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Abstract

Visual transduction begins with the detection of light within the photoreceptor cell layer of the
retina. Within this layer, specialized cells, termed rods and cones, contain the proteins responsible
for light capture and its transduction to nerve impulses. The phototransductive proteins reside
within an outer segment region that is connected to an inner segment by a thin stalk rich in
cytoskeletal elements. A unique property of the outer segments is the presence of an elaborate
intracellular membrane system that holds the phototransduction proteins and provides the requisite
lipid environment. The maintenance of normal physiological function requires that these
postmitotic cells retain the unique structure of the outer segment regions—stacks of membrane
saccules in the case of rods and a continuous infolding of membrane in the case of cones. Both
photoreceptor rod and cone cells achieve this through a series of coordinated steps. As new
membranous material is synthesized, transported, and incorporated into newly forming outer
segment membranes, a compensatory shedding of older membranous material occurs, thereby
maintaining the segment at a constant length. These processes are collectively referred to as ROS
(rod outer segment) or COS (cone outer segment) renewal. We review the cellular and molecular
events responsible for these renewal processes and present the recent but compelling evidence,
drawn from molecular genetic, biochemical, and biophysical approaches, pointing to an essential
role for a unique tetraspanning membrane protein, called peripherin/rds, in the processes of disk
morphogenesis.
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|. Introduction

The process of vision begins with the detection of light by the retina. The retina can be
broadly divided into two functionally distinct layers: the outer sensory layer, consisting of
photoreceptors, and the inner neuronal layer containing non-photoreceptor cells including
bipolar, amacrine, horizontal, and glial cells. The photoreceptor rods and cones, which
contain photopigments responsible for light capture, are the initiators of nerve impulses
carried to the brain via the optic nerve. There are approximately 100 million photoreceptors
in an individual human retina, with rods localized mostly to the periphery and cones
localized to the fovea (central region).
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Rod photoreceptor cells are structurally and physiologically distinct from cone
photoreceptor cells. Rod cells are elongated, cylindrical structures whereas cones are short
and, as their name implies, conical at the apex. Rods are responsible for vision under low
levels of light, discerning little detail. In most species, the number of rods exceeds that of
cones in a given retina. Nocturnal animals, such as rats, have a preponderance of rods
(>95%), whereas chickens have a 6:1 ratio of cones to rods. Cones are primarily involved in
the detection of color and fine detail, which is discerned at higher light intensities. Three
different types of cones, identified based on spectral responses, are responsible for
coordinating the detection of colors. While numerous differences exist between rod and cone
cells, the commonality between them is a unique structural feature consisting of two distinct
subcellular compartments, termed inner and outer segments, which are connected by a thin
stalk rich in cytoskeletal elements—a nonmotile cilium. The inner segments contain nuclei
and other organelles required for protein synthesis and all the biochemical reactions needed
for metabolic activity. Light capture (Hargrave and McDowell, 1992; Yarfitz and Hurley,
1994; Baylor, 1996) occurs exclusively in the outer segments, which contain the requisite
photopigment(s): rhodopsin in rod outer segments (Applebury, 1994; Palczewski, 1994) and
a family of proteins called iso-opsins in cones.

Photoreceptors are a nondividing, terminally differentiated neuronal cell type. The
photopigment-containing membranes of rods and cones are continually being formed and
removed. Formation occurs from an initial evagination of the plasma membrane at the
junction between the inner and outer segments (morphogenesis); removal occurs at the apex
of the outer segments (shedding). In this manner, the lipids and proteins of the outer segment
are continuously turned over. The processes of disk morphogenesis and membrane shedding
coordinate to maintain a constant average length for the cells. These processes, which are
fundamental to the functioning of the visual system, share the common characteristic that
each occurs through the tightly regulated fusion of two biological membranes.

Within the past decade, a 39—-37-kDa glycoprotein with four transmembrane spanning
domains (tetraspanning) called peripherin/rds (also known as peripherin-2, rds/peripherin)
has been implicated to play an essential role in ROS renewal processes. More than 40
mutations within the peripherin/RDS gene have been associated with a variety of retinal
degenerative diseases (Kohl et al., 1998); the majority map to the larger of two hydrophilic
intradiskal loop regions of the protein. Although the basis of peripherin/rds action at the
molecular level is not yet understood, several hypotheses have been proposed, including
function as a membrane fusion protein. This review considers the cellular and biochemical
processes that mediate the renewal process within the outer segment. We provide evidence
supporting the view that peripherin/rds plays an essential role in these processes.

Il. Organization of Vertebrate Photoreceptors

A. Structural Organization

A schematic representation of a rod cell is shown in Figure 1. Each cell type is composed of
four morphologically and functionally distinct regions. Cone cells contain a cone outer
segment (COS), a cone inner segment (CIS), soma, and the synaptic terminal. The rod cell
contains similar distinct regions: a rod outer segment (ROS), a rod inner segment (RIS),

Int Rev Cytol. Author manuscript; available in PMC 2016 January 29.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Boesze-Battaglia and Goldberg Page 3

soma, and the synaptic terminal. In both cell types the nucleus, synaptic terminal, and inner
segment regions are similar whereas the outer segment portions are structurally and
functionally distinct from each other. The rod outer segment contains a stack of closed,
flattened membranous sacs called disks. Mammalian ROSs contain approximately 500-1000
disks with a diameter of 1-2 um and a ROS length of 20-40 um in humans. There are
approximately 1700-2000 disks in a frog rod outer segment, resulting in ROS dimensions of
5-7 um (diameter) x 35-50 um (length) (Rosenkranz, 1977). In contrast, the COS region is
formed entirely from repeated evaginations of the cone outer segment plasma membrane,
resulting in a largely contiguous stack of parallel membrane sheets (Cohen, 1968; Laties et
al., 1976). In COS these “disks”— or, more properly, “lamellae”—are in continuity with the
plasma membrane and exposed to the extracellular environment of the outer retina (Young,
1967; Liebman and Entine, 1974; Anderson et al., 1986).

The outer segment region of the rod cell is connected to the inner segment through a
nonmotile connecting cilium. This narrow region, only about 3 pm in diameter, provides the
only contiguous connection between the inner and the outer segment. In the developing
photoreceptor this cilium is divided into a proximal and a distal region. The proximal cilium
corresponds to the mature connecting cilium, while the distal cilium develops into the outer
segment of a mature cell (Besharse and Horst, 1990). It is within the ciliary region that
newly synthesized materials exchange between the two compartments. New disks are
formed at the distal end of the connecting cilium (designated in Fig. 1 as BD, basal disks).
These basal disks, also referred to as basal infoldings or open disks, are evaginations of the
plasma membrane. The addition of new membranous material at the base of the ROS
displaces disks along the long axis of the outer segment. At the tip of the ROS, disks are
shed and phagocytosed by a layer of polarized cells called the retinal pigment epithelium
(RPE). The RPE is located at the very back of the retina, behind the photoreceptor cell layer
and in front of the choroidal capillaries. Each RPE cell is in close contact with
approximately 40 ROS (Newsome, 1983), although this number varies with position in the
retina as the photoreceptor density changes. The RPE cells are in fact the “caretakers” of the
ROS, designed to ingest old disks shed from the ROS. Defects in the RPE appear to generate
retinal degeneration in the RCS (Royal College of Surgeons) rat due to the accumulation of
membrane debris that is not phagocytosed. Under normal conditions, the transit time for a
newly formed disk from base to tip of the rod outer segment is approximately 10 days in
vertebrate retinas (Young, 1971) and 14-21 days in amphibians (Young and Bok, 1969).

B. Molecular Organization of Photoreceptor Membranes

1. Distribution of Proteins—The unique morphology of the rod outer segment is
complemented by a highly organized distribution of lipids and proteins between the plasma
membrane and disk membranes. Rhodopsin is the only membrane protein within the ROS
that is known to be ubiquitously distributed. This prototypical G-protein receptor
(Applebury, 1994) is the dominant protein by weight both in the plasma membrane (60%
total protein; Molday, 1998) and, in slightly higher abundance, in disk membranes (85%
total protein; Nir and Papermaster, 1983; Hicks and Molday, 1986; Polaws et al., 1986).
ROS plasma membrane rhodopsin appears to be identical to the rhodopsin in disk
membranes with respect to glycosylation, light-stimulated phosphorylation, and primary
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structure (Hsu et al., 1993). In contrast, the ion transport proteins responsible for
maintaining normal retinal function—i.e., the Na*-Ca* exchanger (Reid et al., 1990) and
the cGMP-gated channel, a and /5 subunits (Cook et al., 1989)—are found exclusively in the
plasma membrane. A minor component of the plasma membrane is the GLUT-1 glucose
transporter (Hsu and Molday, 1991). Protein localization and distribution along the axial
length of the plasma membrane are not homogeneous. In a series of microscopy studies,
Bridges (Bridges and Fong, 1980; Bridges, 1981) reported a heterogeneous distribution of
ricin-binding protein along the length of the plasma membrane. Heavier labeling of basal
disks with ricin communis agglutinin 120 was observed by Hicks and Molday (1985). Since
those studies, two ricin-binding proteins have been identified: the Na*—~Ca?* exchanger and
a 103-kDa protein with an as yet undetermined function (Reid et al., 1990).

