1% OsO4 and potassium ferrocyanide in CB
for 30 min on ice (Tamaki and Yamashina 1994). After being dehydrated through
a graded ethanol series, the eyes were embedded in LR White resin (London
Resin). Ultrathin sections were collected on nickel grids. The sections were first
etched overnight with saturated sodium metaperiodate aqueous solution, blocked
with 4% bovine serum albumin (BSA) in 0.5M NaCl and 0.25% gelatin in sodium
phosphate buffer (PBSG, pH7.4) for 30 min, and then incubated with the
antibodies, MAb (1:100 dilution) or PAb (1:25 dilution), in PBSG overnight at 4
°oC. Reacted antibodies were detected by incubating with goat anti-mouse IgG
conjugated 15 nm-gold (1:25 dilution) (British Biocell) in PBSG for 1 h at room
temperature. The sections were stained with uranyl acetate for 3 h at room
temperature, and then examined with a JOEL JM1010 electron microscope. The
eyes of dark-raised flies were prepared in dim red light until the end of the postfix.

Electroretinogram (ERG)

ERGs were recorded with glass microelectrodes filled with Hoyle's saline. The tip
of recording electrode was positioned just beneath the cornea, and the reference
electrode was inserted into the brain. Voltage signals were amplified and
recorded by means of a high-impedance microelectrode amplifier, a dual-beam
oscilloscope, and a thermal array recorder (Nihon Kohden). For light stimuli,
460nm blue- and 530nm green-light from a xenon lamp were used. Flies were
dark-raised and quickly immobilized on cover glass with bee's wax under
fluorescent room lights.
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Results

Age-dependent Changes of Rhodopsin Metabolism in the Mutant

As shown in the Chapter I, the amount of major rhodopsin in the young (within
24h after eclosion) ninaEN196I mutant was about 20% of that in wild-type
(Chapter 1, Figure 5, lane 3), when flies were kept under the constant darkness.
This implies that Asnl96 plays some important roles in the rhodopsin
metabolism and/or construction of photoreceptor cells. Therefore, I first examined
the amount of opsin in the mutant retinae as a function of ages. Figure 1 displays
immunoblot analysis of opsin in the wild-type and mutant flies aged in the
constant darkness. After a slight increase in the first day after eclosion, the
amount of mature opsin was kept constant for 10 days in both wild-type and
ninaEN196I flies. However, in the next 10 days, the amount of mature opsin was
greatly reduced and became undetectable 20 days after eclosion. Because such
remarkable reduction of mature opsin is not observed in wild-type during the
period examined, it is characteristic in ninaENI96] mutant fly. This mutant
phenotype then suggests that the N1961 replacement may induce photoreceptor
cell degeneration in the dark in an age-dependent manner.

Age-dependent Changes of Photoreceptor Cell Morphology in the Mutant
In order to examine whether reduction of mature opsin is accompanied with a
retinal degeneration in the ninaENI96I mutant kept in the dark, I investigated
-the morphology of the mutant photoreceptor cells with a transmission electron
microscope (Figure 2-3).

The micrographs in Figure 2 display cross sections through the ommatidia at
the level of the R1-6 photoreceptor nuclei. In these sections are observed
peripheral photoreceptor cells (R1-6, no marks) and one of central photoreceptor
cells (R7, representatively indicated by asterisk in Figure 2A). Rhabdomere of the
other central photoreceptor cell, R8, is not found in these sections, because they
are located at the proximal part of R7 rhabdomere and below the level sectioned
here. It has been shown that the peripheral photoreceptors (R1-6) express blue-
absorbing rhodopsin encoded by rinaE gene, whereas R7 photoreceptor express
another rhodopsin absorbing UV light. Just after eclosion, dark-reared
nina EN196I has intact photoreceptors (Figure 2B) like those in wild-type (Figure
2A) except the following minor defects. First, the rhabdomere sizes of nina EN1961
are distinctly smaller than those of wild-type. The average length of the microvilli
in the nina EN196I rhabdomere is roughly estimated at 77% of those of wild-type.
Moreover, in the photoreceptor of ninaEN196I just after eclosion, the base of
rhabdomere occasionally become irregular (Figure 3C), although most have
normal regular structures (Figure 3B). In the wild-type fly, neighboring
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microvillar membranes are recurving and fused at their loot portion, so that they
formed catacomb-like extracellular space (catacomb-like structures, CS) (Kumar
and Ready., 1995). In a thin section cut through the proper plane along the axis of
the microvilli, CS looks like small membranous loops regularly arrayed along the
border between rhabdomere and cytoplasm (Figure 3A and 3D). Another
characteristic structure, subrhabdomeric cisternae (SRC), lies adjacently to CS.
SRC is a network of a smooth endoplasmic reticulum lying just beneath the
rhabdomeres of arthropod photoreceptors (Matsumoto et al., 1989)(Figure 3A and
3D). In the dark-reared ninaEN196I SRC is observed in all rhabdomeres just after
eclosion (Figure 3B and 3C). On the other hand, CS is sometimes disordered
slightly in the mutant flies (Figure 3C), although, most rhabdomeres show the
normal CS (Figure 3B).

