Retinal Cell Biology

Prominin-1 Localizes to the Open Rims of Outer
Segment Lamellae in Xenopus laevis Rod and

Cone Photoreceptors

Zbhou Han,"* David W. Anderson," and David S. Papermaster’

PurpOsE. Prominin-1 expresses in rod and cone photorecep-
tors. Mutations in the prominin-1 gene cause retinal degener-
ation in humans. In this study, the authors investigated the
expression and subcellular localization of xIProminin-1 pro-
tein, the Xenopus laevis ortholog of prominin-1, in rod and
cone photoreceptors of this frog.

MEeTtHODS. Antibodies specific for xIProminin-1 were generated.
Immunoblotting was used to study the expression and post-
translational processing of xIProminin-1 protein. Immunocyto-
chemical light and electron microscopy and transgenesis were
used to study the subcellular distribution of xIProminin-1.

REesuLts. xIProminin-1 is expressed and is subject to posttrans-
lational proteolytic processing in the retina, brain, and kidney.
xIProminin-1 is differently expressed and localized in outer
segments of rod and cone photoreceptors of X. laevis. Anti-
bodies specific for the N or C termini of xIProminin-1 labeled
the open rims of lamellae of cone outer segments (COS) and
the open lamellae at the base of rod outer segments (ROS). By
contrast, anti-peripherin-2/rds antibody, Xper5A11, labeled
the closed rims of cone lamellae adjacent to the ciliary axon-
eme and the rims of the closed ROS disks. The extent of
labeling of the basal ROS by anti-xIProminin-1 antibodies var-
ied with the light cycle in this frog. The entire ROS was also
faintly labeled by both antibodies, a result that contrasts with
the current notion that prominin-1 localizes only to the basal
ROS.

Concrusions. These findings suggest that xIProminin-1 may
serve as an anti-fusogenic factor in the regulation of disk
morphogenesis and may help to maintain the open lamellar
structure of basal ROS and COS disks in X. laevis photoreceptors.
(Invest Opbthalmol Vis Sci. 2012;53:361-373) DOIL:10.1167/
iovs.11-8635

he extraordinary compartmentalization of rod and cone
photoreceptors has long drawn attention. Their unique
light-sensitive organelles, termed outer segments (OS), respond
to varied wavelengths of the visual spectrum.” Outer segments
are both biochemically and biosynthetically distinct organelles
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that connect to the cell body (the inner segment [IS]) by a
narrow 9+0 nonmotile connecting cilium.>"* For more than
100 years, the pathways of photoexcitation and the anatomic
structures in rods and have been found to be parallel but
distinct.> Rods are more sensitive to dim light, typically in the
blue-green region of the visual spectrum, whereas cones re-
spond to long (red-orange), intermediate (blue-green), and
short (blue-purple) regions of the visual spectrum®” as a con-
sequence of their expression of various opsin genes.® In addi-
tion, rods and cones have distinct morphologies. Rod photo-
receptors have long cylindrical OS consisting of a stack of disks
surrounded by, but separate from, the plasma membrane that
encases them. Only at the base do the disks assume a lamellar
shape with continuity between the lamellar surface and the
plasma membrane.® By contrast, in frogs and lower vertebrates
in general, the cone outer segment (COS) are conical and the
lamellae do not separate from the plasma membrane, so that
the interlamellar space is permeable to extracellular mole-
cules.'® In higher vertebrates, the COS lamellae are largely
isolated within the enclosing plasma membrane and undergo
episodic fusion with it to become accessible to extracellular
molecular penetration for reasons that are undefined.'*~'*

This anatomic difference has consequences for the renewal
of rod and cone OS membranes. Newly synthesized rhodopsin
is deposited into the basal lamellae of growing rod outer
segment (ROS) but then becomes locked into the disk as it
separates from the plasma membrane and is moved outward by
formation of new disks below.'>'® Newly inserted cone
opsins, by contrast, distribute throughout the length and
breadth of the COS as a consequence of the continuity of the
lamellae and plasma membrane.'®'” ROS disk protein remains
confined within a given disk until it arrives at the top of the
stack and is then shed and engulfed into the adjacent pigment
epithelial cells."®~*° Thus the morphogenesis of these highly
related organelles poses distinct challenges to interpret how
rods and cones accomplish the sculpting and renewal of two
such distinct structures. Moreover, the entire process of mor-
phogenesis occurs at the distal tip of the connecting cilium
that connects the OS to the inner segment (IS), so that much of
the cells’ machinery is unavailable to accomplish this task. It
has long been suspected that unidentified proteins account for
this difference.

Prominin-1, a pentaspan transmembrane protein, may
be a candidate that participates in the morphogenesis or main-
tenance of OS structure in rod and cone photoreceptors. Maw
et al.>* discovered that prominin-1 is localized to the evagina-
tions of the plasma membrane that form the new basal lamellae
at the base of murine ROS. Zacchigna et al.?®> reported that
knocking out prominin-1 in mice causes progressive degener-
ation of the photoreceptors, as evidenced by thinning of the
outer nuclear layer. It is not clear whether cones also degen-
erate, but cone opsin missorting is observed in prominin~/~
mice, and the morphology of both ROS and COS is abnormal
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before the cells die. A frameshift mutation (PROML1, g4, now
designated c.1841delG) of prominin-1 is responsible for an
autosomal recessive retinal degeneration in a consanguineous
Indian family.“ An autosomal dominant mutation, R373C, of
prominin-1 in humans caused retinal degeneration and abnor-
mal structure of ROS in mice carrying this mutation.?® A third
mutation, ¢.869delG, of human prominin-1 causes autosomal
recessive retinitis pigmentosa in patients.”” However, despite
these studies, little is known about the precise localization and
the function of prominin-1 in photoreceptors.

In Drosopbila melanogaster, prominin was found to bind
to spacemaker (spam), an intercellular glycoprotein.*® In the
presence of spacemaker, the fly’s rhabdomeres are separated.
However, in insects not expressing spacemaker (for example,
Apis mellifera, the honeybee), rhabdomeres adhere to each
other, thereby participating in the two alternative arrange-
ments of the compound eye’s photoreceptors.”?® Mammalian
agrin and perlecan share similarity with the C terminus of
spacemaker,”® but no homolog of spacemaker has yet been
identified in vertebrates. These intriguing findings suggest that
prominin may bind to extracellular proteins in the vicinity of
the ROS basal disks or COS lamellae in vertebrates as well.
Besides the expected interacting partners of prominin-1 in the
extracellular space, photoreceptor cadherin 21 (PCDH21), a
transmembrane protein, and filamentous actin, an intracellular
protein, were found to bind to prominin-1 in mice.?°

Why prominin-1 distributes to the ROS basal lamellae and
how it is retained there is unknown, since it is reported to be
excluded from the mature upper disks. Distribution of prom-
inin-1 in the continuous membrane system of the COS has not
been previously examined by high-resolution techniques. Pro-
minin-1 has recently been observed at the base of COS in
mice,?> but without much detail of its subcellular localization,
probably because of the small diameters of murine COS.