Individual disk membranes present a unique dumbbell-shaped structure that corresponds to a
distinctive distribution of proteins. The lamellar (flat region) of the disk contains mostly
rhodopsin, with a guanylate cyclase accounting for 1% of the remaining known membrane
protein. Two other proteins, the peripherin/rds—rom-1 complex and the ABC transporter
(Azarian and Travis, 1997; llling et al., 1997; Sun and Nathans, 1997), are unique to the disk
rim (Arikawa et al., 1992). The newly identified ATP-binding cassette (ABC) transporter
(also known as the ABCR/RIM or ABCR) is a member of an extensive family of proteins
with structural similarity to P-glycoprotein and the cystic fibrosis transmembrane regulator
(CFTR) proteins (Higgins, 1992). Papermaster and colleagues (1978) initially identified this
protein, called rim protein (RmP) at the time, as a 210-kDa glycoprotein located within the
disk rims of frogs. This protein was localized to the incisures and disk margins and
postulated to play a role in the maintenance of structure (Papermaster et al., 1982). A
growing body of evidence suggests that the ABCR/RIM protein is involved in the transport
of retinal derivatives across the disk membrane (Azarian and Travis, 1997; Sun et al., 1999;
Sun and Nathans, 2001). The nucleotidase activity of the transporter is dependent on the
content of phosphatidylethanolamine in reconstituted membranes (Ahn et al., 2000).
Mutations with the ABCR/RIM have recently been linked to Stargardt's disease (Allikmets
etal., 1997a,b; Lewis et al., 1999). A Stargardt's disease mutation (Leu 2027Phe) resulted in
a decrease in hydrolytic activity (Biswas and Biswas, 2000).

2. Distribution of Lipids—The unique distribution of proteins within the various
membranes of the ROS is mirrored by a heterogeneous distribution of lipid components.
Certain lipids exhibit a preferential localization to the plasma membrane of the ROS
compared to the disk membranes. For example, the plasma membrane is enriched in
cholesterol (4-fold compared to phospholipid; Boesze-Battaglia and Albert, 1992),
unsaturated fatty acids species, phosphatidylcholine (PC) relative to
phosphatidylethanolamine (PE; Boesze-Battaglia and Albert, 1992), and squalene, a
precursor of both isoprenyl groups and cholesterol (Fliesler et al., 1997), relative to the
majority of mature disk membranes. The disk membranes also exhibit a heterogeneous lipid
distribution; newly formed disks have 6-fold more cholesterol than disks at the apical tip of
the ROS (Boesze-Battaglia et al., 1989; 1990), although there is little change in the
phospholipid species. The predominant change occurs in the relative distribution of fatty
acids within the various classes of phospholipids. In the case of PC, the fatty acid side
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chains become progressively more saturated as a function of disk spatial location (i.e., from
base to tip of the ROS; Albert et al., 1998). The lipid constituents may also be arranged into
membrane microdomains within individual disk membranes. Recent model membrane
studies suggest that cholesterol is necessary for the recruitment of polyunsaturated
phospholipids by rhodopsin into membrane microdomains (Polozova and Litman, 2000).
Seno and colleagues (2001) have recently isolated ROS-specific membrane rafts containing
PDE and transducin. Interestingly, PDE could be extracted from these rafts upon cholesterol
depletion, while transducin showed no preferential extractability. The metabolism of lipids
within the ROS and the effect of lipid composition on ROS function have been reviewed
elsewhere (Fliesler and Anderson, 1983; Bazan and Rodriguez de Turco, 1994; Boesze-
Battaglia and Schimmel, 1997).

lll. Preservation of ROS Organization

A. Renewal of ROS Constituents

The complete renewal of the constituents of the ROS occurs through the following
coordinated series of steps: (1) Formation of a new disk at the base of the outer segment
(this step requires the proper delivery of lipid and protein components from RIS); (2)
movement of disks up the length of the outer segment; (3) shedding of packets of disks at
the apical tip; (4) recognition and binding of shed disks to the RPE; (5) ingestion,
breakdown, and organization of lipid and protein components within the RPE cytoplasm
(Nguyen-Legros and Hicks, 2000). The coordination and intricate biochemical regulation of
these processes allow the continuous maintenance of the length of the ROS. The failure to
maintain constant length is a hallmark of several retinal degenerative disease models.

The first three steps of the renewal process are shown schematically in Figure 2. Using 3H-
labeled amino acids, autoradiographic studies have shown that rhodopsin remains associated
with the individual disk into which it was incorporated (Young, 1967; Hall et al., 1969).
When the radiolabel was followed in a pulse-chase style experiment, the radiolabel was
detected as a distinct migrating band along the axial length of the ROS (Bibb and Young,
1974a). This band of newly formed protein migrates up the length of the outer segment
toward the apex, where the labeled disks are shed and phagocytosed by the overlying
pigment epithelium (Young, 1971). These studies developed the current mode of disk
membrane apical displacement along the length of the ROS (Young, 1967; Bok, 1985). In
contrast, when the distribution of tritiated fatty acids or glycerol was followed, diffuse
labeling of the ROS was observed along the length of the outer segment (Bibb and Young,
1974a,b). These microscopy studies were consistent with biochemical studies suggesting
that lipid turnover in photoreceptors occurs in a manner distinct from that of protein
turnover (Anderson et al., 1980a—d). Collectively, these results suggested that although
proteins remain associated with individual disks, lipids are freely exchangeable. Cone outer
segments are also continuously renewed. Radiolabeled proteins inserted into cone outer
segments do not form discrete bands, but diffusely label the entire outer segment of the
cone; this confirms that the COS membrane does not form distinct disks, but is continuous,
although a rim-like region enriched in peripherin/rds is also detected in cones (Arikawa et
al., 1992).
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B. Transport of Membrane Constituents from the Inner to the Outer Segment

A prodigious amount of membranous material is incorporated into new disks; in bovine
approximately 30 disks and in Xenopus laevis approximately 80 disks are added daily to the
ROS. The daily biosynthesis of 80 new disks with an average diameter of 7 pm is equal to a
net synthesis of 4500 um? of disk membrane surface, which translates to the synthesis of 80
x 108 molecules of rhodopsin in Xenopus (Papermaster et al., 1986) and approximately 10 x
10% molecules daily in bovine (Fliesler and Anderson, 1983). Thus the transport and
polarized sorting of rhodopsin results in the addition of up to 3 um2/min of ROS membrane
material (Simons and Zerial, 1993; Deretic and Papermaster, 1995). Compensatory shedding
of 10-15% of each outer segment occurs daily to balance incorporation and maintain the
constant length of the ROS (Young, 1967). Because the ROS cannot synthesize lipid and
protein constituents de novo, this membranous material is synthesized in the RIS and
delivered to the ROS in transport vesicles. The formation of new disks at the base of the
outer segment is dependent upon proper transport and incorporation of protein-bearing post-
Golgi vesicles. Early autoradiographic and biochemical studies showed that the newly
synthesized protein migrated from the Golgi, past the mitochondria-rich ellipsoid to the
basal disks (Young, 1968; Hall et al., 1969; Young, 1976). Further studies identified opsin-
bearing vesicles as the constituents necessary for transport of opsin form the Golgi to the
ROS (Papermaster et al., 1975; 1985). The trans-Golgi network (TGN) vesicles cluster
beneath the connecting cilium as shown in Figure 3A. In this longitudinal section of the
connecting cilium joining the inner and outer segments of Xenopus laevis rod
photoreceptors, a vesicle-rich region is observed beneath the cilium. These clustered vesicles
are confluently labeled with anti-opsin ferritin, as are the rod outer segment disks. Very little
labeling is observed in the contiguous inner segment plasma membrane. The TGN vesicles
dock and subsequently fuse with the inner segment plasma membrane within the highly
specialized region termed the periciliary ridge complex as shown in Figure 3B. In this cross
section of the basal portion of a rod photoreceptor connecting cilium as it arises from the
periciliary ridge complex, the vesicles are tightly clustered and docked within this region;
occasionally, vesicles are shown to fuse with the plasma membrane, as indicted by the open
arrow. Currently, the use of molecular motors to transport opsin-bearing vesicles to the base
of the outer segment is proposed (Section 111.C; see also rhodopsin trafficking as reviewed in
Sung and Tai, 2000). Earlier work describing the morphogenesis and synthesis of ROS
components is reviewed extensively in Papermaster and Schneider (1982).

1. Composition of Transport Vesicles—Much of our current understanding of the
molecular mechanisms of TGN sorting and vectorial transport of rhodopsin to the ROS has
come from studies utilizing a cell-free assay system (Deretic, 1998). Rhodopsin-bearing
vesicles have been isolated from amphibian photoreceptors as a post-Golgi subcellular
fraction of very low buoyant density (p = 1.09 g/ml) (Deretic and Papermaster, 1991). These
vesicles contain newly synthesized rhodopsin which is sequestered and cotransported with
docosahexaenoyl (DHA)-containing phosphatidylcholine and phosphatidylethanolamine
(Rodriguez de Turco et al., 1997). The DHA-containing phospholipids remain associated
with rhodopsin as the individual disk moves up the length of the outer segment and may
make up a motionally restricted lipid environment (Albert et al., 1985). 3IPNMR studies
have identified two phospholipids headgroup domains, one of which appears to be under the
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influence of rhodopsin (Albert and Yeagle, 1983), and is postulated to interact with
rhodopsin noncovalently (Gordon and Bazan, 1990).

