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Peripherin-2 is a member of the tetraspanin family of membrane proteins that plays a critical role
in photoreceptor outer segment disk morphogenesis. Mutations in peripherin-2 are responsible
for various retinal degenerative diseases including autosomal dominant retinitis pigmentosa
(ADRP). To identify determinants required for peripherin-2 targeting to disk membranes and
elucidate mechanisms underlying ADRP, we have generated transgenic Xenopus tadpoles express-
ing wild-type and ADRP-linked peripherin-2 mutants as green fluorescent fusion proteins in rod
photoreceptors. Wild-type peripherin-2 and P216L and C150S mutants, which assemble as tet-
ramers, targeted to disk membranes as visualized by confocal and electron microscopy. In contrast
the C214S and L185P mutants, which form homodimers, but not tetramers, were retained in the
rod inner segment. Only the P216L disease mutant induced photoreceptor degeneration. These
results indicate that tetramerization is required for peripherin-2 targeting and incorporation into
disk membranes. Tetramerization-defective mutants cause ADRP through a deficiency in wild-
type peripherin-2, whereas tetramerization-competent P216L peripherin-2 causes ADRP through
a dominant negative effect, possibly arising from the introduction of a new oligosaccharide chain
that destabilizes disks. Our results further indicate that a checkpoint between the photoreceptor
inner and outer segments allows only correctly assembled peripherin-2 tetramers to be incorpo-
rated into nascent disk membranes.

INTRODUCTION

The outer segment is a specialized compartment of retinal
photoreceptor cells that mediates phototransduction. In rod
cells, it consists of an ordered stack of disks enclosed by a
separate plasma membrane. Each disk is made up of two
flattened membranes circumscribed by a hairpin rim region
with one or more incisures. Rod outer segments (ROS) un-
dergo a continuous renewal process. Membrane proteins
synthesized in the rod inner segment are translocated
through a connecting cilium and incorporated into newly

formed disks at the proximal end of the ROS, whereas
packets of aged disks are shed at the distal end and removed
by retinal pigment epithelial cell–mediated phagocytosis
(Bok, 1985).

Peripherin-2 (also known as peripherin/rds) is a mem-
brane protein localized to the rims and incisures of photo-
receptor disks (Molday et al., 1987; Arikawa et al., 1992). It
plays a crucial role in outer segment morphogenesis because
rds mice homozygous for the disrupted peripherin-2 gene
fail to develop outer segments and heterozygous mice pro-
duce highly disorganized disk structures (Sanyal and
Jansen, 1981; Hawkins et al., 1984; Travis et al., 1989, 1992;
Connell et al., 1991). The importance of peripherin-2 in pho-
toreceptor viability is further highlighted by the finding that
�40 different mutations in peripherin-2 have been linked to
human retinopathies, including autosomal dominant retini-
tis pigmentosa (ADRP), a retinal degenerative disease char-
acterized by night blindness, progressive loss of vision, and
photoreceptor cell death (Farrar et al., 1991; Kajiwara et al.,
1991; Saga et al., 1993; Weleber et al., 1993).
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Peripherin-2 is a member of the tetraspanin family of
membrane proteins characterized by four transmembrane
segments and a large intradiskal (EC-2) domain between the
third and fourth membrane-spanning segments (see Figure
1; Connell and Molday, 1990; Travis et al., 1991; Hemler,
2001; Seigneuret et al., 2001). The EC-2 domain contains one
N-linked glycosylation site and seven conserved cysteine
residues that participate in intramolecular and intermolecu-
lar disulfide bonds important for protein folding and sub-
unit assembly (Goldberg et al., 1998; Loewen and Molday,
2000).

In mammalian photoreceptors, peripherin-2 associates
with itself and with rom-1, a related tetraspanin protein, to
form a mixture of core homo- and heterotetramers (Gold-
berg and Molday, 1996b; Loewen and Molday, 2000; Loewen
et al., 2001). These tetramers further link together through
intermolecular disulfide bonds to form octamers and higher
order oligomers believed to be crucial for disk rim formation
(Loewen and Molday, 2000; Wrigley et al., 2000). In contrast
to peripherin-2, rom-1 plays a relatively minor role in disk
morphogenesis and structure because rom-1 knockout mice
develop outer segments that are only modestly altered in
appearance (Clarke et al., 2000). Furthermore, rom-1 is ab-
sent in lower vertebrates including amphibians (Kedzierski
et al., 1996).

Several recent studies have examined the effect of disease-
causing missense mutations on the biochemical properties of
peripherin-2 and the structure of ROS. The C214S periph-
erin-2 mutation linked to a monogenic form of ADRP is
misfolded and defective in its ability to form core tetramers
(Goldberg and Molday, 1996a; Goldberg et al., 1998; Loewen
et al., 2001). The L185P peripherin-2 mutation associated
with a digenic form of ADRP assembles with wild-type
(WT) peripherin-2 and rom-1 to form functional heterotet-
ramers, but is unable to self-associate into tetramers. Trans-
genic mice harboring disease-linked mutations generally
show disorganized outer segments that correlate with pho-
toreceptor degeneration (Kedzierski et al., 1997, 2001). How-
ever, because the mutant protein could not be distinguished
from endogenous WT peripherin-2 in these mice, the effect
of disease-linked mutations on peripherin-2 targeting to
outer segment disks could not be determined. Hence, it is
unclear if defective targeting of mutant peripherin-2 to outer
segment disk membranes contributes to the cellular mecha-
nism underlying ADRP.

In the present study we have generated transgenic X.
laevis tadpoles expressing WT, C214S, P216L, L185P, and
C150S peripherin-2 green fluorescent fusion protein (GFP) to
identify determinants responsible for the targeting of pe-
ripherin-2 to ROS disks and to define cellular and molecular
mechanisms responsible for ADRP. Here, we show that
peripherin-2 core tetramer formation is required for proper
targeting and incorporation of peripherin-2 into newly
formed disks membranes. We also provide evidence that
ADRP caused by tetramerization-defective peripherin-2 mu-
tations (C214S and L185P) occurs through a mechanism
involving a deficiency in WT peripherin-2, whereas ADRP
associated with the tetramer-competent P216L peripherin-2
mutation takes place through a dominant negative mecha-
nism.

