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Abstract

Retinal photoreceptors are neurons that convert dynamically changing patterns of light into
electrical signals that are processed by retinal interneurons and ultimately transmitted to vision
centers in the brain. They represent the essential first step in seeing without which the remainder
of the visual system is rendered moot. To support this role, the major functions of photoreceptors
are segregated into three main specialized compartments — the outer segment, the inner segment
and the pre-synaptic terminal. This compartmentalization is crucial for photoreceptor function —
disruption leads to devastating blinding diseases for which therapies remain elusive. In this review
we examine the current understanding of the molecular and physical mechanisms underlying
photoreceptor functional compartmentalization and highlight areas where significant knowledge
gaps remain.
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Introduction

Photoreceptor cells are subdivided into three main functional compartments (Fig. 1). The
outer segment compartments are modified primary cilia containing hundreds to thousands
of specialized membrane structures, discs in rods and lamellar folds in cones, that house
the phototransduction cascade (reviewed in [171]). The OS plasma membrane supports an
inward flux of cations through channels that close in response to light. Outer segments are
separated from the inner segment compartments by the connecting cilium, which serves as
the sole cytoplasmic and membrane conduit between these compartments.

The inner segment possesses an ellipsoid region close to the apical membrane that is

packed with mitochondria, a myoid region that contains ER and Golgi membrane systems
where proteins are synthesized, post-translationally processed and packaged into transport
vesicles, and the nucleus. Microtubule tracks emanate from the basal body centrioles located
at the periphery of the apical membrane: a 9+0 microtubule axoneme from the mother
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centriole forms the outer segment ciliary structure and cellular microtubules project from the
basal body throughout the inner segment and into the pre-synaptic terminal. Like polarized
epithelial cells, photoreceptor inner segments form adherens junction-like structures with the
end feet of Muller glial cells called the outer limiting membrane (OLM). The inner segment
membrane supports an outward cation current that opposes the inward current in the outer
segment.

The pre-synaptic spherule (rods) or pedicle (cones) contain the transmitter release and
vesicle reuptake machinery. It is separated from the inner segment by an axon that varies in
dimension depending on species. In most amphibians and reptiles the axon is on the order of
1-5 pm and a micron in diameter. In mammals the axon may extend to tens of micrometers
and is a fraction of a micron in diameter. There is no apparent physical barrier between

the inner segment and the synapse, in either cytoplasm or membrane, other than the axon’s
physical geometry. The inward cation current in the outer segment plasma membrane and
the outward cation current in the inner segment plasma membrane set the photoreceptor
membrane potential, which is depolarized in dark-adapted cells and hyperpolarizes as outer
segment channels close in response to light. The membrane potential changes in a graded
manner in response to changes in the light intensity falling on the photoreceptors, leading to
graded modulation of the release of neurotransmitter at the synapse.

In this review we examine the mechanisms that drive partitioning of molecules that
subserve the fundamental functions of photoreceptors into the appropriate subcellular
compartment. Compartmentalization of proteins into the outer segment can be broken
down to three fundamental problems: compartmentalization of intrinsic membrane proteins,
peripheral membrane proteins and soluble proteins. We discuss each of these protein types
independently. We have structured the review to examine what is known about these
mechanisms within each of the main photoreceptor compartments. Areas where major
knowledge gaps limit understanding are highlighted.

Protein enrichment in the photoreceptor outer segments

Photoreceptors bear a single cilium adapted for the high-fidelity capture and sensation of
photons. To meet this demanding function, they have evolved specialized ciliary membrane
structures, discs in rods and lamellar folds in cones, that support efficient photon capture.
Together the ciliary transition zone, known as the connecting cilium in the photoreceptor
field, the discs and plasma membrane form the rod outer segment. The cone outer segment
consists of the connecting cilium and the lamellar membrane folds. In darkness, the outer
segments support a constant influx of sodium and calcium ions across the outer segment
plasma membrane through a single class of cGMP gated channel. The cGMP-gated channels
(CNGa1/p1) close in response to light due to the activation of the phototransduction
cascade, consisting of the light receptor, rhodopsin (Rho, rods) and cone opsin, the G
protein, transducin (T), and the effector enzyme, cGMP phosphodiesterase (PDES, rods;
cPDES, cones). A Na*/Ca2*,K* ion exchanger (NCKX) drives [Ca2*]og down during the
light response. Photoresponses are terminated when activated opsins are phosphorylated by
opsin kinases (GRK1, rods; GRK7, cones) and arrestin binds to halt transducin activation
(Arrl, rods; Arrl/Arr4, cones). Guanylate cyclases (RetGC1/2) restore cGMP levels. Opsins
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are seven pass, CNGa/p are 6 pass each, NckX are 11 pass and RetGCs are single pass,
intrinsic membrane proteins. The remaining proteins, with the exception of the arrestins, are
peripheral membrane proteins. Transducin and the arrestins translocate between the inner
and outer segments depending on the ambient light levels. A wide variety of mechanisms are
thought to drive outer segment compartmentalization of these proteins, yet many questions
remain. For a recent review on how photoreceptor outer segment compartmentalization is
simar and differs from protein compartmentalization in other primary cilia, see [12].

Intrinsic membrane protein enrichment in the outer segment

The process of outer segment compartmentalization of membrane proteins in vertebrate
photoreceptors is highly demanding (Fig. 2). Each day approximately 10% of rod outer
segment tips are shed and replaced with new disc formation at the outer segment base [17,
234-236]. Outer segment turnover is especially demanding in lower vertebrates. With a
diameter of up to 8 um and a repeat distance of ~30 nm, the 200 discs replaced in each rod
represents greater than 20,000 pm? of new membrane added at the outer segment base, and
digested by the RPE, each day. With the disc membranes, 300 million rhodopsin molecules
and ~ 35 million other molecules essential to phototransduction are replaced. To make things
more challenging, 75% of the turnover occurs within 8 hours of dawn [17]. This means that,
at peak, disc membranes are being generated at the blistering pace of ~0.6 um2s~1. This

is equivalent to generating 7 primary cilia per minute. Mammalian photoreceptors have a
diameter sevenfold smaller and are ~50% shorter, reducing the daily demand for new discs
100-fold. How photoreceptors manage the remarkable delivery of membranes and proteins
to the outer segment has been the subject of intense study but remains largely unsolved.

Intrinsic membrane protein transport to the connecting cilium

Conventional and unconventional secretory pathways underlie intrinsic membrane protein
transport to the outer segment. In the conventional pathway proteins are transported from
the ER to the Golgi where they bud off into transport vesicles. Proteins delivered through
the unconventional pathway bypass the Golgi, exiting from the ER. The majority of
proteins traveling to outer segments, including Rhodopsin, which constitutes ~90% of the
total protein in the OS [148, 150], Rom1, the cyclic nucleotide-gated channel subunit
CNGal/CNGB1 complex, PRCD, and RetGC1, are delivered via the conventional pathway.
Rhodopsin acts as a transport chaperone of sorts for PRCD and RetGC1, as shown by
reduced OS delivery and overall expression in the R/0™~ mouse [162, 197].

Rhodopsin transport to the outer segment is thought to require the C-terminal VVxPx
sequence, an outer segment localization signal that mediates binding with the small GTPase
Arf4 [44, 131]. More recent studies, however, show that VxPx may not be essential for
rhodopsin delivery to the outer segment. A secondary signal within amino acids 322-336
appears to be responsible for its mislocalization in the absence of VxPx [123]. When both
the primary and secondary signals are removed, rhodopsin again localizes to the outer
segment, providing support for the idea that the outer segment is the default destination

for most membrane proteins [9]. Trafficking of rhodopsin from the Golgi to the periciliary
membrane has been well studied [46, 47, 217]. When activated by the GEF GBF1, Arf4,

a member of the Arf family of small GTPases [53], binds to the rhodopsin VxPx motif
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[219]. ASAPL, the Arf GTPase accelerating protein (GAP), then binds to rhodopsin-Arf4
and recruits Rab11a and FIP3, which drive hydrolysis of the GTP bound to Arf4, leading
to its inactivation and dissociation from the complex. Rabin8 is recruited to the developing
secretory vesicle, called rhodopsin transport carriers (RTCs) [43, 217], forming the Rab11-
Rabin8-Rab8 module, which recruits the SNARE, VAMP7, making the vesicles competent
for fusion with the plasma membrane near the base of the cilium containing the partner
SNAREs syntaxin 3 and SNAP25 [102].

