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Abstract

The vitamin A derivative 11-c/sretinaldehyde plays a pivotal role in vertebrate vision by serving
as the chromophore of rod and cone visual pigments. In the initial step of vision, a photon is
absorbed by this chromophore resulting in its isomerization to an all-frans state and consequent
activation of the visual pigment and phototransduction cascade. Spent chromophore is released
from the pigments through hydrolysis. Subsequent photon detection requires the delivery of
regenerated 11-cisretinaldehyde to the visual pigment. This #rans-c/s conversion is achieved
through a process known as the visual cycle. In this review, we will discuss the enzymes, binding
proteins and transporters that enable the visual pigment renewal process with a focus on advances
made during the past decade in our understanding of their structural biology.

OVERVIEW

Vision is one of the fundamental senses that enables the perception of the surrounding
environment. The human retina is lined with millions of photoreceptors expressing opsins
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bound to the visual chromophore, 11-¢/s-retinaldehyde [1]. Absorption of a photon by opsin
in the photoreceptors causes isomerization of the visual chromophore to an all-trans
configuration [2]. This initial photochemical reaction triggers the activation of the signal
transduction cascade that eventually leads to transmission of a visual signal to the brain but
leaves the opsin insensitive to further light stimulation [3]. Sustained vision thus requires
continuous renewal of the visual chromophore upon light exposure [4]. The classical visual
cycle is a long-known enzymatic pathway that serves to produce 11-c/s-retinaldehyde for
both rod and cone visual pigments [5-9]. Photoreceptors and the retinal pigment epithelium
(RPE) harbor the molecular components that achieve this chemical conversion [10]. The
reactions of the visual cycle include Schiff base formation and hydrolysis, alcohol/aldehyde
redox chemistry, esterification, and isomerization coupled to ester cleavage. Besides
chemical transformations, retinoid trafficking within and between cells is also critically
important for efficient visual cycle function.

For the visual cycle to ensue, rod and cone opsins in photoreceptor outer segment disk
membranes must first undergo structural changes to liberate the chromophore. The crystal
structure of bovine rhodopsin reported in 2000 [11], (Fig. 1, leftmost structure), provided the
first high-resolution picture of visual pigment structure and enabled an appreciation of the
molecular interactions involved in the perception of light. Rhodopsin, a G protein-coupled
receptor, contains an 11-c/s-retinaldehyde prosthetic group that is bound to the opsin protein
through residue Lys2% as an 11-cis-retinylidene Schiff base [12, 13]. Following light
activation which produces alterations in the opsin protein structure [14, 15] (Fig. 1, middle
structure), rhodopsin decomposes to form opsin protein [16] (Fig. 1, rightmost structure) and
all-trans-retinaldehyde through a series of intermediates [17]. Cone photoreceptors have
opsins homologous to rhodopsin in rods [18] and the process of photoactivation and
phototransduction is thought to be basically conserved between the two types of
photoreceptors [19, 20]. Once released into the photoreceptor cytoplasm, all-#rans-
retinaldehyde is reduced to all-frans-retinol by retinol dehydrogenase (RDH) 8 aided by the
ATP-binding cassette transporter A4 (ABCA4), in the first step of the retinoid cycle.