MATERIALS AND METHODS

Generation of WT and Mutant Peripherin-2-GFP
Constructs
Xenopus laevis peripherin-2 (Xrds-38) cDNA was cloned from total
retinal RNA by PCR using sequence-specific primers based on the
Xrds-38 sequence (Kedzierski et al., 1996). The sequence differed
slightly from the published Xrds-38 sequence (Kedzierski et al.,
1996). Five amino acid differences (A78, A92, D187, F188, and S189)
were found that are conserved in mouse, rat, cat, dog, bovine, and
human orthologues, suggesting that these amino acids are bona fide
residues of Xenopus peripherin-2 (Figure 1A). The GenBank acces-
sion number is AY062004.

The X. laevis peripherin-2-GFP construct for COS-1 cell expression
was created by PCR, removing the stop codon and cloning in frame
into the XhoI and EcoRI sites of peGFP-N2 (CLONTECH Laborato-
ries, Inc., Palo Alto, CA). For transgenic X. laevis expression, the
XhoI-NotI fragment of Xenopus peripherin-2-GFP (including GFP)
was subcloned into the XhoI and NotI sites of XOP1.3-eGFP-N1. This
plasmid was derived from peGFP-N1 by replacing the CMV pro-
moter with a portion of the X. laevis opsin promoter (Batni et al.,
2000; Tam et al., 2000). Quickchange PCR-based mutagenesis (Strat-
agene, La Jolla, CA) was used to introduce the L185P, C214S, P216L,
and C150S mutations. Bovine WT-peripherin-2-GFP and C214S-
peripherin-2-GFP fusion constructs were created in a similar man-
ner. All PCR products and constructs were verified by sequencing.
Transgenic expression constructs were linearized by SfoI digestion.

mAb Production
Oligonucleotides coding for the Xenopus peripherin-2 C-terminal
amino acid sequence KDTIKSSWELVKSMGKLNKVE were synthe-
sized with appropriate restriction sites and cloned into the pGEX
vector. The GST fusion protein, expressed in Escherichia coli, was
purified on a glutathione-Sepharose affinity column and used to
immunize Swiss Webster mice for generation of the Xper5A11 mAb
as previously described (MacKenzie and Molday, 1982).

Production of Transgenic X. laevis
Transgenic frogs were generated using a modified protocol (Moritz
et al., 1999) based on the method of Kroll and Amaya (1996). X. laevis
sperm nuclei were incubated with 0.3� high-speed egg extract, 0.05
U restriction enzyme, and 100–200 ng linearized plasmid DNA. The
reaction mixture was then diluted to 0.3 nuclei/nl and 10 nl was
injected per egg. The resulting embryos were kept at 18°C in 0.1�
Marc’s modified Ringer, 6% Ficoll solution for 48 h and then
switched to 0.1� Gerhart’s Ringer solution. At 5–6 d postfertiliza-
tion (dpf) roughly corresponding to stages 40–42, tadpoles were
screened for GFP expression using a Leica MZ8 dissecting micro-
scope (Leica Microsystems, Wetzlar, Germany) equipped with epi-
fluorescence optics and a GFP filter set. Animals were immobilized
in glass Pasteur pipettes and tadpoles expressing GFP were identi-
fied by the green fluorescence emitted from their eyes. At 14 dpf, the
transgenic tadpoles were placed in tanks with 0.1� Gerhart’s Ringer
solution and reared at 18°C on a 12/12 h light/dark cycle. Adult X.
laevis were obtained from Nasco or Xenopus Express (Plant City, FL).

Immunocytochemistry
For X. laevis immunofluorescence studies, tadpoles were sacrificed
between 14 and 28 dpf (stage 48–62). After immobilizing the tad-
poles in 0.02% Tricaine, their eyes were excised and fixed in 4%
paraformaldehyde, sodium phosphate buffer, pH 7.5, overnight.
Fixed eyes were embedded in OCT tissue embedding medium
(Tissue-Tek) and frozen in a dry ice/isopentane bath. Cryostat
sections (14 �m) were blocked (10% BSA, 0.1% Triton X-100 in PBS)
and labeled overnight with 0.1 mg/ml Texas Red–conjugated wheat
germ agglutinin (TR-WGA; Molecular Probes, Eugene, OR) and 0.01
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mg/ml Hoescht 33342 stain (Sigma-Aldrich, Oakville, ON) to label
photoreceptor membranes and nuclei, respectively. Sections were
also labeled with anti-Xenopus peripherin-2 mAb Xper5A11. Label-
ing was done in the presence of 1 mM CaCl2, 1 mM MgCl2, 1% BSA,
and 0.1% Triton X-100 in PBS for visualization under a Zeiss 510
confocal laser scanning microscope (Thornwood, NY). At least three
transgenic animals were examined for each construct.

For immunoelectron microscopy, transgenic tadpoles were killed
at 14 and 28 dpf (stage 48–62) and fixed overnight in 4% parafor-
maldehyde, 0.1 M sodium phosphate buffer, pH 7. The eyes were
embedded in LR White resin, incubated overnight with a rabbit
anti-GFP polyclonal antibody (Clontech Laboratories, Inc.) diluted
1:100 in 1% bovine serum albumin (BSA), 0.1 M Tris, pH 7.4, and
labeled for 1 h with anti-rabbit Ig-gold (10 nm; British BioCell
International, Cardiff, United Kingdom) diluted 1:5 in 0.1 M Tris,

pH 7.4, 1% BSA. A minimum of two transgenic animals was exam-
ined for each construct.

