e

ANNUAL

vews Further
Click here to view this article's
online features:

¢ Download figures as PPT slides
¢ Navigate linked references

* Download citations

e Explore related articles

e Search keywords

Annu. Rev. Vis. Sci. 2016. 2:197-234

First published online as a Review in Advance on
July 18, 2016

The Annual Review of Vision Science is online at
vision.annualreviews.org

This article’s doi:
10.1146/annurev-vision-111815-114407

Copyright © 2016 by Annual Reviews.
All rights reserved

Retinoids and Retinal Diseases

Philip D. Kiser!? and Krzysztof Palczewski!

'Department of Pharmacology, Cleveland Center for Membrane and Structural Biology,
School of Medicine, Case Western Reserve University, Cleveland, Ohio 44106;
email: pdk7@case.edu, kxp65@case.edu

2Louis Stokes Cleveland VA Medical Center, Cleveland, Ohio 44106

Keywords

retinoids, visual cycle, rhodopsin, cone pigments, RPE65, LRAT, retinol
dehydrogenases, A2E, visual cycle modulator, age-related macular
degeneration

Abstract

Recent progress in molecular understanding of the retinoid cycle in mam-
malian retina stems from painstaking biochemical reconstitution studies sup-
ported by natural or engineered animal models with known genetic lesions
and studies of humans with specific genetic blinding diseases. Structural and
membrane biology have been used to detect critical retinal enzymes and
proteins and their substrates and ligands, placing them in a cellular context.
These studies have been supplemented by analytical chemistry methods that
have identified small molecules by their spectral characteristics, often in con-
junction with the evaluation of models of animal retinal disease. Itis from this
background that rational therapeutic interventions to correct genetic defects
or environmental insults are identified. Thus, most presently accepted mod-
ulators of the retinoid cycle already have demonstrated promising results
in animal models of retinal degeneration. These encouraging signs indicate
that some human blinding diseases can be alleviated by pharmacological
interventions.
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RPE: retinal pigment
epithelium
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1. DISCOVERY OF VISUAL PIGMENT REGENERATION PATHWAYS

The sole action of light in visual sensation is to photoisomerize the 11-cis-retinal (11-cis-RAL)
chromophore of photoreceptor visual pigments in the retina to an all-#rans configuration (Wald
1968). Conformational changes in the visual pigment elicited by this isomerization allow the
receptor to couple to its cognate G protein and initiate the phototransduction cascade (Palczewski
2006). The absorption of light by visual pigments destroys their chromophore properties in a
process referred to as photochemical bleaching (Wald 1968). Sustained vision thus relies on a
mechanism for regenerating ground-state visual pigments (Kiser et al. 2014, McBee et al. 2001).
This regeneration pathway was originally referred to as the visual cycle, although the more recent
term retinoid cycle is probably a more accurate description of the process (the terms are used
interchangeably in this article).

Research into this area of visual science was initiated in the late 1800s with the work of B6ll and
Kiihne (Ripps 2008) who discovered the presence of a substance in the rod-dominant frog retina
that they named visual purple, speculated to be the light-responsive substance of vision. Exposure
of the purplish-red retina to light resulted in its progressive bleaching over the course of several
seconds. Kithne made the critical discovery that the color of the retina could be restored if it was
positioned back in contact with the retinal pigment epithelium (RPE) and placed in the dark, thus
establishing the existence of a two-cell type system required for visual pigment regeneration.

The molecular basis of these processes was revealed by the research of George Wald and
his colleagues (Hubbard & Wald 1952, Wald 1968) in the mid-1900s (Figure 1). They found
that the chromophore of the visual pigments is a vitamin A derivative known as retinaldehyde
or retinene, as it was called then. This group also elucidated the multistep photochemistry of
rhodopsin activation and laid out the first detailed scheme of chemical reactions involved in visual
chromophore regeneration (Figure 14) (see also the sidebar, Chemical Reactions of the Retinoid
Cycle, and Figure 2). Following photoactivation, visual pigments release their chromophore

rhodopsin
P P! b

P \Qght‘
.

/somerase

(retinol)

(retiny? esters)

The visual cycle pathway as proposed by George Wald. (#) Reactions involved in rhodopsin bleaching and regeneration of the visual
chromophore. Panel # reproduced with permission from the George Wald Nobel lecture, copyright The Nobel Foundation. () A
picture of George Wald following the announcement that he had won the 1967 Nobel Prize in Physiology or Medicine. Photograph
courtesy of Dr. John Dowling (Harvard University).

198

Kiser o Palczewski



CHEMICAL REACTIONS OF THE RETINOID CYCLE

Reactions of the visual cycle take place at the membrane—cytoplasm interface. Vitamin A, a fat-soluble vitamin
central to this cycle, is available to the enzymes because it partitions mostly into membranes. Yet access to other
soluble substrates and products, for example, water, is also needed. Thus, these enzymes reside within membranes
as transmembrane or membrane-associated proteins. The visual cycle depends on a few reactions that could oc-
cur partially in membranes at physiological temperatures. These include redox reactions, Schiff base formation
and hydrolysis, esterification, and stereospecific isomerizations (Figure 2). The movement of retinoids between
membranes is enabled by retinoid-binding protective proteins and active ATP-driven transporters (ABCA4), or it
is driven by LRAT-mediated esterification. The transfer of all-z72ns-ROL from photoreceptors to the RPE occurs
by passive diffusion because retinyl esters have a propensity to form insoluble lipid droplets, termed retinosomes.
All-trans-ROL taken up from the circulation via the STRAG transporter is also esterified and stored in retinosomes.
11-cis-RAL transfer from the RPE to photoreceptors is driven by a nearly irreversible reaction between this retinoid
and opsins.

as all-zrans-RAL which is reduced to all-trans-retinol (all-trans-ROL) within photoreceptor cell

outer segments (Dowling 1960). The latter compound is then transferred to the RPE where it

undergoes esterification by a microsomal enzyme (Andrews & Futterman 1964), lecithin:retinol

ROL: retinol

acyltransferase (LRAT) (Ruiz et al. 1999), to form all-zrans-retinyl esters. During dark adaption,

the retinyl esters are gradually converted back to 11-¢is-RAL, which combines with apo-opsins tﬁﬁlﬁ_rednol
to regenerate light-responsive, ground-state visual pigments (Dowling 1960). In the 1980s, a acyltran‘sferase
phospholipid membrane-dependent retinoid isomerase activity was discovered in RPE cellular RPE6S: retinal
fractions (Bernstein et al. 1987, Deigner et al. 1989), some 50 years after Wald’s first description pigment

of the visual cycle pathway. This retinoid isomerase activity was eventually linked to an RPE-  epithelium—specific
specific protein called RPE65 (retinal pigment epithelium-specific 65 kDa protein) (Jin et al. 65 kDa protein
2005; Moiseyev et al. 2005; Redmond et al. 1998, 2005).

The reactions described above comprise the classical visual cycle essential for both rod and

cone cell function in humans (Figure 3) (Jacobson et al. 2007, Saari 2012). Moreover, there is
experimental support for the existence of a second pathway for 11-cis-RAL biosynthesis in the
retina (Fleisch et al. 2008, Wang et al. 2009). This intraretinal visual cycle specifically supplies
cone photoreceptors with quantities of visual chromophore sufficient for operation under pho-

topic conditions (Wang & Kefalov 2011). The existence of such an alternative pathway was first

suggested by experiments demonstrating that cone photoreceptors in isolated frog retinas regen-

erated in the dark, unlike rod photoreceptors which depend on the RPE for such regeneration

(Goldstein 1970). Defined enzymatic activities thought important for cone-specific regeneration
have been identified in the retinas of cone-dominant species (Figure 3) (Mata et al. 2002, Muniz

etal. 2009). More recently, candidate enzymes of this pathway have been proposed, although their

physiological relevance remains to be determined (Tables 1 and 2). In this article, we primarily

focus on progress made in understanding the classical RPE-based retinoid cycle, as well as diseases

that result from the disruption of this pathway.

2. VISUAL PIGMENTS AND NONVISUAL OPSINS

Rhodopsin is the sole visual pigment of rod photoreceptors. Owing to its natural abundance in
the rod-dominant retinas of many common laboratory animals and cattle (Palczewski 2006), this
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Reactions that constitute the retinoid cycle. The asterisk denotes the active signaling state of rhodopsin (meta-II rhodopsin).