10 days after eclosion in the dark, rhabdomere of the wild-type fly is slightly
disordered (Fig 2C). Microvillar membranes show small invagination into
cytoplasm and the CS become somewhat irregular, while microvilli are packed
regularly as those in the fly just after eclosion. In contrast, rhabdomeric structure
in the ninaEN196I photoreceptors are largely disorganized (Figure 2D). The array
of microvilli is largely disordered, and their membranes invaginated into the
cytoplasm, making large loops. Catacomb-like structures are completely
disrupted, too. However it should be noted that R7 photoreceptor cell of the
mutant does not show such abnormal structures as membrane invagination and
disruption of CS. Because ninaE gene codes for the rhodopsin exclusively
expressed in R1-6, but not in R7 and RS, the absence of rhabdomeric disruption in
R7 cell in ninaEN196! offer a good evidence indicating that severe morphological
defects observed in the mutant arise from the N196I replacement in R1-6
rhodopsin. In addition, some photoreceptor cells are characterized by electron-
dense cytoplasm and shrinking appearance in the aged flies (10 days after
eclosion) of both wild-type and mutant (Figure 2C and 2D, arrows). They are
probably degenerated or in unhealthy condition, because similar electron-dense
cells are generally observed in the elder (Stark et al. 1988) or the degenerating
retina (See below).

These morphological results thus confirm the hypothesis that the reduction of
mature opsin in the N196I mutant is accompanied with an age-dependent retinal
degeneration.

Light-dependency of the Retinal Degeneration of the Mutant

ninaEN196I mutant shows the phenotype of age-dependent retinal degeneration in
the dark. The phenotypes of the retinal degeneration mutants can be categorized
into the three types, light-independent, strictly light-dependent and light-
enhanced one (Zars and Hyde, 1996). The nature of light-dependency of a retinal
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degeneration gives us a good information to estimate the molecular mechanism of
the pathology. Therefore, I next examined the light-dependency of the retinal
degeneration in the ninaEN196I mutant.

To examine the light effect on the retinal degeneration in ninaEN196I I
observed the changes in photoreceptor morphology at the several time points
under the constant light. The dark-reared young flies (1 day post-eclosion), in
which the morphological defects of photoreceptor cells are not evident as yet, were
put into constant white-light (500 lux) for the indicated period. As shown in Figure
4 G-I, the rhabdomeres of the wild-type flies are degraded very slowly in the light,
and are almost intact even after the irradiation for 48h. In contrast,
photoreceptor degeneration in the ninaEN196I was remarkably enhanced by light
(Figure 4A-F). Light-irradiation for 12 h causes the disorganization of
rhabdomeres as severe as that found in the flies kept in the dark for 10 days
(Figure 4C). Within 24h after the start of light-irradiation, rhabdomeres are
disrupted almost completely. The degeneration is observed not only in the
rhabdomeric area but also in the cell bodies of the photoreceptors. In the last
stage of degeneration (24-96h, Figure 4D-F), R1-6 cells are vacuolated or
shrinking. In these stages, however, the photoreceptor cells reveal heterogeneous
features. Some are filled with large and round vacuoles, and others are not
(Figure 4D-F). In addition, some are electron-dense, and others are electron-
lucent. Electron-dense cells sometimes shrink, while the lucent one often swell
out and become loosely packed (Figure 4F). These data probably reflect that cells
in this retina are in the different stages of the degeneration process. In all stages,
the degeneration occurs only in the R1-6 cells, but not in R7s (Figure 4B-F), as has
been observed in the flies kept in the darkness. This therefore indicates that the
light-enhanced degeneration is also attributed to the rhodopsin mutation.

Many invaginations of the electron-dense microvillar membranes are observed
in the early stage of the degeneration (1-12 h after light-on, Figure 5A-D). In this
period, the bases of rhabdomeres are not so smooth as those in wild-type, and
membrane structures specific to the subrhabdomeric region (CSs and SRCs) are
not evident. The ends of the invaginations are often swollen and electron lucent,
and sometimes form membrane loops. Although the long invaginations look
membranous narrow tubes in the thin sections, the three-dimensional
reconstruction of the similar structures in the rhodopsin null mutant, ninaEel17
demonstrated that they are transverse views of doubled membrane sheets
(Kumar and Ready, 1995). When a section is cut to obliquely cross the sheets,
they reveals faint images (Figure 5A and 5B, arrow). In addition, rERs are
unusually observed at the subrhabdomeric region of the cytoplasm. They often
exists along with microvilli-derived membranes. These membrane invaginations
are already evident in the mutant flies exposed to light for 1 h (Figure 5A). The
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invaginations then develop and intrude deeply into the cell body (Figure 5B and
5C, 3-6 h exposure to light). Following to the invagination many membranous
structures appear in the cytoplasm (Figure 5C and 5D). In these stages, the
lumenal spaces of the doubled membrane sheets largely grow up, and the
membranes probably form extensive network and are folded randomly in the
cytoplasm. Therefore, the membranous structures would be observed with various
appearances in the thin sections. Such membranes are accumulated more in later
stages (Figure 5C and 5D). After 12 hours, the length of microvilli in the remnant
rhabdomere are much reduced and the packing become loose. In the later stages
(24-96 hours light exposure), massive membrane assemblies including many sacs
and lamellae are often observed in the cytoplasm (Figure 6A and C). They
sometimes open to the intraommatidial space and release their contents (Figure
4D, E and 6B, D). Presumably these aberrant membranous structures would be
derived from the invaginated microvillar membranes. This assumption was
assessed by immunocytochemistry. First, I ascertained the localization of the
mutant rhodopsin in the healthy-look ninaEN196I photoreceptor cells in which the
degeneration is not evident as yet. In the young mutant (within 24 h after
eclosion), gold particles that represent opsin distribution were densely observed in
the rhabdomeres of R1-6 photoreceptor cells (Figure 7A). Few gold particles are
found in the cell bodies (Figure 7B). These results indicate that the mutant opsin
is correctly targeted to the rhabdomere, and its transport and maturation are not
disturbed. Next, I examined opsin distribution in the degenerating photoreceptor
of the mutant 24-48 h after light-on. The gold particles were found on some of the
aberrant membrane structures (Figure 8), indicating that these membranes are
derived from rhabdomeral membranes.