COS-1 Cell Expression and Analysis
COS-1 cells (ca. 6 � 105 cells/100-mm dish) were transfected with a
total of 30 �g of pcDNAI/amp containing the appropriate periph-
erin-2 construct as previously described (Goldberg et al., 1995). For
immunofluorescence studies, the cells transfected with GFP con-
structs were fixed and labeled with an anticalnexin antibody (Stress-
gene, Victoria, BC) as an ER marker for analysis by confocal scan-
ning microscopy. For biochemical studies, transfected COS-1 cells
were washed and incubated in PBS in the presence (reduced) or
absence (nonreduced) of 20 mM dithiothreitol (DTT) for 90 min at
25°C. The cells were solubilized with an equal volume of PBS (pH

Figure 1. Analysis of Xenopus peripherin-2-
GFP fusion protein. (A) Topological model for
Xenopus peripherin-2 showing the location of
the GFP fusion protein, the epitope for the
Xper5A11 mAb, mutations analyzed in this
study (white circles), and amino acids that
differ from the published sequence (black cir-
cles). (B) Western blots of Xenopus peripherin-
2-GFP expressed in COS-1 cells. COS-1 mem-
branes were preincubated with or without
DTT, solubilized in Triton X-100, treated with
or without glutaraldehyde (Glut), and frac-
tionated on SDS gels under reducing (�BME,
�-mercaptoethanol) or nonreducing (-BME)
conditions. Lanes a–d: WT Xenopus periph-
erin-2-GFP labeled with an anti-GFP anti-
body. Lane e: C150S Xenopus peripherin-2-
GFP labeled with anti-GFP antibody. Lane f:
Coexpression and coimmunoprecipitation of
Xenopus peripherin-2-GFP (XPerGFP) and bo-
vine peripherin-2 (BPer) with bovine specific
Per2B6-Sepharose. Western blots were la-
beled with an anti-GFP antibody to detect
XperGFP and the Per2B6 antibody to detect
BPer.
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7.4) containing 2% Triton X-100, 80 mM N-ethyl maleimide, and
phenyl methyl sulfonyl fluoride for 10 min on ice, and the detergent
extract was centrifuged at 90,000 � g for 30 min at 4°C to remove
any aggregated material and analyzed by SDS gels and Western
blotting. Bovine peripherin-2 was purified on a Per2B6-Sepharose
matrix as previously described (Loewen and Molday, 2000).

For velocity sedimentation experiments the solubilized extract
was applied to 5–20% (wt/wt) sucrose gradients in PBS containing
0.1% Triton X-100 (Loewen and Molday, 2000). After centrifugation
for 16 h at 50,000 rpm in a Beckman TLS-55 rotor (Beckman, Mis-
sissauga, ON) at 4°C, the bottom of the centrifuge tube was punc-
tured and fractions were analyzed on Western blots.

Protein cross-linking was performed on untreated or DTT-treated
detergent-solubilized cell extracts with 0.005% glutaraldehyde for
15 min at 37°C. Samples in the absence or presence of 5% �-mer-
captoethanol were fractionated on 6% or 8% SDS-polyacrylamide
gels. Western blots were labeled with Per 2B6 mAb specific for
bovine peripherin-2 (Molday et al., 1987) and a GFP polyclonal
antibody (Clontech Laboratories, Inc.) specific for the GFP fusion
protein for detection by ECL. PNGase F deglycosylation of periph-
erin-2 was carried out as recommended by the manufacturer (New
England BioLabs, Mississauga, ON).

RESULTS

Biochemical Properties of Peripherin-2-GFP
Peripherin-2 from ROS membranes and COS-1 cells exists as
core noncovalent tetramers (Goldberg and Molday, 1996b;
Loewen and Molday, 2000). A significant fraction of these
tetramers link together through C150 mediated disulfide
bonds to form higher-order oligomers (Loewen and Molday,
2000). As a result, peripherin-2 migrates as a 35-kDa mono-
mer on SDS gel under disulfide reducing conditions and a
mixture of monomers and disulfide-linked dimers under
nonreducing conditions.

We have expressed Xenopus and bovine peripherin-2-GFP
fusion proteins in COS-1 cells in order to determine the effect
of the C-terminal GFP on its oligomeric properties. Like the
endogenous protein, Xenopus and bovine peripherin-2-GFP
fusion proteins migrated on SDS gels as monomers under
reducing conditions (Figure 1B, lane a) and a mixture of
monomers and dimers under nonreducing conditions (Fig-
ure 1B, lane d). Replacement of cysteine at position 150 with
serine (C150S) in Xenopus as well as bovine peripherin-2-
GFP abolished dimer formation (Figure 1B, lane e) consis-
tent with the role of C150 residues in intermolecular disul-
fide bonding. Glutaldehyde cross-linking of Xenopus
peripherin-2-GFP resulted in a mixture of monomers and
dimers under reducing conditions (Figure 1B, lane b) and
dimers and higher molecular weight species under nonre-
ducing conditions (Figure 1B, lane c) as previously reported
for bovine peripherin-2 (Loewen and Molday, 2000). When
coexpressed in COS-1 cells, Xenopus peripherin-2-GFP co-
precipitated with bovine peripherin-2 on a Per2B6 immuno-
affinity matrix specific for bovine peripherin-2, indicating
that Xenopus and bovine peripherin-2 assembled into mul-
tisubunit complexes (Figure 1B, lane f). Together, these re-
sults indicate that GFP fused to the C termini of peripherin-2
does not affect the subunit assembly of peripherin-2.

Immunolocalization of Endogenous Peripherin-2 in
Xenopus laevis
Confocal scanning microscopy was used to visualize the dis-
tribution of peripherin-2 in a Xenopus retina labeled with a

peripherin-2 mAb. Figure 2, A and B, shows that labeling was
confined to rod and cone outer segments. The vertical striations
observed in ROS and the restricted labeling to one edge of cone
outer segments are indicative of peripherin-2 localization to the
rims and incisures of disk membranes (Molday et al., 1987;
Arikawa et al., 1992; Kedzierski et al., 1996).

Expression of Xenopus and Bovine WT
Peripherin-2-GFP in Xenopus Rods
tk;2Xenopus peripherin-2-GFP under the control of the Xeno-
pus rhodopsin promoter was found only in the outer seg-
ments of rod photoreceptors (Figure 2, C and D). The con-
tiguous row of photoreceptor nuclei and long uniform
appearance of the ROS indicated that peripherin-2-GFP ex-
pression did not affect outer segment structure or induce
retinal degeneration. Furthermore, the peripherin-2-GFP
was observed in phagosomes within the retinal pigment
epithelial cells, indicating that normal disk shedding and
phagocytosis had occurred.