Rhodopsin’s transport in RTCs from the Golgi to the base of the cilium is thought to
require IFT20 which moves along microtubules [105], likely via KIFC1 (Kinesin family
member C1), which has been shown to interact with ASAP1, or possibly via dynein motors
[113]. Indeed, in cultured primary ciliary cells knockdown of Kifc1 resulted in a lack of
cilia formation and accumulation of ASAP1 and receptors Smo and SSTR3 at the Golgi
[118]. IFT20 differs from other components of the canonical anterograde IFT-B complex
in that it is not solely localized to the cilium — it is also found associated with the Golgi.
IFT20 is proposed to be an adaptor that binds rhodopsin and serves to transport the RTCs
from the TGN to the base of the periciliary membrane [105]. Cultured cells where /f#20is
knocked out fail to develop cilia [58, 203], suggesting that IFT20’s main role is regulating
ciliogenesis, maintenance of the cilium, and trafficking of ciliary components to the basal
body.

Recent studies, however, have called the inner segment rhodopsin transport pathway

into question. While the Arf4-based rhodopsin trafficking pathway has been extensively
characterized in vitro and in amphibians [42, 44, 131, 141, 216, 218, 219], conditional
knockout of Arf4 in mouse photoreceptors did not impact rhodopsin outer segment
localization [163]. Deletion of Rab8a and Rabl11a in mouse retina, individually or
concurrently, also had no effect on outer segment protein localization or on responses to
light measured by ERG [233]. It has, thus, been proposed that because the membrane

and protein trafficking requirements in mice are less demanding than in lower vertebrates,
another Arf may compensate [219], or another, Rab8a and Rab11a independent Arf pathway,
perhaps utilizing Arf5, is operating [233]. Further /n vivo studies will be necessary to define
inner segment rhodopsin transport mechanisms.

However, careful consideration should be given to the use of mouse in studies of
photoreceptor structure and compartmentalization. It has previously been demonstrated that
some mouse models do not faithfully recapitulate the retinal disease phenotype of known
pathogenic mutations. Such is the case for the Usher Syndrome USH1 mouse models,

none of which display the retinal degeneration that is observed in USH1 patients [224].
Studies aimed to determine the localization of USH1 proteins in mouse versus primate
photoreceptors have shed light on this discrepancy. It was found that USH1 proteins
associate with calyceal processes in macaque photoreceptors. In contrast, USH1 proteins

in mouse photoreceptors lack the discrete localization found in human and macaque. This
may be due to the fact that, unlike humans and non-human primates, mice only possess

a single, short “vestigial calyceal process” [180]. Moreover, calyceal processes have been
implicated in regulation of disc morphogenesis and structural stability of outer segments in
animal models that possess them [184]. Thus, while genetic mouse models can be extremely
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powerful tools to investigate the mechanisms underlying the pathology of human disease,
they may not be suitable in all cases or may require complementary studies in additional
animal models, perhaps by employing recent advances in gene editing.

Intrinsic membrane protein transport within the connecting cilium

The exact mode of membrane protein transport along the connecting cilium has yet to be
determined. There are two main competing theories: The first is that RTCs themselves are
transported through the connecting cilium via motor driven transport and fuse with nascent
discs within the enclosed outer segment plasma membrane. This idea is supported by some
electron microscopy-based studies that appear to show vesicular structures within the lumen
of the connecting cilium [35, 65]. However, it is known that harsh treatment of retinal
tissue, fixation, and processing can induce artifacts. Recently, these artifacts were addressed
comprehensively leading to the conclusion that vesicles are not found within the connecting
cilium [25, 50, 213]. Moreover, the connecting cilium is 300nm in diameter, with a 150nm
central lumen surrounded by MTs and another 50nm cytoplasmic gap between the MTs and
the ciliary PM [178]. RTCs average 250-300nm [41, 45], making them far too large to enter
the connecting cilium. Finally, immunogold labeling experiments have shown rhodopsin to
be located in the ciliary membrane of mouse photoreceptors with little present in the cilium
lumen [25, 33, 225]. Thus, delivery of rhodopsin to new discs via vesicular transport through
the connecting cilium is highly unlikely.

The second main theory proposes that RTCs fuse with membranes at the periciliary ridge
complex, releasing their contents into the apical inner segment plasma membrane where
they then enter the connecting cilium and are transported by IFT to nascent discs [159].

In this model, rhodopsin and other membrane proteins destined for the outer segment pass
through the ciliary membrane diffusion barrier to enter the cilium by a poorly understood
mechanism. However, the notion that rhodopsin is transported by IFT along the plasma
membrane of the connecting cilium toward the site of disc formation [18, 112] is difficult

to imagine considering the sheer mass of rhodopsin that is transported daily. Based on the
total outer segment rhodopsin content of 3x10° molecules (amphibian) and 1x108 molecules
(mammalian) [171], the rate of rhodopsin transport through the connecting cilium required
to support 10% daily turnover is on the order of 3500 molecules s=1 (amphibian), and

100 molecules s~ (mammals). To make matters more challenging, disc morphogenesis and
rhodopsin transport undergo bursts of activity where 70% of new discs are formed within the
first 8 hours of daylight (amphibian) [17]. Somewhat smaller variation in delivery has been
observed upon onset of darkness in diurnal mammals [213]. Thus, at peak, 7300 rhodopsin
molecules per second are delivered in amphibians and 100-200 molecules per second in
mammals. Such high rates of delivery would require high frequency IFT transport within the
connecting cilium, and significant recycling of IFT complexes. As of now, despite detailed
analysis of IFT transport rates, IFT train capacity, and the number of IFT trains in flagella of
Chlamydomonas (reviewed in [12]) we don’t know the frequency or capacity of IFT trains in
photoreceptor or primary cilia, but the mass of rhodopsin transport suggests that IFT, alone,
is not likely a viable mechanism.
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Moreover, evidence for rhodopsin active transport within the connecting cilium is
controversial. Conditional knock out of the kinesin motor subunit, KIF3A, in mouse
photoreceptors resulted in the mislocalization of opsin to the inner segment, leading to

the conclusion that IFT is essential for connecting cilium rhodopsin transport [99, 129].

In contrast, transport appeared normal for 2 to 4 weeks in a rod-specific Kif3A knockout
mouse [6]. Similarly, rhodopsin localization was normal for two weeks after retina-specific
tamoxifen-inducible deletion of KIF3A and IFT88 in adult mice using the six3 Cre driver.
Embryonic deletion of KIF3A and IFT88 resulted in failure of connecting cilium assembly
and lack of outer segments [98]. Therefore, IFT transport does not appear to be essential for
connecting cilium rhodopsin transport and opsin mislocalization is likely an indirect result
of improper formation and maintenance of the outer segment cilium. Importantly, knockout
of the only other known anterograde IFT motor, Kifl17, in conjunction with Kif3A does not
prevent rhodopsin trafficking to the ROS, showing that outer segment transport is not the
result of compensation by other motors [97].

Interestingly, cone specific Kif3A knockout resulted in major mislocalization of
phototransduction components in cones [6] and expression of a dominant negative KIF3B
mutant in Zebrafish results in accumulation of large vesicles in cone 1S and disruption of
OS lamellar morphogenesis [93]. Finally, mutations in Bardet-Biedl complex (BBSome)
proteins cause mislocalization of cone opsin and phototransduction proteins [1, 11].
Together, these results suggest that IFT and the BBSome are required for protein transport
in cones, but not in rods, possibly because cones do not internalize discs and thus separate
them from the plasma membrane.

The majority of evidence points to an IFT-independent rhodopsin transport mechanism
within rod connecting cilia. We propose that diffusion along the ciliary membrane is

the primary mode of rhodopsin transport. We have shown that transport of rhodopsin
heterologously expressed in the primary cilia of IMCD3 cells is exclusively by diffusion
[117]. Other rhodopsin-like GPCRs, including SSTR3 and Smo receptors, also move
mostly by diffusion in primary cilia [117, 231]. The average diffusion coefficient of 0.23
um?2s~1 [117] means a rhodopsin molecule could travel through a 1 pm long connecting
cilium in ~ 2 seconds, easily accounting for the rate of rhodopsin delivery to nascent
discs. These studies strongly challenge the dogma that GPCR transport within primary or
photoreceptor cilia is exclusively IFT-dependent. This does not rule out IFT operating in
conjunction with diffusion, however. Indeed recent work shows that in primary cilia the
SSTR3 receptor couples to IFT upon stimulation with ligand or agonist [232], thus showing
these mechanisms are not mutually exclusive.