Abbreviations: LRAT, lecithin:retinol acyltransferase; NAD, nicotinamide adenine dinucleotide; PC, phosphatidylcholine; RDH,

retinol dehydrogenase; Rho, rhodopsin; RPE, retinal pigment epithelium.

pigment is the most thoroughly characterized member of the mammalian opsin protein family.
In rod outer segments, most of the rhodopsin resides in paracrystalline arrays within intracellular
disks, of which in mice there are approximately 600 per outer segment. Rhodopsin constitutes
an integral component of the rod outer segment structure as demonstrated by the absence of

photoreceptor outer segments in Rho™'~

mice (Humphries et al. 1997). The rod outer segment

plasma membrane also contains a subpopulation of rhodopsin with distinct properties as compared

with intradiscal rhodopsin (Kessler et al. 2014).

‘The lipophilic nature of rhodopsin was first noted by Kiithne (1977), who observed that it could
be solubilized in a spectrally intact form by treating rod outer segments with bile detergents.

Determination of the bovine rhodopsin amino acid sequence (Hargrave et al. 1983, Nathans &

Hogness 1983) has revealed seven distinct stretches of hydrophobic amino acids of appropriate
length to be embedded as «-helices in a phospholipid membrane. This topology was confirmed
by the projection structure of rhodopsin (Schertler et al. 1993), which provided the first detailed
information concerning the configuration of the a-helical bundle of this protein. Shortly after
elucidation of the rhodopsin primary structure, the gene encoding the (3;-adrenergic receptor
(B1-AR) was identified, which revealed that these two proteins belong to the G protein—coupled
receptor superfamily (Dixon et al. 1986). Like the ;-AR, rhodopsin activation has been shown
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Figure 3

Retinoid transformations and enzymes of the classical and intraretinal visual cycles. (Leff) The classical visual cycle involving enzymes
located in the RPE and photoreceptor outer segments. This pathway supports both rod and cone cell function. (Right) Reactions
comprising the putative intraretinal visual cycle that provides cones with a privileged source of 11-¢is-RAL. This pathway is thought to
involve enzymes located in Miiller glia and cone photoreceptors. Candidate enzymes of the pathway are shown in blue and marked by
asterisks to indicate that their physiological involvement in the pathway has not yet been established. Abbreviations: DESI,
dihydroceramide desaturase 1; hv, light; LRAT, lecithin:retinol acyltransferase; MFAT, multifunctional O-acyltransferase; RAL,
retinal; RDH, retinol dehydrogenase; RE, retinyl ester; ROL, retinol; RPE, retinal pigment epithelium.

to stimulate downstream second messenger—generating enzymes (PDE6 and adenylyl cyclase for,
respectively, thodopsin and 1-AR) by catalyzing the exchange of guanosine triphosphate for
guanosine diphosphate in an intermediary signaling, heterotrimeric G protein called transducin
(Kwok-Keung Fung & Stryer 1980).

In addition to rhodopsin, there are a number of other light-activated opsin molecules expressed
in the human retina. These include cone visual pigments, which mediate color vision, the retinal
G protein—coupled receptor (RGR), which is involved in mobilizing retinyl esters within the RPE
(Radu etal. 2008, Wenzel et al. 2005), melanopsin, expressed in photosensitive ganglion cells that
trigger the pupillary light response (Lucas et al. 2003, Panda et al. 2003), and related proteins,
which are involved in circadian rhythmicity (Van Gelder 2008). These light receptors belong to the
broad type 2 opsin family and typically signal through G proteins (Ernstetal. 2014). Type 1 opsins
are a second group of retinylidene proteins expressed in lower organisms that exhibit significant
structural similarity to type 2 opsins, including a seven-transmembrane-spanning «-helical fold

and a retinal-binding lysine (Lys) residue located at a position equivalent to Lys*%

in rhodopsin
(Spudich et al. 2000). Type 1 opsins function as light-driven ion channels or pumps, or mediate
phototaxis through activation of transducer molecules. Type 1 and 2 opsins lack a discernible
sequence identity to each other and differ in the configurations of their «-helical bundles. This
finding seems to indicate that the two opsin families arose via convergent evolution, with the
equivalent positioning of the lysine being a critical structural feature that had to be achieved twice
during evolution from two ancestral sequences (Spudich et al. 2000). However, a recent study

demonstrating that functional rhodopsin can be formed from mutants in which this lysine residue
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has been relocated within the helical bundle suggests that type 1 and 2 opsins descended from a
common ancestral sequence (Devine et al. 2013).

Rhodopsin, like all known vertebrate visual pigments, senses light through a Schiff base-linked
11-cis-retinylidene chromophore (Hubbard & Wald 1952). The absorption of light by this chro-
mophore promotes transition of electrons from ground-state to excited-state molecular orbitals.
It is this change in electron density distribution that allows the cis—trans isomerization to proceed.
Notably, photoisomerization of the 11-cis chromophore is extremely rapid, occurring within 200
fs after light absorption. Torsional vibrations of the bound 11-cis-retinylidene occur over a similar
time scale, and vibrational coherence has been observed in the all-t7ans-retinylidene photoproduct
(Wang et al. 1994). These findings imply that isomerization involves small movements, mainly
within the center of the all-zrans-RAL molecule, and that these movements are virtually unim-
peded by the chromophore-binding pocket. Moreover, the vibronic coupling explains, in part, the
high quantum yield (0.67) of rhodopsin photoisomerization.

The ligand-binding pocket of rhodopsin, resolved in atomic detail by determination of its
crystal structure (Figure 4) (Palczewski et al. 2000), exerts a profound influence on the optical
absorbance properties of the bound retinylidene chromophore via distortions of the planar polyene
structure, as well as by electrostatic influences, a phenomenon referred to as the opsin shift.
The protonation state of the Schiff base is one well-characterized factor that determines the
absorbance spectrum of rhodopsin. In rhodopsin’s ground state, the Schiff base is protonated, with
the glutamate!"® side chain carboxylate serving as the counterion (Nathans 1990, Sakmar et al.
1989). Upon photoisomerization, the Schiff base loses its proton to form the signaling-competent
Meta IT rhodopsin state, with a blue-shifted absorbance spectrum (Wald 1968).

Crystal structures of rhodopsin, including Meta II-like states, indicate that the isomerization
of retinylidene is communicated to the G protein—interacting surface via alterations in a water-
mediated hydrogen bonding network (Angel et al. 2009, Choe et al. 2011). The primary result of
these changes is movement of the cytosolic ends of «-helices V and VI, making the binding site
for transducin accessible. Crystal structures of rhodopsin in complex with transducin are needed
to fully resolve the mechanism of information transfer from the ligand-binding pocket to the G
protein.

Mutations in the opsin gene result in a spectrum of eyesight disorders, the most severe of which
is referred to as retinitis pigmentosa (RP). A RHO mutation resulting in a Pro — His substitution
at position 23 in the amino acid sequence (P23H) was the first reported pathological mutation in
this gene, and it is a particularly common cause of inherited autosomal dominant RP (Dryja et al.
1990). This P23H rhodopsin is highly susceptible to degradation within the endoplasmic reticulum
(ER), impeding rhodopsin trafficking to the outer segments, disrupting disc morphogenesis, and,
ultimately, causing photoreceptor cell death (Sakami et al. 2011).

3. RETINOID TRANSPORTERS: STRA6 AND ABCA4
3.1. Stimulated by Retinoic Acid 6

The passage of lipophilic retinoids, such as all-zans-ROL, between the two leaflets of phospho-
lipid biological membranes can occur by simple diffusion. Nevertheless, there are two known
locations within the retina where selective and efficient retinoid trafficking across phospholipid
membranes relies on the activity of integral membrane transporter proteins, namely the apical
plasma membrane of the RPE, where all-t74ns-ROL is obtained from the circulation, and the
photoreceptor outer segment disks, where large quantities of all-t7ans-RAL are generated during

light exposure (Figure 5).
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Figure 4

Crystal structure of ground-state bovine rhodopsin. The protein backbone is shown in a schematic
representation with the 11-cis-retinylidene chromophore and covalently linked lysine (Lys*”®) side chain
displayed as sticks and spheres. The a-helices are numbered based on their order in the polypeptide
sequence. The red and blue lines demarcate the approximate width of the phospholipid membrane bilayer.
The figure was generated with PyMol (Schrédinger, https://www.pymol.org/) using the rhodopsin atomic
coordinates deposited in the Protein Data Bank under accession code 1U19.