Peripherin-2-GFP expression varied along the length of a
ROS, between rod photoreceptors within the retina and from
animal to animal (Figure 2, C and E). A similar variation in
protein expression has been observed previously in transgenic
X. laevis tadpoles expressing rhodopsin-GFP (Tam et al., 2000;
Moritz et al., 2001b). This variable rod expression has been
attributed to random transgene silencing, with a probability
dependent on the chromosomal location of transgene integra-
tion (position-effect variegation). Together with the unique
mechanisms of ROS renewal, transient silencing results in
bands of varying fusion protein concentration (Karpen, 1994;
Moritz et al., 2001b). This variation permitted us to examine the
effects of different expression levels within the same retina, and
even within the same ROS.

In regions of moderate expression, peripherin-2-GFP flu-
orescence showed vertical striations in longitudinal sections
and a scalloped appearance in transverse sections (Figure
2E), similar to endogeneous peripherin-2 and characteristic
of protein targeting to the disk rims and incisures. In regions
of high expression, GFP fluorescence saturated the ROS and
the distinctive striated pattern of fluorescence was lost.

The distribution of peripherin-2-GFP was mapped more
precisely by electron microscopy using an anti-GFP anti-
body with postembedding immunogold labeling. In longi-
tudinal and transverse sections, peripherin-2-GFP was con-
fined to the disk rims and incisures of ROS at moderate
expression levels (Figure 2, F and G). In regions of high
expression, peripherin-2-GFP was also observed in the disk
lamellae (Figure 2H). Intense immunogold labeling corre-
lated with a reduction in the diameter of the ROS and the
presence of smaller, more disorganized disks.

Bovine peripherin-2-GFP was also expressed in X. laevis in
order to determine if the requirements for targeting of pe-
ripherin-2 to ROS are conserved between mammalian and
amphibian species. Like Xenopus peripherin-2-GFP, the bo-
vine fusion protein targeted to the outer segments and
showed partial colocalization with endogenous Xenopus pe-
ripherin-2 as shown in Figure 3D.

Transgenic Expression of C214S Peripherin-2-GFP
The disease-linked C214S peripherin-2 mutation prevents
tetramer formation, but does not affect dimerization of pe-
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ripherin-2 (Goldberg et al., 1998). To determine the effect of
this mutation on the subcellular localization of peripherin-2,
Xenopus C214S peripherin-2-GFP was expressed in Xenopus
rod photoreceptors. Figure 3, A and B, shows that this
mutant is retained in the inner segment and cell body of all
rods. However, in some cells expressing high levels of the
transgene, fusion protein was also detected at the base of
their ROS. Photoreceptor degeneration was not evident in
animals up to 4 weeks old.

Immunoelectron microscopy confirmed the retention of
Xenopus C214S peripherin-2-GFP within the inner segment
(Figure 3C). Furthermore, a significant amount of the mu-
tant protein was observed to accumulate near the base of the
connecting cilium indicating that a portion of the mutant
protein passed through the quality control of the ER. The
ultrastructure of the ROS appeared normal.

The distribution of bovine C214S peripherin-2-GFP ex-
pressed in X. laevis retina was also examined. Like Xenopus

Figure 2. Endogenous peripherin-2 and WT
peripherin-2-GFP localize to the ROS disk
rims and incisures. (A and B) X. laevis retina
was labeled with TR-WGA (red) and antipe-
ripherin-2 Xper5A11 antibody (green) and
stained with Hoescht 33342 (blue). (A) TR-
WGA labeling of glycoproteins in rod (ros)
and cone (cos) outer segments; inner segment
(is) and nuclei (n) are not labeled; (B) periph-
erin-2 labeling along the disk rims and inci-
sures (arrowheads) and one edge of the cos
(arrow). Bar, 5 �m. (C–E) Cryosections of
4-week-old tadpole eyes expressing WT Xeno-
pus peripherin-2-GFP (green) and stained
with TR-WGA (red) and Hoescht 33342
(blue). (C) Retina expressing Xenopus periph-
erin-2-GFP in ROS. Fusion protein is also
present in phagosomes in retinal pigment ep-
ithelial cells (arrow). l, lens; r, retina; rpe,
retinal pigment epithelium; Bars, 100 �m. (D
and E) Micrographs of retinas expressing Xe-
nopus peripherin-2-GFP at higher magnifica-
tion showing peripherin-2-GFP localized to
the ROS disk rims and incisures (arrow-
heads). Bars, 10 �m (D) and 5 �m (E); (Inset)
Cross section of a ROS. Bar, 1 �m. All detect-
able WT peripherin-2-GFP localized to the
ROS. F-H. Electron micrographs of retina la-
beled for Xenopus peripherin-2-GFP with an
anti-GFP antibody and immunogold markers.
(F) Longitudinal section (Bar, 0.2 �m) and (G)
transverse section (Bar, 0.5 �m) of a rod ex-
pressing moderate levels of fusion protein.
Peripherin-2-GFP is present on the disk rims
(arrows) and incisures (arrowheads). (H)
Composite longitudinal section of a ROS ex-
pressing high levels of the fusion protein.
Some missorting of the fusion protein to the
disk lamellae and constriction of the rod outer
segment is evident. Bar, 0.5 �m.
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C214S peripherin-2-GFP, the bovine mutant was localized
throughout the rod inner segments and cell body, but absent
in the ROS (Figure 3E). The targeting of endogenous Xenopus
peripherin-2 to ROS was unaffected by the presence of bo-
vine C214S peripherin-2-GFP.

Transgenic Expression of P216L Peripherin-2-GFP
The effect of the P216L peripherin-2 mutation, associated
with another monogenic form of ADRP, was also examined
(Kajiwara et al., 1991). Figure 4A shows the expression pat-
tern of Xenopus P216L-peripherin-2-GFP in a tadpole retina.
Peripheral rods were long and uniform in appearance, with
the fusion protein specifically localized to the outer seg-
ments (Figure 4C). By electron microscopy, the ultrastruc-
ture of peripheral ROS appeared normal with the P216L
peripherin-2-GFP protein specifically targeted to the disk
rims and incisures (Figure 4F). In contrast, the central rods
were shorter and highly disorganized with an apparent
decrease in cell number indicative of photoreceptor degen-
eration (Figure 4, D and E). Immunoelectron microscopy
further showed the presence of the P216L fusion protein in
whorls of outer segment disk membranes (Figure 4, G
and H).