Retinoids, being hydrophobic in nature, do not readily diffuse across aqueous environments
between cellular compartments and instead rely on binding proteins to facilitate the process
[21]. Interphotoreceptor retinoid-binding protein (IRBP) facilitates retinoid transport
between photoreceptors and RPE by sequestering them in the interphotoreceptor matrix
(IPM) [22, 23]. IRBP transports all-#rans-retinol to the RPE where it enters the cell forming
a complex with cellular retinol-binding protein (CRBP) 1 and is metabolized by
lecithin:retinol acyltransferase (LRAT), which catalyzes the esterification of retinols using a
phospholipid fatty acid donor. The resulting retinyl esters then act as substrates for retinal
pigment epithelium-specific 65 kDa protein (RPE65), which catalyzes the formation of 11-
cfsretinol. This reaction involves ester cleavage coupled to frans-cis double bond
isomerization. After this isomerization reaction, 11-c/s-retinol is oxidized back to 11-c¢i/s-
retinaldehyde by RDH5 and transported out of the RPE. Cellular retinaldehyde-binding
protein (CRALBP) functions as a retinoid carrier in the latter two reactions, assisting the
oxidation of 11-c/s-retinol to 11-c/s-retinaldehyde and preventing uncontrolled storage of
11-cisretinol by esterification. CRALBP binds nascent 11-cis-retinaldehyde protecting it
from unwanted isomerization and facilitating its transport from RPE back to photoreceptors.
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IRBP transports 11-cis-retinaldehyde back to the photoreceptors where it combines with
opsin to form a ground-state rhodopsin molecule ready to be activated by another photon. In
addition, the transporter protein stimulated by retinoic acid 6 (STRAG), localized on the
basolateral membrane of the RPE, works in concert with retinol-binding protein 4 (RBP4)
and CRBP1 to facilitate uptake of retinol from the choriocapillaris which is critical for
replacement of ocular retinoids lost to off-pathway side reactions. Mutations leading to
various retinal pathologies have been found for many visual cycle components [24, 25]. For
recent reviews of the classical visual cycle, see [10, 26, 27].

In the present review, we discuss classical visual cycle components for which recent
progress (/.e. over the past decade) has been made in understanding the structural basis of
their retinoid-processing activity. We do not attempt to cover other potential sources of 11-
cisretinaldehyde including cone-specific [28] and light-dependent pathways [29, 30], as the
structural biology of these visual chromophore synthetic processes is still in its infancy.

RETINOL DEHYDROGENASES

RDHs perform key redox reactions essential for visual pigment regeneration. They belong to
the short-chain dehydrogenase/reductase (SDR) superfamily of enzymes and sequence
alignment shows the presence of highly conserved motifs between 17p-hydroxysteroid
dehydrogenases (17p-HSDs) and RDHs (Fig. 2A) [31]. These include the catalytic Ser, Tyr
and Lys motif as well as the nucleotide-binding motif G-X-X-X-G-X-G. Genes encoding
SDR enzymes known to be major players in classical visual cycle function, namely RDHS5,
RDHE, RDH10, and RDH12, are believed to have their origin in the last common ancestor
of vertebrates, as orthologs of these genes appear to be absent in cephalochordates and
cnidaria [32]. Nevertheless, SDR enzymes with retinol dehydrogenase activity are present in
invertebrates such as Drosophila melanogaster indicating that retinol substrate specificity in
this enzyme superfamily has been acquired more than once by convergent evolution (Fig.
2B). Besides the major visual cycle-associated RDHs listed above, several other RDHs are
expressed in the vertebrate retina. In fact, knockout mice studies show that these could be
part of compensatory pathways in the absence of one or more RDH. RDHS8 in the
photoreceptor outer segments and RDH5 in the RPE were initially identified to play roles in
visual chromophore production, although RDH10, RDH11 and RDH12 may also be
important in assisting retinoid metabolism within the classical visual cycle ([33] and
references cited therein).

RDHS8 (also known as photoreceptor RDH or prRDH) catalyzes the reduction of all-#rans-
retinaldehyde to all-frans-retinol in the first enzymatic step in the visual cycle. It was cloned
from a bovine retinal cDNA library [34]. RDH8 is selective for all-trans-retinol and spares
11-cisretinaldehyde that is transported back to the photoreceptors, ensuring it is not reduced
before it conjugates with opsin. The presence of a Ser residue in the catalytic binding pocket
suggested NADP/H cofactor selectivity for this enzyme [34], which was confirmed by
kinetic studies [35]. Accumulation of all-#rans-retinaldehyde during high levels of
illumination suggests that this reaction rate limits the visual cycle under such conditions,
whereas other steps may be rate limiting under different conditions [35-37]. Although,
RDH8 is the main contributor to all-frans-retinaldehyde reduction in the photoreceptors,
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RDH12 also contributes up to 30% of RDH activity [33]. No retinal diseases have been
linked to mutations in RDHS, however, mutations in RDH12 have been associated with
Leber congenital amaurosis (LCA), characterized by progressive photoreceptor degeneration
and severe macular dystrophy [38].