After years of controversy regarding its existence, the receptor for holo-retinol-binding protein
4 (RBP4) was identified in 2007 as the protein known as stimulated by retinoic acid 6 (STRAG6)
(Kawaguchi et al. 2007), so named because of its retinoic acid (RA)-inducible nature (Bouillet
et al. 1997). This multipass transmembrane protein is conserved in vertebrates, but bears no
significant sequence homology to any known protein family (Figure 5). All-trans-ROL (vitamin
A) mainly circulates in the plasma in complex with RBP4, a 21 kDa protein, which in turn forms a
complex with transthyretin (T'TR) that prevents the renal excretion of RBP4 (Figure 55). STRA6
contains an extracellular loop that mediates its interaction with holo-RBP4 to allow extraction of
all-trans-ROL from the RBP4-binding pocket (Figure 5b) (Kawaguchi et al. 2008). Liberated all-
trans-ROL then traverses a passageway formed by the STRAG6 transmembrane «-helical segments,
of which there are likely nine. Free all-trans-ROL then is picked up on the cytoplasmic side of
the membrane by cellular retinal-binding protein 1 (CRBP1), which mediates the diffusion of all-
trans-ROL to the ER, where it is metabolized (Figure 54). Unlike most small molecule facilitative
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Figure 5

Structure and function of retinoid transporters essential for retinal health and function. () Topology diagram of the holo-RBP
receptor, STRAG. The RBD (orange) resides between transmembrane helices VI and VII. Numbering indicates positions within the
human amino acid sequence. (b)) The role of STRAG6 in the uptake of atROL from holo-RBP into a target tissue, such as the RPE.

(¢) Topological diagram of ABCA4. The large ECDs are glycosylated at multiple positions, as indicated by red asterisks. Two CDs
contain Walker A and B motifs responsible for adenosine triphosphate binding and hydrolysis (shown in a schematic representation)
that drive the transport function of the protein. Numbering indicates positions within the human amino acid sequence. (4) Role of
ABCA4 in the metabolism of atRAL. atRAL (red sticks) released from photoactivated visual pigments (red schematic) into the
exocytoplasmic leaflet of the disk membrane is inaccessible to RDHS, the enzyme that converts atRAL into atROL. atRAL readily
forms a Schiff base conjugate with phosphatidylethanolamine (black sticks with blue beadgroup). The Ret-PE adduct is translocated to the
cytosolic leaflet through the action of ABCA4, where it dissociates to yield free atRAL that can be metabolized by RDHS to
nonelectrophilic atROL. Loss-of-function mutations in ABCA4, causative of Stargardt disease, result in the accumulation of atRAL and
Ret-PE, which can undergo secondary reactions to form potentially toxic bis-retinoids and protein-retinoid conjugates that ultimately
lead to retinal degeneration. Panels # and 4 adapted from Kiser et al. (2014). Abbreviations: ABCA4, adenosine triphosphate-binding
cassette transporter 4; atRAL, all-trans-retinal; atRE, all-trans-retinol ester(s); atROL, all-rans-retinol; CD, cytosolic domain; CRBP,
cellular retinal-binding protein; ECD, extracellular domain; LRAT, lecithin:retinol acyltransferase; RDHS, retinol dehydrogenase 8;
RBP, retinol-binding protein; RBD, RBP-binding domain; Ret-PE, retinal-phosphatidylethanolamine Schiff base adduct; RPE, retinal
pigment epithelium; STRAG, stimulated by retinoic acid 6; TTR, transthyretin.

transporters, substrate flow is not governed by the concentration gradient of free substrate. Instead,
the flow depends on the concentrations of the holo- and apo-forms of the retinoid-binding proteins
RBP and CRBP1 (Kawaguchi et al. 2011). Besides its transport function, STRAG6 also directly
catalyzes the release of all-z7ans-ROL from holo-RBP into the transport passageway (Kawaguchi
etal. 2011).

STRAG6—which is expressed in several tissues, including the eye, brain, placenta, and testis,
both during development as well as in adulthood—is particularly abundantin tight junction-linked
epithelium and endothelial cell layers that form blood-organ barriers (Bouillet et al. 1997). In the
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RPE, STRAG expression is restricted to the basolateral membrane, where it mediates vitamin A
uptake from the choriocapillaris (Kawaguchi et al. 2007).

Mutations in STRAG6 are associated with a severe developmental disorder known as the
Matthew-Wood syndrome (Golzio et al. 2007, Pasutto et al. 2007). This disease, typically lethal
in early childhood, is characterized by a range of developmental abnormalities, including anoph-
thalmia or microphthalmia; heart, lung, and urogenital malformations; short stature; and facial
dysmorphism. Similar malformations have been observed in a STRA6 knockdown zebrafish model
of Matthew-Wood syndrome (Isken et al. 2008), whereas St726~'~ mice exhibit a more mild and
restricted phenotype, primarily affecting the eye (Amengual et al. 2014, Ruiz et al. 2012). Domi-
nant negative mutations in RBP4 that enhance STRAG6-apo-RBP4 binding affinity have also been
linked to congenital eye malformations (Chou et al. 2015). Notably, maternal inheritance of this
class of mutations is linked to greater disease penetrance, likely due to partial blockade of placental
STRAG adversely affecting maternal to fetal transfer of vitamin A.

3.2. Adenosine Triphosphate-Binding Cassette Transporter 4

After photobleaching, all-z7ans-RAL released from activated visual pigments can diffuse into the
outer or inner leaflets of disk membranes. In the former case, all-zrans-RAL is directly avail-
able to all-trans-retinol dehydrogenase (RDH) enzymes that quickly convert it to vitamin A
(Rattner et al. 2000). RDHS is such an enzyme, but all-t7ans-RAL released into the inner leaflet
is not accessible and thus persists as a reactive electrophile in disk membranes. All-rrans-RAL
is prone to undergoing reactions with primary amine-containing compounds, such as proteins
(which can directly cause cellular toxicity), small molecular drugs (Maeda et al. 2012), and phos-
phatidylethanolamine (PE). Although formation of the all-z7ans-RAL-PE Schiff base conjugate is
reversible, a small portion of the conjugates undergo secondary reactions with an additional all-
trans-RAL molecule that result in the irreversible formation of a number of bis-retinoid adducts,
the most thoroughly characterized of which are A2E and all-#rans-RAL-dimer (Kim et al. 2007).
To prevent the accumulation of such potentially pathological side products, vertebrate photore-
ceptors express an approximately 250 kDa adenosine triphosphate (ATP)-driven transporter called
ABCA4 (for ATP-binding cassette transporter 4, also known as ABCR) that belongs to the large
ABC transporter family (Figure 5¢) (Illing et al. 1997, Tsybovsky et al. 2010). This flippase is
responsible for translocating all-zrans-RAL-PE Schiff base conjugates from the intradiscal to the
cytosolic side of the disk membrane, where they dissociate and the released all-trans-RAL can
be reduced by all-zrans-RDHs to promote retinoid cycle entry (Figure 5¢,d) (Quazi et al. 2012).
11-cis-RAL-PE adducts also can accumulate during 11-cis-RAL excess and undergo condensation
into toxic bis-retinoids (Quazi & Molday 2014). ABCA4 localizes specifically to the rim regions
of rod photoreceptor disks, hence its prior designation as a Rim protein (Papermaster et al. 1978),
possibly because of the large size of its extracellular domains, which could exclude the protein from
the narrow interior of the disks’ central regions (Figure S¢) (T'sybovsky et al. 2013). ABCA4 is
also expressed in cone photoreceptor outer segments and thus could participate in retinoid cycling
within cones (Molday et al. 2000).

Loss-of-function mutations in ABCA#4 result in a severe, juvenile-onset autosomal recessive
retinopathy called Stargardt disease (SGD), characterized by the loss of central vision, dis-
ruption of retinal structure, and accumulation of retinoid-containing lipofuscin-like material
(Figure 5d) (Allikmets et al. 1997b, Sun et al. 2000). Additionally, ABCA4 mutations have
been associated with an increased risk of age-related macular degeneration (Allikmets et al.
1997a). Abca4~'~ mice display some features associated with SGD, although the phenotypes are
mild relative to the human disease. However, a combined knockout of Abca4 with Rdh§ greatly
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accentuates this retinal phenotype and the susceptibility to all-z7ans-RAL phototoxicity (Maeda
etal. 2009a).