Unusual aspects of degenerating photoreceptors are found in other regions and
organelles. The nuclei include many electron-dense particles and lose a fine dot-
like staining pattern found in normal nuclei (Figure 9A, B). This implies that the
some structural changes are occurring on chromatin. Most of mitochondria are
normal at the 12 hours light exposure. However, after 24 hours, as the
vacuolation of the cell bodies develop, many mitochondria are swollen and become
round shape (Figure 6C and 9B). These changes of the mitochondria seem to be
accompanied with the photoreceptor cell degeneration. Furthermore, zonula
adhesions (See Figure 4A), by which photoreceptor cells are tightly joined to the
neighbors, are lost in the late stage of the degeneration (Figure 4F). Therefore,
intercellular adhesions become loose, and secondary pigment cells often invaded
through the gap between the photoreceptor cells (Figure 4F). Then, the
degenerating cells would be enveloped and phagocytosed by the secondary pigment
cells.
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Changes of Opsin in the Degenerating Photoreceptor Cells in the Light

I next examined the opsin content in the degenerating mutant photoreceptors
after light exposure. In this experiment, two kinds of antibodies were used for
immunoblot analysis. Although both are directed against C-terminal tail of
rhodopsin, one is a monoclonal ascites (MAb) and the other is a polyclonal
antiserum (PAb). When detected with the MAb, mature opsin in the wild-type
photoreceptor was kept constant until 48h light, and is gradually reduced during
the further irradiation (Figure 10A). In the mutant, however,immunoreactivity of
mutant opsin against the MAD is rapidly reduced, and no mature opsin is
detectable at 24-36h (Figure 10B). Instead, a faint band having lower apparent
molecular weight (MW) becomes visible. These results suggest that mature
opsins are gradually subjected to the proteolysis, which yields the opsin with
lower MW and lower immunoreactivity against the MAb. Interestingly, the lower
band still keeps high immunoreactivity with the PAb at 24h. As shown in Figure
10C, a substantial amount of opsin with lower size is detectable with PAb in the
flies exposed to light for 24h, whereas little opsin can be detectable with the MAb.
This lower size opsin is stable and still remains at the similar level after 96h,
although photoreceptor degeneration is remarkable and rhabdomeres have almost
gone in the flies. These results then suggest that the MAb recognized an extremely
restricted site in the C-terminal tail of opsin, probably in the most C-terminal
end. By the partial digestion of the C-terminal end of opsin, accompanied with
rhabdomere disorganization, the epitope for the MAb might be eliminated.

I determined opsin localization in the degenerating ninaEN196! retinae by
immunocytochemist'ry using both MADb and PAb. Figure 11 displays
electromicrographs in which localization of opsin was indicated by gold particles.
Because the partially degraded opsin is highly reactive to the PAb but little to
MADb, the regions reactive only to the PAb would contain the degraded opsin. On
the other hand, the regions reactive with both MAb and PAb contain mature
opsin. In the photoreceptors of the ninaEN196I exposed to light for 48h, gold
particles for PAb-reactive opsin are found on the all rhabdomeres examined
(Figure 11B). On the other hand, MAb-reactivities are observed in some
rhabdomeres but not in others even in a single ommatidium (Figure 11A). These
results indicate that partially degraded opsin still stays in rhabdomeres, and
again suggest the heterogeneity of the cells in the degree of degeneration.

Electrophysiological Phenotype of ninaEN196I

Electroretinogram (ERG) was measured to examine the physiological defects of
the mutant. ERG is extracellularly recorded mass responses of the eye to the light
stimuli. In Figure 12, I compared the ERG of ninaENI196I with that of wild-type.
ERGs were recorded from the young flies reared in the constant darkness. The
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ERG amplitude in the mutant is comparable to that of wild-type. Moreover the
wave form of ERG was similar to each other except for the absence of the
prolonged depolarizing afterpotential (PDA) in the mutant after blue-light
stimuli. PDA is derived from the overproduction of photoactivated rhodopsin
(metarhodopsin) with blue-light. Reduction of rhodopsin content therefore
eliminates the PDA. Absence of PDA in ninaEN196! is thus explained solely by the
reduced rhodopsin content in the mutant. Moreover, on- and off-transient
responses are normally present in the mutant ERG. The on- and off-transients
arise from the second order neurons in response to the R1-6 activity. The normal
transients in ninaEN196I guggest that R1-6 photoreceptor cells make normal
synapse to the post-synaptic neurons. As a result, in spite of low level of
functional rhodopsin, R1-6 cells are physiologically active and show normal
photoresponse.

Phenotype in the ninaEN196I Heterozygote

To examine whether the mutant phenotype of ninaENI96I is recessive or
dominant against wild-type, I check the opsin content in heterozygotes,
ninaEN196I jyild-type (N196I /+) by the immunoblot analysis. In Figure 13, the
amount of mature opsin in several kinds of heterozygotes for the rhodopsin gene
(ninaE) were compared. The heterozygote, ninaE°I17 /+ has a one copy of ninaE
gene, because ninaE°/17 ig a null allele due to a partial deletion within ninaE
gene. The opsin content in this heterozygote (lane 2; -/+) has a slightly reduced
level of wild-type opsin (lane 1; +/+). However, a heterozygote of a wild-type and
dominant mutant (ninaED?) alleles shows a great reduction of opsin (lane 3;
D2/+). This reduction is due to interference in the maturation of the wild-type
rhodopsin by the mutant protein (Kurada and O'Tousa, 1995). On the other hand,
the amount of opsin in the ninaEN196I / + (lane 3; N1961/+) is comparable to that
in ninaE°I17 /+, indicating that ninaEN196] mutant gene does not affect the
synthesis of wild-type opsin like dominant ninaE gene. Therefore, the phenotype
of the ninaEN196I jg recessive for wild-type. In Figure 13, it was also indicated
that ninaEN20I does not affect the synthesis of wild-type opsin, either (lane 5;
N20I/4).
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Discussion