However, this raises the question of the driving force behind concentrating rhodopsin
within the discs if IFT is not involved? Biochemical experiments that separated outer
segment discs from plasma membrane showed that the density of rhodopsin is ~ twofold
higher in the disc membranes than in the outer segment plasma membrane [138], which is
contiguous with the connecting cilium membrane. More recent studies using immunogold
labeling of rhodopsin in rod EMs suggest rhodopsin in discs may be even more dense,
perhaps approaching fivefold over the plasma membrane [33]. One enticing possibility

is that rhodopsin is drawn to the nascent discs by a binding sink created during disc
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elaboration. Rhodopsins are thought to form transient dimers between adjacent nascent disc
membranes [57, 87, 144], interacting at their extracellular faces, which may enhance close
juxtaposition of extracellular membranes by “Velcroing” them together (Fig. 3). The binding
between rhodopsin extracellular domains is likely weak, but the sheer number of rhodopsins
stochastically interacting may result in a large fraction bound together at any given time,
thus operating as “stochastic Velcro”. The propensity for rhodopsins to form cis dimers
[167, 245] within the same disc membrane may further drive concentration by recruiting
rhodopsins into higher order oligomers, structures which have been observed in isolated
discs by atomic force microscopy [59, 60, 186, 187] and cryo-EM tomography [73].

Roles of the unconventional secretory pathway

Peripherin 2, a tetraspanin protein that is localized to the rims of discs (Fig. 2) and is
required for proper OS formation, appears to be transported through the unconventional
pathway. Ciliary targeting of peripherin 2 is dependent on COPIl-mediated exit from

the ER [207] and requires a C-terminal sequence including Valine 332 [37, 140, 181,

182, 204]. Peripherin 2 may traffic to the outer segment through the late endosome

[156] and also requires interactions with SNARE machinery [252]. However, in mice,
peripherin 2 appears to take the conventional route approximately 30% of the time,

likely via hetero-oligomerization with rom-1 [38]. Other proteins that traffic to the outer
segment independently of rhodopsin, like ROAP [161], may transport via the unconventional
pathway. Exploring new ways to decipher what pathways proteins take from the ER/Golgi
to the outer segment will be useful for further understanding the signals that dictate which
route a protein will take after posttranslational processing.

Roles of phosphoinositides in protein enrichment in the photoreceptor cilium

Phosphoinositide phospholipids are essential for photoreceptor function [221]. They are
involved in generation of specialized membrane compartments, recruiting proteins to
membranes, trafficking of proteins, and second messenger signaling. P14P and P1(4,5)P»
are the two most abundant phosphoinositides in photoreceptors [56]. PI14P is enriched in
the Golgi via dephosphorylation of P1(4,5)P, and PI(3,4)P, or phosphorylation of PtdIns
[40, 121] and is thought to be important in trafficking through the Golgi as well as vesicle
budding from the Golgi and vesicular trafficking to the plasma membrane [66, 119]. The
Golgi, also contains a small pool of P1(4,5)P,.

Ezrin and moesin, members of the ezrin/radixin/moesin (ERM) protein family, interact with
transmembrane proteins, PDZ-containing proteins, the cytoskeleton, and bind membranes
via P1(4,5)P, [21]. Both ezrin and moesin were shown to be present on RTCs, particularly on
those found at the site of vesicle docking near the I1S/OS junction [43]. Altering biosynthesis
of acidic phospholipids, which reduced the content of P1(4,5)P,, reduced association of
ezrin and moesin with RTCs and interfered with RTC docking and fusion at the base of the
connecting cilium [43].

The tubby mouse (Jackson Laboratories) has a spontaneous mutation leading to obesity
[36]. The tubby gene product is expressed in the brain and retina, and fubby mice
have retinal and cochlear degeneration [153] and reduced fertility [154]. Other tubby-like
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proteins (TULPSs) have since been identified which bind to plasma membrane P1(4,5)P»

and are released from the membrane when G activated PLC-f hydrolyzes PI(4,5)P,

[183]. Tubby-like protein 1 (Tulpl) is exclusively found in photoreceptors and fuip1

mice have retinal degeneration but lack cochlear defects and the obesity phenotype [90].
Mutations in TULP1 account for approximately 5% of total RP cases [72] and fu/pI mice
accumulate vesicles in the interphotoreceptor matrix [75] similar to those seen in the retinal
degeneration slow (rds) and the Purkinje cell degeneration (pcd) mice. TULP1 interacts with
F-actin [228] and dynamin [229] in photoreceptors, suggesting that it may play a role in
vesicular trafficking. Similar functions have been identified for TULP3 in primary cilia.
TULP3 knockdown decreased trafficking of some GPCRs to cilia through an IFT-A and
phosphoinositide-dependent mechanism [8]. Knockdown of the inositol polyphosphate 5’
phosphatase, INPP5E, which plays a role in the enrichment of PI14P in the ciliary membrane
via dephosphorylation of PI(4,5)P,, leads to an accumulation of TULP3-dependent GPCR
cargo in primary cilia [8].

INPP5E is present in photoreceptors where it is concentrated near the Golgi and proximal
IS, but not in the outer segment [19, 76]. This leads to the question of how higher
concentration of PI(4)P is maintained in the outer segment [56]. One possibility is that
other phosphatases hydrolyze P1(4,5)P, in the outer segment. Interestingly, Lowe and
Dent syndromes result from mutations in the Pl 5-phosphatase ORCL (Oculocerebrorenal
syndrome), which localizes to the outer segments of zebrafish photoreceptors [126].

Targeting of outer segment plasma membrane proteins

Two key proteins, the CNG channel and the Na*/Ca2*,K* exchanger are localized to the
outer segment plasma membrane as a complex [139] (Fig. 2). The CNG channel is a
heterotetramer consisting of three a1 and one B1 subunits [220, 246, 247]. A glutamic

acid rich GARP domain on the 1 subunit binds to the disc rim localized peripherin 2
[168], stabilizing the plasma membrane and tethering the CNG channels along the outer
segment [149]. Interaction between CNG and peripherin 2 begins in the inner segment [177]
and CNGB1 is not found in subretinal space vesicles of the rds mouse [198], which lacks
peripherin 2, leading to the speculation that trafficking of the CNG channel complex relies
on peripherin 2. CNG channels are mislocalized to the inner segment in mouse rods lacking
the endocytic adapter proteins Numb and Numb-like, which may implicate endosomes in
CNGal trafficking [174].

The CNG channel-Na*/Ca2*,K* exchanger complex must undergo an additional sorting
between the disc membranes and the plasma membrane through an undefined mechanism.

It has been speculated that the mechanism of disc enclosure within the plasma membrane
and sorting of the CNG channel-Na*/Ca?* K* exchanger complex are linked [199], possibly
by a peripherin 2-Rom1-dependent mechanism [38]. However, direct evidence remains to be
found for such a mechanism.

Transport across the ciliary diffusion barrier

A major question for all membrane proteins is the mechanism by which they pass through
the diffusion barrier that separates the outer segment and inner segment compartments.
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Failure of the G protein coupled receptors SSTR3 and MCHR1 to enrich in primary cilia
of hippocampal neurons of BBS2~/~ and BBS4~/~ mice implicated the BBSome in ciliary
enrichment of GPCRs [15]. Accumulation of dopamine 1 receptor (DP1) and reduced
agonist-induced transport of DP1 out of central nervous system cilia in BBS2—/—, BBS4-/-
or BBS7-/- mice also implicated the BBSome in removal of membrane proteins from cilia
[52] [243].

Rhodopsin content within the ciliary outer segment does not, however, strongly rely on

the BBSome. While knockout of several BBSome proteins results in mislocalization of
rhodopsin, it is important to note that this mislocalization is either incomplete, where the
majority of rhodopsin properly localizes to the OS [1, 96, 170], or is accompanied by

major structural disruption, or complete absence of the outer segment [1, 151, 190]. In the
case where there is loss of the outer segment structure, it is impossible to ascertain if the
mislocalization is due to rhodopsin transport deficits or from lack of the ciliary destination.
In the case where there is slight mislocalization with the majority of rhodopsin properly
localized to the ciliary outer segment, it is hard to make a case that the BBSome is playing a
major role.

One possibility is that the BBSome tilts the equilibrium of rhodopsin diffusion between

the connecting cilium and inner segment plasma membrane toward the connecting

cilium. Deletion of this function allows rhodopsin to more uniformly equilibrate between
connecting cilium and the inner segment plasma membrane, but the stochastic Velcro
mechanism in the nascent discs provides a binding sink that drives outer segment
enrichment. This equilibrium tilting could work in both directions, where the BBSome

tilts the diffusion equilibrium of proteins that are not normally found in the outer segment
toward the inner segment. Indeed, recent studies have identified the role of the BBSome

in removal of non-ciliary proteins from the outer segment. Quantitative proteomic analysis
of photoreceptor OSs of WT and BBS17 mutant mice showed enrichment of 139 proteins

in the outer segment of the mutant, including a 3-fold increase in Stx3 and Munc18-1/
Stxbp, inner segment proteins involved in rhodopsin transport carrier vesicle fusion with
periciliary membranes [39]. Eight proteins normally localized to the OS showed reduced OS
localization, including Arl13b and GNAT2. Although rhodopsin levels were unchanged in
the BBS17 mutant mouse OS, the mass of mislocalized rhodopsin in other BBS mutant mice
is minor compared to that in the outer segment, indicating the subtle impact of the BBSome
on rhodopsin in rods. Accumulation of Stx3 in the OS was later confirmed in BBS8~/~,
BBS4~/~ and BBS1~/~ mice as well [48, 84]. These results show that the BBSome may
operate to tilt equilibrium diffusion both into and out of the photoreceptor outer segment.