ABCA4 gene therapy for the treatment of SGD is an active and promising area of research
(Cideciyan et al. 2009). The large size of the ABCA4 coding sequence precludes the use of tra-
ditional adeno-associated virus (AAV) vectors for gene delivery to the retina. This limitation has
been circumvented by using dual AAV vectors containing portions of the ABCA4 coding sequence
that reconstitute the complete coding sequence in situ via concatemerization (Trapani et al. 2014).
Nonviral DNA nanoparticles, lacking the size limitations associated with AAV vectors, have also
been successfully employed for delivering ABCA4 into the retinas of Abca4~/~ mice (Han et al.
2012). The application of systems pharmacology has fostered the discovery of signaling pathway
networks that can be pharmacologically modulated to treat SGD (Chen et al. 2013). This ap-
proach has been enabled by the advent of in vivo two-photon microscopy imaging of the retina,
used in conjunction with traditional imaging and histological modalities, as a means to track disease
pathogenesis and treatment efficacy (Maeda et al. 2014).

4. RETINOL DEHYDROGENASES: REVERSIBLE REDOX
CHEMISTRY OF RETINOIDS

11-cis-RAL contains an electrophilic aldehyde needed for covalent binding to the lysine residue
located in the orthosteric pocket of visual opsins. However, the chemical trans—cis reisomerization
reaction of the visual cycle occurs at the alcohol level of oxidation (Bernstein & Rando 1986).
Additionally, all-zrans-RAL released from photoactivated visual pigments is cytotoxic at high
concentrations and must be rapidly converted to nonelectrophilic all-#z7ans-ROL to maintain the
health of the retina (Chen et al. 2012, Maeda et al. 2009a). For these reasons, enzymes capable of
catalyzing the interconversion of retinoids between their aldehyde and alcohol forms are essential
components of the visual cycle (Table 3) (reviewed in Kiser et al. 2012b, Parker & Crouch 2010).

All-trans-RAL and all-zrans-ROL interconversion, using nicotinamide adenine dinucleotides
(NAD:s) as cofactors, has a low energy barrier and is reversible under physiological conditions.
Whether an enzyme acts as a RAL reductase or an RDH is thus governed primarily by mass action.
In most cells, the ratio of [NAD"] to [NADH] is much greater than 1, such that in vivo enzymes
preferentially using this cofactor tend to convert ROLs to RALs. The [NADP*]/[NADPH] ratio
depends on the cell type, but is usually much lower than 1, meaning that enzymes with a preference
for this cofactor, with some exceptions, act as reductases.

Although various oxidoreductase enzymes are capable of catalyzing these transformations,
RDH members of the short-chain dehydrogenase/reductase (SDR) superfamily are the major in
vivo contributors to these processes. SDRs constitute a large superfamily of oxidoreductases that
metabolize a variety of endogenous and exogenous substrates—including retinoids, steroids, poly-
ols, and xenobiotics—utilizing NAD(P)(H) as a source of redox equivalents. Based on sequence
homology, all members of the RDH subfamily are predicted to adopt a classical SDR structure
consisting of an N-terminal Rossmann fold that houses the nucleotide-binding site and a variable
C-terminal domain where retinoids and other substrates bind. The topology of RDH membrane
binding is an active area of research. These enzymes bind to membranes either through hydropho-
bic sequences at their N or C termini, or both, or by posttranslationally attached fatty acyl chains.
Several members of this enzyme class are encoded in the human and mouse genomes and, in many
cases, there is overlapping substrate specificity between orthologs. Such overlap has complicated
the identification of the specific RDHs most responsible for catalyzing visual cycle redox chemistry
in vivo. Nevertheless, knockout mouse studies and RDH mutations in humans with various retinal
diseases have helped clarify the relative physiological importance of the various RDH members.
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Table 3 Transcript reads across different RNA sequencing experiments with whole eye tissue from 1-month-old B6 and

Rbo~'~ mice and the retina and cultured primary RPE cells from B6 mice®

Whole eye from Whole eye from RPE cells from
Genes B6 mice Retina from B6 mice Rhbo~'~ mice B6 mice
Retinol dehydrogenases
Rdh5 177.38 122.91 166.30 32.47
Rdh§ 67.4 46.78 7.54 0.18
Rdb10 76.79 52.17 38.52 8.29
Rdb11 19.27 20.52 11.07 27.14
Rdh12 195.4 131.39 13.57 0.73
Rdh13 8.79 8.14 6.50 8.41
Rdh14 21.09 19.62 17.93 7.88
Dbhrs3 104.7 41.73 34.11 8.28
Retinol-binding proteins
Rbp4 2.05 0.53 0.90 1.57
Ribp1 354.00 226.98 137.88 36.86
Rbp1 90.74 12.36 103.43 26.73
Rbp2 6.20 0.08 122.79 0.00
Rip3 654.90 1093.27 174.28 0.05
Control genes from the retina and RPE
Rpe65 114.07 57.02 25.44 1.94
Geapl 1063.27 687.74 205.92 1.09

Abbreviations: Dhrs, dehydro;
dehydrogenase; Rlbp, retinal

genase/reductase family member; Geap, guanylate cyclase-activating protein; Rbp, retinol-binding protein; Rdh, retinol
binding protein; Rpe, retinal pigment epithelium.

*All listed transcripts were detected at a level of 1 FPKM or higher (fragments per kilobase of exon per million fragments mapped) in RNA sequencing

data (average of three biological replicates) from whole eye samples and indicated tissues.
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4.1. Reduction of All-zrans-Retinal to All-zrans-Retinol in Photoreceptor Cells

The first enzymatic step of the visual cycle is the conversion of all-trans-RAL into all-zrans-ROL,
which occurs mostly in photoreceptor outer segments (Zimmerman et al. 1975). RDHS (also
known as photoreceptor RDH) is an abundant enzyme in rod and cone photoreceptor outer seg-
ments. This protein displays selectivity for all-zrans-retinoid substrates, and utilizes NADP(H)
as a cofactor, signifying that it catalyzes reduction in cells (Rattner et al. 2000). In vitro exper-
iments have indicated that RDHS8 is the main contributor to RAL reductase activity in mouse
photoreceptor membranes. Rdh8~~mice accumulate all-zrans-RAL and exhibit slightly delayed
dark adaption following exposure to intense light. But when reared under nonextreme lighting
conditions, these mice have structurally and functionally intact retinas, revealing that other en-
zymes can compensate for the loss of RDHS8 enzymatic activity at this step of the retinoid cycle
(Maeda et al. 2005). Indeed, in humans no RDH$ mutation has yet been associated with disease.
In vivo, effective RDHS function depends on the ABCA4 transporter, which flips N-retinylidene-
phosphatidylethanolamine conjugates to the cytosolic leaflet of disks where they can dissociate,
and the released all-trans-RAL becomes accessible to the RDHS active site (Quazi et al. 2012).
The partnership between these two proteins has been demonstrated in Rdh8~~Abca4~'~ mice,
which exhibit a much greater susceptibility toward light-induced retinal degeneration and bis-
retinoid accumulation (Maeda et al. 2009a). RDH12, a photoreceptor-specific RDH expressed in
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inner segments, accepts trans- and cis-retinoid isomers as well as some other lipophilic aldehydes
and alcohols as substrates (Haeseleer et al. 2002). This RDH exhibits preferential utilization of
NADP(H) as a cofactor and in vivo operates in the reductive direction (Haeseleer et al. 2002).
The Rdbh12~~ mouse exhibits delayed dark adaption and a paradoxical increase in the rate of
11-cis-RAL production. However, its most pronounced phenotype is an enhanced susceptibility
to light-induced all-trans-RAL toxicity (Maeda et al. 2006b). Consistent with this strong murine
phenotype, mutations in RDHI12 cause RP in humans (Janecke et al. 2004). RDH12 probably
protects photoreceptors from toxicity associated with electrophilic aldehydes. Dual knockout of
Rdb8 and Rdh12 in mice eliminates more than 98% of all-trans-RAL reductase activity in mouse
photoreceptors. These mice exhibit delayed dark adaptation and slowly progressive rod—cone
dystrophy, but can still regenerate visual pigments, indicating the presence of additional RAL
reductases in mouse retina (Maeda et al. 2007).