Transgenic Expression of L185P Peripherin-2-GFP
A L185P mutation in peripherin-2 together with either a null
allele or a G113E mutation in rom-1 is responsible for a digenic

form of ADRP (Kajiwara et al., 1994). Biochemical studies have
shown that this mutant is unable to self-associate into homotet-
ramers, but a significant fraction can interact with WT periph-
erin-2 and WT rom-1 of mammalian photoreceptors (Goldberg
and Molday, 1996a; Loewen et al., 2001). To evaluate the effect
of the L185P mutation on the subcellular localization of periph-
erin-2, we expressed Xenopus L185P-peripherin-2-GFP in rods.
The mutant GFP fusion protein targeted to both the inner and
outer segments of rod cells (Figure 5, A and B). Photoreceptor
degeneration was not observed.

Expression of C150S peripherin-2-GFP
The C150S peripherin-2 mutant assembles into noncovalent
tetramers, but these core complexes are incapable of forming
higher order disulfide-linked oligomers (Loewen and
Molday, 2000). To assess the role of disulfide-mediated oli-
gomerization of peripherin-2 in protein targeting and retinal
degeneration, we expressed Xenopus C150S peripherin-2-
GFP in rod cells. Figure 5, C and D, show that the C150S
mutant targeted specifically to ROS. Vertical striations char-
acteristic of fusion protein localization to disk incisures,
however, were not readily visible with the C150S mutant.
Instead, a more mottled labeling pattern was observed, often
with the presence of a thick central column of fluorescence.
By electron microscopy, C150S peripherin-2 localized to the
disk lamellae as well as the rims indicating that some mis-
sorting of the protein within the disks had occurred. There

Figure 3. C214S peripherin-2-GFP is re-
tained in the rod inner segment and cell body.
(A and B) Confocal micrographs of Xenopus
retinas expressing Xenopus C214S-peripherin-
2-GFP (green) and labeled with TR-WGA
(red) and Hoescht 33342 (blue). All rod pho-
toreceptors expressing C214S peripherin-2-
GFP showed localization of the fusion protein
in the rod inner segments and cell bodies; in a
small number of high expressing cells, how-
ever, some fusion protein is also detected at
the base of the ROS. (C) Electron micrograph
of immunogold labeling of C214S-peripherin-
2-GFP showing protein accumulation near the
cilium. (D) Confocal micrograph of a Xenopus
retina expressing bovine WT-peripherin-2-
GFP (green) and labeled for endogenous Xe-
nopus peripherin-2 with Xper5A11 antibody
(red). The WT bovine fusion protein, like en-
dogeneous Xenopus peripherin-2 localizes to
the ROS. (E) Xenopus retina expressing bovine
C214S-peripherin-2-GFP (green) and labeled
for endogenous Xenopus peripherin-2 (red).
The C214S fusion protein does not localize to
ROS or affect the targeting of endogenous
peripherin-2 to the ROS. os, outer segment; is,
inner segment; n, nucleus; cc, connecting ci-
lium; mi, mitochondrion. Bars: (A, B, D, and
E) 5 �m; (C) 0.2 �m.
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Figure 4. P216L peripherin-2 targets to the ROS and induces degeneration. (A) Fluorescence and (B) corresponding DIC image of a retina
expressing Xenopus P216L-peripherin-2-GFP (green) and labeled with TR-WGA (red) and Hoescht 33342 (blue). Rods in the peripheral retina
(arrow) appear normal while rods in the central retina (arrowhead) have short, highly disorganized outer segments. All detectable P216L
fusion protein targets to ROS. Confocal micrographs of peripheral (C) and central (D and E) regions of the same retina show specific targeting
of the fusion protein to ROS and degeneration of the central rods. (F–H) Electron micrographs of ROS labeled with an anti-GFP antibody and
immunogold particles. (F) ROS from peripheral retina show normal ultrastructure with the P216L mutant protein localized to the disk rims
(arrows) and incisures (arrowheads). (G and H) ROS from the central retina appear highly disorganized with whorls of disk membranes with
an irregular distribution of fusion protein. ros, rod outer segment; ris, rod inner segment; n, nucleus. Bars: (A and B) 20 �m; (C) 5 �m; (D)
10 �m; (E) 5 �m; (F–H) 0.25 �m.
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was no apparent photoreceptor degeneration in these trans-
genic tadpoles.

Localization and Biochemical Characterization
of P216L and C214S Peripherin-2 Expressed in
COS Cells
The subcellular localization of WT and mutant X. laevis
peripherin-2-GFP expressed in COS-1 cells was examined by
confocal microscopy (Figure 6A). WT peripherin-2-GFP ex-
hibited a punctuate appearance indicative of localization to
intracellular vesicles that did not label with the ER marker
calnexin. In contrast the C214S mutant localized both to ER
and intracellular vesicles suggesting that a portion of the
mutants passed through the quality control of the ER and
accumulated in intracellular vesicles. The P216L mutant was
also present both in the ER and in intracellular vesicles.

The biochemical properties of these proteins were also
examined on SDS gels under reducing conditions. Figure 6B

shows that P216L peripherin-2-GFP migrated more slowly
than either the WT or C214S fusion proteins. After PNGase
F treatment to remove N-linked oligosaccharides, all pro-
teins migrated at the same rate, slightly ahead of the un-
treated WT and C214S peripherin-2-GFP. These studies in-
dicate that WT and the C214S mutant are glycosylated and
the P216L mutant is hyperglycosylated.