Peripheral membrane protein enrichment in outer segments

Peripheral membrane proteins reversibly interact with membranes, establishing equilibria
between soluble and membrane-bound states. Membrane affinity is set by a combination

of hydrophobic, electrostatic, protein-protein and other binding interactions. The majority
of phototransduction components, including transducin, PDE6, GRK1, recoverin (Rec),
members of the transducin GTPase accelerating complex RGS9 and GB5L, and RetGC1, are
peripheral membrane proteins that are mostly localized to the ciliary outer segment. Some
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of these proteins undergo light-dependent redistribution from the OS to the 1S/cell body
[27]. Owing to the relative impermanence of membrane association, compartmentalization
requires mechanisms in addition to the secretory pathways already discussed.

Roles of lipid binding chaperone proteins in outer segment enrichment of peripheral
membrane proteins

Several lipid binding chaperone proteins are expressed in photoreceptors, including the
prenyl binding protein, PrBP& [152], and the uncoordinated proteins, Unc119a/b [120, 241].
PrBPS& is a prenyl binding protein with similar structural features to other lipid binding
proteins, including Unc119 and RhoGDlI, although overall sequence identity is limited
[240]. Immunohistochemistry shows that it is distributed throughout the photoreceptor,
with labeling highest in the inner segment and synapse [240]. PrBPS& is thought to drive
solubilization of prenylated proteins by binding them upon membrane dissociation, rather
than extracting them from the membrane [172], and it is required for outer segment
localization of farnesylated and geranylgeranylated PDE6a and PDE [5] and the stability
of farnesylated GRK1 expression [92, 240].

Uncl119a is an acyl binding protein found in photoreceptor inner segments and synaptic
spherules, with a small amount in the OS. It has been shown to bind both rod and cone Ta
[241] and has been implicated in transport of Ta to the outer segments [241]. Unc119a is
not required for light-dependent Ta transport out of the outer segment, however. Unc119a
is expressed in a molar ratio of 1:4 with respect to Ta [191]. Interestingly, Unc119a
expression is reduced 2-fold in the GNAT1 ™/~ (Ta /") mouse [191], perhaps showing that
Uncl119a expression level scales with acylated protein load. Efficient binding of Unc119a
to Ta requires N-terminal acylation and the GAGASAEEKH peptide sequence adjacent to
the lipidation site [241]. Unc119a also interacts with a number of nonlipidated proteins,
including the SH2 and SH3 domains of some Src tyrosine Kinases [32], Arl2 [109], Arl3
[212], CaBP4 [74], and the synaptic protein RIBEYE [2], thus showing that it is not solely
an acyl binding protein.

AIPL1 is another putative lipid binding chaperone protein expressed in rods [195], mutations
in which are linked to Leber congenital amaurosis (LCA) [193]. A yeast two hybrid

screen showed that AIPL1 specifically bound farnesylated proteins [173]. AIPL1~~ mouse
showed that AIPL1 is essential for the assembly of PDE6 [110] likely by cooperating with
the inhibitory gamma subunit of PDE6 (PDEG6y) to catalyze proper folding [230]. Thus,
although not directly involved in transport, AIPL1 is key for PDEG6 function. Interestingly
AIPLL1 is expressed in developing primate rods and cones and adult rods but appears to be
absent in adult cones [81], suggesting it is not required for cone PDE6C maintenance.

Peripheral membrane proteins that associate with lipid binding chaperones require small
ADP ribosylation factor-like GTPases, Arl2 and Arl3, that act as cargo displacement factors,
releasing them to destination membranes [76, 226]. Arl2 and Alr3 can displace cargo

from PrBPS, but only Arl3 can displace cargo from Unc119a [94]. Cargo release occurs
when Arl2 and Arl3 in the GTP bound state. The guanine nucleotide exchange factor
(GEF), Arl13b, catalyzes GTP binding to Arl3 [69, 244]. Upon cargo release, the GTPase
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accelerating protein (GAP) Rp2 (retinitis pigmentosa protein 2) accelerates hydrolysis of
GTP to GDP [55, 212]. The GEF and GAP for Arl2 have not yet been identified.

Arl3 is found throughout the photoreceptor cell body and possibly in the connecting cilium,
but is absent from the outer segment [71, 76, 227]. Myristoylated Rp2 is enriched on the
basal bodies, perinuclear region, synapse and the periciliary membrane of photoreceptors
[55, 83]. Arl3 KO in both retina and rod showed that Arl3 is important for ciliogenesis

and ciliary maintenance as well as efficient localization of lipidated proteins such as PDES,
GRK1, Ta and TRy to the outer segment [76].

Arl13b is enriched in the proximal region of the outer segment [49, 77], associated

with membrane via double N-terminal palmitoylation [179]. Mutations or deletions of
Arl13b cause Joubert syndrome [29] with a more severe phenotype than mutations in Arl3
[76]. Retina specific Arl13b~'~ mice fail to form photoreceptor OSs and have improperly
localized basal bodies [49]. Depletion of Arl13b in adult mouse rods causes accumulation
of IFT88 at the proximal end of the connecting cilia and Rhodopsin mislocalization.
Interestingly, PDE6, GRK1, and transducin localization are not affected, suggesting their
transport to the OS is Arl13b-independent.

Electrostatic interactions and peripheral membrane protein compartmentalization

In our recent study we showed the differential compartmentalization of peripheral membrane
proteins may be encoded by the lipid moiety post-translationally attached and surface charge
of the protein proximal to the lipid, alone [130]. To show this we engineered peripheral
membrane protein probes, consisting of EGFP or PAGFP fused to linkers containing
variable amino acid sequences that resulted in different net charge and terminated with
lipidation motifs specific for N-terminal acylation or C-terminal prenylation (farnesyl

or geranylgeranyl). Strikingly, we found that prenylated proteins with positive charge
neighboring the lipid moiety are depleted from the outer segment and enriched in the
synaptic spherule, while myristoylated (acylated) proteins are enriched in the outer segment
(Fig. 4). The probes did not associate with lipid binding chaperone proteins, PrBPS or
Uncl119a/b, as shown by pulldowns followed by western blot and mass spectrometry.
Assessing the diffusivities of the probes in the different compartments showed that
membrane binding strength varied with charge and lipid moiety, where negatively charged
probes had lowest membrane affinity, as expected based on the calculated membrane surface
charge. Myristoylated and geranylgeranylated proteins had the highest membrane affinity.
Farnesylated proteins with neutral charge neighboring the lipid, which is the arrangement of
several key outer segment enriched phototransduction proteins, including GRK1 and TRy,
have outer segment diffusion coefficients only twofold different from soluble E/PAGFP,

and thus have weak membrane affinity. These results show that compartmentalization

of peripheral membrane proteins can be achieved by simple diffusion and weak local
electrostatic binding interactions that allow for rapid exchange of proteins within and
between compartments, in the absence of interactions with lipid binding chaperone proteins.
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An alternative hypothesis for the roles of lipid binding chaperone proteins in peripheral
membrane protein compartmentalization

The current model for peripheral membrane protein enrichment within the photoreceptor
outer segment assumes that the lipid binding chaperones association is required for ciliary
entry and that tight membrane binding is required for outer segment retention. Our recent
work in Xenogpus rods shows that this model is incorrect or incomplete [130]. Using live
cell 2-photon and confocal microscopy we showed that peripheral membrane proteins
enter the outer segment and may be enriched there without associating with lipid binding
chaperone proteins (Fig. 4). We also showed that strong affinity of peripheral membrane
proteins to outer segment membranes is not required for compartment enrichment. Mass
spectrometry analysis of pulldowns with lipidated-GFP probes did not identify obvious
alternative lipid binding protein candidates [130]. Thus, the basic distribution of peripheral
membrane proteins in photoreceptors may be governed by diffusion and local binding with
membranes, or membrane protein components, where compartment-specific variation in
membrane surface charge, membrane surface area, protein content, ions, as well as the lipid
moiety and surface charge of the protein itself, set differential compartment enrichment.