4.2. Oxidation of 11-cis-Retinol to 11-cis-Retinal in the Retinal
Pigment Epithelium

Following trans—cis isomerization, the nascent 11-¢is-ROL product must be oxidized to the alde-
hyde form to enable regeneration of photoreceptor visual pigments. In the classical retinoid cycle,
this step takes place within the smooth ER of the RPE, catalyzed by cis-RDHs (Zimmerman et al.
1975), the most important of which is RDH5 (Simon et al. 1995). This integral membrane enzyme
uses NAD(H) as a cofactor (Simon et al. 1995, Zimmerman 1976). Rdh5~" mice exhibit a mild
phenotype consisting of delayed dark adaptation at high bleaching light levels and the accumu-
lation of ocular 11/13-¢is-ROL/retinyl esters (Driessen et al. 2000). In humans, loss-of-function
RDHS mutations cause a mild retinal disease known as fundus albipunctatus, characterized by
night blindness, delayed dark adaptation, and the presence of small, pale yellow deposits in the
subretinal space (Yamamoto et al. 1999). That the retinoid cycle is slowed only in the setting
of an RDHS loss-of-function mutation indicates that additional enzymes are capable of carrying
out oxidation of 11-¢/s-ROL in the retina (Jang et al. 2000). RDH11, a dual-substrate specificity
RDH, is one such enzyme that contributes to 11-cis-RAL reduction in the RPE (Haeseleer et al.
2002, Kim et al. 2005). Recently, RDH11 mutations have been identified as a cause of syndromic
RP, indicating that this enzyme could also have a role in controlling RA levels during development
(Xie etal. 2014). RDH10 also is expressed in the RPE (Wu et al. 2002), where it contributes to 11-
¢cis-ROL oxidation (Farjo et al. 2009). Additionally, RDH10 plays a decisive part in regulating RA
levels and, hence, developmental processes, as evidenced by the embryonic lethality in Rdh10~"
mice (Farjo et al. 2011).

4.3. Retinol-Retinal Interconversion in Cone Photoreceptors and Miiller Cells

A current model of the Miiller cell-based cone visual cycle posits key roles for RDHs in the
selective delivery of visual chromophore to cone visual pigments (Kaylor et al. 2013). Retinal
SDRI (or RetSDR1), also known as DHRS3, is an all-trans-specific, NADP(H)-dependent RDH
with retinal expression restricted to cone photoreceptor outer segments (Haeseleer etal. 1998). Its
potential in vivo function in the retina is to reduce all-#7ans-RAL released from photoactivated cone
visual pigments in conjunction with RDHS8. RetSDR1 also metabolizes a number of nonretinoid
compounds, such as steroids and various xenobiotics. This enzyme also is essential for controlling
RA levels, as evidenced by the developmental defects and gestational lethality in Dhrs3~/~ mice.
Interestingly, retSDR1 and a related RDH also involved in RA biosynthesis, RDH10, modulate
each other’s activity to precisely control RA levels (Figure 6) (Adams et al. 2014).
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Figure 6

An unrooted molecular phylogenetic tree illustrating relationships among groups of RDH homologs.
Protein sequences (mammalian orthologs for each clade as well as carp RDH13L) were aligned with
MUSCLE (Edgar 2004), and the tree was inferred using the phylogenetic maximum likelihood method as
implemented in PhyML (AT'GC Bioinformatics Platform, French National Institute of Bioinformatics,
http://www.atgc-montpellier.fr/phyml/). Numbers on the internal branches indicate bootstrap support
based on 1,000 pseudoreplicates. The scale bar indicates the average number of substitutions per site. The
tree was generated using FigTree (Andrew Rambaut, http://tree.bio.ed.ac.uk/software/figtree/).
Abbreviations: DHR, dehydrogenase/reductase family; NAD, nicotinamide adenine dinucleotide; RDH,
retinol dehydrogenase.

RDHI10 is expressed in Miiller glial cells, although at much lower levels than in the RPE
(Wu et al. 2004). It has been speculated that Miiller cell RDH10 serves to oxidize the 11-cis-
ROL generated through the alternative visual cycle for cones. Testing this hypothesis in vivo will
require generating RAL-specific Rdh10~~ models because the global loss of RDH10 function
is embryonically lethal in mice. However, such an activity may not be required because cones
can directly take up 11-¢is-ROL and oxidize it to 11-cis-RAL. Retinas from N7/~ ~mice, which
have only S-cone photoreceptors, express RDH13 and RDH14 at high levels compared with
rod-dominant, wild-type retinas, indicating that these candidate enzymes may be responsible for
the cone RDH activity (Kanan et al. 2008). Carp RDH13L, which clusters with the mammalian
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RDH14 group (Figure 6), has been identified as a major 11-cis-RDH in cone photoreceptors. The
in vivo relevance of RDH13 and RDH14 to mammalian cone photoreceptor function remains to
be elucidated.

5. RETINYL ESTER SYNTHASE
(LECITHIN: RETINOL ACYLTRANSFERASE)

The RPE is the major site of vitamin A storage within the retina. Following photobleaching,
vitamin A generated by the activity of photoreceptor RDHs is rapidly transferred from the retina
to the RPE (Dowling 1960). Additionally, the RPE takes up vitamin A from holo-RBP#4 circu-
lating in the choriocapillaris through the STRAG6 transporter expressed on its basolateral surface
(Amengual et al. 2012, Isken et al. 2008, Kawaguchi et al. 2007). Both of these processes are
driven by the esterification of vitamin A. The resulting all-t7ans-retinyl esters are efficiently stored
in lipid droplet-like structures within the RPE referred to as retinosomes (Imanishi et al. 2004).
These esters also serve as substrates for the retinoid isomerization step of the visual cycle. LRAT
is the main enzyme responsible for catalyzing the formation of retinyl esters in the eye and many
other tissues. LRAT activity, in which an acyl group is transferred from the snl position of phos-
phatidylcholine (lecithin) to ROLs, was first identified in microsomal membrane fractions from
hepatocytes and the RPE (MacDonald & Ong 1988, Saari & Bredberg 1989). This reaction differs
from that of a second retinyl ester synthase activity present in humans in which the retinyl ester
is synthesized from a fatty-acyl-CoA instead of a phospholipid. Notably, LRAT is fairly promis-
cuous in its choice of acyl acceptors and can readily esterify or amidate a number of primary
alcohol and amine compounds, including the retinoid cycle inhibitor retinylamine (Golczak et al.
2005a). LRAT-catalyzed acyl transfer occurs via a ping-pong mechanism featuring a covalent
acyl-enzyme intermediate involving a conserved cysteine residue (Cys'®! in the human sequence)
(Mondal et al. 2000). Phylogenetic analysis has revealed that LRAT belongs to the NIpC/P60
protein superfamily, whose members feature a papain-like catalytic triad consisting of a nucle-
ophilic cysteine residue, a histidine residue that acts as a general base, and a third polar residue
(usually histidine or asparagine) (Anantharaman & Aravind 2003). Three-dimensional structures
of LRAT family proteins have confirmed that they adopt a papain-like thiol peptidase fold, despite
having no discernible sequence similarity to those enzymes (Figure 7). Compared with classical
NIpC/P60 enzymes in which the nucleophilic cysteine residue resides on the N terminus, LRAT-
like members are circularly permuted, with the catalytic cysteine relocated to the C-terminal
end (Anantharaman & Aravind 2003). Besides LRAT, the human genome encodes seven other
LRAT-like proteins: five H-Ras-like tumor suppressors (HRASLS) and two neurosensory pro-
teins (NSEI and 2). The former group of proteins exhibits phospholipase A, and phospholipid
acyltransferase activities, whereas the latter remains uncharacterized. LRAT and its homologs are
bitopic integral membrane enzymes anchored to lipid bilayers via a C-terminal transmembrane
a-helix. An amphipathic N-terminal region can also mediate monotopic membrane interactions
(Moise et al. 2007). LRAT differs from the other LRAT-like family members by the presence of
an approximately 30 residue insertion located near the middle of the protein sequence. Grafting
this LRAT-specific region into the HRASLS3 sequence has resulted in a chimeric protein with
snl-specific LRAT activity akin to that of native LRAT (Golczak etal. 2015). The crystal structure
of this chimeric protein has revealed that the LRAT-specific sequence mediates the formation of
a homodimeric assembly in which the C-terminal x-helix containing the catalytic cysteine residue
is domain swapped compared with native, monomeric HRASLS3 (Figure 7) (Golczak etal. 2015).
The structure is consistent with biochemical work demonstrating that LRAT forms functional
homodimers on microsomal membranes. Dimer formation results in structural changes around
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Crystal structure of the lecithin:retinol acyltransferase (LRAT)-H-Ras-like tumor suppressor 3 chimera.
The two chains of the homodimer are shown in a schematic representation (b/ze and green). The
LRAT-specific insertion (red ) forms a 3-sheet that mediates dimer formation. This region also provides a
pathway for the exchange of the C-terminal o-helical regions within the dimer pair. The histidine (His) and
cysteine (Cys) residues constituting the catalytic triad are shown as sticks. The catalytic Cys'? residue is
acylated as a result of the crystals being grown in the presence of the acyl donor, diheptanoyl
phosphatidylcholine. The figure was generated with PyMol (Schrédinger, https://www.pymol.org/).

the catalytic cysteine residue in which the active site pocket with enhanced hydrophobicity is more
deeply embedded in the protein. These characteristics have been postulated to impede water entry
into the pocket such that acyltransferase activity is favored over hydrolase activity (Golczak et al.
2015).