Velocity Sedimentation Analysis of P216L and
C214S Peripherin-2
Previously, the oligomeric states of bovine WT, C150S, and
L185P peripherin-2 mutants were determined by velocity
sedimentation analysis (Loewen and Molday, 2000; Loewen
et al., 2001). We have used this technique to examine the
effect of the P216L and C214S mutations on the oligomeric
structure of peripherin-2 (Figure 7, A and B). Like WT pe-
ripherin-2, the P216L mutant sedimented as a mixture of
core tetramers (species a), consisting of noncovalently asso-

Figure 5. Distribution of L185P and C150S
peripherin-2-GFP in rod photoreceptors. (A
and B) Retina expressing Xenopus L185P pe-
ripherin-2-GFP (green) and labeled with TR-
WGA (red) and Hoescht 33342 (blue). The
L185P mutant is present in ROS in all cells;
however, in �25% of the cells the L185P mu-
tant is also present in the inner segment and
cell body. (C) Retina expressing Xenopus
C150S peripherin-2-GFP in ROS. The fusion
protein is exclusively localized to the ROS.
The vertical striations characteristic of disk
incisure localization are not evident; instead a
more mottled labeling of the outer segments
is observed with some outer segments show-
ing a single vertical column of labeling (ar-
rows; asterisk marks a ROS in cross section).
(D) Electron micrograph showing immuno-
gold labeling of the C150S peripherin-2-GFP.
Some missorting to the lamellar region of the
disks is apparent. ros, rod outer segment; ris,
rod inner segment; n, nucleus. Bars: (A and B)
5 �m; (C) 10 �m; (D) 2.5 �m.
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ciated monomeric subunits, and higher order oligomers
(species b), comprised of disulfide-linked dimers (Loewen
and Molday, 2000). This suggests that the bovine P216L
mutation does not adversely affect the assembly of periph-
erin-2 into core tetramers or higher order disulfide-linked
oligomers. The C214S mutant sedimented with a distinctly
different profile. Under nonreducing conditions, it sedi-
mented as a mixture of noncovalent dimers (species c),
tetramers composed of two disulfide-linked dimers (species
d), and aggregated, disulfide-linked species not found for
WT or P216L peripherin-2.

DISCUSSION

In this study we have expressed WT and mutant peripherin-
2-GFP fusion proteins in rod photoreceptors of X. laevis
tadpoles and COS-1 cells in order to determine the effect of
selected missense mutations in the large EC-2 domain on 1)
the targeting of peripherin-2 to ROS disks, 2) outer segment
structure, 3) photoreceptor degeneration, and 4) subunit
assembly. Our results, together with earlier biochemical
characterization of peripherin-2 mutants, indicate that non-
covalent core tetramer formation is required for the trans-
port and incorporation of peripherin-2 into nascent disks as
summarized in Figure 8. This has important implications in
understanding molecular mechanisms underlying periph-
erin-2–mediated ADRP.

WT Peripherin-2-GFP Exhibits Normal Biochemical
Properties and Targeting to Disk Rims and Incisures
To validate the use of peripherin-2 containing a C-terminal
GFP tag in transgenic studies, we first examined the bio-
chemical properties and subcellular distribution of WT pe-
ripherin-2-GFP in COS-1 cells. Both bovine and Xenopus
peripherin-2-GFP exhibited properties similar to WT periph-
erin-2 without GFP when analyzed by covalent cross-link-
ing, immunoprecipitation, migration behavior on reducing
and nonreducing SDS gels, and fluorescence microscopy. On
this basis, we conclude that GFP fused to the C termini of
peripherin-2 does not affect noncovalent tetramer formation
or disulfide-linked oligomerization. This is consistent with
earlier studies showing that the EC-2 domain, and not the C
termini, of peripherin-2, is important in tetramerization and
disulfide-linked oligomerization (Goldberg and Molday,
1996a; Goldberg et al., 1998; Loewen and Molday, 2000;
Loewen et al., 2001). The finding that bovine and Xenopus
peripherin-2 associate with one another when coexpressed
in COS-1 cells further indicates that the conformation of the
EC-2 domain of these orthologues is similar. This is consis-
tent with the high degree of sequence identity between
bovine and Xenopus peripherin-2 (72% overall identity and
83% identity within the EC-2 domain). Finally, peripherin-
2-GFP is found in vesicles within COS-1 cells, indicating
that, like peripherin-2, the fusion protein passes through the
quality control system of the ER.

Like endogenous peripherin-2, bovine and Xenopus pe-
ripherin-2-GFP fusion proteins targeted specifically to the
rims and incisures of ROS disks at moderate expression
levels without affecting ROS structure or inducing photore-
ceptor degeneration. This indicates that the GFP tag does not
affect peripherin-2 trafficking to the disk rims and incisures

Figure 6. Expression and biochemical properties of Xenopus pe-
ripherin-2-GFP in cultured COS cells. (A) Confocal micrographs of
COS cells expressing WT, C214S, or P216L Xenopus peripherin-2-
GFP (XPer-GFP) and labeled with an anticalnexin antibody as an ER
marker. WT peripherin-2 and a portion of the mutants are present in
intracellular vesicles that do not label for calnexin. A significant
fraction of the C214S mutant as well as L216P, however, is retained
in the ER. (B) Membranes from cells transfected with wild-type
(WT), C214S or P216L peripherin-2-GFP were solubilized and incu-
bated in the presence or absence of PNGase. Peripherin-2 was
resolved by SDS gel electrophoresis and detected on Western blots
labeled with an anti-GFP antibody. A small shift in glycosylated
(gly) WT and C214S peripherin-2 and hyperglycosylated (hgly)
P216L peripherin-2 to its deglycosylated (dgly) form is observed
after treatment with PNGase.
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or ROS organization. At high expression levels, however, a
portion of the peripherin-2-GFP is observed in the lamellar
region of disks. This abnormal localization is likely due to
the inability of the rims and incisures to accommodate ex-
cessive amounts of peripherin-2-GFP. A constriction in the
diameter of the outer segment and shortening and disorga-
nization of the disks also correlates with high peripherin-2-
GFP expression. In contrast, enlarged disks have been ob-
served when peripherin-2 (or rom-1) expression is low or
absent (Hawkins et al., 1984; Kedzierski et al., 1997; Clarke et
al., 2000). Therefore, peripherin-2 expression levels appear to
play a central role in establishing the size of the disks,
possibly by controlling disk closure during morphogenesis.
In such a case, excess peripherin-2 would increase the rate of
closure resulting in smaller disks, whereas low levels would
decrease the rate of closure leading to larger disks.