We also showed that the lipid binding chaperone protein, PrBP§, drives strong outer segment
enrichment of a probe consisting of GFP fused to the farnesylated C-terminal 18 amino
acids of GRK1, even though the probe has low membrane affinity [130]. A similar probe
that did not bind to PrBPS& was not enriched in the outer segment (Fig. 4B, compare Far0 to
GRK1ct18). Our results show that the role of PrBPS& and relevant cargo release factors is to
tilt the equilibrium distribution of peripheral membrane proteins toward the outer segment,
rather than to deliver them to a terminal membrane destination. This mechanism allows
peripheral membrane proteins within the OS, like GRK1, to equilibrate along the length

of the outer segment, leading to equal numbers on each disc and uniform light responses
throughout the ciliary outer segment [14]. Moreover, the localization to the OS is achieved
without a nonspecific diffusion barrier blockade of the connecting cilium. The requirement
of Unc119 acceleration of transducin a transport to the outer segment, but not for its
light-dependent transport to the inner segment, further supports the model that lipid binding
chaperone proteins act as equilibrium tilting factors rather than transport chaperones.

Lipid switch proteins

Some lipidated proteins rely on sequestration of lipid modifications within the proteins
themselves to govern membrane binding affinity. For example, the gamma subunit of

the constitutive transducin By dimer (TBvy) is farnesylated, lending increased membrane
affinity [61, 114]. While farnesylation of T and association with PrBPS is required for
outer segment localization of TRy [23, 240], PrBPS does not appear to be involved in
light-dependent transport of TRy transport to the inner segment. Instead, phosducin, a
phosphoprotein in rods that undergoes light-dependent dephosphorylation [194], associates
with TRy [116] and drives sequestration of the Ty farnesyl moiety between the B
propeller blades 6 and 7 of TP [63, 124], increasing solubility of the complex. Phosducin
phosphorylation by casein kinase 2 (CK2) in darkness [88] and dephosphorylated by
protein phosphatase 2A in light [24], thus, appears to modulate transport of TRy in a
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light dependent manner. However, as of now there is no evidence phosducin-mediated Ty
transport modulates vision [111, 194].

Light-dependent GRK1 activity is mediated by the calcium binding protein, recoverin [26,
34, 103, 104, 108, 128]. Recoverin is N-terminally acylated [51] and, in the absence of Ca2*
the acyl moiety folds into a hydrophobic cleft on recoverin [206]. The acyl lipid extends
when recoverin is Ca2*-bound [4], through a mechanism known as the calcium-myristoyl
switch [251]. Interestingly, the myristoyl moiety induces cooperativity in calcium regulation
of GRK1 [3, 26]. Recoverin undergoes a modest light-dependent redistribution in mouse
rods [201], however Unc119a does not bind to recoverin [241], suggesting that the light-
dependent redistribution operates through the myristoyl switch mechanism and diffusion.

Soluble protein compartmentalization in photoreceptors

The most abundant soluble protein in rod photoreceptors, arrestin-1 (Arrl), is nearly
equimolar to rhodopsin [196, 202]. Arrl is found distributed in the inner segments, cell
bodies and synaptic spherules of a dark-adapted rods, where it is nearly absent from

the outer segments [22, 146, 165, 166, 202, 223]. In light adapted rods the distribution

of arrestin nearly quantitatively shifts to the outer segments, effectively reversing the
distribution pattern. Arrl binds to light-activated, phosphorylated rhodopsin, preventing
further activation of the phototransduction cascade, thus the outer segment localization

may primarily be due to tight phospho-rhodopsin binding. However, Arrl outer segment
translocation in response to light was partially maintained in GRK1 knockout mice and mice
where rhodopsin phosphorylation sites were mutated [133, 239], which was interpreted as
evidence for motor-dependent translocation — a conclusion later supported by the finding
that Arrl transport in Xenopus was energy dependent and possibly triggered by an ATP-
dependent PLC activated mechanism [155]. These conclusions are controversial, however.
Considering that ~2 billion (amphibian) or ~75 million (mammalian) Arrl molecules move
to rod outer segment in response to bright light with a halftime of 2-10 minutes, depending
on species [54, 146, 165, 202], makes transport entirely dependent on motor proteins
unlikely [27]. Additionally, others showed that at more moderate light intensities Arrl
transport to the outer segment was reduced in the GRK1~~ and rhodopsin phosphorylation
mutant mice [146], suggesting that Arrl binding to bleached, unphosphorylated rhodopsin
might be strong enough to drive transport. This notion is supported by theory. Our diffusion/
active-transport/binding model [130] predicts that the distribution of Arrl in rods with

OS binding sites corresponding to the affinity of Arrl for bleached, non-phosphorylated
rhodopsin (Kq ~ 150 uM) [249] would be nearly indistinguishable from that of rods with OS
binding sites corresponding to the affinity of Arrl for bleached, phosphorylated rhodopsin
(Kg ~ 50 nM) (Fig. 6). This remarkable result, despite the three orders of magnitude
difference in Ky, is due to the fact that Arrl and rhodopsin are nearly 6 mM in the
disc-excluded rod outer segment cytoplasm, significantly above either Kg.

Another aspect of light dependent Arrl transport was revealed by Strissel et al. who
observed that light stimulated Arrl transport occurs at a threshold that activated ~3% of
rhodopsins [202], a light level at which tenfold more Arrl molecules transported to the outer
segment than the number of light activated rhodopsins. The mechanisms underlying this
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“super-stoichiometric” Arrl transport are not understood except that it appears to require
phototransduction. One intriguing possibility is that the ATP-dependent PLC activated
mechanism of Arrl transport proposed by Orisme, et al. [155] operates at these low
rhodopsin bleach levels.

The mechanisms by which Arrl is strongly enriched in the inner segment of dark-adapted
rods is another area of controversy. Proposed mechanisms include a diffusion barrier at the
base of the connecting cilium and Arrl inner segment binding partners, including NSF,
enolase-1, and tubulin [86, 145, 192]. However, our studies of soluble EGFP and PAGFP
diffusion in living rods show that diffusion of soluble proteins up to ~ 80 kDa through

the connecting cilium is unimpeded [28, 147], and the putative Arrl inner segment binding
partners lack sufficient concentration and distribution to account for dark-adapted rod Arrl
distribution. We, thus, explored alternative mechanisms. We reasoned that the distribution of
soluble proteins within cells simply will be governed by the available aqueous cytoplasmic
spaces [164]. We proposed that the available aqueous spaces in cells are distributed among
a heterogeneous patchwork of cytoplasmic structures with varying density that lead to
partitioning of solutes into different cytoplasmic domains based on their size and the
geometry of the structures [95, 125, 136, 137, 248, 250].

The large size of amphibian rods and the unique structure of photoreceptor outer segments,
with highly uniform spacing and close juxtaposition of the discs (~12nm inter-disc spacing),
allowed us to quantify the distributions of soluble molecules of different sizes between

the outer segment and the much less structurally constrained inner segment/cell body (Fig.
5A) [147]. We found the ratio of molecules falls steeply, from ~0.85 to ~0.15, as the size

of molecules increase from 600 Da to ~81 kDa (Fig. 5B) and that the volume within the
outer segment accessible to the center of mass of proteins, which ultimately dictates their
concentration, declines much more steeply than the accessible volume in the inner segment,
due to steric interactions between the molecules and cell surfaces (Fig. 5C).

To illustrate how steric volume exclusion can lead to partitioning of soluble proteins

among cell compartments with different geometries, consider two interconnected cuboid
compartments with identical geometrical volumes (Fig. 5C). The volume accessible to the
center of mass of a spherical protein is lower within the rectangular compartment than it is
within the cuboid compartment. The accessible volume falls more steeply in the rectangular
compartment as the size of the molecules increases (Fig. 5D). This means that the effective
concentration of a given number of molecules in these two compartments will be higher

in the rectangular compartment, driving movement the molecules into the cube shaped
compartment in order for their concentrations to equilibrate. Thus, although the effective
concentration of the soluble molecules will be the same in both compartments, the number
of molecules will be lower in the rectangular compartment. In many scenarios it is the
number of molecules that is most important. In photoreceptors, the number of soluble Arrl
molecules in the inter-discal spaces dictate how quickly a light activated rhodopsin molecule
can be silenced.