We recently described the cloning of three homologs of
prominin in Xenopus laevis: xIProminin-1, xIProminin-2, and
xIProminin-3.?? xIProminin-1 was identified as the ortholog of
prominin-1 in this frog by phylogenetic analysis and was found
to be expressed in the retina.?® In the present study, we
generated antibodies against xIProminin-1 and studied its pro-
tein expression in X. laevis tissues with immunoblotting. We
also used fluorescence and electron microscopic immunocyto-
chemical methods to localize prominin-1 in X. laevis photore-
ceptors. We present evidence that xIProminin-1 localizes to the
open rims of COS lamellae and open basal lamellae of ROS. We
then generated transgenic X. laevis expressing the xIProminin-
1-hrGFP 1I fusion protein in either rods or cones by using
cell-specific promoters. Comparison of results obtained in
transgenic X. laevis tadpoles and immunolocalization in nor-
mal tadpoles allowed us to evaluate the distribution of the
transgene product independently.

MATERIALS AND METHODS

Animals

Adult X. laevis were purchased from Xenopus Express (Brooksville,
FL). X. laevis tadpoles were generated by restriction enzyme-mediated
integration transgenesis.>*>® Animals were kept in an artificially con-
trolled 12-hour light/12-hour dark environment at a constant temper-
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ature of 18°C. The light intensity of the light phase was kept at 500 =
100 lux. All experiments were conducted in accordance with the
Animal Care and Use Committee of the University of Connecticut
Health Center and the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

Polyclonal Antibody Generation

Rabbits were immunized with polypeptides from N and C termini of
xIProminin-1 (PN and PC) fused to the C terminus of glutathione
S-transferase (GST) as immunogens (Table 1). cDNA fragments coding
for PN and PC were amplified by PCR and were inserted into the
PGEX-5X2 vector (Amersham, Little Chalfont, UK). Fusion proteins
expressed in Escherichia coli strain BL21 (DE3) were isolated by
binding to glutathione-coupled Sepharose 4B beads (Amersham) and
elution with glutathione. Purified fusion proteins were mixed with
adjuvant (Ribi Adjuvant System; Corixa Corporation, Seattle, WA) to a
final concentration of 0.2 mg/mL and were used to immunize New
Zealand White female rabbits (each weighing ~3 kg) with a series of
injections over several months.

Expression and Purification of Fusion Protein
from Bacterial Cell Lysis

Six constructs (MBP-PN, MBP-612, MBP-62, MBP-63, MBP-72, and MBP-76)
expressing partial sequences of xIProminin-1 were generated by inserting
PCR-amplified fragments of xIProminin-1 into the pMal-c2X vector (New
England BioLabs, Beverly, MA), which attaches a maltose binding protein
(MBP) tag to the N terminus of the expressed protein. A 6X His tag was
also inserted at the C terminus of the fusion proteins (see Supplementary
Fig. S6, http://www.iovs.org/lookup/suppl/doi:10.1167/i0vs.11-8635/-/
DCSupplemental). These double-tagged fusion proteins were sequen-
tially purified with nickel affinity gel (HIS-Select; Sigma, St. Louis, MO)
and amylose resin (New England BioLabs), in accordance with the
manufacturer’s instructions. This two-step, double-tag purification
method greatly reduces the copurification of the bacterial histidine or
maltose binding proteins, a drawback for both systems if used individ-
ually, and ensures the purity and integrity of the purified proteins.*°
The purified proteins were dialyzed against 100 mM sodium phosphate
buffer, pH 7.4, and were stored at 4°C, supplemented with sodium
azide at a final concentration of 0.05%.

Affinity Purification of Antibodies

Given that GST fusion proteins were used to immunize the rabbits, to
avoid purification of anti-GST antibody, we used MBP fusion proteins
to affinity purify the antibodies. MBP-PN was used to purify the anti-
xIProminin-1 N terminus antibody oPN and MBP-72 was used to purify
the anti-xIProminin-1 C terminus antibody «PC. Three micrograms of
purified MBP-PN or MBP-72 was coupled to 5 mL activated affinity
chromatography media (Affi-Gel 15; Bio-Rad, Hercules, CA), and col-
umns were prepared according to manufacturer’s protocol. Immuno-
globulins from antisera were first precipitated with 31.8% ammonium
sulfate, resolubilized, and dialyzed against 100 mM sodium phosphate
buffer, pH 7.4. This material was passed through the MBP fusion
protein-coupled gel column. The column was washed with RIA-E
buffer (100 mM sodium phosphate buffer, pH 7.6, 0.1% Triton X-100),
and antibodies binding to the gel were eluted with an acidic solution
containing 0.1 M NaCl and 0.2 M glycine-HCI, pH 2.3. Eluted antibodies
were immediately neutralized with 3 M Tris-HCl, pH 8.0, dialyzed
against 100 mM sodium phosphate buffer, pH 7.4, and were stored at

TABLE 1. Sequences of Polypeptides Fused to the C Terminus of GST for Generation of «PN and

aPC Antibodies

Sequences

PN GYVPAESYETDAYHEPGAIGLLFHIVQGFLYIVQPNAFPQDLVRKVAQQKFGEIRN
PC LAKFYRRMDTEDVYDDATEQW
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4°C with a supplement of sodium azide to a final concentration of
0.05%.

Peptide Competition Assays to Verify the
Specificity of Antibodies

Affinity-purified antibody aPN or aPC was preincubated with one of
the purified proteins (MBP, MBP-PN, MBP-612, MBP-62, MBP-63, MBP-
72, MBP-76) or one of the synthetic peptides (PR [LAKFYRRMD-
TEDVYDDATEQW!], containing the oPC epitope, or PK [MSSYDTVN-
RFPRASAPPRQDD], containing neither the aPC nor the oPN epitope)
before they were used in immunoblotting and immunohistochemistry.
Two micrograms of primary antibody (aPN or oPC) was added to a
Tris-buffered solution (pH 7.4) containing 10 ug fusion protein or 5 pug
synthetic peptide PR or PK. The mixture was incubated at 4°C over-
night on a rotator to allow efficient binding of antibody and antigen.
The mixture was briefly centrifuged, and the supernatant was used in
immunoblotting and immunohistochemistry experiments.

Immunoprecipitation Assay to Verify Specificity
of Antibodies

Two eyes from a X. laevis tadpole were homogenized in radioimmu-
noprecipitation assay (RIPA) buffer,®' followed by incubation with
antibody aPN at 4°C overnight with rotation. Protein A agarose beads
(Thermo Scientific, Waltham, MA) were added to the mixture, followed
by incubation at room temperature for 1 hour. Beads were pelleted by
centrifugation (IP), and the depleted supernatant (DS) was transferred to
a different tube. Pelleted beads were washed with RIPA buffer 3 times.
Laemmli loading buffer was added to the IP and the DS fractions and
boiled for 3 minutes. Proteins from the IP and DS fractions were separated
on an SDS-PAGE gel by electrophoresis, transferred to a polyvinylidene
difluoride (PVDF) membrane, and probed with antibody aPC. Alterna-
tively, the SDS-PAGE gel was stained with silver.

