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Neurobiology of Disease

The Role of Rhodopsin Glycosylation in Protein Folding,
Trafficking, and Light-Sensitive Retinal Degeneration

Beatrice M. Tam and Orson L. Moritz
Department of Ophthalmology and Visual Sciences and Centre for Macular Research, University of British Columbia, Vancouver, British Columbia, Canada,
V57 3N9

Several mutations in the N terminus of the G-protein-coupled receptor rhodopsin disrupt NXS/T consensus sequences for N-linked
glycosylation (located at N2 and N15) and cause sector retinitis pigmentosa in which the inferior retina preferentially degenerates. Here
we examined the role of rhodopsin glycosylation in biosynthesis, trafficking, and retinal degeneration (RD) using transgenic Xenopus
laevis expressing glycosylation-defective human rhodopsin mutants. Although mutations T4K and T4N caused RD, N2S and T4V did not,
demonstrating that glycosylation at N2 was not required for photoreceptor viability. In contrast, similar mutations eliminating glyco-
sylation at N15 (N15S and T17M) caused rod death. Expression of T17M was more toxic than T4K to transgenic photoreceptors, further
suggesting that glycosylation at N15 plays a more important physiological role than glycosylation at N2. Together, these results indicate
that the structure of the rhodopsin N terminus must be maintained by an appropriate amino acid sequence surrounding N2 and may
require a carbohydrate moiety at N15. The mutant rhodopsins were rendered less toxic in their dark inactive states, because RD was
abolished or significantly reduced when transgenic tadpoles expressing T4K, T17M, and N2S/N15S were protected from light exposure.
Regardless of their effect on rod viability, all of the mutants primarily localized to the outer segment and Golgi and showed little or no
endoplasmic reticulum accumulation. Thus, glycosylation was not crucial for rhodopsin biosynthesis or trafficking. Interestingly, ex-
pression of similar bovine rhodopsin mutants did not cause rod cell death, possibly attributable to greater stability of bovine rhodopsin.

Introduction

Mutations affecting glycosylation of the heptahelical G-protein-
coupled receptor rhodopsin are associated with retinitis pigmen-
tosa (RP), a disease characterized by progressive degeneration of
photoreceptors. Rhodopsin is expressed in rod photoreceptors in
the retina and resides in a specialized organelle called the rod
outer segment (ROS) in which it is responsible for light capture.
The N terminus of mature rhodopsin is dually glycosylated at
residues N2 and N15 (Hargrave, 1977). Mutations of these resi-
dues or their surrounding glycosylation consensus sequences
(T4K, N15S, and T17M) are linked to a subset of RP known as
sector RP in which the inferior retina is primarily affected, poten-
tially attributable to greater light exposure to this region (Fishman et
al., 1992; Sullivan et al., 1993; Li et al., 1994; van den Born et al.,
1994). Furthermore, both transgenic mice expressing human
T17M rhodopsin (White et al., 2007) and a naturally occurring
dog model harboring a rhodopsin T4R mutation exhibit light-
sensitive retinal degeneration (Kijas et al., 2002; Cideciyan et al.,
2005). Together, the human disease and animal models suggest
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that glycosylation plays a crucial role in the structure and/or
function of rhodopsin.

N-linked glycosylation is the most prevalent posttranslational
modification of plasma membrane and secretory proteins and
participates in many important biological roles such as protein
folding, intracellular targeting, immune response, cell adhesion,
and protease resistance. However, a clear role for rhodopsin gly-
cosylation has not been established in vivo. In HEK293S cells,
human T17M rhodopsin expresses at low levels, accumulates in
the endoplasmic reticulum (ER), and does not appreciably regen-
erate with its chromophore, 11-cis-retinal (Sung et al., 1991). In
COS cells, bovine T4K and T17M rhodopsins only partially re-
generate with chromophore (Kaushal and Khorana, 1994). Both
studies suggest that defects in rhodopsin glycosylation are asso-
ciated with impairment of protein folding or stability. However,
treatment of COS cells expressing wild-type (WT) bovine opsin
with tunicamycin resulted in correctly folded nonglycosylated
rhodopsin, suggesting that glycosylation was not crucial for pro-
tein folding (Kaushal et al., 1994). Rather, nonglycosylated rho-
dopsin exhibited reduced ability to activate transducin, which
was specifically associated with loss of glycosylation at N15. Fur-
ther studies suggest that rhodopsin requires glycosylation for in-
corporation into ROS membranes. In isolated frog retinas treated
with tunicamycin, rods synthesized and transported nonglycosy-
lated rhodopsin to the basal ROS at a rate similar to untreated
controls. However, nonglycosylated rhodopsin was unable to in-
corporate normally into disk membranes and was instead re-
leased in vesicles into the extracellular matrix (Fliesler and
Basinger, 1985; Fliesler et al., 1985).
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Understanding the role of glycosylation on the structure/
function of rhodopsin will facilitate the development of effective
therapeutic interventions for rhodopsin-based RP. In this study,
we generated transgenic Xenopus laevis expressing single and
double mutations that abolish one or both of the glycosylation
sites of rhodopsin. We examined the effect of the mutations on
expression levels, subcellular localization, and light sensitivity of
retinal degeneration (RD). Furthermore, we have begun to dif-
ferentiate the effects resulting from amino acid substitutions ver-
sus those resulting from loss of glycosylation.

Materials and Methods

Molecular biology. Transgene expression constructs were based on
XOP0.8—eGFP-N1 (Tam et al., 2006) in which the green fluorescent
protein cDNA is replaced with wild-type or mutant human rhodopsin
c¢DNAs. The wild-type human rhodopsin and wild-type bovine rhodop-
sin expression plasmids have been described previously (Tam and
Moritz, 2006). Human N2S, T4K, T4N, T4V, and bovine T4R mutations
were introduced into oligonucleotides used for PCR amplification of
rhodopsin cDNAs. The bovine T17M mutation was introduced using a
PCR mutagenesis protocol (Nelson and Long, 1989). Human N15S and
T17M mutations were introduced using the Quikchange Mutagenesis kit
(Stratagene). Introduction of the mutations into cDNAs was verified by
DNA sequencing. Expression vectors were linearized by digestion with
Fsel (New England Biolabs) and purified using the QIAquick Gel Extrac-
tion kit (Qiagen) for integration into sperm nuclei.