Although the presence of acidic DHA-containing phospholipids is essential for the transport
of rhodopsin-bearing post-Golgi vesicles (Rodriguez de Turco et al., 1997), the mechanism
for this specific phospholipid composition has only recently been addressed (Deretic et al.,
2001). In a cell-free assay system, designed to mimic TGN budding and fusion, propranolol
was shown to inhibit the delivery of phospholipids to the ROS. Propranolol treatment
appears to have no effect on post-Golgi vesicle budding but affects the subsequent fusion of
these vesicles at the periciliary ridge. Since propranalol treatment results in an increase in
phosphatidic acid and lysoPC and a concomitant decrease in PC, the vesicles may be
rendered fusion-incompetent owing to increases in these lipids. In other membrane systems,
lysoPC has been shown to be a potent fusion inhibitor, perhaps by increasing the membrane
curvature (Yeagle et al., 1994). Collectively, these results suggest that DHA-PC is necessary
for membrane fusion. The mechanism by which this occurs is somewhat speculative: This
lipid may provide the necessary positive membrane curvature, it may aid in the docking
process, or it may render the as yet unidentified fusion protein fusion-competent.

In addition to a specific membrane lipid composition, the proper formation (budding) and
sorting (fusion) of these vesicles requires at least two and as many as six distinct small GTP-
binding proteins (Deretic et al., 1995) and evk-1, a 25-kDa, protein with a pleckstrin
homology domain. (Krappa et al., 1999). In photoreceptors, rab 6 (Deretic and Papermaster,
1993) and rab 8 (Deretic et al., 1995) are proposed to be involved sequentially with the post-
Golgi membranes. Rab 6 is associated with the rhodopsin-bearing post-Golgi vesicles
present, it is present at sites of disk morphogenesis but absent from mature disk membranes.
It is present in a soluble form in the ROS cytoplasm. Collectively, these results have led to
the suggestion that rab 6 has multiple roles. It is involved in rhodopsin sorting and delivery,
but it may also play a role in disk morphogenesis, since it becomes soluble upon disk
membrane morphogenesis. Some rab 8 is also associated with the rhodopsin-bearing post-
Golgi vesicles (about 13 % of the membrane-associated fraction). More intriguing is the
observation that anti-rab 8 antibody labels the actin bundles of the inner segment with a
periodicity (i.e., at 1-um intervals). The rhodopsin-bearing post-Golgi vesicles also cluster
around the connecting cilium within the same region that rab 8 colocalizes with actin,
suggesting that rab 8 may be involved in later steps of rhodopsin localization—specifically,
microfilament-dependent disk morphogenesis (Deretic et al., 1995).

2. Localization Signal of Rhodopsin—The mislocalization of rhodopsin is involved in
the pathology of various retinal degenerative diseases (Dryja et al., 1990; Fariss et al.,
1993). Mutations and deletions within the distal eight amino acids of rhodopsin, later
identified as the localization signal sequence, contribute to a disease cluster characterized by
early onset and aggressive retinal degeneration (Sandberg et al., 1995). Transgenic mice,
rats, and pigs carrying various COOH-terminal disease-linked mutations exhibit rhodopsin
mislocalization and retinal degeneration (Sung et al., 1994; Li et al., 1998; Green et al.,
2000). Abnormal protein distribution has been found in a GIn344ter rhodopsin-truncation
mutant in transgenic mice (Sung et al., 1994). This mutant is lacking the last five C-terminal
amino acids. Transgenic mice with a P347S mutation show an accumulation of extracellular
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vesicles between the inner and outer segments (Li et al., 1996). Recently, this
mislocalization has been linked to the trigger of cCAMP-mediated apoptotic events in the
salamander retina (P. Alfinito and E. Townes-Anderson, unpublished observations).

The genetic models of C-terminal disease-linked rhodopsin mutants provided the
framework for in vitro work, confirming the localization signal of rhodopsin. Using
synthetic peptides as competitive inhibitors of rhodopsin trafficking in frog cell-free assays,
Deretic and colleagues (1996; 1998) showed that the distal five amino acids of rhodopsin
comprise a localization sequence of this protein. These residues, HoN-Q-V-S—(A)-P-A-
COOH, are necessary for post-Golgi membrane formation and subcellular localization of
rhodopsin. Structural studies based on the C terminus of rhodopsin have shown that the
distal eight amino acids are part of a short stretch of f-sheet accessible to the cytoplasm
(extradiskal side; Yeagle et al., 1996; 1997). In the recently reported crystal structure of
rhodopsin (Palczewski et al., 2000), the B values (indices of the definition of atom
positions) associated with this portion of the structure are very high, suggesting that
structural determination from the cytoplasmic face of the protein lacks precision.

Additional evidence supporting the localization signal of rhodopsin within the amino acids
of the C-terminal tail has been provided by an MDCK cell expression system. In stably
transfected MDCK cells, Chuang and Sung (1998) have shown that WT rhodopsin was
targeted to the apical plasma membrane through the TGN. A deletion of the terminal 32
amino acids showed a nonpolar steady-state distribution. Furthermore, when these terminal
amino acids are linked to GST, an apical distribution of this protein is observed. The apical
transport of this protein can be inhibited with the addition of Brefeldin A (an inhibitor of
vesicle-mediated transport of nascent protein from the endoplasmic reticulum to the Golgi),
suggesting a unique sorting pathway in MDCK cells. Consistent with the identification of
the cytoplasmic tail as a targeting signal is the observation that the normally basolateral
membrane protein CD7 is redirected to the apical domain with the addition of rhodopsin's 39
C-terminal amino acids.

In vivo confirmation of the C-terminal targeting signal of rhodopsin was recently provided
using a transgenic Xenopus laevis model (Tam et al., 2000). Various rhodopsin C-terminal
mutants were tagged with GFP, and expression was assessed in Xenopus using confocal
microscopy (Moritz et al., 1999; Tam et al., 2000). The GFP-tagged rhodopsin was
anchored to the membrane through palmitoylation or myristoylation sites, and membrane
association was found to be necessary albeit not sufficient for proper localization of the
GFP-C-terminus to the ROS. In an interesting series of studies, these authors made a number
of rhodopsin-a adrenergic receptor chimeras, in which the terminal eight amino acids of
rhodopsin were sufficient to localize the a-adrenergic receptor to the ROS rather than its
normal localization to the RIS. Deletion and mutations of these eight amino acids resulted in
a partial delocalization of the GFP-tagged regions to the inner segment. Expression of the
transgene showed a variegated pattern analogous to position-effect variegation (Moritz et
al., 2001). The GFP-tagged rhodopsin maintained characteristics of native protein when
expressed in COS cells; it bound 11-cis retinal and activated transducin by 50% (Moritz et
al., 2001).
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3. Transport and Localization of Other ROS Proteins—The other membrane
proteins found in the outer segment (i.e., the rim-localized, peripherin/rds, rom-1, the ABC
transporter, and the plasma membrane—localized cGMP-gated calcium channel) are also
transported to the outer segment, almost certainly in lipid vesicles as are other membrane
proteins. The sorting of these proteins is independent of rhodopsin, as shown by Green and
colleagues (2000) in a transgenic mouse model expressing a truncated rhodopsin (ser
334ter). In these immunocytolocalization studies, the investigators found that both
peripherin/rds and the cGMP channel protein localize normally in the rod outer segment in
transgenic rats expressing a truncated rhodopsin that was mislocalized to the inner segment
region. The sorting of the cGMP channel only to the ROS plasma membrane and that of
peripherin/rds only to disk membranes, their respective locations in vivo, was not addressed
at the election micrograph level and should be considered further.

Earlier evidence supporting two transport pathways, one for opsin and one for peripherin/
rds, comes from a series of confocal and electron microscopy studies (Fariss et al., 1993;
1997). Upon retinal detachment-induced degeneration, opsin was found to accumulate in the
plasma membrane of the rod cell, while peripherin/rds was most prominent in cytoplasmic
vesicles. These results led the authors to postulate that peripherin/rds and opsin are
incorporated into different post-Golgi transport vesicles, although cotransport or
peripherin/rds recycling from the plasma membrane into cytoplasmic vesicles cannot be
ruled out.

Because the localization of peripherin/rds, rom-1, and the ABC transporter protein to the
disk rim differs dramatically from that of rhodopsin, it is likely that transport of the rim
proteins may not occur in the same vesicles that transport rhodopsin. Hence it is reasonable
to infer the existence of two pools of transport vesicles, although only those vesicles bearing
rhodopsin have been isolated and studied so far. The observation that peripherin/rds and
rhodopsin are mislocalized in induced retinal detachment but remain segregated is consistent
with this notion (Fariss et al., 1993). Some investigators have observed “cytoplasmic
bridges” between the inner and outer segment (distinct from the connecting cilium), leading
to the hypothesis that vesicles may bud from the apex of the inner segment to deliver
components to the outer segment (Besharse and Horst, 1990). Interestingly, Besharse and
Wetzel (1995) described a periciliary transport pathway in which vesicles bud from the apex
of the rod inner segment, then migrate to and fuse with nascent disks of the outer segment,
suggesting an additional or alternative pathway for rhodopsin transport to the outer segment.
Alternatively, this periciliary transport pathway may be the means of transport of the rim-
specific proteins to the outer segment, but direct support for this proposal, such as by the
detection of rim proteins in these vesicles, has yet to be demonstrated.

It has been proposed that the localization sequence for peripherin/rds is in the C-terminal
region of the protein. Evidence in support of this view comes from the development of a
transgenic Xenopus laveis model in which the C-terminal region of peripherin/rds was
tagged with the fluorescent probe GFP (Tam et al., 2001). The authors demonstrated that a
deletion mutant removing the fusion domain of peripherin/rds (i.e., amino acid 311-325)
was mislocalized at all levels of expression. In contrast, the rds 38 C-terminal construct
localized to the outer segment. In similar experiments, Lee and Burnside (2001) expressed
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peripherin/rds in Xenopus laveis with the N-terminal domain tagged with the fluorescent
GFP protein, however, removal of the entire C-terminal domain did not appear to result in
mislocalization. Both the WT and a C-terminal deletion mutant were detected in the outer
segment. Neither study addressed whether the mutant peripherin/rds had localized properly
to the rim region or had mislocalized elsewhere in the outer segment.