Fractionation of Retinal Membrane Proteins

Retina membrane fractionation was performed in accordance with
procedures developed by Papermaster et al.>* Retinas from dark-
adapted adult frogs were isolated under dim red light, suspended in
1.15 g/mL sucrose solution, and gently triturated with an 18-gauge
trocar for 10 passages to shear off the outer segments at the connecting
cilium, overlaid with 1.10 g/mL sucrose, and centrifuged at 30,000g in
a rotor (JA-20; Beckman Coulter, Hiahleah, FL) for 20 minutes at 4°C.
Membranes floating between the 1.10 and 1.15 g/mL interface, which
contained the ROS and COS, were isolated by aspiration and desig-
nated the OS fraction. The pellet was resuspended in 0.25 M sucrose,
homogenized in a loose-fitting Teflon (DuPont)-glass homogenizer
with eight passages and, centrifuged at 1000g for 4 minutes at 4°C. The
pellet from this centrifugation contained the nuclei and large frag-
ments of less disrupted cell compartments. The supernatant was cen-
trifuged at 200,000g in a rotor (SW 40 Ti; Beckman Coulter) for 40
minutes at 4°C; the pellet from this centrifugation was resuspended in
10 mM Tris-acetate, pH 7.4. This “postnuclear fraction” was designated
the intermediate fraction (IF) and contained heterogeneous mem-
branes from rod and cone IS and other retinal cell types. Phenylmeth-
ylsulfonyl fluoride (0.1 mM) and a protease inhibitor cocktail (Sigma)
were added to all sucrose solutions before homogenization. All sample
handling procedures were performed on ice. Protein concentrations
were measured with a bicinchoninic acid based assay (BCA Protein
Assay Kit; Pierce, Rockford, IL) and with BSA (2.00-0.01 mg/mL) as
standard.

Preparation of Membrane Proteins from Brain,
Kidney, and Testis

We followed the procedure of Corbeil et al.>* with slight modifications
to prepare the membrane proteins. X. laevis tissues were homoge-
nized at 4°C in 300 mM sucrose, 5 mM EDTA, 10 mM Hepes-KOH, pH
7.5, supplemented with protease inhibitor mix (Sigma), and centri-
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fuged at 1000g for 10 minutes. The supernatant was centrifuged at
40,000g for 30 minutes, and the membrane pellet was resuspended in
1% SDS, 20 mM sodium phosphate, pH 7.5. This material was then used
for analysis by deglycosylation and immunoblotting.

Immunoblotting of Proteins from X. laevis
Photoreceptors with Antibodies

Thirty micrograms of protein from the sucrose gradient fractions was
mixed with an equal volume of 2X Laemmli loading buffer,>* boiled for
3 minutes, and loaded into each well of a precast 4% to 15% acrylamide
gradient gel (Bio-Rad). Separated proteins were electrophoretically
transferred to a PVDF membrane (Millipore, Billerica, MA) and blocked
with 5% nonfat powdered milk (Carnation Milk Co., Vevey, Switzer-
land). Primary antibody incubation was performed at 4°C overnight.
PVDF membranes were washed with 1X Tris-buffered saline with 1%
Tween-20 (TBST) and incubated with secondary goat anti-rabbit IgG
antibodies conjugated with horseradish peroxidase (Fisher Scientific,
Pittsburgh, PA) at room temperature for 2 hours. Acetylated a-tubulin,
detected by anti-acetylated o-tubulin antibody (Sigma; produced in
mouse clone 6-11B-1, ascites fluid) was used as an internal loading
control. Chemiluminescence reagent (Western Lightning Chemilumi-
nescence Reagent Plus; PerkinElmer, Waltham, MA) was used for signal
detection.

Immunohistochemistry of Photoreceptors
with Antibodies

X. laevis tadpoles (at developmental stages 50 -55) were euthanized at
different time points in the same environment in which they were
entrained. Dim red light was used to facilitate the procedure if the
tadpoles were euthanized at dark. Excised eyes were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS), pH 7.4, at 4°C
for 1 hour and embedded in OCT (Ted Pella, Inc., Redding, CA) for
cryosectioning. Sections (12 wm in thickness) were washed with PBS
and treated with 6 M guanidine hydrochloride for 10 minutes to
enhance labeling.*®> For double-immunolabeling procedures, sections
were incubated with a mixture of two different primary antibodies
(final concentration, 2 ug/mL each) overnight at room temperature,
washed with PBS, and incubated with a mixture of two secondary
antibodies conjugated with fluorescent dyes (final concentration, 2
ug/mL each) for 4 hours at room temperature. Secondary antibodies
used in this study were as follows: Alexa Fluor 488 goat anti-rabbit IgG
(H+L; Invitrogen) and Texas Red-X goat anti-mouse IgG (H+L; Invit-
rogen). After labeling with the antibodies, the sections were washed in
PBS, incubated with Hoechst 33342 dye (Invitrogen) at a concentration
of 10 pug/mL to visualize the nuclei, washed again in PBS, and mounted
in mounting medium (Mowiol; Calbiochem, Temecula, CA). Immuno-
labeling of murine retina was performed in a similar fashion. Confocal
images were obtained using a laser scanning microscope (510 LSM;
Zeiss, Oberkochen, Germany) at the Center for Cell Analysis and
Modeling, University of Connecticut Health Center.

Electron Microscopy

X. laevis eyes were fixed in 4% paraformaldehyde (Electron Micros-
copy Science, Hatfield, PA) in 0.25 M Hepes, pH 7.4, at 4°C for 1 hour.
Retinas embedded in LR White or LR Gold were unreactive with the
antibodies. Therefore, fixed retinas were dissected, embedded in 10%
gelatin, and infiltrated with 2.3 M sucrose. Tissues were frozen by plung-
ing into liquid nitrogen, and ultrathin cryosections were cut with a cryo
ultramicrotome (EM FC6/UC6; Leica, Wetzlar, Germany), blocked with
1% BSA in PBS and incubated in primary antibodies («PN or oPC; final
concentration, 2 pug/mL) overnight, and subsequently stained with sec-
ondary antibody goat anti-rabbit IgG (H+L; final concentration, 2 ug/mL;
Invitrogen) and protein A 6 nm gold (Electron Microscopy Science).
Sections were postfixed with 1% glutaraldehyde in PBS, counterstained
with 2% neutral uranyl acetate, and observed under a transmission elec-
tron microscope (JOEL 100CX; Tokyo, Japan) at the Center for Cell and
Molecular Imaging at the Yale University School of Medicine.
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Construction of Plasmid Vectors That Drive
Expression of the Transgenes in X. laevis Rods
or Cones