Generation and rearing of transgenic X. laevis. Transgenic X. laevis tad-
poles were generated by the methods described previously (Kroll and
Amaya, 1996; Tam and Moritz, 2006, 2007). Embryos were housed in 4 L
tanks in an 18°C incubator on a 12 h light/dark cycle. The light intensity
inside the incubator was 1700 lux. Approximately 24 h after fertilization,
embryos were exposed to 20 ug/ml G418 for 45 d to select for transgenic
tadpoles (Moritz et al., 2002). Dark-reared animals were housed in the
same incubator as cyclic-reared animals, in opaque tanks wrapped in
several layers of aluminum foil. At 14 d postfertilization (dpf), corre-
sponding to developmental stage 48, normally developed X. laevis were
killed and one eye was fixed in 4% paraformaldehyde buffered with 0.1 m
sodium phosphate, pH 7.4, whereas the contralateral eye was solubilized
in 100 ul of a 1:1 mixture of PBS and SDS-PAGE loading buffer contain-
ing 1 mm EDTA and 100 ug/ml PMSF as described previously (Tam et al.,
2006).

Deglycosylation of rhodopsin. Solubilized eye extracts (11 ul) were
treated with 100 U of PNGaseF (New England Biolabs) in the buffer of
the manufacturer supplemented with 1% NP-40 detergent in a total
volume of 15 ul. Samples were incubated for 1 h at 37°C and then im-
mediately electrophoresed.

Dot blot and Western blot analysis. Dot blots and Western blots of X.
laevis eye extracts were performed as described previously (Tam et al.,
2006). Dot blots were probed with primary monoclonal antibody (mAb)
B630N (Adamus et al., 1991) at 1:10 dilution of tissue culture superna-
tant or mAb 1D4 (MacKenzie et al., 1984) (University of British Colum-
bia, University-Industry Liaison Office) at 1:750 dilution of 1 mg/ml
solution, followed by IR-dye800-conjugated goat anti-mouse antibody at
1:10,000 of 1 mg/ml solution (Rockland). Blots were imaged and quan-
tified using the LICOR Odyssey imaging system. Each dot blot included
standards containing 100% X. laevis rhodopsin (from wild-type retinas)
and 100% transgenic rhodopsin (from transfected cultured cells). The
relative affinities of mAb B630N (recognizes total rhodopsin) and mAb
1D4 label (recognizes transgenic rhodopsins) were determined from the
control samples and used to calculate the percentage transgenic rhodop-
sin expression levels. Standard curves derived from serial dilutions of
control samples were used to determine the linear range of both antibod-
ies. Plots of expression level versus total rhodopsin were fit to dose—
response curves using SigmaPlot (Systat Software). Nonparametric
statistical methods were used for data analysis attributable to non-
normal (i.e., skewed and bimodal) data distributions.

For Western blots, solubilized retinal samples were electrophoresed on
10% polyacrylamide gels and transferred to a membrane using a semidry
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blotting apparatus (Bio-Rad). Blots were probed with mAb 1D4 and
IR-dye800 secondary antibody and imaged as described for dot blots.

Immunohistochemistry and confocal microscopy. Fixed eyes were em-
bedded and cryosectioned as described previously (Tam et al., 2006).
Frozen sections were labeled with mAb 2B2 (Hicks and Molday, 1986)
(cell culture supernatant) at 1:10 dilution, followed by 1:750 dilution of
cyanine 3-conjugated secondary antibody (Jackson ImmunoResearch)
and counterstained with Alexa-488-conjugated wheat germ agglutinin
(Invitrogen) and Hoechst 33342 (Sigma-Aldrich) as described previously
(Moritz et al., 1999). mAb 2B2 recognizes the N terminus of rhodopsin.
Sections were imaged using a Zeiss 510 laser scanning confocal micro-
scope and 10X (air) or 40X (water-immersion) objectives. Postmicros-
copy image processing was performed using Adobe Photoshop (Adobe
Systems). The brightness and contrast of fluorescent signals derived from
antibody labeling were adjusted linearly (i.e., no changes to gamma set-
tings) to preserve the relative intensities from different parts of the cell.
However, signals derived from wheat germ agglutinin and Hoechst
33342 staining were adjusted in a nonlinear manner to best represent the
architecture of the retina. All adjustments to brightness and contrast
were done to entire images before cropping.

Results

Human but not bovine glycosylation-deficient rhodopsin
mutants cause retinal degeneration in transgenic X. laevis
Mutations that interfere with the N-linked glycosylation of rho-
dopsin cause RP in humans and light-sensitive RD in animal
models. To study the mechanisms underlying rod death associ-
ated with these mutations, we generated primary transgenic X.
laevis expressing human WT, T4K, or T17M rhodopsins (n = 29
per group) under the control of the X. laevis rod opsin promoter.
At 14 dpf, one eye was solubilized for quantitative dot blot anal-
ysis, whereas the contralateral eye was fixed for immunohistology.
Dot blots (Fig. 1 A) probed with either mAb B6-30N (recognizes
both transgenic and endogenous rhodopsin) or mAb 1D4 (rec-
ognizes transgenic rhodopsin only) were used to determine total
and transgenic rhodopsin (as a percentage of total rhodopsin)
levels. Consistent with our previously published work, a wide
range of expression levels was observed for each transgene attrib-
utable to independent integration sites and variable copy number
(Fig. 1B) (Tam et al., 2006). Also as reported previously, regard-
less of the human WT rhodopsin expression levels obtained in
our experiments, total rhodopsin levels remained constant, dem-
onstrating that human WT rhodopsin is not toxic to X. laevis
photoreceptors (Tam and Moritz, 2007). In contrast, expression
of human T4K and T17M rhodopsins was associated with de-
creased total rhodopsin, indicating that these two mutants were
toxic and caused RD. On average, retinas expressing hT4K rho-
dopsin and hT17M rhodopsin contained 29 and 62% less total
rhodopsin than those expressing hWT rhodopsin, respectively
[p < 0.0005, Kruskal-Wallis test, followed by multiple compari-
sons according to Conover (1999)]. Cryosections of retinas from
contralateral eyes were also examined (Fig. 1C). Retinas express-
ing human WT rhodopsin appeared healthy with numerous rods
and long, densely packed ROS. In contrast, many retinas express-
ing human T4K or T17M rhodopsins showed central regions of
absent or shortened rods.