4. Transport of Lipid Constituents—In contrast to the DHA-containing lipids, both the
synthesis and the incorporation of other ROS membrane lipids (i.e., Pl, PS, and DAG) into
disks are rapid and not associated with the rhodopsin-bearing post-Golgi vesicles. These
results suggest that 40-50% the lipids, those shown not to contain DHA, are delivered
through a mechanism bypassing the Golgi. Mechanistically, the delivery of these lipids is
likely mediated by various lipid carrier proteins (Cleves et al., 1991), which also contribute
to molecular rearrangements of disk membrane DHA-containing phospholipids (Dudley and
Anderson, 1978). The mode of cholesterol delivery to ROS is largely speculative. Rodriguez
de Turco and colleagues (1997) have suggested that it occurs by a pathway(s) independent
from that followed by integral membrane proteins (Urbani and Simoni, 1990; Voelker,
1991) and/or together with rhodopsin and the DHA-lipid—containing post-Golgi vesicles. As
vesicles fuse with the plasma membrane adjacent to the connecting cilium, they could
generate the cholesterol-enriched domains observed in frog photoreceptors surrounding the
periciliary ridge complex and in nascent disks at the base of the ROS (Andrews and Cohen,
1981; 1983; Cohen, 1983). Collectively, these results suggest at least two distinct
mechanisms that contribute to a complex polarized trafficking of DHA-PL and other
phospholipids. These pathways involve vectorial and/or lipid-transfer protein-mediated
transport to the ROS.

C. Role of Molecular Motors in Transport Pathway|s]

The rate of opsin synthesis and transport to the base of the ROS (Corless et al., 1976; Curcio
et al., 1990; Guerin et al., 1993) is remarkably high and unlikely to occur solely by
diffusion. Consequently, investigators have considered the role of motor proteins—proteins
that utilize ATP to move “cargo” along actin and microtubule filaments as a necessity in this
process (Williams, 2001). Recently, a number of motor proteins involved in the transport of
the phototransductive proteins (“cargo”) of the ROS have been identified. In addition to the
prodigious amount of material that must pass through the connecting cilium daily, support
for the use of molecular motors in opsin transport comes from the demonstration of the
binding of the dynein molecular motor Tctex-1 to the cytoplasmic tail of rhodopsin (Tai et
al., 1999). Tctex-1 is proposed to participate in the delivery of rhodopsin-bearing vesicles to
the distal inner segment. In addition to this dynein motor, the connecting cilium contains
myosin Vlla (Hasson et al., 1995; Liu et al., 1997) and kinesin Il. Myosin Vlla is the
product of the Usher 1B syndrome gene (Weil et al., 1995), which includes an autosomal
recessive form of retinitis pigmentosa and hearing impairment. Myosin V1la localizes to the
photoreceptor cell connecting cilium (Liu et al., 1997) and the apical RPE (Hasson et al.,
1995). Shaker 1 mice possess a mutation of the myosin Vlla gene. The connecting cilia
appear normal; however, an abnormal accumulation of opsin was detected upon
immunogold electron microscopy (Liu et al., 1999). Since the motor properties of myosin
Vlla have been confirmed in vitro (Udovichencko et al., 2001), investigators have proposed
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that myosin Vlla carries rhodopsin along the connecting cilium as cargo. Alternatively,
myosin Vlla could participate in organization of the components of the connecting cilium.
Recent evidence showing a temporal relationship between the expression of myosin VII and
opsin (postnatal day 3), in combination with the localization of myosin Vlla to the proximal
portion of the connecting cilium at day 4-5, is consistent with the “opsin as myosin cargo”
hypothesis proposed by Williams (2001). Whether peripherin/rds and rom-1, the disk-rim-
specific proteins, are associated with the myosin VIla motor remains to be determined.

Kinesin Il containing the KIF3A motor subunit has been detected in the synapse, the inner
and outer segment, and the connecting cilium. KIF3 and KIF3B subunits of kinesin Il have
been localized to photoreceptors (Whitehead et al., 1999). Since KIF3A knockout mice die
in utero, the KIF3A subunit was selectively deleted from photoreceptor cells using cre-loxP
conditional mutagenesis. Photoreceptors with a deletion of KIF3A degenerated in a manner
analogous to degenerations seen in retinitis pigmentosa (RP) mutations with a
mislocalization of opsin and arrestin in these cells. The outer segment protein peripherin/rds,
the ROS cytosolic protein transducin, and the synapse-specific proteins SV2, synaptotagmin,
SNAP, and VAMP all appear to localize normally in less severely affected retinas.
However, peripherin/rds was mislocalized in the most severely affected animals having
retinal degeneration. Collectively, these studies have provided a model of opsin transport
(for a schematic, see Marszalek et al., 2000) in which opsin-bearing post-Golgi vesicles are
transported to the basal body through an interaction between the cytoplasmic tail of opsin
and Tctex—dyenin (Tai et al., 1999). The opsin-bearing vesicles subsequently fuse with the
plasma membrane and are transported to the outer segment. The mechanism of this transport
is speculative; kinesin may interact directly with opsin, or the opsin may be transported in a
membrane raft complex to the outer segment (for review, see Williams, 2001).

IV. Cellular Processes Coordinating Renewal

A. Disk Morphogenesis

The delivery and incorporation of the protein and lipid constituents into ROS plasma
membrane comprise only one component of disk morphogenesis. Disk morphogenesis
requires the organization of these constituents into a disk membrane. The development of a
working model of disk membrane morphogenesis began when Sjostrand (1959) reported an
apparent continuity between disk membranes and the surrounding plasma membrane as well
as an apparent infolding of the membrane in longitudinal sections. When other investigators
reported a similar pattern of disk membrane infolding, the hypothesis was advanced that
disk membranes are formed by an infolding of the plasma membrane. Later studies by
Nilsson and colleagues (1964) showed that only the newly formed disks were in continuity
with the plasma membrane and that disks are oriented perpendicularly with respect to the
long axis of the cilium. Autoradiographic studies (Young, 1967; Young and Bok, 1969)
clearly showing a ROS renewal process led to a reevaluation of the morphology of newly
forming disk at the base of the outer segment. A detailed microscopic study by Anderson
and colleagues (1978) supported a new hypothesis that disk membranes form through a
process of evagination or outfolding of plasma membrane at the base of the ROS. These
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studies were extended and showed that disks form through repeated evaginations of the
plasma membrane of the connecting cilium (Kinney and Fischer, 1978a,b).

The currently accepted model for disk morphogenesis was first proposed by Steinberg and
co-workers (1980) based upon a series of electron micrographs of tangential and
longitudinal sections of adult and developing rod and cone cells in rhesus monkey, ground
squirrel, and gray squirrel. Steinberg and co-workers (1977; 1980) proposed that the disk
surface forms through a mechanism distinct from that of the disk rim. As shown in Figure
4A, the disk surface is formed at the very base of the outer segment at the ciliary stalk. The
membrane of the inner face pushes outward, forming an evagination filled with cytoplasm.
As membranous material is added, a series of successive evaginations is observed and the
older evaginations are apically displaced. These evaginations expand in diameter and
become thinner as they are apically displaced. Steinberg proposed that each evagination
contributes only to disk surface formation. In Figure 4A, for example, the surface of
evagination a becomes the apical surface of an individual disk and evagination b becomes
the basal surface of that same disk. The space between the a and b surfaces is the intradiskal
space.

In contrast, the disk rim is derived from the region of ciliary membranes between adjacent
evaginations, as shown in Figure 4B. The rim region grows bilaterally around the
circumference of the adjacent disk. The growing membranes then meet at the disk perimeter
opposite the cilium. The two opposing membranes then fuse to form a rim and a completed
disk. It is important to note that the space between the two membranes of the fold becomes
the space between the disk rim and the outer segment in the ROS. It is these two membranes
that are proposed to fuse for a newly formed disk to seal, thus pointing to a disk—plasma
membrane fusion event. Steinberg's model provides for the continuous renewal of the ROS
plasma membrane and for an assembly process that alternately delivers membrane surface or
rim-specific membranous materials. Furthermore, the rim region thus appears to be a rigid
structure that will not evaginate and remains fixed, a structure consistent with biochemical
evidence presented below.

A large body of work points to the importance of carbohydrates for proper ROS formation
and organization. The structure of the ROS can be disrupted with the removal of the RPE. In
a cell culture system the normal ROS structure (organized stacked flattened membrane
disks) can, however, be maintained in a culture system supplemented with permissive
sugars: galactose and lactose (Stiemke and Hollyfield, 1994). Early studies in which retinas
were treated with tunicamycin (Fliesler et al., 1984; 1985; Ulshafer et al., 1986), an inhibitor
of N-linked glycosylation, documented newly synthesized membrane material to form
whorl-like or tubulovesicular structures rather than normal ROS disks (Mercurio and
Holtzman, 1982). These vesicular structures are newly assembled opsin-containing
membranes, which have been prepared for disk morphogenesis but are incapable of forming
normal closed disks (Defoe et al., 1986). These vesicles are still sorted and transported to
the outer segment (Plantner et al., 1980; Fliesler et al., 1985). In contast, tunicamycin did
not inhibit lipid transport to the outer segment (Wetzel et al., 1993; Wetzel and Besharse,
1994), suggesting the absolute requirement of a protein component for normal disk
assembly. Inhibition of Golgi function by monensin (Matheke et al., 1984; Matheke and
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Holtzman, 1984; Fliesler and Basinger, 1987) or inhibition of vesicle-mediated transport to
the Golgi by Brefeldin A (Keller and Fliesler, 1990; Deretic and Papermaster, 1991) also
inhibits disk morphogenesis with no discernible effect on the synthesis and transport of
lipids to the outer segment. These studies provided further evidence that lipids and proteins
are delivered to the outer segment through two distinct pathways. While it is generally
believed that lipid transport does not depend on protein transport, protein transport may
depend on lipid transport (Rodriguez de Turco, 1997).