All expression vectors are based on pEGFP-N1 obtained from Clontech
Laboratories, Inc. For transgene expression in X. laevis rods, the vector
was modified to contain the X. laevis opsin promoter (XOP1.3) in
place of the CMV promoter, as described previously.>® The coding
sequence of eGFP in the original pEGFP-N1 vector was replaced with
that of hrGFP II (Stratagene), and five unique restriction sites (Fsel,
Ascl, Notl, Scal, and EcoRV) were introduced to the 5’ end of the
promoter. This modified vector was named FANSE-XOP1.3-hrGFP II
N1. A vector for cone specific expression, FAN-XtCAP1.9-hrGFP II N1,
was constructed by replacing the XOP1.3 promoter in the FANSE-
XOP1.3-hrGFP II N1 vector with a 1.9-kbp genomic sequence obtained
with PCR from the 5’ end of the X. tropicalis cone arrestin (ARR3)
gene, including partial sequence of the first exon (see Supplementary
Fig. §7 for the sequence of the XtCAP1.9 promoter and Supplementary
Fig. S8 for a map of the FAN-XtCAP1.9-hrGFP II N1 vector [both figures
available at http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-
8635/-/DCSupplemental]). Primers used for amplifying the 1.9-kbp
genomic sequence at the 5’ end of the X. tropicalis cone arrestin
(ARR3) gene are 5'-ATAAGAATGCGGCCGCGAAGCTTGAGGAGGAC-
TACCCC-3" and 5'-CGCAGATCTTACCTGTATCAGTTCTCTTGGACT-
TCAG-3'.

The two blunt end restriction sites, Scal and EcoRV, were lost in
the resultant vector during the construction procedure. The con-
structed FAN-XtCAP1.9-hrGFP II N1 vector was tested for its ability to
drive expression of hrGFP II specifically in cone photoreceptors of
transgenic X. laevis tadpoles (see Supplementary Fig. S9, http://www.
iovs.org/lookup/suppl/doi:10.1167/iovs.11-8635/-/DCSupplemental).

Expression of Prominin-1-hrGFP II in Transgenic
X. laevis Photoreceptors

X. laevis prominin-1 cDNA was amplified by PCR using primer pairs
that incorporate Kpnl and BamHI sites on the ends of its open reading
frame (ORF). A Kozak consensus sequence®” (—6 GCCACCATGG +4)
was introduced in front of the ORF to enhance the expression of the
transgene in eukaryotic cells (see Supplementary Fig. S10 for the
diagram and sequence of the fusion protein, http://www.iovs.org/
lookup/suppl/doi:10.1167/iovs.11-8635/-/DCSupplemental). Ampli-
fied PCR fragments were cloned into either the FANSE-XOP1.3-
hrGFP II N1 or the FAN-XtCAP 1.9-hrGFP II N1 expression vector for
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expression of the transgene in rods or cones, respectively. Plasmids
containing the xIProminin-1-hrGFP II expression cassette were lin-
earized with restriction endonuclease Notl, mixed with the perme-
abilized sperm nuclei, and injected into X. laevis eggs, as described by
Kroll and Amaya,*® with modifications described by Moritz et al.>®
Transgenic tadpoles expressing the transgene were screened using a
dissection microscope (MZ8; Leica) equipped for hrGFP II fluores-
cence detection.

RESULTS

Detection of xIProminin-1 in Membrane
Fractions of X. laevis Retina, Brain, and Kidney
by Immunoblotting

We generated rabbit polyclonal antibodies oPN and oPC, specific to
the N and C termini of xIProminin-1, respectively, using purified GST
fusion proteins expressed in E. coli as immunizing antigens. Speci-
ficities of both antibodies were verified by antigen competition as-
says (see Supplementary Figs. S1, S2, and Supplementary Table S1, all
available at http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-
8635/-/DCSupplemental) and immunoprecipitation of xIProminin-1
protein from X. laevis eyes (see Supplementary Fig. S3, http://
www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-8635/-/
DCSupplemental). Membrane proteins from the X. laevis ret-
ina were fractionated into outer segments (OS) and intermedi-
ate fractions (IF) by sucrose density gradient centrifugation and
analyzed by immunoblotting. The OS fraction contains both
ROS and COS. The IF contains a mixture of membranes of the
retina after removal of ROS, COS and nuclei.®* Membrane
proteins extracted from brain and kidney were also analyzed.
Both aPN and oPC detect a protein of approximately 95 kDa in
both OS and IF fractions of the retina (Fig. 1, filled arrows).
This protein likely represents full-length xIProminin-1. Peptide:
N-glycosidase F (PNGase F) treatment reduced the molecular
weight of this protein to approximately 80 kDa. A minor band
of approximately 45 kDa was detected with aPN, but not with
aPC, in the retina IF (Fig. 1, hollow arrow) and was the
predominant band detected in membrane proteins from brain
and kidney. The size of this minor band was reduced to ap-
proximately 30 kDa after PNGase F treatment. No full-length
(95 kDa) xIProminin-1 product was detected by either aPN or
oPC in the brain or kidney membrane protein extracts. A low

aPN aPC FIGURE 1.  Detection of xIProminin-1

in membrane fractions of X. laevis

oS IF Brain Kidney oS IF Brain Kidney retina, brain, and kidney by immuno-
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duced the molecular weight of this
protein to approximately 80 kDa.
This product may represent full-
length xIProminin-1. No 95-kDa
product is detected with either aPN
or oPC in membrane proteins ex-
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tracted from the brain or kidney. A minor band (approximately 45 kDa, hollow arrow) was detected by aPN antibody in the IF fraction of the retina,
and the membrane protein from brain and kidney. The molecular weight of this protein was reduced to approximately 30 kDa after PNGase F
treatment. A low molecular band (asterisk) detected by both aPN and oPC in the IF fraction of retina may represent the degradation products of
xIProminin-1 because this band contains epitopes from both N and C termini of xIProminin-1, but with a much lower molecular weight
(approximately 12 kDa) than that of the full-length protein. Anti-acetylated a-tubulin antibody was used as a loading control.
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FIGURE 2. Double immunolabeling
of X. laevis photoreceptors with
anti-xIProminin-1 N terminus anti-
body oPN and anti-o-tubulin anti-
body. Sections of X. laevis retina
were double immunolabeled with
oPN and anti-acetylated o-tubulin
antibody. (A) The COS is brightly la-
beled with oPN (green) predomi-
nantly on one side (arrows). The
base of the ROS is also faintly labeled
with «PN as a thin band (arrow-
beads). Distal ROS is diffusively la-
beled with oPN at low intensity. The
labeling intensity of aPN on COS is
much greater than on ROS. (B) The
same section of retina was labeled
with anti-acetylated «-tubulin anti-
body (red). Axonemes of the con-
necting cilia of both rods (arrow-
beads) and cones (arrows) are
labeled with that antibody. (C) A lon-
gitudinally sectioned cone cell on the
upper part of the image shows
clearly separated labeling of xIPro-
minin-1 and co-tubulin. Labeling of
oPN on the rims is confined to one
side of the COS (arrowbead). A differ-
ently oriented cell is also seen on the
lower left. (D) Nomarski view of the
same retina section to show the mor-
phology of cells. (E) Superimposed im-
age to show the relative position of
oPN and anti-a-tubulin immunolabel-
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ing. oPN labels the lamellar rims opposite the axoneme of the COS. (F) Cross-section of a tadpole retina labeled with aPN (green) and Texas Red-X
conjugated wheat germ agglutinin (red) that binds to glycosylated photopigments. The semicircular pattern of oPN labeling is readily seen in the
cross-sectioned COS (arrows), further demonstrating the asymmetrical distribution of xIProminin-1 in this organelle. Scale bars: 2 um (A, B, D, E);