Electron microscopy revealed no differences in the retinal structure of Rah87~, Rdh8*’~ and
Radh** mice [39]. Although, RDH activity is reduced in Ra#h8~~ cells compared to Rah&8*’*,
specificity for NADPH is maintained, and the lack of retinal degeneration in Rdh8 knockout
mice is probably due to sustained 11-cis-retinaldehyde recovery. Similarly, Rah127~ mice
do not exhibit a phenotype resembling LCA in humans. These observations prompted
researchers to study the phenotype of Rah8~~ Rdh127~ mice. Although only mild light-
induced degeneration was noticed, accumulation of N-retinylidene-N-retinylethanolamine
(A2E) was observed in these double knockout mice. A2E, made from two molecules of all-
trans-retinaldehyde and one molecule of phosphatidylethanolamine (PE), tends to build up in
photoreceptor outer segments due to inefficient all- frans-retinaldehyde clearance resulting in
retinaldehyde toxicity. The ABCAA4 transporter located in photoreceptor disk rims functions
to transport all-frans-retinal-PE adducts from the photoreceptor intradiscal space to the
cytoplasm where they dissociate allowing retinaldehyde to be reduced by RDHs. The
Abca4™~ mouse model of Stargardt disease and Rah8~~ Rah127~ mice exhibit similar
phenotypes as expected from the sequential actions of these proteins in retinaldehyde
clearance. Retinaldehyde generated in the photoreceptor outer segments was found to seep
into the inner segments [40]. RDH12 localizes to rod inner segments and likely plays a key
role in reducing retinaldehyde that diffuses to the inner segment, which could explain the
severe retinal phenotype observed in patients with loss of function KDH12 mutations.

RDHS5 (also referred to as 11-c/s-RDH) catalyzes the final enzymatic step of the visual
cycle, oxidation of 11-cis-retinol to 11-cisretinaldehyde. The activity of 11-c/s-RDH was
localized to the microsomes of RPE [41]. RDH5 is a 32 kDa membrane-bound protein and
was the first retinol-metabolizing enzyme identified in the SDR family [42]. It was isolated
in a complex with p63 (later renamed RPE65). RDH5 prefers NAD/H as a cofactor, which
can be explained by the presence of an aspartate at position 37 in place of a serine (as in
RDHS8) in the cofactor-binding pocket preventing accommodation of the 2’ phosphate group
from NADP/H [34]. Although retinol/retinaldehyde interconversion is thermodynamically
almost neutral, the high ratio of NAD* to NADH in the cytosol [43] explains the tendency of
RDHS5 to operate in the oxidative direction /n vivo opposite to that of the NADP/H-utilizing
RDH8. RDH10 and RDH11 are also expressed in the RPE and are known to have 11-¢/s-
retinol dehydrogenase activity [44, 45].

Mutations in RDH5 are associated with fundus albipunctatus, a rare form of congenital
stationary night blindness characterized by the presence of white spots or flecks on fundus
examination and slowly progressing retinal degeneration [46]. Studies of patients suffering
from this condition showed delayed rod and cone dark adaptation after exposure to bright
light resulting from slowed production of 11-cis-retinaldehyde [47]. Homology modeling of
RDHS5 traces some of these mutations to residues likely involved in dimer formation. A
more recent study of a 16-year-old Polish female patient suffering from night blindness,
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reported a Tyrl75Phe mutation which affects the invariant Tyr residue present in the
catalytic triad [48].