In this chapter, several defects of ninaEN196I mutant flies have been revealed.
One of the defects of ninaEN196I mutant is a low yield of opsin. This mutant
possesses mature opsin at 20 % of wild-type level. Many rhodopsin mutants
those show the similar phenotype have been reported, and most of those are more
severe than ninaEN196I (0 - 1.5% of wild-type; Johnson and Pak, 1986). In
ninaEN196I the amount of opsin mRNA is comparable to that of wild-type,
suggesting that the reduction of opsin level arise neither from the abnormal
transcription nor low stability of mutant opsin mRNA. Therefore, the reduced
amount of opsin in ninaEN196I would result from the aberration at the later stage
than translation. A possible interpretation is that intracellular transport of
opsin from rER to rhabdomeric microvilli might be disturbed in the mutant.
However, the present immunohistochemical studies demonstrated that mutant
rhodopsin is normally transported to rhabdomeres and accumulated neither in
the cell bodies nor somatic plasma membranes. In addition, abnormal
accumulation of cell organelles involved in the protein synthesis and transport
was not observed in ninaEN196] mutant, although aberrant structures of rER or
Golgi body have been reported in ninaA, ninaD and DRab1(N124I) mutants, all of
which affect maturation or intracellular transport of rhodopsin (Colley et al.,
1991; Satoh et al., 1997). These results, therefore, indicate that N1961 rhodopsin
is not detained anywhere through the maturation and transport processes. On the
other hand, I demonstrated that the amount of 40k immature opsin is reduced in
the nina EN196I mutant, compared with that in the wild-type fly. This finding
suggests that the immature N1961 opsin is less stable than that of wild-type
opsin. I therefore assume that N1961 mutation would moderately affect the
folding process of opsin in rER and the stability of immature opsin on the way of
maturation. Possibly, some fraction of N1961 opsins might take abnormal
conformation, which is readily degraded during the maturation, while the rest are
normally processed and transported with the correct conformation.

As discussed above, it is likely that substitution of Ile for Asn196 makes opsin
less stable, probably through the incorrect folding of peptide. The primary
structure of the moiety flanking Asnl196 in the second extracellular loop is well
conserved throughout the visual pigments, although Asn196 itself is not found in
all visual pigments (Applebury and Hargrave, 1986). The region includes a
cysteine residue forming disulfide bond with another cysteine in the first
extracellular loop (Karnik et al., 1990). Moreover, several sites for the mutations
which cause adRP have been reported in this region (Keen et al., 1991; Gal et al.,
1996). Therefore, not the Asn196 alone but the tertiary structure of this moiety
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would be responsible for the stability of rhodopsin, as well as for the
photoreceptor degeneration discussed below.

Another defect of ninaEN196I mutant is the pathology of light-enhanced retinal
degeneration. Photoreceptor cells of the mutant gradually degenerated in the age-
dependent manner under the constant darkness. Furthermore, the cell
degeneration is dramatically accelerated under the constant white-light. Just
after eclosion, however, photoreceptor cells in the mutants are almost intact
except a little decrease in the size of rhabdomere. In the mutant, the cross-
sectional area of a single R1-6 rhabdomere is, on average, reduced to
approximately 50-60% of wild-type rhabdomere. It has been reported that other
rhodopsin mutants, ninaEP318, ninaEP332 and ninaEF334, whose rhodopsin levels
are at 0.0004-1.5% of the wild-type, also have small (60-65% of the wild-type) but
well-organized rhabdomere. Moreover, in the wild-type fly, carotenoid-deprivation
decreases the amount of mature rhodopsin, which is then accompanied with the
loss of rhabdomeric size (about 50% of the normal rhabdomere) (Sapp et al.,
1991a). These results thus suggest that the change in the rhabdomere size in the
ninaEN196I mutant would result from the reduction of the amount of resident
rhodopsin, which is estimated at about 20% of the wild-type level. In addition,
intact rhabdomere of the young mutant fly indicates that the N196I replacement
does not largely affect a photoreceptor development, but maintenance of
photoreceptor cell structures.

The largest enigma in the retinal degeneration in ninaEN196I j5 why the
mutation in rhodopsin leads to the atrophy of photoreceptor cells. As discussed
above, simple reduction of the rhodopsin content does not cause the degeneration.
A possible answer is that the mutant N196I rhodopsin induces the prolonged
activation of phototransduction cascade, which then causes a pathogenic
overstimulation of photoreceptor cells. In order to test this hypothesis, I recorded
ERGs from the mutant, and compared them with those from the wild-type. The
results, however, indicated that the mutant ERG against green-light stimulus is
indistinguishable from that of the wild-type. Any difference in the rate of
deactivation after light-off is not observed between the mutant and the wild-type
flies. This result thus excludes the possibility that the mutant opsin may induce
the abnormal activation of phototransduction system, which results in the
photoreceptor cell degeneration. In human, three mutant rhodopsins those
constitutively activate transducin (a protein in the phototransduction cascade) in
vitro has been reported (Robinson et al., 1992 ; Gal et al., 1996). One of them is,
however, inactivated by phosphorylation and binding of arrestin in the transgenic
mice (Li et al., 1995). Furthermore, two other mutants do not cause RP, although
they induce light adaptation in the dark probably due to their constant activities
in vivo (Dryja et al., 1993; Rao et al., 1994). Therefore, these results also suggest
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that rhodopsin mutations causing continuous activation of phototransduction
system do not induce retinal degeneration.