In a similar experiment, we compared transgenic X. laevis
expressing bovine WT, T4R, and T17M rhodopsin (n = 29 per
group). As described previously (Tam and Moritz, 2007), expres-
sion of bovine wild-type rhodopsin had no deleterious effects on
X. laevis rods. Interestingly, the mutant bovine rhodopsins also
did not cause RD as determined by dot blot (Fig. 2A) and histo-
logical analysis (Fig. 2 B). Altogether, these results indicate that
RP induced by glycosylation-deficient mutants can be modeled
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Figure 1. Expression of human T4K and hT17M rhodopsin causes RD in transgenic X. /aevis rod photoreceptors. 4, Solubilized
retinal extracts from primary transgenic tadpoles (n = 29 per group) expressing human WT, T4K; or T17M rhodopsin were spotted
on membranes and probed with mAb B630N (recognizes total rhodopsin) or mAb 1D4 (recognizes only transgenic rhodopsin).
Varying levels of transgenic rhodopsin signals were obtained within and between the different groups. B, Fluorescent signals from
dot blots were quantified and used to derive plots of transgenic rhodopsin expression levels versus total rhodopsin levels. Expres-
sion of hWT rhodopsin did not affect total rhodopsin levels, whereas increasing expression of both hT4K and hT17M rhodopsin
correlated with a loss of total rhodopsin, which is indicative of RD. €, Confocal micrographs of cryosections from transgenic retinas
stained with wheat germ agglutinin. Top row shows the entire eye, and bottom row shows higher magpnification of the central
retina. Retinas expressing hWT rhodopsin (left) appeared healthy with long closely packed ROS. In contrast, retinas expressing
hT4K (middle) and hT17M (right) rhodopsin exhibited retinal degeneration as seen by loss or shortening of ROS. rpe, Retinal
pigment epithelium; ros, rod outer segments; ris, rod inner segments; onl, outer nuclear layer. Scale bars: top row, 100 ,m; bottom
row 20 pm.
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Figure 2.  Expression of bovine T4R and T17M rhodopsins does not cause retinal degeneration in transgenic X. laevis rod
photoreceptors. 4, Plot of transgenic rhodopsin versus total rhodopsin derived from dot blots of solubilized retinal extracts from
primary transgenic tadpoles (n = 29 per group) expressing bovine WT, T4R, and T17M rhodopsin. No reduction in total rhodopsin
was observed inany of the groups regardless of expression level or transgene. B, Confocal micrographs of cryosections of transgenic
retinas expressing bWT (top), bT4R (middle), and hT17M (bottom) stained with wheat germ agglutinin. Retinal degeneration was
not observed regardless of which transgene was expressed; bT4R and bT17M expressing retinas were similar to bWT expressing
retinas with respect to ROS length and density. Scale bar, 20 m.
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using human rhodopsin mutants in trans-
genic X. laevis but not using bovine rho-
dopsin mutants.

Dark rearing of transgenic tadpoles
expressing human T4K and

T17M rhodopsins prevents

retinal degeneration

In humans, RP caused by T4K and T17M
assumes a sector phenotype in which the
inferior retina is preferentially affected,
possibly attributable to the greater light
exposure of the lower retina from overhead
light sources such as the sun or indoor
ceiling lighting. To determine whether
our X. laevis models exhibit light-sensitive
RD, we raised primary transgenic tadpoles
(n = 40 per group) in either 12 h light/
dark cycle or constant darkness and com-
pared the extent of RD between the two
conditions. As seen in the initial experi-
ment, when tadpoles expressing human
T4K rhodopsin were raised in cyclic light,
total rhodopsin levels decreased with in-
creasing transgenic rhodopsin levels (Fig.
3A) and loss of ROS was observed in reti-
nal cryosections (Fig. 3B, bottom). How-
ever, when tadpoles were raised in
constant darkness, no loss of total rho-
dopsin was observed even at higher trans-
gene expression levels (Fig. 3A) and
retinal histology appeared normal (Fig.
3B, top). Almost identical results were ob-
tained for tadpoles expressing human
T17M rhodopsin (Fig. 3C,D). These re-
sults indicate that T4K- and T17M-
induced RDs were associated with light
exposure and protection from light-
rescued rods from cell death.