5 um (C, F).

molecular band that may represent a degradation product of
xIProminin-1 was detected with both PN and aPC in the IF of
the X. laevis retina (Fig. 1, asterisks). These results suggest that
xIProminin-1 is proteolyzed in retina, brain, and kidney but
remains intact in both COS and ROS.

xIProminin-1 Resides on Cone Lamellae in a
Domain Opposite the Connecting
Cilium Axoneme

The connecting cilium is nonmotile (9+0) and filled with
microtubules that partially radiate into the OS beyond its base.?
It readily labels with antibody to acetylated o-tubulin (Fig. 2B).
Double labeling of sections of the X. laevis retina with a«PN
and anti-acetylated a-tubulin revealed the presence of xIPro-
minin-1 on the outer rims of the cone lamellae, on the side
opposite the cilium (Figs. 2C, 2E). Cross-sections revealed a
semicircle of anti-xIProminin-1 labeling on one side of the COS
lamellar rim (Fig. 2F). oPC also asymmetrically labeled the rims
of COS (Fig. 3) in a pattern that was essentially indistinguish-
able from that observed with oPN. Because antibodies to both
the N and C termini of xIProminin-1 label the same domains of
COS and the immunoblotting results indicate the presence of
uncleaved xIProminin-1, we interpret these results to indicate
the localization of the full-length protein at this site in the
membrane of COS.

xIProminin-1 and Peripherin-2/rds Reside in
Mutually Exclusive Domains of COS Lamellae

Double immunolabeling of cones with either aPN or aPC
and anti-peripherin-2/rds monoclonal antibody Xper5A11 (a

gift from Robert S Molday, University of British Columbia)
produced similar results: xIProminin-1 and peripherin-2/rds
reside in mutually exclusive domains of COS lamellae
(Figs. 4, 5). Previous studies have shown that peripherin-2/
rds localizes specifically to the closed rim of the COS lamel-
lae, a domain homologous to the closed disk rim of ROS and
adjacent to the axoneme.*>*! By contrast, xIProminin-1 lo-
calizes to the open lamellar rim opposite the axoneme.

xIProminin-1 Localizes to the Basal and Distal
Membranes of ROS

The intensity of immunolabeling of ROS with both anti-xIPro-
minin-1 antibodies appeared much weaker than that of COS.
Moreover, the labeling of ROS with both anti-xIProminin-1
antibodies varied greatly throughout different phases of the
light cycle and between individual animals. Antibodies aPN
and aPC both label the base of the ROS as a thin band in some,
but not all, 12-hour light/12-hour dark cycled animals (Figs. 2A,
4B for aPN; Figs. 3B, 5A for oPC). For example, immunolabel-
ing of aPN at the base of the ROS in a tadpole euthanized 4
hours before light onset (Figs. 6A, 6B) is compared with that of
a littermate euthanized 8 hours after light onset (Figs. 6C, 6D).
Clearly visible but faint labeling of xIProminin-1 at the base of
the ROS is seen in the tadpoles euthanized at the late stage
of the light phase, whereas xIProminin-1 is not detectable at
the base of the ROS in retinas of tadpoles euthanized in the
dark phase. Immunolabeling of xIProminin-1 at the base of the
ROS with oPC revealed results similar to those seen with oPN
(data not shown). By contrast, the high intensity of COS label-
ing with either of the antibodies was constant throughout the
light cycle. Antibodies aPN and aPC both also faintly labeled
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the entire ROS in a diffuse pattern, which was only slightly
greater than background labeling (Figs. 2A, 4B for oPN; Figs.
3B, 5A for aPC).

Detection of xIProminin-1 in X. laevis
Photoreceptors by Immunoelectron Microscopy

To study xIProminin-1 localization in photoreceptors with high
resolution, we performed immunoelectron microscopy with
xIProminin-1 antibodies on thin sections of retinas embedded
by rapid freezing after infiltration with sucrose. We turned to
this approach because sections of retinas embedded in a vari-
ety of hydrophilic plastics failed to label with our antibodies.
Retinas of X. laevis tadpoles were cryosectioned and subject to
reaction with oPN and «PC antibodies, which were then de-
tected by anti-rabbit IgG antibodies and protein A-gold conju-
gates. Immunoelectron microscopy showed the same localiza-
tion pattern of xIProminin-1 in COS. Both antibodies labeled
only the rims of COS lamellae opposite the connecting cilium.
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FIGURE 3. Double immunolabeling
of X. laevis photoreceptors with an-
ti-xIProminin-1 C terminus antibody
aPC and anti-a-tubulin antibody. (A)
The COS is brightly labeled with aPC
(green) predominantly on one side.
The base of a ROS (arrowbeads) is
also labeled with aPC as a thin faint
band. Distal ROS is diffusively labeled
by aPC, as it is by aPN (Fig. 2). (B)
Enlarged, brightened, and contrast-
enhanced images of boxed areas in
(A) to show the basal labeling of ROS
(arrowheads). (C) The same retina
section was labeled with anti-acety-
lated a-tubulin antibody (red). Axon-
emes of the connecting cilia of both
rods (arrowhbeads) and cones (ar-
rows) are labeled. The antibody also
labels the filaments that extend from
the calycal processes into the inner
segment to the level of the external
limiting membrane. (D) Nomarski
view of the same retina section to
show the morphology of cells. (E)
Nomarski view of the same enlarged
area as in (B). Contours of individual
photoreceptors are marked with
dasbed lined. (F) Superimposed im-
age to show the relative position of
aPC and anti-a tubulin immunola-
beling. oPC labels the lamellar rims
opposite to the axoneme of the COS.
CIS, cone inner segment; RIS, rod
inner segment. Scale bar, 5 um.

Rims on the side of the connecting cilium and the interior disk
membrane were not labeled above background (Figs. 7A, 7B
for COS labeling with aPN; Fig. 8A for COS labeling with aPC).

aPN labeled the whole ROS at low density compared with
the uniform dense labeling observed with anti-opsin anti-
body.*? Rod IS (RIS) were only sparsely labeled with «PN (Fig.
70). All these observations are in accordance with our studies
conducted with fluorescence immunohistochemistry. This in-
tra-diskal labeling of distal ROS disks by oPN is specific because
the labeling was confined to the ROS, blocked by competition
with MBP fusion protein antigens (data not shown), and did
not label interphotoreceptor spaces or RPE cells.