Recently, it was demonstrated that rdgC mutant having defect in the
rhodopsin phosphatase shows light-dependent retinal degeneration, even when its
phototransduction cascade is blocked by a defect on a protein (DGq or
phospholipase C) involved in the cascade system (Steel and O'Tousa, 1990; Vinés
et al., 1997). Furthermore, elimination of the C-terminal phosphorylation sites of
rhodopsin prevents the photoreceptor cells from degeneration in the rdgC mutant,
leaving normal activity of phototransduction. These results thus indicate that
hyperphosphorylated rhodopsin is a cause of the light-dependent retinal
degeneration in the rdgC mutant, and may be involved in the retinal degeneration
in the ninaEN196I too.

In order to obtain insights into pathology of retinal degeneration, detailed
morphological observations of degenerating cells, as well as their biochemical and
genetic analyses, would be essential. In this study, I revealed several
characteristic changes occurring in the degenerating photoreceptor cells. First, a
lot of aberrant membranous structures emerge in the cell body. These structures
are likely to be derived from the invagination of the rhabdomeric membranes
rather than ERs or Golgi bodies, because they show high immunoreactivity
against anti-opsin antibodies and are accompanied with the degradation of
microvillar membranes. Second, as the disassembly of rhabdomere advances,
opsin is subjected to the limited proteolysis. In the normal cells, microvillar
membranes containing rhodopsin are recovered as coated vesicles, and
transported to multivesicular and multilamellar bodies located in the cell bodies.
Rhodopsin is then degraded in these lysosomal structures (Sapp et al., 1991b). In
contrast, immunohistochemical observation indicated that the proteolysis occurs
not only in the cell bodies but also in the degenerating rhabdomeres. This result
suggests that the degenerating cell may be involved in autolysis, and lysosomes
might be collapsed and release their contents including proteases. Thirdly, in the
late stage of degeneration, nuclei in bizarre appearance showing structural
changes of chromatin are found in some cells. These cells often shrink as found in
the apoptotic cells. Apoptosis is in fact reported in the transgenic mice expressing
RP-related mutant rhodopsin (Cailliau et al., 1993; Chang et al., 1993). On the
other hand, other cells in this stage are vacuolated and have swollen cell bodies
and mitochondria. These features are characteristic to the necrosis. Therefore,
the retina in this stage looks a mixture of apoptosis-like and necrosis-like cells
both proceeding to cell death. Finally, it should be noted that phenotypes of
ninaEN196I are recessive. This means that a large excess of the mutant rhodopsin
would be required to show the mutant phenotypes of the nina EN196I,

Based on above discussion, I here propose a preliminary model for the retinal
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degeneration in the ninaEN196I, In the model, rhodopsin phosphorylation is a key
component of the retinal degeneration. Phosphorylation of rhodopsin might
accelerate the turnover of photoreceptor membranes. In the homozygous mutants,
excess of phosphorylated rhodopsin causes an abnormal acceleration of the
turnover, and then disturbs normal protein transport and/or metabolism of the
cells. Finally, the cells are wounded and led to death through the necrotic or
apoptotic process. To confirm these possibilities, it would be necessary to
examine the levels of rhodopsin phosphorylation and membrane turnover in the

rhodopsin mutants.
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Figures
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Figure 1. Age-dependent changes of the mature opsin in the constant darkness.

Immunoblot analysis of major opsin in the dark-reared wild-type and ninaEN196I
flies in different ages. Numbers on the top of the blots indicate ages (days after
eclosion). Retinal membrane proteins of the flies were electrophoretically
separated and transblotted on the PVDF membranes. The membranes are then
incubated with monoclonal anti-rhodopsin antibody (MADb).

Each lane contains the extract from 0.2 eyes in wild-type or 1 eye in nina EN196L,
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Figure 2. Age-dependent morphological changes of the photoreceptor cells in the
constant darkness.

Electron micrographs of the transverse sections of ommatidia in the dark-reared
wild-type and ninaE N196I flies.

A, The wild-type ommatidium just after eclosion.

B, The ninaE N196I ommatidium just after eclosion.

C, The wild-type ommatidium at 10 days after eclosion.

D, The ninaEN196] ommatidium at 10 days after eclosion. Rhabdomeres are

remarkably disorganized.

The position of the R7 photoreceptor cell is indicated by asterisk in A
representatively.
Arrows, electron-dense and shrinking cells; Arrowheads in A, Zonula adhesions;
Scale Bar: 1 pum
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Figure 3. High magnification view of the subrhabdomeric regions.

Electron micrographs of the basal regions of rhabdomeres in the dark-reared wild-
type and ninaE N196I flies just after eclosion.

A, Wild-type

B and C, ninaE N196I

D, Schematic representation of the normal subrhabdomeric regions.
CS, catacomb-like structure; SRC, Subrhabdomeric cisternae

Most photoreceptor cells in ninaE N196I show normal subrhabdomeric structures
as shown in B, but some show irregular CS (arrowheads) (C). SRCs (arrows) are

observed in B and C.

M, mitochondria; Scale Bar: 250 nm
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Figure 4. Light-enhanced photoreceptor degeneration in ninaE N196I,

Electron micrographs of the transverse sections of ommatidia in the wild-type (G-
I) and ninaE N196I flies (A-F). Dark-reared flies (1 day after eclosion) (A and G )
were put under the constant light for 6 h (B), 12h (C),24h (D ), 48 h (E and H)
and 96 h (F and I).

( A-F, ninaE N196I)

A, 0 h. Intact but a little smaller rhabdomeres are observed. Arrowheads indicate
zonula adhesions.