Human T4K and T17M rhodopsin
express at wild-type levels and localize
predominantly to the ROS in transgenic
photoreceptors
In cultured human kidney cells, human
T17M rhodopsin is expressed at low levels
and accumulates in the ER (Sung et al.,
1991). In monkey kidney cells, bovine
T4K and T17M rhodopsins are expressed
at high levels and present in mature form
on Western blots but only partially recon-
stitute with 11-cis-retinal (Kaushal and
Khorana, 1994). These results suggest
substantial (human mutants) or subtle
(bovine mutants) defects in the folding of
these glycosylation mutants in in vitro sys-
tems. To assess the capacity for these gly-
cosylation mutants to fold and traffic
properly in vivo, we determined their ex-
pression levels and subcellular localiza-
tion in transgenic X. laevis retinas.
Primary transgenic tadpoles express-
ing human WT, T4K, and T17M rhodop-
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sin (n = 29 per group) were raised in the
dark. We determined transgenic rhodop-
sin levels from dot blot analysis of the sol-
ubilized eyes (Fig. 4A). There was no
statistical difference between h(WT, hT4K,
and hT17M rhodopsin expression levels
(p = 0.285, Kruskal-Wallis test). There-
fore, under dark-rearing conditions, hT4K
and hT17M did not appear to be prone to
defects in biosynthesis such as misfolding or
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Retinal cryosections of transgenic tad-
poles raised in cyclic light or constant dark
were immunolabeled with mAb 2B2,
which only recognizes mammalian (trans-
genic) rhodopsins (Fig. 4 B). As expected,
human WT rhodopsin localized primarily
to the ROS and Golgi membranes. Little
or no labeling was seen in the ER, inner
segment plasma membrane, or synapse.
Anti-rhodopsin immunolabeling of X.
laevis retinas typically exhibits a “halo”
distribution around the periphery of the
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ROS attributable to high concentrations
of the antibody epitope in tightly packed
disk membranes, resulting in poor anti-
body penetration of the interior of the
ROS (Luo et al., 2004; Tam and Moritz,
2006). Regardless of the light-rearing con-
ditions, both T4K and T17M rhodopsins
resembled WT rhodopsin in their distri-
bution, suggesting that even when sub-
jected to light exposure, these mutants did
not accumulate in the ER and thus were
not significantly impaired with respect to protein folding. Similar
results were obtained for the localization of bovine T4R and
T17M rhodopsin (data not shown). In contrast, human P23H
rhodopsin (a well characterized misfolding mutant) localizes
predominantly to the photoreceptor ER (Tam and Moritz, 2007;
this study).

Figure 3.

Comparison of human T4K and T17M rhodopsins reveals
differences in glycosylation and cell toxicity
Studies of T4K and T17M mutants expressed in cultured cells
suggest that the two glycans of rhodopsin may fulfill distinct
functional roles (Kaushal et al., 1994). Furthermore, analysis of
frog and human rhodopsins suggests that glycans at N2 might be
structurally different from those at N15 (Duffin etal., 1993; Fujita
et al., 1994). We therefore directly compared the two mutants
with respect to their effects on RD and their glycosylation state.

Total rhodopsin levels of transgenic tadpole retinas reared in
cyclic light were obtained from the dot blots used to derive the
dose—response curves in Figure 3. As a group, retinas expressing
T17M contained significantly less total rhodopsin than those ex-
pressing T4K (Fig. 5A, average values are 47.5 vs 63.2 arbitrary
units, p = 0.026, Mann—Whitney test). Moreover, the shift in the
dose-response curve (Fig. 5A) indicates that T17M was capable
of inducing RD at lower expression levels than T4K. A similar
shift is seen in Figure 1B. Thus, human T17M rhodopsin was
more toxic to rods than T4K rhodopsin.

The glycosylation states of the two mutants were compared by
treatment of retinal extracts with or without PNGaseF, followed
by SDS-PAGE and Western blotting. PNGaseF cleaves N-linked

Transgenic rhodopsin (% of total)

Dark rearing rescues retinal degeneration caused by expression of hT4K and hT17M rhodopsin. Transgenic tadpoles
expressing either hT4K or hT17M rhodopsin were generated and reared in either constant dark or cyclic light for 14 d. Solubilized
retinal extracts were dot blotted and subjected to Western blot analysis (n = 40 per group). 4, C, Fluorescent signals were
quantified and used to derive plots of total and transgenic rhodopsin. In contrast to when tadpoles were reared in cyclic light, no
loss of total rhodopsin was observed when tadpoles were reared in the dark. B, D, Confocal micrographs of cryosections of
transgenic retinas stained with wheat germ agglutinin. Retinas of animals reared in cyclic light exhibited varying degrees of retinal
degeneration (bottom). However, retinas of animals reared in constant dark retained long closely packed ROS similar to those of
wild-type retinas (top). Scale bar, 20 um.

oligosaccharide from glycoproteins. mAb 1D4 was used to probe
Western blots for transgenic rhodopsins (Fig. 5C). As predicted,
both human T4K and T17M rhodopsins migrated faster than
human WT rhodopsin, attributable to lack of one of the two
glycans. However, human T4K also migrated faster than T17M,
suggesting that the two carbohydrate moieties are not structurally
identical. After treatment with PNGaseF, all transgenic rho-
dopsins migrated at the same rate, confirming that the differences
in mobility between the mutants are attributable to differences in
glycosylation rather than the amino acid substitutions.

Interestingly, a similar analysis of bovine T4R and T17M rho-
dopsins (Fig. 5D) demonstrated that, unlike the human mutants,
each bovine mutant adopts two distinct glycoforms. The mobil-
ities of all four species observed were intermediate between fully
glycosylated and fully deglycosylated rhodopsin, and therefore
each band probably represents a unique monoglycosylated form.

Collectively, these results suggest that the oligosaccharides at
positions N2 and N15 of human rhodopsin are neither structur-
ally identical nor equivalent in their functional importance to
rhodopsin.