Studies in Lrat~" mice have revealed that this enzyme is critical for ocular retinoid homeosta-
sis and photoreceptor health (Batten et al. 2004). Essentially, these mice lack all ocular retinoids,
consistent with an indispensable role for LRAT in the uptake and retention of vitamin A by the
eye. Only trace levels of retinyl esters in liver, the other major vitamin A storage site in the body,
are present in these mice. Due to the lack of retinyl ester substrate needed for the retinoid isomer-
ization step of the retinoid cycle, Lrat~/~ mice have severely impaired electroretinographic (ERG)
and pupillary light responses. These in vivo results are consistent with in vitro data showing thatin-
hibition of LRAT activity blocks the biosynthesis of 11-¢is-ROL by the retinoid isomerase RPE65.
Lrat~~ mice have shortened rod outer segments at 8 weeks of age and develop a progressive loss
of cone photoreceptors that can be rescued by administration of the artificial chromophore pro-
drug 9-cis-retinyl acetate (Maeda et al. 2009b). Despite the major disruption in vitamin A storage
caused by the loss of LRAT function, these treated mice are otherwise viable and fertile. Con-
sistent with the knockout mouse phenotype, loss-of-function mutations in LRAT cause RP in
humans (Thompson et al. 2001). 9-cis-Retinyl acetate and LRAT gene replacement therapy are
under investigation as treatments for RP associated with loss-of-function LRAT mutations (Batten
etal. 2005, Koenekoop et al. 2014).
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6. RETINOID ISOMERASE RPE65

Expressed largely in the RPE, RPEGS is an enzyme that catalyzes the formation of 11-¢is-ROL from
all-trans-retinyl ester substrates. This developmentally regulated microsomal protein was cloned
in the early 1990s (Hamel et al. 1993), but its involvement in retinal health and function remained
unclear until later in the decade when it was discovered that RPE65 mutations cause severe
retinopathies in humans. The function of RPEG65 as the visual cycle isomerase was first suggested
by the phenotype observed in Rpe65~'~ mice. This consisted of nearly flat ERG responses, a
lack of ocular 11-cis-retinoids, and an overaccumulation of all-trans-retinyl esters in the RPE
(Redmond et al. 1998). Owing to difficulties in observing enzymatic activity from purified RPE65
preparations, the identification of RPE65 as the visual cycle isomerase was not generally accepted
until 2005, when three independent groups used reconstituted visual cycle systems in cultured
cells to show that RPE6S5 is the key component conferring retinoid isomerase activity (Jin et al.
2005, Moiseyev et al. 2005, Redmond et al. 2005).

RPEG5 belongs to a family of enzymes, termed carotenoid cleavage oxygenases, that typically
catalyze the oxidation of carotenoid substrates to yield apocarotenoid products. Members of this
family, which are found in all kingdoms of life, generally exhibit minimal amino acid sequence
conservation, but almost all possess a set of four histidine residues and three glutamate residues
that are involved in coordinating an iron cofactor essential for their catalytic function. Sequences
belonging to the RPE65 clade are highly conserved and have a characteristic length of 533 + 2
amino acid residues, with few exceptions. RPE65 activity appears to have been first acquired by
a BCO II-like sequence in the last common ancestor of jawless and jawed vertebrates (Poliakov
etal. 2012).

RPEGS5 adopts a seven-bladed f-propeller structure containing long insertions on its top face
that form a mostly o-helical cap constituting the enzymatic active site (Figure 8) (Kiser et al.
2009, 2012a). The iron cofactor is axially bound on the top face of the -propeller where it is
covered by the helical cap. The non-heme iron center is accessible through a cavity formed at
the junction between the B-propeller and dome structures. The retinoid-binding site is located
within the membrane-proximal region of the cavity (Kiser et al. 2015), which exhibits a negative
electrostatic potential likely needed to stabilize a carbocation intermediate of the isomerization
reaction (Figure 84) (McBee et al. 2000). The fatty acid-binding site begins at the iron-binding
site and extends into the distal region of the cavity. In RPE65 itappears thatiron facilitates catalysis
by promoting ester cleavage to generate the transition state, which differs fundamentally from the
role in activating dioxygen carried out by non-heme iron centers of other carotenoid cleavage
oxygenases (Kiser et al. 2012a). The entrance to the active site cavity is surrounded by a patch of
hydrophobic residues that mediate the binding of RPE65 to the ER (Figure 85). Crystallographic
data have indicated that RPE65 forms a homodimeric structure mediated by a sequence insertion
found in vertebrate carotenoid cleavage oxygenases (Kiser et al. 2012a). This dimeric structure
places the hydrophobic surfaces in a parallel orientation that reinforces membrane binding.

Loss-of-function mutations in RPE65 and the consequent retinoid cycle blockade result in
the loss of visual function and retinal degeneration. In the most severe cases, RPE65 mutations
cause the childhood retinopathy Leber congenital amaurosis (LCA), which results in childhood
blindness (Gu et al. 1997, Marlhens et al. 1997, Morimura et al. 1998). In contrast to some
other forms of LCA in which retinal degeneration occurs early in the course of the disease,
patients with RPE65 LCA typically exhibit a preserved retinal structure for some time after visual
function begins to decline (Cideciyan 2010). This structural preservation provides an opportunity
for therapeutic intervention before vision loss becomes permanent. Two approaches are under
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Orthogonal views of the crystal structure of retinal pigment epithelium-specific 65 kDa protein. (#) View down the B-propeller axis,
with the seven blades indicated by distinct colors. The iron cofactor (orange sphere) is coordinated on the propeller axis by four
conserved histidine (His) residues. The purple surface delineates the active site pocket. (b)) Rotating the structure by 90° along the
horizontal axis shows the helical cap on the top face of the 3-propeller. The active site entrance is surrounded by a patch of mostly
hydrophobic residues that mediate the membrane binding critical for substrate uptake. The structural representations were generated
with PyMol (Schrédinger, https://www.pymol.org/) using the coordinates deposited under Protein Data Bank accession code 4F2Z.

investigation: RPE65 gene therapy to restore a functional RPE-based retinoid cycle (Acland et al.
2001, Bainbridge et al. 2008, Maguire et al. 2008) and treatment with an artificial chromophore
(9-cis-RAL) to bypass the metabolic blockade caused by the lack of RPE65 activity (Koenekoop
etal. 2014, Van Hooser et al. 2000). Both approaches have shown therapeutic promise in clinical
trials but require further optimization.

7. THE RETINOID-BINDING PROTEINS

The efficient movement of retinoids between and within the photoreceptors, RPE, and Miiller
glia is required for proper visual cycle function (Table 3). Because retinoids are lipophilic com-
pounds prone to destruction via off-pathway reactions, their diffusion within the retina depends
critically on retinoid-binding proteins that mobilize these compounds from membrane stores and
protect them from degradation. Four such binding proteins are known to be critical for visual
function: serum RBP4, cellular RBP1 (CRBPI or RBP1), interphotoreceptor retinoid-binding
protein (IRBP or RBP3), and cellular retinaldehyde-binding protein (CRALBP) (Figure 9).