B, 6 h. The basal border of rhabdomeres are disorganized.

C, 12h. The size of rhabdomere is evidently decrease . Many aberrant membranes
appear in the cytoplasms. Photoreceptor cells look electron-dense.

D, 24 h. Rhabdomeres are remarkably disrupted. Many vacuoles emerge in the
cytoplasm. Arrowheads indicate the release of membranous sacs to the
intraommatidial space.

E, 48 h. Only remnant and short microvilli are observed in the rhabdomeric
regions. Photoreceptor cells are swelling. Arrowheads indicate the release of the
membranous sacs to the intraommatidial space.

F, 96 h. Photoreceptor cells are largely vacuolated and get to be swollen (large
arrow). Some cells are shrinking (small arrows). Zonula adhesions are missing
and the second pigment cells intrude between the photoreceptor cells
(arrowheads).

( G-I, wild-type )

G, Oh.

H, 48 h. Almost intact rhabdomeres like in G.

I, 96 h. Rhabdomeres are slightly disorganized, but much less severe than those
in ninaEN196I flies,

The position of the R7 photoreceptor cells is indicated by asterisk in A
representatively. Note that R7 cells are intact even in the degenerating mutant
retinae. Scale Bar: 1 pym
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Figure 5. High magnification views of the degenerating photoreceptor cells in the
light.

Electron micrographs of the rhabdomeres and cell bodies of ninaE N196I
photoreceptors 1-12 h after light-on.

A and B, 1 h after light-on. Rhabdomeric microvilli invaginate into cytoplasm.
Arrow indicates one of loop-like membrane structures. Arrowheads indicate
swollen ends of invagination.

C, 3 h after light-on. The membranes are invaginated deep into the cell body.

D, 6 h after light-on. Invaginations are swollen extensively (arrow).

E, 24 h after light-on. Invaginations are swollen much extensively (arrow).

Small arrowheads, rERs; N, nucleus ; Scale Bar: 250 nm
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Figure 6. Massive accumulation of the membranous sacs in the degenerating
photoreceptors.

Electron micrographs of remnant rhabdomeres (A and B) and stalk portion (C
and D) of the ninaE N196I photoreceptor cells 24-48 h after light-on. '

A, Membrane accumulation at the remnant rhabdomere region. A sac open to the
intraommatidial space (arrowhead).

B, Sacs are released from the top of the rhabdomere to the intraommatidial
space.

C, Membrane accumulation underneath the rhabdomere.

D, The accumulated sacs, maybe as shown in C, are released from the lateral
membrane of the stalk to the intraommatidial space. The release from this
position is often observed (see also Figure 4D, E).

Asterisks, remnant rhabdomeres; arrow, mitochondria; N, nucleus ;
Scale Bar: 500 nm -
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Figure 7. Subcellular localization of the mutant opsin in the ninaEN196I
photoreceptor cells.

Immunocytochemical localization of the mutant opsin in the ninaEN1961
photoreceptor cells was examined with anti-rhodopsin antibody (MAb) and
immunogold-staining. The flies were reared in the dark and used 0 day after

eclosion.

A, Rhabdom of ninaE N196I mutant. Gold particles are observed exclusively on
the rhabdomeral membranes.

B, One of the peripheral photoreceptor cells (R1-6) of ninaE V1961 mutant. Only a
few gold particles are observed in the cell body;

Asterisks, R7 photoreceptor cell; Scale Bar: 500 nm
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Figure 8. Subcellular localization of the mutant opsin in the degenerating
photoreceptor cells.

Immunocytochemical localization of the mutant opsin in the ninaE N196I
photoreceptor cells was examined with polyclonal anti-rhodopsin antibody (PAb)
and immunogold-staining. Dark-reared flies (1 day after eclosion) were exposed to
the light for 24-48 h.

Gold particles are localized on the various membranous structures.

A and B, Membrane invaginations and sacs beneath the rhabdomere (top) are
immunolabeled.

C, Lamellar membranous structure in the cell body is not immunolabeled
(Arrow).

D, Immunolabeled membranes are released to the extracellular space.

E, Gold particles are found on the vacuoles in the cell body.

F, Gold particles are observed along deeply intruded membranes in the cell body.

Scale Bar: 200 nm in A-D, 500 nm in E and F.
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Figure 9. Aberrant feature of nucleus and mitochondria in the degenerating
ninaE N196 photoreceptor cells.

A Dark-reared ninaE N196I (0 day after eclosion). Nucleus (arrow) and
mitochondria (arrowhead) are normal.

B Dark-reared ninaE N196I were subsequently exposed to the constant light for
24 h. Electron-dense particles emerge in the nucleus (arrow). Mitochondria swell
out and become round-shaped (arrowhead).

Scale Bar: 250 nm in A, 500 nm in B
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Figure 10. Time course of the light-enhanced degradation of opsin in wild-type
and ninaE N196I flies.

Immunoblot analysis of opsin degradation in the light-exposed wild-type and
ninaEN19€6I flies. Dark-reared flies (0-1 day after eclosion) were exposed to the
constant light for indicated periods (numbers at the top of the lane, hours).
Retinal membrane proteins of the flies were electrophoretically separated and
transblotted onto the PVDF membranes, which are subsequently incubated with
monoclonal (MAb) or polyclonal (PAb) anti-rhodopsin antibodies. Each lane
contains the extract from 1 eyein A, 5 eyes in B and 2 eyes in C.

A, The blot of wild-type was probed with MAb. Mature opsin is degraded after
long exposure to the light (48-96 h) .

B, The blot of ninaEN196I was probed with MAb. Mature opsin is rapidly
degraded as a function of time.