Although protein glycosylation is necessary for disk morphogenesis, the post-translational
trimming of the carbohydrate moieties is not essential, since treatment with castanospermine
has no effect on disk morphogenesis (Fliesler et al., 1986). However, addition of lovastatin,
a potent inhibitor of reactive isoprenyl units, did result in alterations of ROS morphology as
well as COS and ROS degeneration (Pittler et al., 1995). These alterations consisted of
whorl-like disorganized membrane structures analogous to those observed in the presence of
tunicamycin. To distinguish between an effect of lovastatin on the synthesis of isoprenyl
groups as opposed to a decrease in squalene, retinas were treated with monensin (squalene
oxidase inhibitor), in which case disk morphogenesis was normal, suggesting that the
inhibition of reactive isoprenyl groups was the causative effect of lovastatin on ROS
morphology (Pittler et al., 1995). More recent in vivo models of cholesterol depletion of rod
cell membranes suggest that a decrease in total cholesterol is not deleterious to ROS renewal
rates, ultrastructure, opsin synthesis, or intracellular trafficking of the photoreceptor. It has
been proposed that this effect may be due to sterol synergism between desmosterol
(cholesterol precursor) and residual amounts of cholesterol (Fliesler et al., 2000). Although
disk morphogenesis is controlled genetically (i.e., disks do not form in the absence of
peripherin/rds), it is evident that a number of other factors influence this process, suggesting
tight regulatory control.

B. Disk Shedding

Once new disk membranes are formed, they are displaced distally along the length of the
ROS. The shed tips are engulfed by the retinal pigment epithelium (RPE) through a
phagocytic process (Young and Bok, 1969; Bok and Young, 1979). Within the RPE, the
engulfed tips form inclusion bodies, the components of which are subsequently broken down
and eliminated from the RPE (Young, 1967; Ryter, 1985; Silverstein et al., 1977; 1989).
Early morphological studies suggested that disk detachment from the ROS preceded
engulfment by the RPE (Young, 1971; Hall et al., 1973; Anderson and Fischer, 1975; 1976;
Bok and Young, 1979). In turn, an active process in which small packages of disks are
delineated from the remainder of the ROS was proposed to precede detachment (Currie et
al., 1978; Besharse and Dunis, 1982; Matsumoto and Besharse, 1985). Such delineations,
also commonly referred to as disk packets, are inferred from Lucifer Yellow (Matsumoto
and Besharse, 1985; Matsumoto et al., 1987) and Porcain Yellow (Laties et al., 1976)
microscopy studies. While disk detachment and shedding are discussed as two distinct
events, a clear distinction is ambiguous based on studies documenting the intrusion of RPE
processes into the apical region of the outer segment upon shedding (Spitznas and Hogan,
1970; Steinberg et al., 1977). The formation of older disk membrane packets has been
observed microscopically, and the isolation of these older disks is possible through the use
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of a cholesterol-dependent digitonin technique (Boesze-Battaglia et al., 1989; 1990). Disk
shedding requires contact between the ROS and the RPE (Williams and Fischer, 1987);
removal of the RPE results in photoreceptor degeneration and decreased disk morphogenesis
over time (Hale et al., 1991). The phagocytosis of shed disks requires recognition of the disk
packet by the RPE cells. A number of such phagocytosis receptors have been proposed [see
Nguyen-Legros and Hicks (2000) for an extensive review].

Disk shedding is regulated by a daily rhythm (LaVail, 1973; 1976; 1980) involving a
complex collection of environmental factors, including light (Besharse et al., 1977a,b) and
second messengers. A unique circadian clock, synchronized by light, controls disk shedding
(for review, see Cahill and Hasegawa et al., 1997; Van Gelder, 1998; Foster, 1998). The
retinas use a circadian oscillator to control the levels of the endogenous neuromodulators
dopamine and melatonin as signals of light and dark, respectively. This rhythmic circadian
oscillator is controlled within the photoreceptors, most likely at the level of gene expression.
Genes found to be regulated by such a circadian oscillator include genes coding for
phototransduction proteins, proteins involved in melatonin synthesis, and transcriptional
control genes (Cahill and Hasegawa, 1997). A number of second messengers generated
within the RPE, including cAMP, a molecule that mimics darkness (Hall et al., 1993), PKC
(Hall et al., 1989; 1991), and phosphoinosotides (Rodriguez de Turco, 1992), have been
implicated in contributing to the control of ROS renewal by regulating phagocytosis. No
clear mechanism by which shedding is regulated at the levels of signal transduction
pathways is evident. Photoreceptor phagocytosis and the multiplicity of the regulatory
factors and their mechanisms of action have been reviewed extensively (Nguyen-Legros and
Hicks, 2000).

V. Molecular Basis of Disk Renewal

A. Peripherin/rds

Compelling arguments for the cellular function of peripherin/rds arrived with the
identification (and subsequent transgenic rescue) of the genetic defect that produces the
retinal degeneration slow (rds) mouse phenotype (Travis et al., 1989; 1992). These studies,
in light of the previously described morphology of retinal photoreceptors from rds mice
(Sanyal and Jansen, 1981; Hawkins et al., 1985), demonstrated that peripherin/rds is
required to produce organelles recognizable as ROSs; a relative shortage of protein results in
identifiable, though dysmorphic and shortened, ROSs. The discovery of the rds locus
validated prior immunogold labeling studies that localized peripherin/rds to ROS disks and
offered an initial suggestion of its importance for disk structure (Molday et al., 1987;
Connell and Molday, 1990). The photoreceptor abnormalities produced by absent and
reduced protein combined with its discrete subcellular localization argue forcefully that
peripherin/rds is a disk rim component intimately involved in OS morphogenesis. Current
studies are largely concerned with defining function at the protein level. In a remarkably
prescient series of studies, morphometric TEM analyses of negatively stained ROSs
discerned an electon-dense “terminal loop complex” within disk rims and postulated the
existence of a transmembrane protein required for disk morphogenesis and disk rim
formation (Corless and Fetter, 1987; Corless et al., 1987).
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In humans the RDS gene has been localized to chromosome 6p21.2-cen. It is composed of
three exons—UQ07147 (exon 1), U07148 (exon 2), and U07149 (exon 3) (Gene Bank
accession numbers)—which are 821, 247 and 1909 bp, respectively (Farrar et al., 1991).
The specific mechanisms controlling retinal-specific expression of peripherin/rds are
currently under investigation. Two major mRNA transcripts (3 and 5.5 kb) are detected in
human retinas and may result from alternate splicing or the use of alternate poly adenylation
signals (Travis et al., 1991a). At present there is no conclusive evidence suggesting multiple
isoforms of this protein. The highest level of peripherin/rds expression is in the
midperipheral retina (a region of rod-photoreceptor dominance), as compared with the
fovea. Peripherin/rds mRNA is downregulated in response to continuous light exposure in
rat retinas (Yanagita et al., 1993).

B. Peripherin/rds Is Essential for Photoreceptor Morphogenesis

The most widely discussed notion for peripherin/rds molecular function is its direct
participation in the morphogenesis of ROS disks (Molday, 1998). As reviewed above,
formation of new disks is thought to result from a “zippering together” of evaginated sheets
of ROS plasma membrane (Steinberg et al., 1980). The differentiation of disk from plasma
membrane appears concomitantly with the formation of a disk rim—a region distinguished
both morphologically and chemically from the central portion of the disk, the lamella. In
TEM cross-sections, disk rims appear as distinct “hairpins” of membrane, both at the
periphery and at the invaginating incisures. Dissolution of disk lamellae by high
concentrations of osmium tetroxide leaves rim regions largely intact (Falk and Fatt, 1969).
The alignment of stacked disks appears to be maintaned by bridging fibrils that connect rims
of adjacent disks (Roof and Heuser, 1982; Corless et al., 1987). These demonstrations of
discrete rim structures, in conjunction with studies that document high lateral fluidity of the
lamellar region (Poo and Cone, 1974), led to the idea that ROS disk structure is constrained
largely by a relatively rigid disk rim. Although details of the zippering process and
organizational principles of the completed rim structure are currently sketchy, several lines
of reasoning implicate peripherin/rds as a central player.

Studies of the part peripherin/rds plays in ROS morphogenesis have been hindered by the
lack of a facile functional assay. Recalcitrance to transfection, combined with the failure of
cultured photoreceptors to sustain ROSs of normal morphology, means that measuring
recombinant-induced changes in disk morphogenesis is not feasible in cell or tissue culture.
These challenges have sent investigators off in a variety of methodological directions,
though generally to good effect. Recent information from molecular genetic, biochemical,
and animal model studies is increasingly refining our knowledge of peripherin/rds function
in disk morphogenesis.

1. Molecular Genetics Offers Clues to Key Features of Protein Structure and
Function—In addition to the murine and bovine molecules originally described, homology
cloning has identified roughly a dozen peripherin/rds orthologs in fish, amphibians, birds,
and mammals (Begy and Bridges, 1990; Connell and Molday, 1990; Travis et al., 1989;
1991a,b; Gorin et al., 1993; Moghrabi et al., 1995; Kedzierski et al., 1996; Weng et al.,
1998). They are highly conserved at the amino acid level (50-90% similarity) and share
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several distinctive features, shown schematically in Figure 5. Each predicts a protein of
~346 amino acids that contains four transmembrane segments, a large intradiskal/
extracellular loop (of ~ 150 amino acids), seven conserved cysteine residues, and consensus
sequence(s) for post-translational glycosylation (Molday, 1998). In several instances,
regions of interest have been examined experimentally and the significance of putatively
important features is known (discussed below).