[RBP: Although these proteins are not homologous and are structurally diverse, they all are water soluble
interp‘hotoreceptor molecules that' possess internal lipophilic pockets into which retinoids can bind and be protected
retinoid-binding from degradation.

protein

CRALBP: cellular . o e .
retinaldchyde-binding /-1 Retinol-Binding Protein 4

protein RBP4 is the major carrier responsible for distributing hepatic vitamin A obtained from dietary

sources to peripheral tissues such as the eye. This approximately 21 kDa member of the lipocalin
protein family circulates in the plasma in complex with the tetrameric protein T'TR, which prevents

220  Kiser o Palczewski


https://www.pymol.org/

C
ial AV ’ a I
Gﬂ?ﬁgng?tgs. {{, pn
=/ et NP
\ S < .
oL'D
S\A”J
\\7‘\)\
Figure 9

Crystal structures of retinoid-binding proteins important for visual function. (#) Retinol-binding protein 4 in complex with
transthyretin (residues 76-87; red schematic with brown surface) and all-trans-retinol. (b)) Cellular retinol-binding protein 1 in complex
with all-frans-retinol. (¢) Cellular retinaldehyde-binding protein in complex with 11-cis-retinal. (d) Module 2 from Xenopus laevis
interphotoreceptor retinoid-binding protein. Potential retinoid-binding sites are shown as orange mesh. Retinoids are shown as orange
sticks. The figure was generated with PyMol (Schrédinger, https://www.pymol.org/).

its loss by glomerular filtration and renal excretion (Kanai et al. 1968). A single ROL-binding site
is formed by the core, eight-stranded, 3-barrel fold of RBP4 (Figure 94) (Newcomer et al. 1984).
All-trans-ROL is oriented with its hydroxyl moiety nearest to the binding cavity entrance, where
residues involved in STRAG binding have been localized. In the circulating RBP-TTR complex,
the ROL hydroxyl group is covered by the tip of an extended loop region of TTR composed of
residues 76-87 (Monaco et al. 1995). RBP4 facilitates efficient mobilization of ROL stored in the
liver, but is not essential for vitamin A acquisition by peripheral tissues. Rbp4~~ mice are viable
and fertile, but exhibit a non-developmental retinal dysfunction thatis correctable by consumption
of a vitamin A-enriched diet (Quadro et al. 1999). In humans, mutations in RBP4 are associated
with iris coloboma, retinal dystrophy, and skin disorders. Microphthalmia has also been associated
with dominant-negative RBP4 mutations in which the altered protein is inefficiently loaded with
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all-zrans-ROL yet binds to STRAG with a higher affinity than wild-type RBP4, as discussed in the
section on STRAG6 (Chou et al. 2015).

7.2. Cellular Retinol-Binding Protein 1

Following passage through the STRAG transporter, or by other means, all-zrans-ROL is trans-
ported inside the cell in complex with CRBP1. Like RBP4, CRBP1 is a small, water soluble protein
that contains a single ROL-binding site formed by its f-barrel fold (Figure 94) (Cowan et al.
1993). Of the retinoid isomers, it binds all-zrans-ROL with the highest affinity, consistent with
vitamin A being the physiological ligand (MacDonald & Ong 1987, Ong & Chytil 1975). In con-
trast to holo-RBP4, the hydroxyl moiety of all-t7ans-ROL is buried within the binding pocket of
CRBP1, such that it is not solvent accessible. This structural finding indicates that all-trans-ROL
must dissociate from the protein before it can be metabolized, although kinetic data have indicated
that the holo-CRBP1 complex might be the substrate for all-t7ans-ROL esterification. CRBP1 is
expressed in many sites throughout the body, whereas its paralog, CRBP2, is found mainly in the
intestine. Within the retina, CRBP1 expression is highest in the RPE (Saari et al. 1977). Elevated
levels of all-trans-ROL in the retina and a lack of retinyl ester production in the RPE of Rip1~"~
mice are consistent with a key role for this binding protein in retinoid metabolism within the eye
(Saari et al. 2002).

7.3. Cellular Retinaldehyde-Binding Protein

CRALBP is the key protein responsible for binding 11-cis-retinoids generated via the RPE and
Miiller cell-based visual cycles and delivering them to the plasma membrane for transport to
photoreceptors (Bunt-Milam & Saari 1983, Saari et al. 1977). As isolated from bovine neural
retina, CRALBP contains both 11-¢is-RAL and 11-¢is-ROL as bound ligands, whereas 11-¢is-RAL
is the only retinoid associated with RPE-derived CRALBP (Saari et al. 1982). 9-cis-Retinoids
are the only other isomers capable of binding CRALBP with high affinity. The strong binding
selectivity for these two isomers has been explained by the presence of a curved binding pocket
that has high complementarity to the 11-cis- and 9-cis-configurations (Figure 9¢) (He et al. 2009).
This structure also has revealed a cationic surface that likely interacts with negatively charged
phospholipids to enable retinoid transfer to the plasma membrane. R/spI~'~ mice exhibit delayed
dark adaption consistent with a key role of CRALBP in efficient visual cycle function (Saari et al.
2001). Mutations in human RLBPI are associated with several different retinopathies, including RP
(Maw et al. 1997), Bothnia dystrophy, retinitis punctata albescens, and Newfoundland rod—cone
dystrophy (Travis et al. 2007).

7.4. Interphotoreceptor Retinoid-Binding Protein

Photoreceptors secrete an approximately 136 kDa lipoglycoprotein called IRBP that mediates
intercellular retinoid transfer (Bunt-Milam & Saari 1983, Lai et al. 1982). This protein has a
complex structure consisting of four homologous modules that arose from an internal quadru-
plication (Fong & Bridges 1988). IRBP has an elongated appearance in negative-stained electron
microscopy images and undergoes major conformational changes in the presence of retinoid
ligands. Unlike the other retinoid-binding proteins, IRBP possesses three retinoid-binding sites
and can bind both all-trans- and 11-cis-retinoids with high affinity. The structure of an IRBP
module from Xenopus has revealed that the modules adopt a two-domain architecture (Loew &
Gonzalez-Fernandez 2002). The retinoid-binding sites within the modules have not yet been
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Figure 10

Therapeutic strategies for treating retinal diseases. (#) Retinoid supplementation for diseases such as SFD affecting ROL delivery to the
RPE or generation of a visual chromophore (LRAT or RPE65 RP/LCA). (b) Strategies to reduce the formation of excess atRAL, its
lipid condensation products, or both, to facilitate their clearance from the eye. Abbreviations: LCA, Leber congenital amaurosis;
LRAT, lecithin:retinol acyltransferase; NAD, nicotinamide adenine dinucleotide; RAL, retinal; RBP, retinol-binding protein; ROL,
retinol; RP, retinitis pigmentosa; RPE, retinal pigment epithelium; SFD, Sorsby’s fundus dystrophy.

revealed, but two candidate binding pockets are apparent from the crystal structure: one at the
junction between the two domains and the other within the C-terminal domain of the module
(Figure 9d). Consistent with an important role for IRBP in retinoid trafficking within the retina,
mutations in the RBP3 gene are associated with autosomal recessive RP (den Hollander etal. 2009).

8. VISUAL CYCLE MODULATORS

Defects in most genes involved in the retinoid cycle are associated with specific retinopathies
(Tables 1 and 2). Here, we highlight research conducted on modulators of the visual cycle for the
treatment of retinal diseases (Figure 10). Many of these agents are based on the retinoid structure;
thus their specific delivery to the eye can employ the same retinoid mechanism, for example,
transport by RBP4, delivery via STRAG, or enhancement of retention through esterification or
amidation in the retina with the help of LRAT (reviewed in Palczewski 2010). These strategies are
described below along with some key references (Figure 10). As this field rapidly evolves, further
progress likely will be revealed in the literature.

8.1. Retinol Supplementation

Uncomplicated vitamin A deficiency can be overcome by providing therapeutic doses of the vi-
tamin, either as free ROL or retinyl esters (reviewed in Kiser et al. 2014). Improvement in visual
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function upon vitamin A supplementation has also been observed in a mouse model with a specific
rhodopsin mutation related to RP (Sibulesky et al. 1999). In these cases, all-t7ans-ROL or its active
cis form acted as a chaperone for the mutated protein, although there was no follow-up to these
initial studies (Figure 10a).