The labeling density of oPN at the base of the ROS was not
higher than the remaining part of the more distal portions, in
contrast to the observation made with the same antibody in
immunofluorescence studies, in which «PN labeled the base of
ROS as a faint thin band (Figs. 2A, 4B), especially if the tadpoles
were euthanized at the late stage of the light phase (Figs. 6C, 6D).
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A

FIGURE 4. Double immunolabeling
of X. laevis photoreceptors with an-
ti-xIProminin-1 N terminus antibody
oPN and anti-peripherin-2/rds anti-
body Xper5A11. (A) The COS is
brightly labeled asymmetrically with
oPN (green). The base of the ROS is
labeled with aPN as a thin, faint band
(arrowbeads). (B) Enlarged, bright-
ened, and contrast-enhanced images
of boxed areas in (A) to show the
basal labeling of ROS (arrowhbeads).
(C) The same retina section was la-
beled with anti-peripherin2/rds anti-
body Xper5A11 (red). Both COS and
ROS are labeled with Xper5A11, but
the COS labeling is confined to a thin
area along the length of one side of
the COS, whereas the ROS are la-
beled circumferentially except for
the interiors of the incisures, which
are viewed as parallel unlabeled lon-
gitudinal lines. (D) Nomarski image
of the same retina section to show
the morphology of cells. (E) Nomar-
ski view of the same enlarged area as
in (B). Contours of individual photo-
receptors are marked with dashed
lines. (F) Superimposed image to
show the relative position of oPN
and Xper5A11 immunolabeling. «PN
labels the lamellar rims opposite the
side that is labeled with Xper5A11 on
the COS. The thin band labeled with
oPN at the base of ROS does not
overlap with the Xper5A11 labeling
of the mature disks above. Scale bar,
5 pum.

This difference between fluorescence and electron microscopic
immunolabeling could be explained if xIProminin-1 were local-
ized only to the rims of the large basal ROS lamellae of frogs but
not to the interior of the growing disk membranes. In this sce-
nario, only fortuitous sections along the rim of the growing disk
would reveal xIProminin-1 at high density, when ultrathin sec-
tions of frog rods were cut. oPC did not label, or only sparsely
labeled, ROS and RIS in frozen thin sections (Fig. 8B).

Localization of xIProminin-1-hrGFP II Fusion
Protein in Rods and Cones of
Transgenic X. laevis

To evaluate xIProminin-1 distribution by an independent method
and to test a possible position for fluorescence tagging the mole-
cule, we generated transgenic X. laevis tadpoles expressing xl-
Prominin-1-hrGFP II fusion protein in either rod or cone photo-
receptors, driven by the X. laevis opsin promoter XOP1.3® or
the X. tropicalis cone arrestin promoter XtCAP1.9, respectively.
See Supplementary Figure S7 for the sequence of XtCAP1.9 pro-
moter and Supplementary Figure S9 for its specific promoter activity
in cones (both figures available at http://www.iovs.org/lookup/
suppl/doi:10.1167/iovs.11-8635/-/DCSupplemental). Splice variant
s2 of xIProminin-1 (3a—, 8a—, 11a+, 19a+, 26b—, 27—, 28a—)
was used in generating the fusion protein, because xIPro-
minin-1, lacking alternative exons 26b, 27, and 28a, represents
one of the predominant forms of the mRNA in X. laevis retina,
as shown by RT-PCR results.”® The predicted full sequence of
the fusion protein is given in Supplementary Fig. S10 (http://
www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-8635/-/
DCSupplemental).
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The xIProminin-1-hrGFP II fusion protein localized to the rims
of the open lamellae in COS, opposite the domain immunolabeled
by anti-peripherin-2/rds, and the same location at which the en-
dogenous xIProminin-1 was detected by antibodies (Figs. 9A-D). The
localization pattern of xIProminin-1-hrGFP I in rods, however, did
not always correlate well with the localization pattern of the
endogenous protein observed by immunocytochemistry. The fu-
sion protein was localized to the plasma membrane of both the
RIS and the ROS and occasionally intercalated into the inner ROS
(Figs. 9E, 9F). The base of the ROS was occasionally labeled (Figs.
9G, 9H), a result that paralleled our immunocytochemical study
results. This mislocalization of xIProminin-1-hrGFP II in rods
might have been caused by the saturation of xIProminin-1 local-
ization sites by introducing large amounts of exogenous fusion
proteins. Moreover, we observed distortion and deformation of
the ROS in rods expressing high levels of the xIProminin-1-hrGFP
II fusion protein, suggesting that saturation of xIProminin-1 local-
ization sites may cause a ROS structural defect. The variable levels
of transgene expression are probably caused by positional effect
variegation given that expression units are randomly inserted into
the genome of the animal.*®

DISCUSSION

The process of disk morphogenesis and maturation in rods and
cones is becoming clarified as several proteins have been
proposed to participate in this process, including peripherin-
2/rds and rom-1, which are specifically localized to the OS disk

rims.***> Prominin-1 has drawn attention because of its strategic
localization at the basal disks of murine rods first reported by Maw et
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FIGURE 5. Double immunolabeling of X. laevis photoreceptors with
anti-xIProminin-1 C terminus antibody oPC and anti-peripherin-2/rds
antibody Xper5A11. (A) COS is brightly labeled asymmetrically with
oPC (green). The base of the ROS is labeled with aPC as a thin faint
band (arrowbead). (B) The same retina section was labeled with
anti-peripherin2/rds Xper5A11 (red). Both COS and ROS are labeled
with Xper5A11, but the COS labeling is confined to a thin area along
the length of one side of the COS, whereas the ROS are labeled
circumferentially. Unlabeled longitudinal lines in the ROS are the
interiors of the incisures. (C) Nomarski view of the same retina section
to show the morphology of cells. (D) Superimposed image to show the
relative position of aPC and Xper5A11 immunolabeling. «PC labels the
lamellar rims opposite the side that is labeled with Xper5A11 on the COS.
aPC labeling at the base of ROS does not overlap with Xper5A11 labeling
(arrowbead). Scale bars, 5 um.