Glycosylation is not required for rhodopsin biosynthesis,
targeting, or insertion into disk membranes

In studies performed on frog retinas, treatment with the glyco-
sylation inhibitor tunicamycin did not affect rhodopsin synthesis
and intracellular transport but significantly impaired disk mor-
phogenesis (Fliesler and Basinger, 1985; Fliesler et al., 1985).
However, in the present study, both T4K and T17M rhodopsins
primarily localized to the ROS, suggesting that a single oligosac-
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Figure4. hT4Kand hT17M rhodopsin exhibit normal biosynthesis and trafficking. 4, Trans-
genic rhodopsin levels were determined from dot blots of retinal extracts from primary trans-
genic animals expressing either hT4K or hT17M rhodopsin (n = 29 per group) and reared in
constant dark for 14 d. Mean expression levels of hWT, hT4K, and hT17M were not statistically
significant. B, Confocal micrographs of retinal cryosections labeled with mAb 2B2 (green),
which recognizes transgenic rhodopsin only, and counterstained with wheat germ agglutinin
(red) and Hoechst nuclear stain (blue). The overlap of green and red signals is represented by
yellow. Human WT rhodopsin localized primarily to the ROS and Golgi membranes (arrow-
heads). The same pattern of distribution was exhibited by hT4K and hT17M rhodopsins regard-
less of whether tadpoles were raised in cyclic light or constant dark. In contrast, hP23H
rhodopsin was retained in the ER of the rod inner segments, a distribution highly suggestive of
protein misfolding. Thus, both hT4K and hT17M rhodopsin appear to fold and traffic properly.
Fluorescent signals derived from antibody labeling were adjusted linearly, whereas signals
derived from wheat germ agglutinin and Hoechst staining were adjusted nonlinearly to better
represent the architecture of the retina. rpe, Retinal pigment epithelium; ros, rod outer seg-
ments; ris, rod inner segments; onl, outer nuclear layer. Scale bar, 5 pm.

charide chain is sufficient for incorporation into ROS disk mem-
branes. To further examine the role of glycosylation in rhodopsin
trafficking and disk morphogenesis, we constructed a series of
three human rhodopsin mutants (N2S, N15S, and N2S/N15S),
which eliminate either or both glycosylation sites. Solubilized
retinal extracts from 14 dpf primary transgenic tadpoles were
analyzed by quantitative dot blot (n = 22 per group) to generate
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dose—response curves (Fig. 6A). N2S rhodopsin was expressed at
levels comparable with WT, and total rhodopsin content was not
significantly different from WT [p = 0.379, Kruskal-Wallis test,
followed by multiple comparisons according to Conover (1999)].
Retinas expressing N2S rhodopsin exhibited long densely packed
ROS (Fig. 6B), and the protein localized primarily to ROS and
Golgi membranes (Fig. 6C), similar to WT rhodopsin. In con-
trast, both N15S and N2S/N15S caused significant RD (Fig.
6A, B); total rhodopsin levels decreased by 63 and 829%, respec-
tively, compared with retinas expressing human WT rhodopsin
(p <1x10~°). Similar to N2S rhodopsin, both N15S mutants
localized predominantly to the ROS (Fig. 6C). In retinas express-
ing higher levels of N2S/N15S rhodopsin, a small proportion of
the mutant rhodopsin was also observed in the ER of some rods
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material), suggesting that the absence of both glycans may
cause limited protein misfolding. However, even in rods exhibit-
ing ER localization, the majority of mutant rhodopsin still traf-
ficked to the ROS. Thus, although the lack of glycosylation at N2
versus N15 resulted in very different outcomes with respect to cell
viability, neither glycan was required for rhodopsin biosynthesis,
trafficking, or insertion into disk membranes.

Structural requirements surrounding N2

Human N2S§ rhodopsin did not cause significant RD, indicating
that glycosylation at this site was not crucial for photoreceptor
survival. However, because T4K rhodopsin did cause rod death,
the substitution of lysine (a large charged amino acid) for threo-
nine (a small uncharged amino acid) must be the primary defect,
suggesting that the structure of the N terminus of rhodopsin may
be intolerant of amino acid substitutions. To probe the structural
requirements of this region, we generated transgenic X. laevis
expressing human rhodopsin with two other substitutions, T4V
and T4N. Like lysine, asparagine is hydrophilic albeit neutral in
charge, whereas valine is hydrophobic. Solubilized retinal ex-
tracts from 14 dpf primary transgenic tadpoles were analyzed by
quantitative dot blot (n = 22 per group) to generate dose—
response curves (Fig. 7A). The curve obtained for T4V rhodopsin
was similar to WT and N2S rhodopsin (i.e., high expression with
no indication of RD), whereas increasing levels of T4N resulted in
decreased total rhodopsin. Total rhodopsin levels in retinas ex-
pressing T4V rhodopsin were not significantly different from ret-
inas expressing WT rhodopsin [p = 0.146, Kruskal-Wallis test,
followed by multiple comparisons according to Conover (1999)].
In contrast, total rhodopsin levels in retinas expressing T4N rho-
dopsin were significantly lower than retinas expressing WT rho-
dopsin (p = 3.11 X 10 ). Cryosections confirmed lack of RD in
T4V-expressing retinas, whereas T4N-expressing retinas exhib-
ited rod loss (Fig. 7B). Both T4N and T4V rhodopsins trafficked
predominantly to the ROS with little or no accumulation in the
ER (Fig. 7C). Thus, the N terminus of rhodopsin has specific
structural requirements such that not all amino acid substitu-
tions at this position are tolerated by rod photoreceptors. How-
ever, glycosylation at N2 is not one of these requirements.