A mutation in the metalloproteinase inhibitor 3 gene (TIMP3) causes thickening of Bruch’s
membrane, which is between the photoreceptor layer and its blood supply, leading to chronic
deprivation of vitamin A in a disease known as Sorsby’s fundus dystrophy. A dose of 50,000
IU/day of vitamin A administered orally diminishes night blindness in patients with early stages of
this disease (Jacobson et al. 1995). Similarly, treatment with pharmacological doses of vitamin A
restored vision in St7z6~" mice lacking adequate vitamin A supplementation to the eye (Amengual
etal. 2014).

8.2. 9-cis-Retinal and 11-cis-Retinal Supplementation

When 11-¢is-RAL cannot be generated because of retinoid cycle blockade, as with a nonfunctional
or suppressed retinoid isomerase or LRAT, supplementation with pharmacological doses of 9-cis-
RAL can dramatically improve visual function in animal models (Batten et al. 2004, Van Hooser
et al. 2000, 2002). A successful clinical trial using this therapeutic strategy has recently been
reported (Koenekoop et al. 2014). Treatment with cis-retinoid appears to be useful in preventing
the deterioration of vision in aging mice (Maeda et al. 2006c¢), raising the possibility that a similar
treatment could successfully preserve vision in older humans (Figure 10a).

8.3. Inhibitors of Retinal Pigment Epithelium-Specific 65 kDa Protein

Another idea is that slowing the regeneration of visual pigments by inhibiting the retinoid cycle
will decrease the amount of free all-t7ans-RAL and its toxic condensation products (Radu et al.
2003). [Importantly, profound suppression of visual pigment regeneration is detrimental to retinal
health because free opsin has constitutive signaling activity that eventually causes the death of
photoreceptor cells, as mentioned in Section 5 (Woodruff et al. 2003).] 13-cis-RA was the initial
compound found to decrease A2E formation (Radu et al. 2003). The first highly selective and
potent inhibitor discovered was retinylamine (Golczak et al. 2005b). The systematic comparison
of different inhibitors has been reported (Maeda et al. 2006a) and, based on those results, emixustat
was developed by Acucela Inc. (Bavik et al. 2015), but human clinical trials have revealed significant
side effects (Kubota et al. 2012). Finally, recent studies have questioned the mechanism of action
of emixustat and suggested that sequestration of all-t7ans-RAL should be considered as discussed
in Section 8.5 (Figure 105) (Zhang et al. 2015).

8.4. Reducing the Supply of Vitamin A to the Eye

Dissociation of the RBP4-TTR complex allows filtration of RBP4 through renal glomeruli and
elimination of vitamin A from the circulation. Thus, fenretinide, an amide of RA, had been hy-
pothesized to have an antagonistic effect on the RBP4—TTR complex (Mata etal. 2013). However,
it has been shown that the mechanism of action likely involves a slow hydrolysis of the amide along
with upregulation of STRAG and LRAT, thus decreasing circulating all-z7zns-ROL and increasing
cellular vitamin A uptake by peripheral tissues. Nonretinoid antagonists of the RBP4 complex are
being developed (Dobri et al. 2013).
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8.5. Sequestration of All-z7ans-Retinal to Prevent Toxicity

A series of studies have demonstrated that one candidate toxin in the retinoid cycle is all-zrans-
RAL released from photoactivated visual pigments (reviewed in Kiser et al. 2014). All-z7ans-RAL
toxicity can be lowered if a Schiff base is rapidly and reversibly formed with primary amines. In
this case, the free aldehyde would be decreased, allowing RDHs to convert it into an alcohol.
In mouse models of retinal degeneration, the peak concentration of free all-z7ans-RAL has been
lowered with primary amine-containing, US Food and Drug Administration-approved drugs that
did not inhibit chromophore regeneration because they were nonretinoid compounds. To validate
this strategy, Schiff base adducts between all-trans-RAL and these amines have been identified by
mass spectrometry (Maeda et al. 2012). This option is ready to be tested in humans (Figure 105).

8.6. Elimination of A2E

Severe and rapid bleaching of visual pigments produces free all-trans-RAL that overwhelms the
capacity of retinal cells to reduce this aldehyde to all-#z7ans-ROL. During visual transduction, all-
trans-RAL can react with itself and lipids. The resulting condensation products and their oxidized
derivatives reportedly are toxic to the RPE (reviewed in Sparrow etal. 2012). Intravitreal treatment
with B-cyclodextrins reduced bis-retinoids in the RPE of mice by 48% (Nociari etal. 2014). These
novel prophylactic results are encouraging, but a beneficial effect on the health of the RPE has
yet to be demonstrated (Figure 105).

8.7. Use of Isotope Effects to Slow Production of A2E

What if A2E formation could be selectively blocked without affecting visual cycle kinetics? Con-
sideration of the mechanistic details of A2E formation has revealed that one of the rate-limiting
steps is the subtraction of a proton. Thus, the rate of this reaction could be changed if the hydro-
gen atom is replaced by a deuterium atom (a kinetic isotope effect). Long-term administration of
deuterium-enriched vitamin A, namely C20-D;-vitamin A, slowed the formation of all-z7ans-RAL
condensation products (Ma etal. 2011). However, this conceptually elegantidea has many caveats,
including the difficulty in replacing all vitamin A in liver and eye, uncertainty about whether all
condensation products will display the same isotopic effect as A2E formation, and whether slow-
ing the reaction would make a significant impact on condensation product formation. Finally, if
all-trans-RAL is the primary toxic agent that kills photoreceptor and RPE cells, then deuterium
replacement would not be expected to have any therapeutic effect (Figure 105).

9. CONCLUSIONS

The past three decades have led to a much greater molecular understanding of the retinoid cycle.
Individual proteins have been well characterized by biochemical and biophysical methods. The
physiological functions of these proteins have been clarified from analyses of human visual disease
resulting from their inadequate expression, activation or altered properties and their corresponding
transgenic animal models. Such animal models also are indispensable in testing new concepts for
correcting genetic deficiencies by using pharmacological, genetic, or stem-cell-based approaches.

High-resolution structures provide detailed information on how the macromolecules of the
retinoid cycle work. The utility of atomic information is exemplified by rhodopsin, the first G
protein—coupled receptor whose structure was elucidated; by LRAT, through the use of hybrid
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approaches to expose its mechanism of catalysis; and with CRALBP, which in complex with RAL
provided precise information as to its substrate specificity.

Historical knowledge about the chemistry of vision in the retina was obtained in three phases.
First, the elegant work on the chemistry of vision by George Wald placed vision in a proper molec-
ular perspective. Second, retinoid-binding proteins and enzymes were identified in the complex
photoreceptor—-RPE two-cell type system. Finally, molecular and structural characterizations of
visual pathway components, supported by genetic approaches, have been, and continue to be,
especially fruitful. This latest phase also has benefited greatly from mechanism-based pharmacol-
ogy. As summarized in this review, visual cycle modulators will continue to advance to clinical
trials, and confidence is building that these compounds will become efficacious therapies for some
currently incurable retinal-blinding diseases.

SUMMARY POINTS

1. Structural and chemical bases for how the retinoid cycle components perform their
physiological functions are presented.

2. Human retinal diseases that result from disruption of visual cycle components and animal
models of these disorders are summarized.

3. Therapeutically aimed visual cycle modulation strategies include (#) supplementing the
eye in animal models and humans that have defective retinoid cycles with all-trans- and
-cis isomers, () reducing vitamin A delivery to the eye and inhibiting retinoid isomerase,
(¢) slowing A2E formation by involving isotope effects, (4) removing all-zrans-RAL con-
densation products, and, finally, (¢) sequestrating all-z7ans-RAL to eliminate its toxicity
and reduce the formation of its condensation products.

FUTURE ISSUES
1. High-resolution structures of IRBP, RDHs, ABCA4, and STRAG are needed to under-

stand how these proteins participate in the movement and metabolism of retinoids.

2. Additional visual cycle modulators should be identified that supportretinal function with-
out inhibiting RPE65 and prevent pathology resulting from genetic and environmental
factors.

3. The precise sequence of events that leads to rhodopsin regeneration and chromophore
hydrolysis after photoisomerization requires further characterization.

4. The molecular and genetic basis of cone chromophore regeneration must be
characterized.

5. The factors governing the incorporation of retinyl esters into retinosomes must be elu-
cidated as well as those governing their reentry into the retinoid cycle.

6. The molecular steps in recycling chromophores phagocytized by the RPE (Kevany
& Palczewski 2010) must be defined as well as their utilization in regenerating visual
pigments.

7. Cone visual pigment structures and the mechanisms of their spectral tuning should be
elucidated.
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