Electron microscopy reveals no differences in retinal structure between Rah5~~, Rah5*/~
and Rah5** mice [49]. In addition, the rate of rhodopsin recovery in the dark after intense
bright light exposure is similar in Rah57~, Rah5%~ and Rah5** mice. Rah5~~ mice do not
display phenotypic changes associated with funaus albipunctatus. Deficient 11-cis-RDH
activity can result in increased levels of free 11/13-c/s-retinol which LRAT subsequently
converts to 11/13-cis retinyl esters. Although, 11-c¢/s-retinol may be oxidized to 11-c/s-
retinaldehyde by an alternative enzyme, 13-cis-retinyl esters accumulate in KDH57~ mice
[50]. Rah5™~ Rahi1~~ mice exhibit delayed dark adaptation after prolonged bleaching as
well as an elevation in 11-cis-retinol and 11-cis-retinyl esters [45]. However, dark adapted
levels of 11-c/sretinaldehyde remained normal. This could be attributed to the fact that the
oxidation reaction is still able to catch up, given the slower, rate limiting reduction of all-
trans-retinaldehyde to retinol. This is also indicative of the presence of an alternate enzyme
capable of carrying out this reaction in the absence of RDH5 and RDH11. Global and RPE-
conditional Rdah10~~ mice do not exhibit retinal degeneration, nor do Rah107~ Rah5~~
mice recapitulate the RDH5 mutation phenotype in humans [44].

No three dimensional structure of a vertebrate RDH has been reported to date due in part to
the difficulty in expressing and purifying of these membrane-associated enzymes. Recently,
an invertebrate homolog from Drosophila melanogaster with RDH activity, the pigment cell-
enriched dehydrogenase isoform ¢ (dPDH), was crystallized [51]. Arthropods like D.
melanogaster have rhabdomeric photoreceptors as opposed to the ciliary variety in
vertebrates. These rhabdomeres consist of microvillar structures containing bistable
rhodopsins that activate phospholipase C driving a phosphatidylinositol-related cascade
instead of the cyclic nucleotide/Ca2* signaling employed in vertebrates. Also, unlike the
vertebrate visual cycle, all-frans-retinaldehyde (3-OH) is reduced to all-frans-retinol by PDH
in retinal pigment cells [52]. Although this protein has retinol dehydrogenase activity, it is
evolutionarily more closely related to hydroxyprostaglandin dehydrogenases based on
reciprocal BLAST searches and phylogenetic analysis (Fig. 2B). dPDH was crystallized in
the presence of NADH and phenol (Fig. 2C). The N-terminus of PDH forms a Rossmann
fold consisting of a pap pattern (B1-al-2-a2-p3-a3-B4) like other SDR enzymes.
Heterologous expression of PDH resulted in an apparent monomeric species that
nevertheless was found as a dimeric assembly /n crystallo. Dimerization is known to be
crucial for SDR activity and accordingly retinaldehyde reductase activity was only observed
from crystalline enzyme samples. dPDH binds to NAD in an energetically favorable
conformation with the active site Ser137 forming a hydrogen bond with the amide group of
the cofactor in a binary state. Upon binding of the substrate-mimetic compound phenol,
NAD flips so that its reactive hydrogen is accessible to substrate. Tyr150 acts as an acid in
the catalytic cycle by donating its hydroxyl proton to the substrate while Lys154 lowers the
pKa of the Tyr150 hydroxyl group setting up a proton relay mechanism. Ser137 stabilizes
the carbonyl group of the substrate [53]. The B sheet in the Rossmann fold region is
stabilized by cofactor binding as observed by hydrogen-deuterium exchange experiments.
The substrate binds in the loop region between f strands 5, 6 and 7, which was observed to
be flexible. The NAD/H-binding site in dPDH is funnel shaped and lined by hydrophilic
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residues, whereas the substrate entry site is mostly hydrophobic enabling access to
membrane dissolved retinoids. Positively charged residues in the cofactor-binding site are
decisive in cofactor specificity [54]. However, the presence of uncharged residues in the
cofactor-binding site of dPDH provide no indication of a specific preference for either
NAD/H or NADP/H. Given the dual substrate and cofactor binding specificities of the
RDHs, it is of interest to study the active site structure of other members of this group.