Dark rearing significantly rescues retinal degeneration
induced by hN2S/N15S rhodopsin

Retinal degenerations caused by both monoglycosylated hT4K
and hT17M were rescued by dark rearing, suggesting that rods
tolerated the absence of a single glycosylation site when rhodop-
sin was in its inactive state. We therefore sought to determine
whether rod photoreceptors of dark-reared tadpoles would also
tolerate a completely nonglycosylated form of rhodopsin. Pri-
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mary transgenic tadpoles expressing N2S/
N15S rhodopsin were reared in either
cyclic light or constant dark. Solubilized
retinal extracts from 14 dpf tadpoles were
analyzed by quantitative dot blot (n = 17
per group) to generate dose—response
curves (Fig. 8 A). Much greater total rho-
dopsin loss occurred in transgenic tad-
poles raised in cyclic light compared with
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those raised in constant darkness. On av- o1 1
erage, transgenic tadpoles reared in constant
dark had 2.3-fold higher total rhodopsin
levels (p = 1.81 X 10 ~* Mann-Whitney
test). Although protection from light ex-
posure did not entirely prevent RD, the
effects on retinal histology were subtle
(Fig. 8 B). The relatively small loss of to-
tal rhodopsin in dark-reared animals
may be attributable to the slight propen-
sity for this mutant to misfold. Alto-
gether, these results indicate that the
inactive form of nonglycosylated rho-
dopsin was better tolerated by rod pho-
toreceptors than the light-activated
form.

Figure5.

sylated bovine rhodopsin.

Discussion

The oligosaccharides of glycoproteins influence protein proper-
ties such as folding kinetics, quality control, stability, protease
resistance, enzymatic activity, and protein—protein interactions.
However, little is known about the roles of specific glycans of
specific proteins. Rhodopsin contains two N-linked glycosylation
consensus sequences, both of which are associated with muta-
tions that cause RP. In this study, we examined the phenotypes
associated with loss of either or both of the glycans of rhodopsin
and began to distinguish between the effects of amino acid sub-
stitutions versus those of lack of glycosylation. We demonstrate
that light-sensitive RD can be modeled in transgenic X. laevis
expressing RP-linked human rhodopsin glycosylation mutants.
We show that glycosylation at N2 is not crucial for rhodopsin
biosynthesis, trafficking, and disk membrane insertion, or pho-
toreceptor viability. Nonetheless, the surrounding region (mini-
mally encompassing the first four amino acids) contains crucial
structural information such that some but not all amino acid
substitutions induced RD. In contrast, both mutations affecting
glycosylation at N15 were toxic to rods under normal rearing
conditions, suggesting a direct role for this carbohydrate moiety
in rhodopsin structure/function. Furthermore, RDs caused by
mutations in both glycosylation consensus sequences were signif-
icantly rescued by dark rearing, suggesting that the structure sur-
rounding N2 and the oligosaccharide at N15 play crucial roles
specifically in the active conformation of rhodopsin.

All of the rhodopsin glycosylation mutants investigated in this
study localized primarily to the ROS. To our knowledge, this
study is the first to determine the in vivo localization of the hu-
man RP-causing mutants T4K, N15S, and T17M rhodopsin. Al-
though a mouse model expressing human T17M rhodopsin
exists (Li et al., 1998), localization of the mutant rhodopsin was
not determined. In a naturally occurring dog model of RP, mu-
tant T4R rhodopsin localizes to the ROS (Zhu et al., 2004). Our
results indicate that nonglycosylated rhodopsin (N2S/N15S rho-
dopsin) was capable of targeting to and inserting into ROS disk
membranes. In contrast, in previous studies of tunicamycin-

10 100

Transgenic rhodopsin (% of total)

Comparison of hT4K and hT17M with respect to toxicity and glycosylation state. Transgenic animals expressing either
hT4K or hT17M (n = 40 per group) were raised in cyclic light. Solubilized retinal extracts were analyzed by dot blot. 4, Plot of hT4K
and hT17M expression levels versus total rhodopsin levels. The average total rhodopsin levels are significantly lower in animals
expressing hT17M rhodopsin than in those expressing hT4K rhodopsin, suggesting that the hT17M is more toxic than hT4K. The
hT17M curve is shifted to the left of the hT4K curve, indicating that a given amount of hT17M causes a larger decrease in total
rhodopsin than does the same amount of hT4K. B, Western blots of transgenic retinas expressing hWT, hT4K, or hT17M rhodopsins
probed with mAb 1D4 (recognizes transgenic rhodopsin only). Solubilized retinal extracts were incubated with or without
PGNaseF, which removes N-linked carbohydrates from proteins. A sample of bovine ROS was also included as a control. hT4K and
hT17M rhodopsins migrated at rates intermediate to fully glycosylated and deglycosylated hWT rhodopsin, but their migration
rates were different from each other. When deglycosylated with PNGaseF, both hT4K and hT17M rhodopsins migrated at the same
rate as hWTand bovine rhodopsin. C, Western blot of transgenic retinas expressing bWT, bT4R, or bT17M rhodopsin. Both bT4R and
bT17M rhodopsins appear as two distinct bands, each of which are intermediate in size between fully glycosylated and deglyco-

treated frog retinas, nonglycosylated rhodopsin was transported
to the apical inner segment (Fliesler et al., 1985) but was unable to
incorporate into disk membranes and instead was shed as extra-
cellular vesicles (Fliesler and Basinger, 1985). It is possible that
nonglycosylated rhodopsin is incapable of initiating disk mor-
phogenesis but is capable of entering disks formed in the presence
of normally glycosylated rhodopsin. Alternatively, because tuni-
camycin is a nonspecific inhibitor of GIcNAc phosphotransfer-
ase, the inability of nonglycosylated rhodopsin to incorporate
into disks may have been mediated by other glycoproteins that
participate in disk morphogenesis, such as prominin-1 (Maw et
al., 2000; Yang et al., 2008). Nonetheless, in our model system,
N2S/N15S rhodopsin was expressed on a wild-type rhodopsin
background, which accurately reflects autosomal dominant RP in
which the patients are heterozygous.

Little or no transgenic mutant rhodopsins accumulated in the
ER, suggesting that these mutations did not significantly affect
protein folding. However, based on expression in HEK293 cells,
human T17M rhodopsin, like P23H rhodopsin, expresses at very
low levels, accumulates in the ER, and does not reconstitute ap-
preciably with 11-cis-retinal (Sung et al., 1991). A recent study
that modeled protein folding in the ER suggests that subtle dif-
ferences in the concentrations of pathway components involved
in ER export and retrotranslocation can have dramatic effects on
ER export efficiency, potentially explaining frequently observed
misfolding of membrane proteins in heterologous expression
systems (Wiseman et al., 2007). Such differences may also explain
the apparently contradictory results observed with T17M rho-
dopsin in photoreceptors versus cultured cells.