al.>* and for its contribution to degenerative retinal disorders when it
is mutated.?* 2 The presence of prominin-1 at the base of murine
cones was revealed by Zacchigna et al.?®> We have now evaluated the
expression of xIProminin-1 in X laevis cones and localized it specif-
ically to the open rims of the COS and also confirmed the localization
of prominin-1 to the base of murine S and M cones (see Supplemen-
tary Figs. S4, S5, http://www.iovs.org/lookup/suppl/doi:10.1167/
iovs.11-8635/-/DCSupplemental), where open disks are consistently
present. In contrast to frog COS (whose lamellae remain open from
the base to the tip), murine COS have a variable degree of separation
of their lamellar membranes from the plasma membrane, except for
open disks at the base. Rodent COS are composed of closed disks
with occasional openings to the extracellular space throughout their
length.“® This may account for the absence of significant prominin-1
labeling on one side of murine COS that contrasts with the pattern
seen in the frog COS; if the lamella becomes a closed disc, even
transiently, it will, supposedly, have no prominin-1 at its rim.
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A diagram of xIProminin-1 and peripherin-2/rds localization in
rods and cones of X. laevis is presented in Figure 10. The mutually
exclusive distribution of xIProminin-1 and peripherin-2/rds in X.
laevis COS shown here reflects, and could be responsible for, the
difference between mature ROS disks and COS lamellae. Periph-
erin-2/rds has membrane fusogenic activity in vitro.””~>2 X laevis
expresses three homologs of the peripherin-2/rds and rom-1 fam-
ily, namely, xrds38, xrds36, and xrds35.%> They may help to seal
or pinch off the mature disks to separate them from the envelop-
ing plasma membrane. These molecular events underlying disk
morphogenesis must be tightly coordinated to mediate the mor-
phogenesis of new disks, including the cleavage of disks by
incisures, and to distinguish the morphogenesis of ROS disks from
COS lamellae. Prominin-1 may play a role in keeping most of the
COS lamellae open in X. laevis, possibly serving as an anti-
fusogenic factor to counterbalance the fusogenic activity of pe-
ripherin-2/rds in the process of disk morphogenesis and matura-
tion, thereby preventing the isolation of the COS lamellae from

FIGURE 6.  Variation in immunolabeling of X. laevis rods with anti-
xIProminin-1 N terminus antibody aPN. (A) Immunolabeling of a retina
from a tadpole euthanized at 4 hours before light onset with aPN
(green). No labeling is seen at the bases of the ROS. The boxed area is
enlarged as shown in (B). (C) Immunolabeling of a retina from a
tadpole euthanized at 8 hours after light onset with «PN. Bases of the
ROS are clearly labeled (arrowhbeads). The boxed area is enlarged as
shown in (D). Nuclei are labeled with Hoechst 33342 dye (blue). Scale
bars, 5 pm.
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FIGURE 7. Localization of xIPro-
minin-1 with anti-xIProminin-1 N ter-
minus antibody oPN in X. laevis pho-
toreceptors examined by immuno-
electron microscopy of frozen sucrose-
embedded retinas. (A) The rims of the
disk lamellae of a COS opposite the
side of the connecting cilium are la-
beled with oPN, detected with protein
A 6 nm gold (arrowbead). Rims of the
disk lamellae adjacent to the connect-
ing cilium are not labeled. (B) Cross-
section of a COS. The entire rim ex-
cept the right side is labeled with oPN,
whereas the interior lamellar mem-
branes are unlabeled. (C) Longitudinal
section of a rod. The whole ROS is
diffusively labeled with oPN at low
density. The RIS is only sparsely la-
beled. Labeling density at the base of
this ROS is not higher than at the more
distal portions. Boxed areas are en-
larged fourfold to show details of rep-
resentative immunolabeling of the sec-
tions. The large holes are artifacts
caused by the instability of the fragile
sections. C, connecting cilium. Scale
bars, 1 pum.

the plasma membrane. Prominin interacts with spacemaker
(spam), a glycoprotein in the interphotoreceptor space in Dro-
sophila.*® Tt will be of interest to determine whether a compara-
ble interaction occurs in the interphotoreceptor space of verte-
brate retinas with an as yet unidentified prominin ligand.

We found that X. laevis rods differ significantly from cones
in expression and subcellular distribution of xIProminin-1. An-
tibodies against xIProminin-1 labeled the base of ROS as a faint
thin band, and the labeling intensity was considerably less than
that observed in the adjacent cones by both immunofluores-
cence and immunoelectron study, indicating that there is a
lower content of xIProminin-1 in the ROS than in the COS.
Faint diffuse labeling on the entire length of ROS may reflect
trapped xIProminin-1 in closed disks moving toward the distal
end of the ROS. Although xIProminin-1 is detected throughout
the entire ROS, it does not appear to colocalize with periph-
erin-2/rds at the base of the ROS, along incisures, or at disk
rims of closed disks. (Figs. 3, 5).
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The immunolabeling patterns of xIProminin-1 in X. laevis
ROS are intriguing, because of the variations of the basal
labeling of ROS when different animals were observed or when
the animals were euthanized at different time points during the
light cycle. A thin band at the base of the rods was usually
detected in retinas obtained at the later stage (8 hours after
light onset) of the light phase in animals kept in a 12-hour
light/12-hour dark regimen, as shown in Figures 6C and 6D.
Labeling was often undetectable at 2 hours after light offset. If
prominin-1 is confined to the open basal lamellae at the base of
the ROS, then this finding correlates well with the previous
findings by Besharse et al.,"> who observed that the number of
open disks at the base of X. laevis ROS varies significantly
during the day and night, with the peak number of the open
disks (approximately 15) achieved in the mid afternoon. More-
over, a study of X. laevis retina produced an image>* strikingly
similar to that observed in our immunolabeling studies of
xIProminin-1. By using Lucifer Yellow (a small molecule that
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can penetrate the interlamellar space) to stain the light-adapted
X. laevis retina, they found that the entire COS, but only the
base of ROS and its shedding tip, were stained by penetration
of Lucifer Yellow in the extracellular space, showing that these
domains are accessible to small molecules in the extracellular
compartment. By contrast, COS are always highly labeled, with
no obvious circadian or diurnal variation in xIProminin-1 im-
munolabeling. Although we cannot exclude the possibility that
there was indeed circadian or diurnal variation in COS labeling
as well, any such variation was below our threshold of detec-
tion.

Several important questions arise from these observations:
Is the diminishing of immunolabeling at the base of ROS after
the peak in late stage of the light phase a consequence of the
destruction or recycling of xIProminin-1? Alternatively, are its
epitopes masked as the basal lamellae are closed by peripherin-
2/rds and rom-1 during disk maturation? Immunoblotting of
retinal IF fractions (Fig. 1) reveals that smaller fragments of
prominin-1 are readily detected by aPN and, to a lesser extent,
by aPC, indicating that the protein has been cleaved. However,
the OS fractions contain little, if any, of these fragments (Fig.
1). This result suggests that the low-level labeling in the distal
ROS interior comes from the intact xIProminin-1 protein that
has been retained after disk closure. xIProminin-1 may be
partially transported from the OS to the IS for recycling or for
proteolytic degradation. However, because cones were much
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FIGURE 8. Localization of xIPro-
minin-1 with anti-xIProminin-1 C ter-
minus antibody oPC in X. laevis pho-
toreceptors examined by immuno-
electron microscopy of frozen sucrose
embedded retinas. (A) The rims of the
disk lamellae of a COS opposite the
side of the connecting cilium are la-
beled with aPC, detected with protein
A 6 nm gold (arrowbead). Rims of the
disk lamellae on the same side of the
connecting cilium are not labeled. (B)
Longitudinal section of a rod. ROS
and RIS are not labeled with «PC, in
contrast to an adjacent labeled COS
membrane (arrowhead). Boxed ar-
eas are enlarged fourfold to show the
details of typical immunolabeling of
the sections. C, connecting cilium.
Scale bars, 1 wm.

more intensively labeled than rods with antibodies to xIPro-
minin-1, it is likely that most of the signals in our immunoblot-
ting studies came from xIProminin-1 in cones (Fig. 1) and,
therefore, may not reflect prominin-1 dynamics in rods.