Tetramerization Is Required for Peripherin-2
Targeting to ROS Disks
Our studies indicate that there is a direct correlation between the
assembly of peripherin-2 into core noncovalent tetramers and the
ability of this complex to target to outer segment disk membranes.

WT and P216L peripherin-2, which assemble into core noncova-
lent tetramers and disulfide-linked oligomers as measured by
velocity sedimentation in this and previous studies (Goldberg and
Molday, 1996b; Loewen and Molday, 2000), targeted normally to
the rims and incisures of ROS disk membranes. The C150S mu-
tant, which forms tetramers, but not disulfide-linked oligomers
(Loewen and Molday, 2000), also targeted to disks, indicating that
disulfide-linked oligomerization is not required for the incorpo-
ration of peripherin-2 into disks.

In contrast tetramerization-defective mutants were not
targeted to ROS. The C214S mutant, which forms ho-
modimers but fails to form tetramers even with WT periph-
erin-2, is retained in the cell body, and inner segment of the
rod cells. The L185P mutant, which exists as a mixture of
homodimers and heterotetramers with WT peripherin-2
(Loewen et al., 2001), localized to both the rod outer and
inner segments. The fraction of L185P peripherin-2 found in
ROS disks most likely corresponds to L185P peripherin-2-
GFP that associates with endogenous Xenopus peripherin-2
to form tetramers, whereas the fraction that is retained in the
inner segments and cell body represents L185P peripherin-2
that exists as homodimers.

Figure 7. Velocity sedimentation of P216L
and C214S peripherin-2 mutants under non-
reducing conditions. COS-1 cells expressing
bovine P216L (A) and C214S mutant (B) were
solubilized in Triton X-100 and subjected to
velocity sedimentation. Western blots of the
fractions run on nonreducing SDS gels were
labeled with the Per2B6 peripherin-2 anti-
body. The P216L peripherin-2 exhibits a pro-
file consisting of noncovalent tetramers (a)
and higher order disulfide-linked oligomers
(b) similar to that observed for WT periph-
erin-2 (Loewen and Molday, 2000). The C214S
peripherin-2 produces a mixture of noncova-
lent dimers (c), tetramers composed of disul-
fide-linked dimers (d), and aggregated spe-
cies that sediment near the bottom of the tube.
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On the basis of these results and COS-1 expression stud-
ies, we suggest that rod photoreceptors have two quality
control mechanisms to assure that only peripherin-2 tetram-
ers traffick to the outer segment and get incorporated into
disk membranes. First, photoreceptors, like other cells, have
a quality control mechanism to retain grossly misfolded
proteins in the ER or inclusion bodies known as aggresomes
for eventual degradation (Sung et al., 1991; Illing et al., 2002;
Saliba et al., 2002). However, a portion of poorly assembled
peripherin-2 mutants (C214S and L185P mutants) exits the
ER as shown by their presence in intracellular vesicles in
COS-1 cells and at the apical region of the rod inner segment
near the base of the cilium, an area in the rod cell that is rich
in post-Golgi vesicles, but devoid of ER and Golgi (Paper-
master et al., 1985; Deretic and Papermaster, 1991; Moritz et
al., 2001a). Another checkpoint in the vicinity of the connect-
ing cilium prevents these tetramerization-defective proteins
from becoming incorporated into nascent disk membranes
of the ROS. As a result, these proteins remain in the inner
segment where they do not affect outer segment morpho-
genesis or structure.

By analogy with rhodopsin (Marszalek et al., 2000), a
model for the transport of peripherin-2 from the inner to the
outer segment can be envisioned (Figure 9). WT periph-
erin-2 together with a fraction of the tetramerization-defec-
tive variants are processed through the ER and Golgi and
exit in post-Golgi vesicles, distinct from rhodopsin-contain-
ing vesicles (Fariss et al., 1997). Tetramerization-competent
peripherin-2 is transported through the cilium by a kinesin-
dependent mechanism (Marszalek et al., 2000) and incorpo-
rated into nascent disks, whereas mutant dimers are re-
tained in the inner segment. The mechanism that prevents
incompletely assembled peripherin-2 from targeting to the
outer segment is not known, but it may involve the inability
of dimeric peripherin-2 to associate with accessory proteins
required for trafficking through the cilium. Mechanisms that
link subunit assembly to cell membrane targeting have been
reported for other multisubunit transmembrane proteins,
including K channels and GABA receptors (Zerangue et al.,

1999; Manganas and Trimmer, 2000; Margeta-Mitrovic et al.,
2000).

ADRP Associated with the C214S and L185P
Peripherin-2 Mutations Results from a Deficiency in
WT Peripherin-2
The C214S mutation in peripherin-2 is responsible for pho-
toreceptor cell death in individuals with this monogenic
form of ADRP (Saga et al., 1993). Studies carried out here,
however, indicate that expression of the C214S peripherin-2
on a WT peripherin-2 background does not, itself, affect ROS
structure or induce photoreceptor degeneration. This sug-
gests that photoreceptor degeneration in individuals with
the C214S mutation results primarily from a deficiency in
WT peripherin-2 similar to photoreceptor degeneration dis-
played in heterozygous rds mice (Hawkins et al., 1984;
Cheng et al., 1997) and individuals with a peripherin-2 null
allele (Jacobson et al., 1996). The possibility that long-term
accumulation of misfolded C214S peripherin-2 in rod inner
segments and cilium further contributes to photoreceptor
degeneration in these individuals, however, cannot be ruled
out.