The distribution by accessible volumes model predicts that Arrl will be fivefold enriched
in the inner segment relative to the outer segment [147], somewhat less than the ~ 13-fold
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enrichment observed in dark-adapted rods. However, /n vitro studies have shown that Arrl
can form dimers and tetramers with weak affinity [70, 78, 79, 82, 91, 106, 185, 189]. The
millimolar concentration of Arrl in rods predicts the majority of Arrl is in the dimer (~96
kDa) or tetramer (~192 kDa) forms. If the physiological form of Arrl in dark-adapted rods is
indeed dimer or tetramer, the dark-adapted distribution of Arrl may be explained by simple
partitioning into the inner segment. This mechanism is appealing for a number of reasons.
First, it explains why Arrl is found approximately uniformly filling the entire non-outer
segment compartments of dark-adapted rods, from the myoid region to the presynaptic
spherule. Second, it overcomes the problem that the proposed non-rhodopsin Arrl binding
partners are not expressed to levels approaching that of Arrl. Third, although it has been
proposed that Arrl binds to microtubules [146, 155] and the BBSome protein BBS5 [155],
the sheer mass of Arrl binding would appear to substantially inhibit other vital microtubule
and BBS5 functions, including delivery of tubulin and other cargoes by IFT. Finally,
distribution by steric volume exclusion offers the possibility of straightforward regulation

of Arrl distribution, either through regulation of self-association or disc spacing in the outer
segments, which appear to elongate in response to light in the intact eye [242].

Inner segment protein enrichment

The inner segment of photoreceptors houses vital functions, including protein synthesis

and degradation, post-translational protein modification, transport via ER/Golgi secretory
pathways, energy production and control of gene expression. Essential to photoreceptor
physiology, ionic conductances that support the circulating current, which ultimately sets the
electrical membrane potential, are present in the inner segment membranes.

To date six channels have been identified that carry K currents in the inner segment
membranes: The primary voltage gated potassium current is carried by Kv8.2, Kv2.1 and
Kv2.2 channels, in various combinations depending on photoreceptor type and species.
Calcium-activated potassium channels identified are KCal.1 (BK) and KCa3.1 (IK).
Additionally, HCN1, inwardly rectified currents activated by hyperpolarization, are present
in the inner segment membranes. For a recent review on photoreceptor channels see

[211]. Inner segment membranes also contain ion transporters, including NCX1, a Na*/
Ca®* exchanger found in the inner segment of rods and cones [100, 135], and NKAa.3,

the ubiquitous Na*/K*-ATPase found in most excitable cells [10, 115]. Finally, the inner
segment membranes contain a glucose transporter (GLUT1) [68].

Few studies have examined the targeting of membrane proteins to the inner segment
compartment. Recent studies have identified important regulatory sequences in HCN1 and
NKAa.3 which are proposed to serve as IS compartment signals. The Baker group identified
a di-arginine ER retention sequence present in the intrinsically disordered C-terminus of
HCNZ1 which is predicted to serve as a negative regulator of its surface expression [157]. It is
speculated that this signal may be masked by the proper assembly of HCN1 channel subunits
and serve as a quality control mechanism for proper channel assembly in the ER. In addition
to the ER retention signal, a leucine-based ER export signal was identified in HCN1’s
N-terminus [157]. Together, these signals appear to function as regulators of HCN1 inner
segment plasma membrane delivery. Additionally, the 20 N-terminal amino acids of HCN1
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redirected an OS localized probe to the inner segment plasma membrane [157], suggesting
that it may serve as an OS rejection signal.

NKAa3 is also mostly absent from the photoreceptor outer segments.
Immunohistochemistry shows it to be located throughout the photoreceptor inner segment
and outer plexiform layer, with faint staining in the outer segment and/or connecting cilium
[115, 222]. In epithelial cells it has been proposed that NKA is localized to the basolateral
membranes in an ankyrin-dependent manner [200]. In photoreceptors, ankyrin-B (AnkB) is
required for expression of NKAa3, suggesting they interact [107]. However, pull downs

of NKAa3 failed to identify AnkB and the expression pattern of AnkB and NKAa.3

in isolated photoreceptors did not exactly match, casting doubt on such a mechanism

[115]. Expression of the sperm flagella NKAa4 in photoreceptors was exclusively outer
segment localized, and dependent on a N-terminal VVxP motif that bears resemblance to

the C-terminal VVxPx motif that drives outer segment localization of several photoreceptor
membrane proteins. This observation led to the alternative hypothesis that localization of
NKAa3, which possesses VXT in the analogous N-terminal domain, to the inner segment
plasma membrane was the result of an incomplete VxP OS localization signal. However,
mutation of VXT to VxP in NKAa3 did not result in OS localization, suggesting that VxP,
alone, is an incomplete OS enrichment signal or that other signals on NKAa3 may override
OS localization [115], perhaps through BBSome mediated checkpoint within the connecting
cilium.

In polarized epithelial cells, asymmetrical membrane protein trafficking is achieved by
targeting secretory vesicles to the apical or basolateral membranes based on the eight
protein exocyst complex (reviewed in [169, 238]). This raises the question of whether
photoreceptors employ polarized trafficking to partition inner segment proteins from the
outer segment or pre-synaptic terminal. Epithelial cell polarization begins with cell-cell
contacts and the formation of adherens junctions (AJ) that impose a diffusion barrier

belt between the apical and basolateral membranes. Photoreceptors contain a specialized
adherens junctions called the outer limiting membrane (OLM). The OLM is formed by
contact between photoreceptor inner segment membranes, at a position just apical to the
outer nuclear layer, and Muller glial cell end feet, and consists of N-cadherin, p-catenin,
a-catenin and the zonula occludens proteins, ZO1-3. A subapical region, which lies just
apical to the AJJOLM, is formed by the crumbs complex, which consists of Crumbs proteins
1-3 (CRB1-3), MPP5, PATJ, MUPP1, aPKC, EPB41L5, Cdc-41, veli-3, F-Actin [67, 208].
The location of the Crumbs complex just apical to the AJ is thought to be involved in
targeting apical membrane destined proteins via the exocyst complex.

Directional trafficking to cilia has been suggested to be mediated by exocyst complexes
and plays an important role in ciliogenesis [7, 253]. Similarly, photoreceptor specific
Ex05~/~ mice showed severely compromised outer segments at 4 weeks of age followed
by retinal degeneration; in zebrafish global knockout of Exoc5 resulted in complete loss
of photoreceptors. These results indicate a role for polarized trafficking in photoreceptor
ciliogenesis and maintenance [122]. The exocyst complex has been shown to be involved
in Rho transport to rhabdomeres in drosophila [16]. Exocyst complex proteins, sec6/8,
have been shown to be present in the apical inner segment and perinuclear membranes in
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Xenopus rods and co-localize with syntaxin 3 and Rab8 near the connecting cilium, possibly
implicating them in RTC vesicle fusion and, thus, rhodopsin transport to the outer segment
[132].

However, significant evidence suggests that polarized trafficking is not operating in the inner
segment. First, the OLM/AJ does not appear to serve as a diffusion barrier for inner segment
proteins. Proteins found in the inner segment plasma membrane, like HCN1 and NKAa3,
are generally distributed throughout the inner segment and outer plexiform layer [115,

157, 158]. Moreover, mutations that lead to rhodopsin mislocalization to the inner segment
membrane show it to be approximately uniformly distributed throughout, including into

the pre-synaptic terminal in the outer plexiform layer. For example, photoreceptor-specific
syntaxin 3 knockouts in mouse lead to rhodopsin mislocalization throughout the inner
segment outer nuclear layer and outer plexiform layer and loss of the outer segment [101]
and the retinitis pigmentosa causing rhodopsin mutant, Q334Ter, expressed in transgenic
Xenopus rods, where the outer segments remained intact, is found in the outer segment and
evenly distributed throughout the inner segment and pre-synaptic terminal membranes [205].
Moreover, the presence of crumbs proteins at the photoreceptor pre-synaptic terminal [135,
209] as well as at the OLM [67, 208] suggests polarized transport, in its traditional sense, is
not involved in partitioning inner segment and pre-synaptic proteins.

Protein enrichment in the photoreceptor pre-synaptic terminal

The third essential compartment of photoreceptor neurons is the pre-synaptic terminal.

Rods and cones communicate with bipolar and horizontal cells through elaborate triad
ribbon synapses consisting of bipolar and horizontal cell dendrites closely juxtaposed within
invaginations of the photoreceptor terminal, as well as bipolar and horizontal cell dendrite
contacts on the cone pedicle surface neighboring invaginations (Fig. 1). Additionally, rod
and cone presynaptic terminals are electrically coupled through gap junctions (reviewed in
[20]). The photoreceptor pre-synaptic terminals are highly dynamic structures. In darkness,
rods and cones steadily release the neurotransmitter, glutamate, through synaptic vesicle
fusion at rates of 100s (rods) —1000s (cones) per second [80, 188]. This enormous release

is countered by endocytic vesicle re-uptake — necessary for recycling of vesicle release
machinery and maintaining synaptic membrane homeostasis [142, 214, 215]. Synaptic
vesicles are organized above the active release zone by ribbon structures consisting of the
core ribbon protein Ribeye. The ribbons and associated synaptic vesicles are anchored to the
active zone through Bassoon and Piccolo, that, in turn, associate with CAST, Rim2, vesicle
associated Rab3a, Munc13, plasma membrane associated Syntaxin/SNAP25 and the voltage-
activated calcium channel that mediates vesicle release, Cay/1.4. Cay1.4 is anchored to the
active zone by filamentous actin, retinoschisin and a CaBP4-Unc119-RibeyeB complex [62,
142] (Fig. 7).