A molecular genetics approach using differential hybridization to isolate conserved retinal-
specific transcripts also lead to the identification of a peripherin/rds homolog, rom-1
(Bascom et al., 1992). Several orthologs of rom-1 have been cloned and show a high degree
of similarity, both among themselves (~85%) and to peripherin/rds (~30%) (Moritz and
Molday, 1996; Gould et al., 1997).

Human molecular genetics, and the candidate gene approach in particular, has produced a
flurry of reports that emphasize the importance of periphrin/rds for human vision and add
impetus to basic science investigations. Moreover, there has been a growing recognition that
inherited defects can result in a wide heterogeneity of retinal disease phenotypes (Kohl et
al., 1998). Although data from the human genetic studies have highlighted physiologically
important regions of the protein and the wide variety of disease states produced, they
generally leave us with several unanswered questions. In particular, we would like to know
why particular regions or residues are significant and what the relationship is between
disease phenotype and mutant genotype.

In at least one instance, human genetics provides partial answers. The discovery of digenic
retinitis pigmentosa (RP) (Kajiwara et al., 1994) suggests that although peripherin/rds and
rom-1 cooperate to generate healthy photoreceptors, they are not functionally equivalent and
rom-1 plays a subsidiary role. More recent examples of both human disease and animal
models support this conclusion (Milla et al., 1998; Kedzierski, 1999a; Clarke et al., 2000).

2. Biochemical Studies Defining Structure, Function, and Interactions—The
current lack of a comprehensive scheme for making peripherin/rds genotype—phenotype
correlations underscores the need to improve our understanding of both its normal function
and the molecular consequences of pathogenic defects. For example, differentiating between
a mutation that causes global protein misfolding and one that leaves protein structure largely
intact but impairs function (such as disk morphogenesis) may help explain (and predict)
variations in disease severity. Protein-level analyses of peripherin/rds from both vertebrate
retina and heterologous cell-culture expression systems have generated several models for
protein structure, function, and dysfunction.

Immunogold TEM studies make clear that peripherin/rds is not only limited to OS disk
membranes, but is tightly confined to the high curvature rim region (Molday et al., 1987;
Arikawa et al., 1992). This pattern of subcellular labeling provided the first suggestion for a
role in disk rim formation and structure. Early biochemical investigations also established
that peripherin/rds is an integral membrane protein that requires detergents for extraction
from its native OS membranes (Connell and Molday, 1990; Travis et al., 1991b). Although
peripherin/rds is found tightly associated with rom-1, no other OS proteins have been
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reported to interact stably with either polypeptide with the same avidity. A recent study
reports a coim-munoprecipitation of ROS proteins containing glutamic acid—rich domains
with peripherin/rds: namely, the cGMP-gated cation channel and glutamic acid-rich protein
variants (GARPs) (Poetsch et al., 2001).

Peripherin/rds and rom-1 polypetides appear to be assembled at the biosynthetic level as
homo- and heterotetrameric proteins (Bascom et al., 1992; Goldberg et al., 1995; Goldberg
and Molday, 1996; Kedzierski et al., 1996), and evidence suggests that there is a
stoichiometric excess of peripherin/rds over rom-1 (Kedzierski et al., 1999a; Loewen and
Molday, 2000; Loewen et al., 2001). Subunits within the tetramers are held together
noncovalently, yet tightly, as subunit exchange is not observed (Goldberg et al., 1995).
Under nonreducing conditions, tetramers are extracted as larger (though still detergent-
soluble) polymers of heterogeneous size; polymerization appears to be mediated by a single
conserved cysteine residue (C150) in peripherin/rds (Goldberg et al., 1998; Loewen and
Molday, 2000). This cysteine, like six other conserved cysteine residues, resides within the
hydrophilic D2 loop. The D2 region appears particularly important for protein structure; a
mutagenesis study found that substitution of any one of the six other conserved cysteines
(C165, C166, C213, C214, C225, or C250) by serine caused protein misfolding and
aggregation. This conclusion is reinforced by a recent report that insertional mutations in the
D2 loop (but not other regions of the protein) generate heterogeneous structural
perturbations, including defective subunit assembly and global misfolding (Goldberg et al.,
2001). The finding that discrete determinants in D2 guide tetrameric assembly suggests that
altered subunit assembly may be a general mechanism involved in generating instances of
human retinal disease. One such example involving a digenic form of RP has been
documented previously (Goldberg and Molday, 1996).

Although the majority of mutations associated with human retinal disease have been
reported in the D2 region, attention is beginning to shift to the cytoplasmically oriented
peripherin/rds C terminus. The C terminal region has been proposed as critical for catalyzing
membrane fusion processes in the OS (discussed below). Also, the total number of tetramers
in a single disk is reported to be comparable to the numbers of interdiskal filaments
observed to connect adjacent disks, and it has been proposed that tetramers may serve as
constitutents of the bridging filaments (Roof and Heuser, 1982; Corless et al., 1987;
Goldberg and Molday, 1996). The recent finding that peripherin/rds can associate directly
with the f#~subunit of the cGMP-gatedcation channel suggests it may also serve as a
component of anchoring filaments thai link disk rims to the adjacent plasma membrane
(Roof and Heuser, 1982; Poetsch et al., 2001).

Finally, a recent brief communication offers hope that a facile assay for peripherin/rds
function in rim formation is finally available. Flattening of canine pancreatic microsomes
has been reported to occur in an in vitro expression system (Wrigley et al., 2000). The
authors conclude that disk flattening is a redox-sensitive photoreceptor-autonomous process.
It is not yet clear whether the flattened microsomes contain disk rim-like structures, or if
peripherin/rds is localized within them. This report offers the promise of a tractable and
efficient system to assess the effects of mutations on peripherin/rds function.

Int Rev Cytol. Author manuscript; available in PMC 2016 January 29.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Boesze-Battaglia and Goldberg Page 18

3. Murine Models—Nearly a dozen murine models have been reported to shed light on
one or more aspects of peripherin/rds function (Sanyal et al., 1980; Hawkins et al., 1985;
Kedzierski et al., 1997; 1998; 1999b; Weng et al., 1999; Nir et al., 2000; Ali et al., 2000;
Clarke et al., 2000). The models that best address a role in disk morphogenesis contain
relatively benign mutations; we expect that gene defects that disrupt protein structure
globally will be null, like rds (Ma et al., 1995), and will be catastrophic for OS
morphogenesis and produce photoreceptors of essentially similar appearance.

In fact, several models are primarily informative by way of arguing against particular
hypotheses for molecular function and/or structure. For example, loss of a conserved
glycosylation site (and subsequent lack of post-translational modification) has no observable
effect on OS morphogenesis, thus undermining the idea that carbohydrate is required to
maintain flattened disks (Kedzierski et al., 1999b). Likewise, results from a study of mice
transgenic for a chimeric protein constructed from selected regions of rom-1 and
peripherin/rds argue against the notion that functional efficacy is encoded within a single
protein domain of peripherin/rds (Kedzierski et al., 1999a). Finally, two different
investigations of knockout mouse models make obvious the fact that rom-1 plays a
subsidiary role (Clarke et al., 2000), and ABCR (a rim-localized transporter protein) no
essential role in disk morphogenesis (Weng et al., 1999).

A few murine models do offer evidence (albeit indirect) in support of a primary role in disk
morphogenesis. First, detailed observations of rds heterozygotes show that OSs are
produced, but with severe structural abnormalities (Hawkins et al., 1985). The observation
that dysmorphic OSs appear within a normal developmental time course is consistent with
the notion that the structural irregularity is a primary rather than a secondary effect of
reduced peripherin/rds levels. Second, retroviral rescue of the postnatal rds mouse
photoreceptor with a WT copy of the rds gene reiterates the concept that the gene product is
a structural element used to build OSs; hence, delivery of this component at an abnormally
late date is sufficient to partially restore normal OS structure and function (Ali et al., 2000).

Based on the literature discussed, we envision the following speculative model.
Peripherin/rds polypetides are synthesized at the level of the inner segment and assembled
into homo- and heterotetrameric proteins in the ER and Golgi; rom-1 is incorporated into a
subset of these molecules, possibly as a regulatory subunit. The proteins are packaged into
vesicles (distinct from that population containing rhodopsin), then sorted, and transported
through the connecting cilium to the base of the OS. The addition of tetramers to expanding
“saddle points” (Steinberg et al., 1980; Corless and Fetter, 1987) helps to maintain the
alignment of adjacent disks during the rim maturation phase of disk formation; neighboring
tetramers may polymerize via cysteine oxidation, providing a driving force for this reaction.
We conjecture that both the restricted mobility of the tetramers and the high-curvature
membrane at the rim region result from noncovalent protein—lipid interactions, and occur
spontaneously as a function of thermodynamic considerations. Interaction of cytoplasmic
regions of polymerized tetramers with GARP variants and the cGMP-gated cation channel
may serve to stabilize the disk stack structure and close apposition to the plasma membrane.
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C. Peripherin/rds as a Membrane Fusion Protein

1. Fusion in Photoreceptor Rod Cells—Cellular events as diverse as exocytosis,
endocytosis, fertilization, viral entry into cells, and transcytosis in polarized cells are all
dependent upon the fusion of two biological membranes. Fusion processes are also involved
in maintaining the normal structure and physiological function of the photoreceptor rod and
cone cells. Tightly controlled fusion events are involved in the fusion of transport vesicles
from the trans-Golgi network (TGN) to the rod or cone outer segment, new disk
morphogenesis, and, in rod cells, in membrane packet formation prior to disk shedding and
phagocytosis. The coordinated action of these processes guarantees the timely delivery and
proper sorting of new membranous material at the base of the ROS, the formation of new
disk membranes, and the subsequent shedding and phagocytosis of older disks. Changes in
outer segment membrane organization during disk membrane morphogenesis and shedding
must require membrane fusion events.