It is possible that, in transgenic retinas exposed to cyclic light,
rods in which mutant rhodopsin accumulated in the ER died and
thus were not visualized. However, one would expect a contin-
uum of ER accumulation, increasing from undetectable to the
level at which cell death is initiated. Sublethal amounts of mis-
folded P23H rhodopsins can be easily visualized in the ER of
transgenic X. laevis rods (Tam and Moritz, 2007). We examined
retinas expressing the human glycosylation mutants at varying
levels but did not observe a pattern of increasing ER accumula-
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Figure 6.  Glycosylation of rhodopsin is not required for biosynthesis or trafficking but may be required at N15 for rod cell viability. Transgenic animals expressing hWT, hN2S, hN15S,

or hN2S/N15S (n = 22 per group) were generated and raised in cyclic light. Solubilized eyes were analyzed by dot blot and immunohistochemistry. A, Plot of transgenic versus
total rhodopsin levels. Expression of hWT or hN2S rhodopsin did not affect total rhodopsin levels, whereas expression of hN15S or hN2S/N15S resulted in a decrease of total rhodopsin.
B, C, Confocal micrographs of cryosections from transgenic retinas expressing hN2S, hN15S, or hN2S/N15S rhodopsins. Cryosections were stained with wheat germ agglutinin (B) or
labeled with mAb 2B2 (green; recognizes transgenic rhodopsin only) and counterstained with wheat germ agglutinin (red) and Hoescht nuclear dye (blue) (C). Retinas expressing hN2S
appeared healthy with long, densely packed ROS. However, many retinas expressing either hN15S or hN2S/N15S exhibited retinal degeneration characterized by short or absent ROS.
Immunolabeled cryosections demonstrate that all three mutants localized primarily to the ROS and Golgi membranes (arrowheads) regardless of whether or not they induced retinal
degeneration. Fluorescent signals derived from antibody labeling were adjusted linearly, whereas signals derived from wheat germ agglutinin and Hoechst staining were adjusted
nonlinearly to better represent the architecture of the retina. rpe, Retinal pigment epithelium; ros, rod outer segments; ris, rod inner segments; onl, outer nuclear layer. Scale bars: B, 20
um; ¢, 5 um.
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Figure7. The amino acid sequence of the extreme N terminus rather than glycosylation of N2 is crucial for rod cell viability. Transgenic animals expressing hWT, hN2S, hT4N, or hT4V
(n = 22 per group) were generated and raised in cyclic light. 4, Solubilized retinal extracts were analyzed by dot blot to derive plot of transgenic versus total rhodopsin levels. Expression
of hWT or hN2S rhodopsin did not affect total rhodopsin levels as shown in Figure 6. Similarly, total rhodopsin levels in retinas expressing hT4V remained constant. However, expression
of hT4N resulted in a decrease of total rhodopsin. B, C, Cryosections were stained with wheat germ agglutinin (B) or labeled with mAb 2B2 (green; recognizes transgenic rhodopsin only)
and counterstained with wheat germ agglutinin (red) and Hoescht nuclear dye (blue) (C). Retinas expressing hT4V appeared healthy with long, densely packed ROS. However, many
retinas expressing hT4N exhibited retinal degeneration characterized by short or absent ROS. In cryosections labeled with mAb 2B2, both mutants localized primarily to the ROS and Golgi
membranes (arrowheads). Fluorescent signals derived from antibody labeling were adjusted linearly, whereas signals derived from wheat germ agglutinin and Hoechst staining were
adjusted nonlinearly to better represent the architecture of the retina. rpe, Retinal pigment epithelium; ros, rod outer segments; ris, rod inner segments; onl, outer nuclear layer. Scale
bars: B, 20 wm; €, 5 wm.

tion, even in rods that exhibited significantly shortened ROS or
nuclear condensation. Moreover, RD was most severe in the cen-

Interestingly, both threonine and valine are C-8 branched amino
acids, i.e., their C-3 carbons have two non-hydrogen substitu-

tral retina and less pronounced at the periphery, in which rods are
younger or just developing. We did not observe significant dif-
ferences in the distribution of mutant rhodopsins between cells of
the central and peripheral retina.

A defect in primary structure rather than lack of glycosylation
at N2 underlies the pathogenic mechanism of T4K rhodopsin.
Expression of a transgenic rhodopsin lacking the first glycosyla-
tion site (N2S) had no significant effect on rod viability. More-
over, although both T4N and T4K caused RD, T4V did not.

ents, whereas most amino acids have one. Because of increased
bulkiness near the peptide backbone, these amino acids are pref-
erentially found within 3 sheets rather than « helices or turns
(Williams et al., 1987). In contrast, lysine and asparagine residues
typically have low preference for 8 sheets. The crystal structure of
bovine rhodopsin indicates that the region between Gly3 to
Prol2 forms two antiparallel strands in a typical B-sheet fold
(Palczewski et al., 2000). Together with the other extracellular
loops of rhodopsin, the N terminus combines to form a multilay-
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ered structure referred to as the “retinal
plug,” which lies over top of the chro-
mophore binding pocket (Bourne and
Meng, 2000; Filipek et al., 2003). Al-
though the introduction of a positive
charge may destabilize this region in the
case of T4K, as is proposed for the T4R
dog (Zhu et al., 2004), our results ob-
tained from the T4N mutant suggest that
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RD, suggesting that glycosylation at N15
is essential for rhodopsin structure and/or
function. Bovine N15Q rhodopsin, heter-
ologously expressed in cultured cells, re-
generates poorly with chromophore and
exhibits decreased ability to activate trans-
ducin. In tunicamycin-treated cultured
cells, nonglycosylated bovine rhodopsin
expresses at normal levels but inefficiently
activates transducin (Kaushal et al., 1994). Together, these results
suggest that lack of glycosylation at N15 is specifically linked to a
defect in signal transduction. However, rhodopsin mutants that
are incapable of activating transducin (e.g., K296R) are not det-
rimental to rod cell viability (Cohen et al., 1993; Tam and Moritz,
2006, 2007; Tam et al., 2006). Thus, although reduced signal
transduction attributable to lack of glycosylation may impact vi-
sual sensitivity, it is unlikely to be the cause of RD.