RETINOL ACYLTRANSFERASE

LRAT is one of the two indispensable enzymes of the classical visual cycle [24, 55, 56]. The
activity of this protein was characterized first in rat small intestine [57] and was later found
in the RPE [58], from which the gene was cloned [59]. This vertebrate-specific enzyme [32]
of the N1pC/P60 papain-like thiol protease protein superfamily [60] catalyzes the formation
of retinyl esters from retinol and phosphatidylcholine substrate with sn-1 specificity. The
enzyme employs a His/His/Cys nucleophile [61] catalytic triad to form a thioacyl
intermediate [62] that is transferred to retinol via a bi-bi ping-pong-type mechanism [63]
(Fig. 3A). LRAT is capable of esterifying other geometric isomers of retinol as well as
amidating retinol derivatives [64]. This activity differs from other members of the HRAS-
like suppressor (HRASLS) family, which act as either phospholipases or phospholipid
acyltransferases.

LRAT retinyl ester synthase activity serves two crucial functions in the eye: 1) the
esterification of all-frans-retinol by LRAT provides a key thermodynamic driving force for
retinol uptake through the RBP4-STRAG transport system [65] and 2) all-#rans-retinyl esters,
which mainly consist of palmitate and to a lesser extent myristate and sterate esters, serve as
substrates for the visual cycle isomerase RPE65 [66, 67]. The absence of these functions is
conspicuous in the eyes of humans and animal models with loss of function LRAT
mutations, which exhibit a paucity of both all-trans-retinyl esters and 11-cis-retinylaldehyde
resulting in visual dysfunction and retinal degeneration. In humans, LRAT mutations cause
recessive forms of retinitis pigmentosa (RP) or LCA depending upon the severity of
functional disruption [68]. Lratknockout mice phenocopy the patient disease state with an
essential absence of ocular retinoids leading to both rod and cone photoreceptor
degeneration [69].

LRAT is an integral membrane protein containing a C-terminal membrane-spanning helix as
well as monotopic membrane-binding elements at its N-terminus [70]. The protein resides in
the endoplasmic reticulum of the RPE [58] forming a functional dimer [71]. A three-
dimensional structure of native LRAT has not been reported to date. However, key structural
insights into LRAT function were obtained through determination of the crystal structure of
an HRASLS3/LRAT chimera protein [72] in which an LRAT-specific sequence (residues
76-105 of murine LRAT) was substituted for residues (39-57) of human HRASLS3, whose
structure has previously been determined by X-ray crystallography [73, 74] (Fig. 3B). This
sequence substitution conferred LRAT activity to the chimeric protein, which unlike native
LRAT, was amenable to crystallization [72]. The X-ray crystal structure of the chimera
revealed dramatic structural changes relative to native HRASLS3 whereby the LRAT-
specific sequence mediated the formation of a domain-swapped parallel dimeric assembly
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not seen in HRASLS structures (Fig. 3C). This arrangement resulted in a mixed catalytic
triad whereby the two His residues were contributed from one subunit and the catalytic Cys
nucleophile from the other. The thiol nucleophile resides at the end of a hydrophobic pocket
that is partially formed by side chains originating from the LRAT sequence insertion with
the pocket entry of both members of the dimer pair in proximity to the lipid membrane. This
structural feature probably helps ensure that lecithin:retinol acyl transfer predominates over
hydrolysis by shielding the thioester intermediate from water. The thioester intermediate was
visualized in the structure through crystallizing the chimera in the presence of a synthetic
phospholipid substrate, diheptanoyl phosphatidylcholine (DHPC). The structure revealed a
heptanoyl chain in a fully extended conformation occupying the abovementioned
hydrophobic pocket. His36 and Cys125 were found in conformations similar to the
corresponding residues in HRASLS3, whereas His24 was rotated by ~55° away from the
thiol nucleophile to accommaodate the carbonyl oxygen of the acyl moiety. Notably, the acyl
group occupies nearly the full volume of the pocket, particularly near its base. Hence, the
ability of the retinol nucleophile to access the acyl intermediate appears to require
conformational changes not observed in this specific crystal structure. Although it is
possible that retinol gains access to the acyl group via direct partitioning from the lipid
bilayer, kinetic data have also suggested that retinol could be delivered to LRAT directly by
CRBP [75], which would presumably require conformational changes to the cytosol-facing
side of the protein. Resolution of this issue will require additional kinetic and structural
analyses including potential complex structures with retinoid-binding proteins.