Digenic ADRP linked to the L185P peripherin-2 mutation
also appears to occur through a deficiency in WT periph-
erin-2 because L185P peripherin-2-GFP expression does not
affect ROS structure or induce photoreceptor degeneration
in our system. In this instance, individuals who inherit the
L185P peripherin-2 mutation along with a rom-1 null allele
(Kajiwara et al., 1994) will have levels of functional periph-
erin-2 containing tetramers below the threshold required to
sustain disk morphogenesis and photoreceptor viability and
as a result will be affected with ADRP. In contrast individ-
uals who inherit only the L185P peripherin-2 mutation will
be essentially normal since L185P peripherin-2 can associate
with rom-1 and WT peripherin-2 to generate sufficient levels
of functional tetramers to support ROS disk morphogenesis
(Goldberg and Molday, 1996a; Loewen et al., 2001). In trans-
genic X. laevis, there is sufficient WT peripherin-2 to support

Figure 8. Schematic summarizing the rela-
tionship between peripherin-2 subunit assem-
bly, targeting and ADRP. WT (white) and the
P216L (shaded) peripherin-2, which form a
mixture of core tetramers and disulfide-linked
oligomers in association with endogenous X.
laevis peripherin-2, target normally to ROS
disks (patterned region). The P216L mutant
causes ADRP through a dominant negative
mechanism. The C150S mutant, which forms
core tetramers but not disulfide-linked oli-
gomers, also targets to ROS disks. The L185P
mutant forms homodimers and disulfide-
linked tetramers, which are retained in the in-
ner segment, and noncovalent tetramers and
oligomers with WT peripherin-2, which target
to ROS. The C214S mutant forms homodimers,
disulfide-linked tetramers and aggregates.
These complexes are retained in the cell body,
inner segments and cilium. The C214S and
L185P mutants cause ADRP through a defi-
ciency in functional core tetramers.
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disk morphogenesis and as a result photoreceptor degener-
ation is not observed in these transgenic animals. Recently,
Kedzierski et al. (2001) have also suggested that a deficiency
in peripherin-2 underlies digenic ADRP on the basis of the
phenotypes of mice harboring the L185P and/or rom-1 null
mutations, although the molecular basis or targeting aspects
were not addressed in this study.

ADRP Associated with the P216L Peripherin-2
Mutation Occurs through a Dominant Negative
Mechanism
The P216L peripherin-2-GFP mutant exhibits distinct prop-
erties. It targets specifically to the rims and incisures of
Xenopus ROS disks similar to WT peripherin-2, suggesting
that the mutant protein, perhaps in association with endo-
geneous WT peripherin-2, is properly folded so as to pass

through the quality control system of the rod cell. In COS-1
cells, however, only a portion of the Xenopus P216L GFP
fusion protein exits the ER into intracellular vesicles, indi-
cating that in this cell environment not all the mutant is
properly folded. Evidently coassembly of the P216L mutant
with endogenous WT peripherin-2 in rod cells and/or the
presence of photoreceptor specific chaperone proteins facil-
itates the proper folding of the mutant and the effective
translocation of the peripherin-2 complex from the ER to the
ROS disks. However, unlike the C214S and L185P mutants,
P216L peripherin-2-GFP has a profound effect on photore-
ceptors. Peripheral rod cells of 4-week-old X. laevis tadpoles
expressing the P216L mutant appear normal with proper
targeting of the P216L peripherin-2-GFP to the disk rims and
incisures. In contrast, central rod cells have short, highly
disorganized outer segments displaying whorls of disk
membrane with clear evidence of photoreceptor degenera-
tion. Photoreceptors of the central retina of X. laevis are older
than peripheral photoreceptors (Hollyfield, 1971). The dif-
ferential appearance and degeneration of central and pe-
ripheral photoreceptors expressing this mutant may arise
from the age difference of these cells. Similar differential
degeneration has been observed in Xenopus rods expressing
rab8 mutants (Moritz et al., 2001a). Analysis of transgenic
animals at later stages is required to define the time course
of peripheral and central rod degeneration.

The question arises “What is the molecular basis for the
dominant negative effect of the P216L mutant on ROS struc-
ture and photoreceptor degeneration?” Sequence analysis
suggests the possible involvement of N-linked glycosyla-
tion. The proline at position 216, which is part of the se-
quence 215N-P-S217, prevents glycosylation from occurring at
asparagine 215 in WT peripherin-2. Substitution of proline
with leucine, however, creates a new N-linked glycosylation
site 215N-L-S217 in peripherin-2. Indeed, Xenopus P216L pe-
ripherin-2 migrates more slowly than WT peripherin-2 on
SDS gels in the absence of PNGase treatment, but not after
deglycosylation, suggesting that this site is glycosylated
(Figure 6). During our studies, Wrigley et al. (2002) have also
demonstrated that in vitro expression of P216L peripherin-2
mutant is hyperglycosylated. It is possible that introduction
of a bulky oligosaccharide chain at N215 of the P216L mutant
may lead to ROS disk instability and progressive photore-
ceptor degeneration.

In summary, our studies indicate peripherin-2 tetramer-
ization is essential for the normal targeting of peripherin-2 to
ROS disk membranes. A checkpoint in the vicinity of the
cilium prevents poorly assembled peripherin-2 mutants
from being incorporated into nascent disks. Individuals with
tetramerization-defective mutations (C214S, C167Y, L185P)
succumb to ADRP by a mechanism primarily involving a
deficiency of WT peripherin-2, similar to heterozygous rds
mice, whereas individuals with tetramerization-competent
ADRP mutations (P216L) are affected through a dominant
negative effect of the mutant on disk morphogenesis and
structure. These mechanisms have implications in the design
of gene therapy approaches. Individuals with C214S and
L185P tetramerization-defective mutations will likely benefit
from genetic approaches that simply increase the expression
of WT peripherin-2 before photoreceptor degeneration,
whereas individuals with a dominant negative mutation

Figure 9. Model depicting a checkpoint that allows only cor-
rectly assembled peripherin-2 tetramers to be incorporated into
nascent disks. Peripherin-2 tetramers and a significant fraction of
dimers are processed through the ER and Golgi and exit as
peripherin-2– containing post-Golgi vesicles in the rod inner seg-
ment (RIS). These vesicles are translocated to the base of the
connecting cilium. A checkpoint prevents peripherin-2 dimers
(C214S and L185P homodimers) from being incorporated into the
rod outer segment (ROS) disks. Peripherin-2 tetramers and di-
sulfide-linked oligomers, however, are incorporated into nascent
disks and localize to the rims and incisures of mature disks.
Interaction of peripherin-2 in the disk rim with the cyclic nucle-
otide-gated channel (CNGC) in the plasma membrane is also
shown (Poetsch et al., 2001).
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such as P216L will require disruption of the mutant gene in
addition to increased expression of the WT gene.
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