C, The blot of ninaEN196I was probed with PAb. PAb shows higher
immunoreactivity against the degraded opsin than MAb.

Solid circles, mature opsin; Solid triangles, degraded opsin
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Figure 11. Subcellular distribution of degraded opsin in the degenerating
photoreceptor cells of ninaE N196I,

Immunocytochemical localization of the degraded opsin was examined with two
kinds of anti-rhodopsin antibodies, MAb and PAb. Dark-reared ninaEN1961
mutant (1 day after eclosion) were exposed to the constant light for 48 h.
Transverse sections from a single eye were probed with MAb (A) or PAb (B).

A, MAb-directed gold particles are restrictedly distributed on a few rhabdomeres
in a single ommatidium. Gold particles are also found in the cell bodies.

B, PAb-directed gold particles are observed in all rhabdomeres examined. Some
gold particles are also found in the cell bodies. Small arrow indicates a
multivesicular body (MVB), which is stained with gold particles, too.

Asterisks, R7 photoreceptor cell; Scale Bar: 1 um
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Figure 12. Electroretinograms of wild-type and ninaE N196I mutant.

ERGs of the young wild-type and ninaE N196I mutant flies reared in the constant
darkness (0-2 days after eclosion). The stimulus (bottom trace in each panel)
consists of a series of ten 5s light pulses; G, green; B, blue. ninaE N196I mutant
shows normal ERG phenotype except absence of PDA, the prolonged depolarizing
afterpotential.

Solid triangles, on-transients; open triangles, off-transients
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Figure 13. Opsin levels in the heterozygous ninaE mutants.

Immunoblot analysis of opsin contents in the wild-type and several ninaeE
heterozygotes. Flies were reared in the 12L/12D light cycle and used 0-2 days
after eclosion. Retinal membrane proteins of the flies were electrophoretically
separated and transblotted onto the PVDF membranes, which were subsequently
incubated with anti-rhodopsin antibodies (MAb). Each lane contains the extract

from 2 eyes.

lane 1, Wild type (+/+).

lane 2, ninaE 9117/ + heterozygote. The opsin level is slightly reduced compared
with that of wild-type (lane 1). ninakE °/17 is a null mutant allele.

lane 3, ninaE D2/ + heterozygote. Opsin is remarkably reduced, because
ninaED2 is a dominant mutant allele.

lane 4. ninaE N20I/ 4+ heterozygote. The opsin level is comparable to that of
ninaE °I17 [ + (lane 2). ninaE N20I jg a mutant allele that causes a loss of
N-glycosylation of opsin.

lane 5. ninaE N1961/ + heterozygote. The opsin level is comparable to that of
ninakE oI17 [ + (lane 2), indicating that the ninaE N196I gllele is
recessive for wild-type.

M, monomer of mature opsin; D, Dimmer of mature opsin.
The numbers on the right side indicate molecular size markers (k).
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wmXEE
YauYaynNzu 7Y I8 Ak SO EEE

[Tz ]

BEWEIRIEYWORBRELEIRSEY VNN IETH Y, HHBROBOEKILL S EK
Wi EZEE) LEBEETRELTVWSD, COHBEIHARBOSEN L2 LT HE L THE
tL. HENDEREZEARTEAOVP ED L Z2oT WS, HYWHEIZ 7 AEEERD ¥ &~
NIZETHY, BEFA (11 VAVFFH—V) 26 THEEEFRS X UM NHEE -
MBI SEIRD 3 ODEBICHT A LD TE L, TNLOEEBBIUHHNLTI /B
BREOHEEICEL Td, BICFHEDOERBYWE T BV THINLEBEEBI bhT
Elco TORER. HBENEROWSREDEZ S PHEYWHORREBT LRERE XIIEE
CFTI eI, COFEBIIEYEORERICE s TEETHLLELLNTVS, —A.,
BB OB EBIC I, BEOLEED—D L LTT AN F /(NSRS FET
Hh, FOHBEEICOVWTE, TR -&ZYEidbhoTWwiv, Yay Yay/NTofy
B (OF7Yy) CORSEMRETIIENMONT WS, LaL, ZO&EIRBML
EHPEEICEOK, KBROFTY UL BEHIREB SRV, SO L6, FEIIZ
U7 VOBERAZBRICLELZOTEZ (, 0 F 7Y SRl A% D B ICH
BELRLDTHALIELNFRENSE, LELARXES, YavlavnRzou N7y VICHERE
35 2 WETDFESHINTTEELRA. (Asn20. Asnl96) D EHL L IZHEYHIEES T HONIIHON
TWh\v, T/, BEMP O R Y VSO EDERBICEET A0V HIZ EIZDODVTY
O TiE v,

AIFFETIE, EEATOER Y R BEOBEBITY LA 0L a3y ay N

(Drosophila melanogaster) ¥ BT, 30 F 7L VON-EEREHOEER L L KT
VVERICBITBEHIIOWTKRE L, FOFER., BEHEIARODAIEESL, O N Ty
VEBGBREICBEE T A ZEEHLNII L, —F. Asnl196DZ R i Age-dependentH Dlight-
enhanced type DR AN # 5| ERITI L2 RBRA L. Z20OEHBRICOWVWTEHERALIEEEN
FRAT & LT R IT o 72,

[BRLER ]

1. 8 F 7Y 7 OFESFEF MM O H-E

aulaynNTuR7y yrOBHENNENE2FETA7:02, 9. inviro BER%R%
BWTATL Y (AR DTREINTE) DEREIT R 720 TDRT. 2008
BT INERTRZE (Asn20& Asnl96) DA %A VO Y Y TEBBRLAZES 72 v 218