Membrane fusion is supported by microscopic studies illustrating perturbations of ROS
membrane structure in the form of vesiculation and tubulation (Young, 1976; Corless and
Costello, 1981; Tsukamoto and Yamada, 1982). Further evidence for fusion of distal disks
with plasma membrane comes from fluorescence microscopy studies, in which the aqueous
interior of some disks becomes continuous with the external medium during disk packet
formation. Lucifer Yellow staining was localized to a single band or multiple bands across
the ROS, and staining did not spread throughout the entire ROS (Matsumoto and Besharse,
1985). Interestingly, the localization and frequency of this distal staining pattern was
dependent upon environmental conditions (i.e., light). Staining was considered to be an
active process since it could be inhibited with metabolic poisons and decreases in
temperature. Collectively, these results suggest that the staining pattern may be reflecting a
light-induced ROS event that is correlated with disk shedding, possibly disk packet
formation (Matsumoto and Besharse, 1985). These authors have proposed that the confined
pattern of staining in relatively narrow bands is consistent with disk plasma membrane
fusion. Direct evidence for fusion was presented by Townes-Anderson (1995) in salamander
photoreceptors, in which fusion between inner and outer segment was observed upon
dissociation of photoreceptor rod cells from the remaining retina. The molecule(s) that
regulate this fusion process have not been determined, although the salamander would
provide a useful model in which to evaluate fusion processes in whole cells.

The role of peripherin/rds as a membrane fusion protein is also consistent with clinical
phenotypes of peripherin/rds mutations. Mutations in peripherin/rds are associated with a
variety of visual defects (Travis and Helper, 1993; Molday, 1994). In an animal model of
retinal degeneration, the rds mouse, the peripherin/rds gene is defective (Connell et al.,
1991). The ROS of rds mouse homozygotes does not develop and the photoreceptor cells
eventually die (Sanyal and Jansen, 1981; Usukura and Bok, 1987; Connell and Molday,
1990). In adult heterozygotes, the rod outer segments are reduced in length and appear
morphologically abnormal (Sanyal et al., 1980; Hawkins et al., 1985). These abnormalities
begin at approximately two months of age and progress throughout life, eventually resulting
in retinal degeneration and blindness (Hawkins et al., 1985). The retinal phenotype of the
rds mouse provides corroborative clinically based evidence for the role of peripherin/rds in
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membrane fusion. These mice exhibit increases in the size and number of phagosomes,
suggesting the involvement of normal peripherin/rds in the shedding process. Unregulated
fusion between disk membranes of rds/+ mice and plasma membrane is likely to contribute
to this phenomenon. A chimeric transgene consisting of the D-2 loop of peripherin/rds in the
context of rom-1 was shown to be insufficient for proper ROS disk morphogenesis,
suggesting that regions in addition to the D-2 loop (we hypothesize the C-terminal domain
of peripherin/rds) contributes to functional efficacy.

2. Biochemical Analysis of Peripherin/rds as a Membrane Fusion Protein—The
molecular basis of these fusion processes has been studied using an in vitro cell-free assay
system based on paradigms from viral and egg—sperm fusion studies. Isolated bovine ROS
disk membranes were shown to fuse with ROS plasma membrane vesicles using a well-
characterized fluorescence lipid-mixing assay (for method review, see Boesze-Battaglia,
2000). Fusion was spontaneous, occurred upon the disruption of normal ROS structure by
lysis (Boesze-Battaglia, 1997), required nanomolar levels of calcium (Boesze-Battaglia and
Yeagle, 1992; Boesze-Battaglia, 1997), and was enhanced by retinal/ol at physiological
concentrations (Boesze-Battaglia et al., 1992). The nature of the fusion protein remained
unknown. In 1997, with the purification of bovine peripherin/rds to homogeneity and the
isolation of population of ROS plasma membrane (ROS-PM) vesicles free from disks,
experiments were undertaken which led to the identification of peripherin/rds as a
photoreceptor-specific membrane fusion protein. Using native purified peripherin/rds
reconstituted into disk lipid vesicles, this protein has been shown to promote fusion in an in
vitro cell-free assay system. Fusion was measured fluorimetrically as an increase in the
intensity of a lipophilic probe, Ryg, over time. Neither rhodopsin (Boesze-Battaglia et al.,
1997) nor rom-1 (K. Boesze-Battaglia et al., unpublished observations) was able to promote
membrane fusion with ROS-PM. When the fusion rate of the peripherin/rds—rom-1 complex
with ROS-PM was accessed, it was found to be enhanced relative to peripherin/rds alone,
suggesting an accessory role for rom-1 in peripherin/rds-mediated fusion.

Collectively, the data that provide the most compelling in vitro evidence for the hypothesis
that peripherin/rds is a photoreceptor-specific membrane fusion protein are as follows: (1)
Fusion between ROS-PM vesicles and disk membranes is inhibited by trypsinolysis of
peripherin/rds, by preincubation of disk membranes with anti-peripherin/rds mAb 2B6, and
by synthetic peptides to the C terminus of peripherin/rds. (2) Fusion can be initiated in a
cell-free assay system consisting of ROS-PM and lipid recombinants containing purified
peripherin/rds. (3) Fusion is specific for ROS plasma membrane vesicles oriented inside out
(as would be seen in vivo). (4) A putative fusion peptide domain in peripherin/rds has been
identified; designated PP-5, it corresponds at a minimal length to amino acids 311-325.

Peripherin/rds exhibits structural and functional homology to other well characterized
membrane fusion proteins. Similar to other fusion proteins, peripherin/rds is membrane-
anchored and the product of a single gene. The function of these membrane fusion proteins
is imparted by the presence of fusogenic regions or patches, most commonly within the N
terminus but in some cases in the C-terminal domains (for review, see White, 1992; Pecheur,
1999). These peptides are usually short stretches of relatively hydrophobic amino acids (16—
25) residues within membrane-anchored domains and may be internal to the polypeptide
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chain. They have a hydrophobicity index between 0.50 and 0.70; and when modeled as a-
helices, they display one face that is highly hydrophobic and a back face with high hydrogen
binding capacity. Using a series of overlapping synthetic peptides to the C-terminal domain
of peripherin/rds, we have shown that only a single peptide, called PP-5, is able to promote
the prerequisite steps of fusion. This 15—-amino acid residue was shown by FTIR to maintain
an a-helical conformation (Boesze-Battaglia et al., 1998). When modeled as an a-helix, it is
amphiphilic, a characteristic consistent with its role as a fusogenic domain. This fusion
peptide domain is conserved among species, and is 100% homologous to an analogous
region in human peripherin/rds. When compared to the analogous sequence in mouse and
Xenopus peripherin/rds, there are six conserved residues corresponding to positions 311,
313, 314, 320, 323, and 325. In a comparison of bovine, human, and mouse peripherin/rds,
only amino acid 322 is varied from a valine in human and bovine to a phenylanine in mouse.
This single amino acid alteration does not substantially alter the hydropathy index of the
fusion peptide. Phylogenetic homology is also observed between amino acids 294 and 314
(Kedzierski et al., 1997), a region upstream of the fusion peptide domain and the site of a
recently characterized P296T human peripherin/rds mutation.

In addition to COS-1 cells (Goldberg et al., 1995; 1998), polarized Madin Darby canine
kidney (MDCK) cells have also been transfected with peripherin/rds (Kim et al., 1997;
Stefano et al., 2001). Using this MDCK cell expression system to express WT and mutant
peripherin/rds, a higher initial rate of fusion between membranes containing the P296 T
mutant and ROS-PM was observed when compared to WT peripherin/rds. If peripherin/rds
functions in a manner analogous to other fusion proteins, it is likely that the fusion-
permissive form of peripherin/rds requires a coiled-coil structure (Bentz, 2000), which
would require that a “hairpin” form be upstream of the fusion peptide (Weber et al., 1998).
In this case an increase in hydrophilicity, as would occur with a substitution of proline to
threonine, could alter the properties of the fusion protein. A similar mutation in gp-41
(fusion peptide of HIV) has been shown to favor the hairpin structure of the protein and
enhance fusion (Liu et al., 2001). In this context, we propose that a region upstream of the
fusion peptide domain of peripherin/rds aids in rendering the protein fusion-competent, most
likely by aiding in a required change in conformation and possibly through the formation of
a required “hairpin.” Disease-linked C-terminal mutations of peripherin/rds are assembled
into two small but distinct clusters—a group within the homologous region and a smaller
group within the fusion peptide domain (residues 311-325) (Kohl et al., 1998). The
identification of three genetic polymorphisms in this region may make it more difficult to
screen for defects in this area using conventional genetic approaches (Kohl et al., 1998).
Such a cluster of mutations is consistent with high functional importance of these regions.