The large intracellular ribbon complex is anchored to extracellular matrix components and
to post-synaptic proteins (Fig. 6). F-actin forms a complex with the trans membrane protein
B dystroglycan, which is bound to a dystroglycan in the extracellular space between the
pre-synaptic and post-synaptic membranes. a dystroglycan complexes with Pikachurin,
Laminin, and retinoschisin [135]. Laminin was shown to mediate links between pre-and

Pflugers Arch. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Malhotra et al.

Page 18

post-synaptic laminin receptors, a dystroglycan and pikachurin and to maintain proper
transsynaptic alignment [89]. Retinoschisin complexes with Cay/1.4a and NKAa3. In rods,
the trans-membrane protein ELFN1 associates with Cay/1.4 channels in the rod spherule and
with mGIuR6 in the on rod bipolar cell dendrite [30]. Interestingly, a recently discovered
protein in cones, ELFN2, appears to play a similar role, associating with the post-synaptic
mGIuR6 in cone on bipolar cell dendrites [31]. The interactions of ELFN1 were proposed
to drive selective rod synapse formation in the retina. However, deletion of ELFN2, which
resulted in upregulation of ELFN1 in cones, did not disrupt cone to cone on bipolar cell
synapse formation. Moreover ELFN1/ELFN2 double knockouts disrupted cone synaptic
transmission, but the cone synapse appeared structurally intact, suggesting other factors are
at play [31].

Cay1.4 is essential for ribbon docking to the active zone. Knockout of Cay/1.4 results in
formation of ectopic synapses in the ONL, presence of floating spherical ribbons, lack of
terminal invaginations and abnormal distribution of Veli3 and PSD95 in rods [13, 175,
237]. Until recently it was not known if this disruption was due to a structural impact

of Cay/1.4, or to the channel activity. Genome editing to introduce the G369i mutation in
Cay1.4, which disrupts Ca2* conductance but not cell surface trafficking or voltage sensor
movements, into mice showed that the Cay/1.4 protein was required for proper assembly
of the pre-synaptic scaffold, but that Ca2* conductance was needed to assemble the proper
invaginating structure [127].

Together, these results show that the synaptic transmission machinery in photoreceptors

is a massive, interconnected complex between pre- and post-synaptic molecules and the
extracellular matrix (Fig. 7). This massive complex might lead one to view the synaptic
machinery as a semi-permanent structure that would require specialized mechanisms for
turnover. However, several lines of evidence show that proteins in the synaptic machinery
are highly dynamic. Single molecule tracking experiments show that Cay/1.4 channels

at rod and cone synapses are not fixed, but move within a membrane domain equal

to or slightly larger than the area beneath the synaptic ridge at the base of the ribbon

[134]. Pharmacological disruption of the cytoskeleton or depletion of membrane cholesterol
significantly increased the dimensions of the confinement domain of Cay/1.4 channels

and synaptic vesicle release, suggesting that macromolecular scaffolds and lipid rafts are
important for organizing the synapse. Moreover, ankyrin-B, a component of the membrane
cytoskeleton that is highly enriched in the photoreceptor pre-synaptic terminal, is also found
sparsely distributed along the entire inner segment membrane [115], suggesting localization
may be mediated by a diffusion to binding sink mechanism.

Machinery involved in vesicle reuptake is found in the peri-active zone (reviewed in

[142]). Clearance of the fused synaptic vesicles and associated vesicle proteins may

involve interplay between exocytic and endocytic proteins [214]. Individual vesicles are
thought to be retrieved by a relatively slow (minutes), clathrin-mediated endocytic process
which appears to operate under slightly depolarizing conditions. This slow process requires
clathrin, dynamin and dynamin interacting proteins [214]. TULP1, a photoreceptor exclusive
protein which interacts with plasma membrane via P1(4,5)P,, might also contribute to
membrane endocytosis at the pre-synaptic terminal. It has been shown that TULP1
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colocalizes with dynamin-1/2, clathrin heavy chain and F-actin. TULP1~/~ mice failed to
recruit endocytic proteins to the synapse resulting in severely reduced endocytosis from

the peri-active zone at the synapse [215, 228, 229]. A fast retrieval mechanism, where

large infoldings of membrane are retrieved at more depolarized conditions (dark-adapted),
operates through a poorly delineated dynamin and GTPase independent mechanism [210].
Tight control of synaptic vesicle fusion and membrane reuptake at the synapse is crucial to
maintain synaptic function. A mutation in polyphosphoinositide phosphatase, Synaptojanin
1, which plays a role in endocytosis, caused mislocalization of RIBEYE and Vamp2 to the
IS of cones. Prolonged dark adaptation resulted in accumulation of large vesicles in the inner
segment of these photoreceptors. Aberrant staining of Rab7 and LC3 suggested that it may
be due to disruption of endolysosomal trafficking, which exchanges proteins and membrane
between pre-synaptic termini and the Golgi [64].

Cellular microtubules extend from the basal bodies, through the myoid, past the nucleus and
into the pre-synaptic terminal (Fig. 1). This organization results in microtubule plus ends
terminating in the pre-synaptic structure, leading to the question of whether motor proteins
transport cargoes to the synapse. Immunohistochemistry has identified intraflagellar proteins
IFT88/57/52/20 in the outer plexiform layer of bovine retina [160]. Kif3a is found at the

PR synapse, directly associated with the ribbon [143]. Immunohistochemistry shows BBS4
is enriched in the outer plexiform layer [1]. However, it is unclear what the function of
these IFT components is in the pre-synaptic terminal. Recently, congenital BBS mutations
were shown to cause mislocalized ribbon synapses in the outer nuclear layer of mice

where horizontal cell processes aberrantly projected [85]. However, rod-specific BBSome
mutations generated under control of the Rho-Cre failed to reproduce the phenotype,
suggesting either that the effect of loss of BBSome activity was due to downstream neurons
or that loss of activity in both rods and horizontal cells is responsible for the faulty synapse
formation. Thus, while there are intriguing hints that IFT and BBSome mechanisms may be
at play in the synapse, their roles are far from clear.

One interesting possibility is that active transport is involved in the development of

the ribbon synapse. In a study using transmission electron and STED super resolution
microscopy, Regus-Leidig, et al. [176] showed that synaptic ribbon precursor spheres
containing Bassoon, Piccolo, RIBEYE, and RIM1 appear to transport as a unit to the nascent
synapse where they dock and await the arrival of other synaptic components, including
Muncl3, CAST1, RIM2, and plasma membrane spanning Cay1.4. Thus, the formation
of the photoreceptor ribbon synapse compartment could be envisioned as resulting from
a combination of active transport of the precursor sphere and diffusion of the remaining
components to a developing binding sink. Future studies will be needed to elucidate

the mechanisms that underlie the formation and maintenance of the highly dynamic
photoreceptor synapse.

Conclusions

Altogether, the seemingly varied results reviewed in this article suggest that functional
compartmentalization of retinal photoreceptors may be governed by relatively simple
physical principles. We propose that compartmentalization relies heavily on random
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diffusion of proteins to sites where specific interactions dictate compartment enrichment.

In this scheme, the inner segment plays a central role. Membrane proteins are synthesized,
post-translationally modified and packaged into transport vesicles that arrive at the IS
plasma membrane. Vesicle fusion releases proteins into the plasma membrane, where they
diffuse. Proteins that are destined to remain in the inner segment plasma membrane simply
diffuse randomly to uniformity. Proteins destined to be enriched in the pre-synaptic terminal,
like the Cay/1.4 channel, diffuse until they encounter a binding partner in that structure that
serves as a binding sink, such as the retinoschisin-laminin-a.-dystroglycan complex. Proteins
destined for the outer segment diffuse until they encounter the BBSome complex or some
other gatekeeper at the base of the connecting cilium. The BBSome checks the ID of the
protein and if they have the right credentials, they are let in — if not, they are kicked out.
Once they are through the gate, they are free to diffuse once again toward binding partners
that determine their location in the outer segment. In the case of rhodopsin, that binding
partner is itself, where extracellular domains on a newly forming disc membrane interact
with extracellular domains on the previously assembled membrane lamella, holding the
membranes together like stochastic Velcro.