T4K, N15S, T17M, and N2S/N15S rhodopsins all caused sig-
nificantly less RD when the animals were reared in the dark,
indicating that the mutants in their inactive states were less toxic.
According to crystal structures, no gross conformational changes
are reported for the N terminus of opsin during chromophore
binding or light activation (Salom et al., 2006; Park et al., 2008;
Scheerer et al., 2008), suggesting that this domain remains rela-
tively static. Thus, lack of glycosylation at N15 or amino acid
substitutions surrounding N2 may allow movement of the N
terminus during light activation, resulting in an unstable rho-
dopsin molecule. The carbohydrate at N15 may help maintain
the structure of the N terminus of light-activated rhodopsin by
participating in stabilizing molecular interactions or by steric
hindrance. Disruption of the normal N-terminal structure could
result in loss of disk structure, potentially attributable to poor
packing efficiency of rhodopsin within the membrane or de-
creased ability to dimerize.

We cannot preclude the possibility that decreased toxicity in
the dark may be attributable to a decrease in opsin synthesis
during dark rearing such that the rate of mutant rhodopsin syn-
thesis falls below the toxic level. In X. laevis, opsin synthesis is
constant over the course of a normal 12 h light/dark cycle
(Hollyfield et al., 1982; Green et al., 1995) but decreases during
prolonged dark rearing (Hollyfield and Anderson, 1982). How-
ever, even after accounting for a 48% reduction in opsin synthesis
(Hollyfield and Anderson, 1982), the maximum levels of mutant
opsin produced in the dark still exceeded the toxic levels observed
in cyclic light-reared animals by more than threefold. Nonethe-
less, additional studies will be necessary to demonstrate conclu-
sively that it is the activated forms of the rhodopsin glycosylation
mutants that are toxic.

Neither bovine glycosylation-deficient mutant (T4R or T17M)
induced RD in transgenic X. laevis when expressed at levels com-
parable with the analogous human mutants, suggesting that the

Figure 8.

Dark rearing significantly rescues retinal degeneration induced by nonglycosylated hN2S/N15S rhodopsin. Trans-
genic animals expressing hN2S/N15S rhodopsin were generated and raised in either cyclic light or constant dark (n = 17 per
group). A, Solubilized retinal extracts were analyzed by dot blot to derive a plot of transgenic versus total rhodopsin levels.
Although a reduction in total hodopsin was seen in both rearing conditions, the extent of rhodopsin loss was much greater in cyclic
light. B, Confocal micrographs of cryosections of transgenic retinas stained with wheat germ agglutinin. Although retinas of
animals from both groups exhibited retinal degeneration, on average, the severity was significantly greater in animals reared in
cyclic light (bottom) than those reared in constant dark (top). Scale bar, 20 m.

bovine rhodopsin mutants may be more stable. Initially, this may
seem surprising given the degree of sequence conservation be-
tween bovine and human rhodopsins. However, even single
amino acid substitutions can significantly increase protein stabil-
ity (Matthews et al., 1987; Kallwass et al., 1992; Goward et al.,
1994; Takeshita et al., 2003). Moreover, bovine rhodopsin is con-
siderably more thermostable than rhodopsins from other species.
The Arrhenius energy of activation for the thermal denaturation
of bovine rhodopsin is approximately double that of frog rho-
dopsin and the temperature for half-denaturation is greater
for bovine rhodopsin (60 vs 54.5°C) (Hubbard, 1958). Using
differential scanning calorimetry, it was determined that, al-
though ratand frog rhodopsin are very similar in stability, bovine
rhodopsin is significantly more thermally stable (AH = 410,
416, and 630 kJ/mol, respectively; Td = 340, 340, and 347° K,
respectively) (Shnyrov and Berman, 1988). Bovine rhodopsin
is more stable toward hydroxylamine bleaching than canine
rhodopsin (Zhu et al., 2004 ), indicating that the chromophore
pocket of canine rhodopsin is more accessible and perhaps
adopts a less compact structure. Finally, there are multiple
examples of bovine rhodopsin mutants that fold and bind
chromophore in cultured cells, producing photo-labile pig-
ments, whereas the corresponding human mutants do not
(Nathans, 1990a,b; Sung et al., 1991; Min et al., 1993; Sung et
al., 1993; Kaushal et al., 1994). Thus, greater stability of bovine
rhodopsin may account for the different outcomes observed
with the human and bovine glycosylation mutants in this
study.

The results obtained from this study as well as from our pre-
vious work on P23H rhodopsin (Tam and Moritz, 2007) support
the hypothesis that the sector RP phenotype is attributable to
light-exacerbated RD. However, P23H rhodopsin likely involves
a disease mechanism associated with a biosynthetic defect be-
cause the mutant displays decreased ability to exit from the ER.
Despite conferring a similar light-sensitive phenotype, human
rhodopsin glycosylation mutants appear to cause RD via a differ-
ent mechanism that does not originate from the ER. This is strik-
ing considering that all of these mutations are contained within
the same relatively small region of rhodopsin. Thus, although
protection from light exposure may benefit patients harboring
any of these N-terminal mutations, pharmaceutical interventions
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may require more specific targeting toward the initiating patho-
genic steps in cell death.
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