Transgenic expression of an xIProminin-1-hrGFP 1I fusion
provided an important support of our immunocytochemcial
results in COS. xIProminin-1-hrGFP II localized to the rim of the
COS opposite the side containing peripherin-2/rds, the same
site where we detected endogenous xIProminin-1 in COS by
immunolabeling, thus arguing against epitope masking as a
factor influencing our results. The pattern of xIProminin-1-
hrGFP 1I localization in rods, however, was not constant
among individual transgenic animals. In addition to the variable
labeling at the base of the ROS, the fusion protein was ob-
served along the ROS plasma membrane, with occasional in-
tercalations into the inner ROS, and, in cases of very high
expression, into the RIS plasma membrane. Variations of xIPro-
minin-1-hrGFP II localization in rods may reflect the variations
of the endogenous xIProminin-1 localization observed with
immunolabeling, or they may be artifacts resulting from over-
expression relative to the endogenous protein that saturates
the capacity of the organelle to house, transport, or organize
the protein. This may also contribute to the abnormal shape of
ROS observed in retinas expressing high levels of the fusion
protein.
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FIGURE 9. (A-D) xIProminin-1-hrGFP II expressed in transgenic X. laevis cones. Expression of the transgene is controlled by a newly isolated
promoter XtCAP 1.9 for the X. tropicalis cone arrestin gene (see Supplementary Materials, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-
8635/-/DCSupplemental). (A) The hrGFP Il-tagged fusion protein localizes primarily to one side of COS (arrowhead). (B) The same section
colabeled with anti-peripherin-2/rds antibody Xper5A11 (red). COS was labeled with the antibody and the labeling is confined to a thin area along
one side of the COS (arrow). Longitudinal stripes in the adjacent rods result from the peripherin-2/rds localization along the aligned incisures of
ROS disks. (C) Nomarski view of the same retina. (D) Superimposed image shows that xIProminin-1-hrGFP II resides on the side of the disk rims
opposite peripherin-2/rds. Thus the transgenic hrGFP II-tagged protein expressed in cones distributes to the same sites as the endogenous protein
we observed with anti-xIProminin-1 antibodies aPN and «PC. Nuclei are labeled with Hoechst 33342 dye (blue). (E-H) xIProminin-1-hrGFP II
expressed in transgenic X. laevis rods. Expression of the transgene is controlled by a promoter XOP 1.3 for the X. laevis opsin gene. (E, F) The
fusion protein is seen on the plasma membrane of both ROS and RIS (green) and occasionally is observed within the middle of the OS. Some
fluorescence is seen within the RIS, presumably representing the trafficking of the newly synthesized protein. (G, H) The fusion protein is
occasionally observed at the base of the ROS (arrowbead). Sections were counterstained with Texas Red-X conjugated wheat germ agglutinin (red)

to visualize the ROS and post-Golgi membranes. Scale bars, 5 um.

Our observation of the distinct labeling at the basal ROS by
both anti-xIProminin-1 antibodies supports the model of disk
morphogenesis in rods proposed by Steinberg et al., ® in which
the basal disks are open to the exterior environment and are
structurally distinct from the closed distal disks in organization
of their membrane proteins. This model was also supported by
results of scanning electron microscopic observations and dye
penetration into ROS basal disks.>>>® However, the Steinberg
et al.” model has recently been challenged by Chuang et al.,>”
who proposed an alternative mechanism of ROS disk morpho-
genesis by which no continuous lamellae exist in basal ROS
disks.>” They posited an exocytic model of disk morphogenesis
with opsin-laden membranes budding from the apical plasma
membrane of the RIS and fusing at the base of the ROS or
passing through the cilium interior. However, opsin is barely
detectable by electron microscope immunocytochemistry in
the RIS plasma membrane adjacent to the basal ROS disks,
whereas it is readily observed at high concentration in
vesicles fusing at the base of the grooves of the periciliary
ridge complex (PRC) and along the ciliary plasma mem-

brane, and the same sites are labeled by incorporation of
radioactive amino acids into opsin at an appropriate time
point.>>>® Moreover, opsin is detected along the ciliary
plasma membrane but not in the interior of the connecting
cilium.’>>® In addition, rab8 localizes to the same site at the
base of the grooves of the periciliary ridge complex,’® and
mutations of rab8 block fusion of the post-Golgi membranes
transporting opsin to the grooves leading to pileup of rho-
dopsin transport carriers around the base of the PRC and to
abnormal ROS formation.®° A similar result is generated after
the inhibition of phosphatidic acid hydrolase by proprano-
lol, which also generated a redistribution of moesin and an
accumulation of undocked post-Golgi rhodopsin transport
carrier membranes near the base of the connecting cilium.®’
These results support the proposed role of the connecting
cilium’s plasmalemma as the sole means of transport of
newly synthesized photopigment from the inner segment to
the outer segment in rods.

We found proteolysis of xIProminin-1 in X. laevis tissues, a
phenomenon that was not previously reported, and diurnal
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Rod
@ xIProminin-1
@ Peripherin-2/rds
Cone

Outer segments
Inner segments
FIGURE 10. A model of differential distribution of xIProminin-1 and

peripherin-2/rds in rod and cone photoreceptors. xIProminin-1 (green)
distributes to the outer rims of open disk lamellae of COS and basal
disks of ROS. Peripherin-2/rds, in contrast, distributes to the inner rim
on the same side as the connecting cilium in COS and also to the entire
rim of closed mature disks in ROS. Prominin-1 is also sparsely present
throughout the entire disks of ROS. CC, connecting cilium; OD, oil
droplet; N, nucleus.

variation of antibody labeling of xIProminin-1 at the basal ROS.
Future directions may include studying the mechanism for
xIProminin-1 localization in photoreceptors, measuring and
comparing the turnover of xIProminin-1 in rods and cones,
determining a circadian regulation of xIProminin-1 expression
and localization in photoreceptors, positioning of the proteol-
ysis site of xIProminin-1, and tracing the fate of its proteolytic
products. Furthermore, the function of xIProminin-1 and the
pathologic effects of prominin-1 mutations as identified in
human patients could be investigated using the transgenic X.
laevis approach and fluorescent protein tags, as was demon-
strated in this study.

In summary, our finding of an asymmetrical and mutually
exclusive distribution of xIProminin-1 and peripherin-2/rds
provides insight into the origin of the structural differences
between rods and cones, especially in lower vertebrates, and
supports the Steinberg model of ROS disk morphogenesis.”
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