Peripheral membrane proteins also diffuse throughout the cytoplasm, hopping on and off
membranes as they go. Some encounter binding partners that tether them, resulting in local
enrichment once again through a binding sink. Others find chaperone proteins, like PrBP§
or Unc119, that increase their solubility, perhaps helping them avoid the checkpoint at the
base of the connecting cilium to enter the outer segment. There, they are released from

the chaperone and free to diffuse once again, perhaps to find a binding partner. However,
results from [130] show that a binding partner is not necessary to maintain outer segment
enrichment of a loosely bound peripheral membrane protein that interacts with PrBPS.
This result implies that some additional force is required to maintain the outer segment
enrichment.

Soluble proteins avoid the checkpoint at the connecting cilium altogether. They are free

to roam and fill in all the cytoplasmic spaces, equilibrating to uniform concentration
everywhere. But the concentration is dictated by how big they are and the size of the spaces
they enter. The bigger the protein, the smaller the effective space and thus the volume.

In this way, variations in protein size and the density of cell structures can generate a
size-dependent partitioning of proteins based on effective local concentrations. Changes in
the size of proteins or in the geometry of the cytoplasmic spaces changes the math for the
distribution [147].

This simple physical model of photoreceptor compartmentalization may explain many
unsolved mysteries in photoreceptor pathobiology. For instance, it may explain why
rhodopsins are only partially mislocalized when the BBSome is dysfunctional. In the case of
rhodopsin, the BBSome may operate as a weak selective gate of sorts that tilts the diffusive
equilibrium of rhodopsin toward the cilium membrane, a tilting that is enhanced by the
stochastic Velcro binding sink created by the nascent disc membranes. This mechanism
predicts that rhodopsin would be found in the inner segment, connecting cilium and disc
membranes in progressively higher concentrations, a prediction that is supported in a

recent study quantifying rhodopsin in these membranes by immunogold EM (Chadha et

Pflugers Arch. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Malhotra et al.

Page 21

al., 2019). Disabling the gate, or making it less effective, removes the tilt, slightly shifting
the equilibrium back toward the inner segment membranes allowing some of the rhodopsins
being packaged into nascent discs in rods or the lamellae in cones, to leak out of the

outer segment. The many other proteins that are more heavily influenced by the BBSome
would become mislocalized to a greater extent. Similarly, peripheral membrane proteins,
like transducin, may have a more inner segment-tilted equilibrium in the absence of Unc119.

Much is left to do to determine the mechanisms of photoreceptor functional
compartmentalization and to test the veracity of the transport, diffusion, binding and
equilibrium tilting hypotheses outlined here. Sophisticated, high resolution, quantitative
live-cell imaging will lead the way to understanding the functional compartmentalization of
these elegant cells.
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Fig. 1. Schematic of rod and cone photoreceptors
Simplified schematics of a rod photoreceptor (left) and a cone photoreceptor (right),

indicating the functional compartments. Plus and minus indicate polarity of the
microtubules. Axoneme microtubules are solid blue lines, cellular microtubules are grey
broken lines. Orange circles represent the adherens junctions/outer limiting membrane. Red
circles indicate subapical region (SAR). CP=Calyceal process, OS = Outer segment, IS =
inner segment, CC = connecting cilium, Syn = synapse. H = horizontal cell process, B = ON
bipolar cell process, OFF BC = OFF bipolar cell process.
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Fig. 2. Intrinsic membrane protein compartmentalization within the OS.
Schematic of a mammalian rod in the region of the CC. Intrinsic membrane proteins are

thought to be delivered to the apical/periciliary membrane on rhodopsin transport carrier
(RTC) vesicles, where they fuse (see text for details). Membrane proteins then enter the
CCltransition zone, possibly mediated by the BBSome. Proteins destined for disc and
plasma membrane transport to the lamellar membranes most likely by diffusion. Eventually
the nascent disc membranes are enclosed by the plasma membrane through a mechanism
that separates plasma membrane proteins, the CNG gated channel-Na*/Ca*,K* exchanger
complex, from the disc proteins, rhodopsin and peripherin 2, which likely occurs during
peripherin 2-RomZ1-mediated disc rim expansion (see text). Note that this schematic is not
meant to be an exhaustive representation of all OS membrane protein transport, or of disc
morphogenesis.
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Stochastic Velcro model of disc formation
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Fig. 3. The Stochastic Velcro model of rhodopsin enrichment in disc membranes.
Rhodopsin density in the disc membranes is twice that in the plasma membrane, indicating

that it is not efficiently separated into disc membranes. One possible explanation for this
asymmetry is that rhodopsin self-associates at is extracellular N-termini. This may result

in a Velcro-like coupling of the nascent disc membranes and producing a self-binding sink
driving disc enrichment. Affinity would not be expected to be high for this interaction since
it only produces a twofold difference in disc vs plasma membrane density. This interaction
may also help drive disc morphogenesis. For simplicity, rhodopsin cis dimers (in the same
membrane) are not depicted in this schematic.
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Fig. 4. Role of electrostatic interactionsin the compartmentalization of peripheral membrane
proteins.
A. Montage of confocal images of living Xenopus rods expressing EGFP probes with

indicated surface charge and lipidation motif. Note that none of the probes possess

binding motifs for the lipid binding chaperone proteins, PrBP& and Unc119. Significant
OS localization of most probes shows that lipid binding chaperone proteins are not required
for OS access and enrichment of peripheral membrane proteins. B. Box-whisker plots

of average fluorescence in the pre-synapse divided by average fluorescence in the OS
shows that positively charged probes with prenyl lipids are depleted from the OS and
enriched in the pre-synapse, while probes containing myristoylation and neutral or negative
charge equally distributed between compartments. A probe consisting of EGFP fused to
the myristoylation motif containing N-terminal 16 amino acids of Ta., which binds to

Pflugers Arch. Author manuscript; available in PMC 2022 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Malhotra et al.

Page 39

Uncl19, was not significantly more OS enriched than the Myr0 probe, which does not
bind Unc119, suggesting that Unc119 association alone is not sufficient for OS enrichment.
The probe containing the farnesylated C-terminus of GRK1, which does bind to PrBPS, is
more strongly OS localized, thus, PrBP delta tilted the equilibrium toward OS enrichment.
However, presence of the Far0 probe in the OS shows that PrBPS is not required for OS
entry. Modified from [130].
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Fig. 5. Steric volume exclusion and the compartmentalization of soluble proteinsin
photoreceptors.
A. The distribution of soluble molecules in Xengpusrods depends on the size of the

molecule. Note that the conformation of the EGFP dimers and tetramer shown are only one
of many possible. B. The relationship of the ratio of the OS fluorescence to the maximum
IS fluorescence scaled inversely and linearly with the estimated average hydrated radius

of the molecules. This phenomenon can be explained by the asymmetrical reduction in

the available aqueous volume of the differently shaped compartments caused by steric
volume exclusion (i.e. loss of volume available to the center of mass of the molecule).

C. For example, two interconnected boxes have the same geometric volume ( V), but
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vastly different shapes. Introducing a spherical molecule reduces the geometry of both
compartments, and thus the volumes accessible (V4.) to their centers of mass of the
molecule. This reduction is larger for the rectangular compartment. D. As the size of the
molecules increase, the reduction in V. falls more steeply for the rectangular compartment.
E. Since soluble molecules will equilibrate to equalize their concentrations (c) everywhere,
the shape asymmetry will cause partitioning of the soluble molecules into the cubical
compartment, where the total mass (/) will be higher. Panels A and B modified from [147].
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Figure 6. DBT model predictsthedistribution of Arrlin rods possessing bleached-
unphosphorylated and bleached-phosphorylated rhodopsin to be nearly indistinguishable.

We calculated the distribution of Arrl concentration in rod photoreceptors using our
diffusion, binding active transport (DBT) model [130]. We used our published values

for compartment specific soluble protein diffusion coefficients [28] and the dissociation
constants for Arrl binding with bleached-unphosphorylated rhodopsin or bleached-
phosphorylated rhodopsin [249]. The concentration of rhodopsin in the outer segment was
assumed to be 6 mM [171], and that of Arrl to be 4.7 mM [202], relative to the disc
excluded outer segment volume. Despite three orders of magnitude differences in Ky, the
distribution of Arrl was strongly outer segment biased in both bleached rods. This can

be explained by the high concentration of Arrl and rhodopsin relative to the Kys for
respective bleached rhodopsins and the lack of binding sites in the inner segment near the
concentration of Arrl. Despite the strong outer segment enrichment of Arrl in the case

of bleached-unphosphorylated rhodopsin, the outer segment mobility remained reasonably
high due to higher off rate. The distribution of Arrl in the dark-adapted rod assumed inner
segment partitioning via the steric volume exclusion mechanism [147].
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Fig. 7. Interactions of photoreceptor ribbon synapse proteins.
Schematic of the ribbon synapse protein interactions. Schematic based on [62, 135, 237],

among others.
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