To date, photoreceptor peripherin/rds is the only fusion protein composed of four
transmembrane domains; all other fusion proteins have two or fewer transmembrane
domains. In addition, peripherin/rds may be unique in that both the C-terminal and the N-
terminal regions may contribute to the fusion process. Data supporting a role for the N
terminus include only a 30% decrease in disk—PM fusion upon trypsinolysis. On the basis of
the sequence of peripherin/rds, both the N- and C-terminal domains of this protein are
cleaved by trypsin. The role of the N terminus is unclear, since an N-terminal peptide NP-1
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with sequence HyN-A- L-L-K-V-K-F-D-Q-K-K-R-V-COOQOH enhances membrane
adhesion but has no effect on fusion between PM vesicles and disks or peripherin/rds LUVS.
The simplest interpretation of these results is that the N-terminal region is not involved in a
rate-limiting step of the process. However, it does not preclude the possibility that the N
terminus may aid in rendering peripherin/rds fusion-competent. It is likely that the binding
and fusion activity of peripherin/rds may reside in multiple regions of the protein and that
either or both of these activities may be augmented by rom-1 or additional cofactors. Once
the molecular mechanism of these fusion processes becomes clear, the triggers of fusion
(i.e., second messengers, proteolytic events) can be elucidated and fusion localized to a
distinct region within the ROS.

VI. Concluding Remarks

Whereas compelling evidence points to an important role for peripherin/rds in the membrane
fusion processes that underlie disk morphogenesis and shedding, a number of unanswered
questions remain. When these questions are addressed experimentally, the answers will shed
much light on the regulation of disk formation and the molecular mechanism(s) by which
disks are formed and proteins and lipids are sorted during disk morphogenesis. The
complexity of ROS renewal processes and the absolute necessity for tightly controlled
regulation of these processes lead us to propose that peripherin/rds has two functional
domains, both of which are necessary in ROS renewal processes. The first and most well-
characterized domain is the D-2 loop. This region is required for proper subunit assembly,
without which ROS disk morphogenesis does not occur (Sanyal et al., 1980). The second
and less well-characterized domain, is the C terminus, which contains the fusion domain(s)
(Boesze-Battaglia et al., 1997; 1998) and is also proposed to contain the localization signal
(Tarn et al., 2001). If tetrameric arrangement of the C terminus is needed to promote fusion,
as proposed by in vitro model membrane studies (Boesze-Battaglia et al., 2000), is the
fusion-competent form of peripherin/rds linked covalently as a tetramer or as two dimers
that interact transiently for fusion to commence?

A role for rom-1 as a regulator of disk morphogenesis was proposed based on a series of
electrophysiological and ultrastructural studies of Rom-1~/~ mice. These mice showed an
abnormal rod outer segment organization, which improved with age (Clarke et al., 2000).
Rom-1 complexes noncovalently with peripherin/rds and it may act in two distinct
capacities: rom-1 may retard fusion by keeping a highly fusogenic form of peripherin/rds in
an inactive or nonfusogenic state, conversely, it may aid in the fusion process by acting as a
SNARE-like protein (Gerst, 1999), binding to specific cell surface receptors and allowing
peripherin/rds to promote fusion. Understanding how factors such as conformational
change(s), and association with rom-1 render peripherin/rds fusion-competent will aid in
elucidating the regulators of disk renewal at a molecular level. The recent work
documenting a twofold excess of peripherin/rds over rom-1, with two distinct types of
peripherin complexes—peripherin/rds homotetramers and disulfide-linked peripherin/rds
dimers, complexing noncovalently with rom-1 to form heterotetramers (Loewen et al., 2000)
—must be carefully considered in developing a working model of rom-1's role in fusion. In
addition, the newly described interaction between peripherin/rds and GARP proteins
(Poetsch et al., 2001) provides support for protein regulators of membrane fusion along the
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length of the ROS. The most essential series of studies should address how proper subunit
assembly, as is required for normal disk morphogenesis, affects peripherin/rds fusogenic
function through an analysis of peripherin/rds disease-linked mutants and fusogenic
function.

From the point of view of protein transport and incorporation into the new disk in the outer
segment, a number of unifying themes may aid in the design of future experiments. One
theme in need of further consideration is the role of membrane rafts in the transport of lipid
and protein constituents to the region of disk biogenesis. Kinesin has been shown to
transport membrane rafts in other systems. The existence of both raft-like transport vesicle
and nonraft opsin-bearing vesicles transported either through molecular motors (Section
[1.C) or through a periciliary pathway (Section 11.B.4) is consistent with Steinberg's model
(Section 111.A), suggesting an assembly process that alternately delivers proteins to the rim
region and disk lamellae. Still unresolved, however, are the mechanisms that establish the
pattern of protein incorporation. The isolation of raft-like complexes from rod cells and the
analysis of lipids and proteins associated with them will provide insight regarding the cargo
(i.e., opsin and other ROS proteins) carried by these motors. Once the cargo arrives, are the
constituents sorted to clearly define a disk rim and a lamellar region? And is sorting a
consequence of distinct types of transport vesicles, distinct modes of transport (i.e., motors)
either along the connecting cilium or through an alternative periciliary transport route? The
possibility of retrograde transport along the connecting cilium as a regulatory mechanism
signaling the down- or upregulation of various transcription factors remains an interesting
possibility. Finally, once delivered, how are the components of a new disk assembled into a
closed free-floating membrane, one that must remain intact until disk packet formation and
shedding?

One property of newly formed disks is their high content of cholesterol relative to the
plasma membrane (Andrews and Cohen, 1983;Boesze-Battaglia et al., 1989; 1990). Since
membrane rafts are enriched in cholesterol, an attractive possibility is that the high
cholesterol content of newly forming disks is derived from the import of cholesterol-rich
raft-like domains which serve to transport ROS disk-specific proteins to the disks. The
subsequent depletion of cholesterol from disks as the disks age could then cause a sorting of
proteins to other regions of the disk. Indirect support for this possibility comes from the
observation that retinal degeneration can be caused by treatment of retinas with lovastatin.
This retinal degeneration is associated with decreases in isoprenylated proteins which have
been shown to be raft-associated (Simons and Ikonen, 1997).

An important challenge for the future is to create genetic models with a phenotype distinct
from that of RDS that will provide valuable information regarding the role of peripherin/rds
in transport and ROS renewal. Such genetic models, including the recently developed GFP
Xenopus laevis, coupled with cell-free assay systems designed to assay transport and fusion,
in combination with in vitro model systems such as polarized MDCK cells, can collectively
provide the information necessary to build a working model of protein and lipid transport
and a molecular model of disk formation in the ROS.
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Schematic representation of rod photoreceptor cell. Rod cells are divided into two
functionally distinct regions: the rod inner segment (RIS) containing the nucleus and

Plasma
Membrane

Disks
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intracellular organelles, and the rod outer segment (ROS) containing disks surrounding by
the plasma membrane. BD, basal disks. (See also color insert.)
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Schematic representation of the renewal of ROS protein constituents. The turnover of
[3H]leucine-labeled membrane proteins in a rod cell is illustrated. The solid black dots
indicate newly synthesized proteins (mostly the photopigment rhodopsin) that are initially
seen around the Golgi (1). From there they pass to the base of the outer segment (2) where
they are incorporated into newly formed disks. The newly formed disks are then apically
displaced and phagocytosed by the pigment epithelium (3-5). (Reprinted with permission

from Young, 1976, with minor modifications added for clarification.)
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Fig. 3.

(Ag Longitudinal section of the connecting cilium joining the inner and outer segments of
Xenopus laevis rod photoreceptors. The section shown is of a Lowicryl-embedded retina
labeled with antiopsin—ferritin complexes. The clustered vesicles beneath the cilium (C) and
the rod outer segment disks (ROS) are confluently labeled. (See also color insert.) (B) Cross
section of the basal portion of a rod photoreceptor connecting cilium as it arises from the
periciliary ridge complex. The retina was obtained from an animal killed three hours after
light onset; the retinal section was embedded in Lowicryl K4M and labeled with anti-opsin—
ferritin complexes. The ridges (R) and grooves (G) form a deep invagination about the base
of the cilium. Vesicles (V) are tightly clustered and docked within this region; occasionally,
vesicles are shown to fuse with the plasma membrane as indicated by the open arrow. [This
figure was generously provided by Dr. David Papermaster (Papermaster et al., 1985) and
reprinted with permission from the Association for Research in Vision and Ophthalmology.]
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Fig. 4.
Model of disk membrane morphogenesis. (A) Diagram of disk surface formation. Drawings

1-3 (at top) show the early developmental stages of three evaginations (a, b, and c) at the
base of the outer segment as they appear in longitudianal section. Each evagination appears
as an outgrowth from the membrane of the inner face of the cilium and is filled with
cytoplasm. As the evaginations expand in diameter, they become progressively thinner and
the addition of new evaginations displaces the older evaginations apically. The lower portion
of these same drawings illustrates their appearnce in tangential sections. In these sections
each evagination appears as a circular bud that progressively expands in diameter. (B)
Diagram of ROS disk membrane rim formation. The upper drawings (1-4) show the
formation of a rim between adjacent disk surfaces in longitudinal sections. The lower
drawings (1-4) show this same rim formation in tangential sections. The rim originates from
the region of ciliary membranes between adjacent evaginations as indicated by the arrows in
1-4 (upper drawing). The growing region of the ciliary membrane is folded at the growth
point, as indicated by the arrows in 1-4 (lower drawing), so that the inner portion is the rim
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while the outer portion is the new plasma membrane. (Reprinted from Steinberg et al., 1980,
with permission from John Wiley and Sons.)
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Fig. 5.
Schematic representation of human peripherin/rds. The model shows the orientation of

human peripherin/rds within ROS disk membranes. The four transmembrane regions are
designated M1 to M4 and the asparagine residue indicated with the attachment of
carbohydrates.
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