(N20I, N1961) % 4R 78R, #ICFFBIOKDOEYE 2 FOF T Ve Sz, &
NS4OKD5Fid. FNFNAsnI96E Asn20i2 1 KOBE A HOLERL S v Thr L FEX
OGNz LLLdS, 201 ROBEHIIN20IAF 77 Y ICHTNIL F 7Y » DF I
MLRTWEAEALNT, X512, TDWKDGFIIERADT 7Y VSRR E L7
GFEEFRTIEDNS, £AROEETREEIIBF0 (BEHE 1 XESLTEBY ., 208
EEMIZAN20TIZ 2 Vbt ER LN,

% invivo THERT A9, 2EBEORE %R Knina ENYE X UninaEM'* (#h#h
N20I, NI9GIERF 7L > DA% RR) *AVTERZ T o7 BERMONI 2 HOF )
A FRZEHTHAETL L, UFT Y VEBERET, BYHOMM LT E40K D KRB
T (=EKFEE) ORDPEETAZEXASNATWA, LA LnnaEMMCid, =
DEHETTHOEHOMFMLERTEREETE o7 R 5T, fboTEHEOF ML TW
ZWHFEICKDHFHEPEBE SN, —F . ninaBEVN*'CIIEF AR L FRICEHEOMML
TAOKERF BAESEL Tk, DEDERNPS Y a v YVa vy Nz u V7Y v OEKRT
DFERF I EDSAsn20TH 5 Z EFBEREICR S N7,

77



2. OFTS VB BARICBIAEHOMS

A0 LA O F 7Y v ARD LOBRETULETHHDDNER/ARLIDIZERK
DEBEPETORBEY ninaEN' & pinaB"™' B L UHFERDONLZTHBIL 7z, £OKER. &
OF /4 FRZEBEOERFEEICOVTHAEREKTENDEVERE O ZWI L ATbh o
Foo LALBDSEBA 7Y Y O ZFERR ninaBV*IC R Toina ENM'TRE LB L
7zo LEDER,S, BEHIIAERTHEAL ) DEOKBD L5V dE@mE0ARICHS L Tw
BT ENRENT, ninaENITCHEBOERF T VO BEIN- I LG, BHI R L
bEMGBRITETTRTIIH A, BHIIZOHEL KIBIC LRSI TWITREEIE R
bhiz,

3. FWEEHK ninaE N I BT A EREE ORI

Asn196IT S IMIC IS L2 Wicd b b, Thx ko fnnaEN® oo ¥ 73 >
DRBABIZEREGCTCHERDOH 2 0% Lo THIZAnI96IFEHFME IR L
AIFER DO LERBLTVS, FXI T OWRMOBRE BT L-0IC, XEGE2E
ATU N7 Yy EEMBBEORL L EENICEREL .

BHETHE L-EEBED 2\vnnaEN " ORMIIE. BTEWE (5782 7) PEHAE
KHERTETF/NEVDODITIZEE 2ESRLE, CONZ2REET CRYEMET T 5
EL BRI F TR TREELI, TTFATOWMBEEIHE~K X {MHBA
LT, 7 FAT7TORBRENRIY, HEAREFENAERYRTIEFHL N LR 072,
EHIZ, TONTIZHZREETTHEREEMEIFLMRES N, 2 4 BRLUNICIZIZE
SIIEBRO F 7 ok bhd, RICHEOR 25 2EBEDHU F 7Y vk H W EE
Mo, OF 7T V3B RESBICORE - HETADOTHEEL, 7V v O CEKEHSHS
FTLULYSNRETERTLE Ebh oz, 512, HHBOMMATED LT
MaxBoTHELALLIA, RBHEH IBMOBBXEIICLY T 7 FATORMKER
PHRBBEPIZRALIILD, 51353 8BH 2T &, T 7 FX 70 RIENEITL T,
STFATHREEZONLREZ BEENFABRNICSEIAN, 4 8 OB TIX
ST FATHAUNIIZEET 5 LIz, HlEROBIRIEAEST L, BRI I3HR O IUHE R A
ENEgIN, /. ZHEPOHBOBNICREFEEOEVWEELEENBE N, 7O
TFUHBEOEDRE NS, CONTOEERVEIFER I LTEETH Y, BE
DEBFERFHREED FTETH- -2 h 5, BEREERDALEEVEHROERT
BEWIEWREBEN, COREIBEEEZFIERBITERO LM TIHRTH L L
WHIHTELL, TAOFT YV 0EREVRBENE (ERDOETIEVEN) ATHE
DERLIRLAIEHETT, SO LIIMMOERO@BELHE L IZE, ABECEBELEY
FHIERITHEMSLREL TWa, NIGIERT F /Y V3RO FOFFHEEDRE D
5. RERBOREMERE L EMABOEFICL s TELEBYRIZL, S5IIRSEICES S
FHREDEIIZL Y FOMEAIIGEDSNLEDTIE 2V REEZLNS,

[BbYIZ]

ARFETE, O F7 Y > MRS ERON- S BUESHE S A Am0TH b = L #HRE L,
FRHFO R ORBRBRBICLELEETH LI E XHL,II L, T/, MASESE
WKBWTHEEMOBER L 2 25H0ERYFLICRWELL, MA T, Zo@EBEEE
HATEVEL CTLES N, BOLEREOTRFIXEI U, R0 2RI OB %
BB EEREL,

WEEHIE. © FOBEBRFELMAE (Retinitis Pigmentosa) THEE SN, 20EENE
A RTY Y RREREBRICEL IO S P BBEFOLERIIS A ENAOSNT
Wb, R TRWAEE N/ ninaEN"ED L a oY a gy NI T RBELHWIHRICE D,
PEEME FOXRKFEED A DX LIIZOVWTHBET A ENTHTHLEEZ 5,
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