Retinal pigment epithelium-specific 65 kda protein

RPEG65 carries out the hallmark trans-cis isomerization step of the visual cycle and is the
second indispensable enzyme of this pathway [76]. RPE65 was cloned from bovine RPE in
the early 1990°s [77], but it wasn’t until 2015 that its identity as the visual cycle isomerase
was generally accepted despite substantial research on this protein in the interim [78-80].
The association of RPE65 mutations with RP and LCA2 was a major motive for
investigations of RPEG5 structure and function [81, 82]. In 2001, an RPE65 knockout mouse
was generated by the Redmond laboratory, which recapitulated the phenotypes observed in
humans with homozygous RPE65 loss-of-function mutations: severe visual chromophore
deficiency, accumulation of retinyl esters in the RPE, attenuated ERG responses and loss of
visual function [83]. In both mice and humans, prolonged visual chromophore starvation
ultimately leads to photoreceptor cell death. Extensive research on RPE65-associated
RP/LCA has led to an AAV-based gene therapy for this disease, which is the first FDA-
approved gene therapy for an inherited condition [84].

RPEG65 is a vertebrate-specific member of the carotenoid cleavage oxygenase (CCO)
superfamily [32, 85], although its catalytic activity is different from other CCO enzymes,
and it does not use dioxygen as a co-substrate [86]. Rather than cleaving carotenoids, RPE65
evolved to catalyze the hydrolytic cleavage and isomerization of all-trans-retinyl esters [67,
87] to form 11-cis-retinol and a fatty acid secondary product in a reaction that is thought to
occur through a retinyl cation intermediate [88, 89] (Fig. 4A). Isotope labeling studies have
demonstrated that this reaction involves an atypical ester hydrolysis reaction involving O-
alkyl cleavage [88], which is essential for generation of the putative cationic intermediate
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[89]. This dramatic change in catalytic activity is consistent with the rapid evolution of
RPEG65 following its split from a beta carotene oxygenase-like ancestor [90]. Like its
carotenoid-cleaving relatives, RPE65 contains a 4-His coordinated Fe(ll) center [91, 92].
The iron cofactor is accessible through a hydrophobic cavity that enters the protein from a
surface comprised of several hydrophobic and positively charged residues [93] (Fig. 4B).
The intrinsic physicochemical properties of this surface potentially together with
contributions made from an S-palmitoyl group located in the same region [94] are likely
responsible for the affinity of RPE65 for lipid membranes [95]. The activity of RPE65
critically depends on the presence of phospholipid membranes [96], which can modulate the
structure of the RPE65 molecule [91, 97]. Crystal structures of RPE65 indicate that the
protein is functionally dimeric [91], although /n vivo evidence for this proposal is lacking.
The mechanistic details of retinoid isomerization by RPE65 have been investigated
extensively over the past few decades. Recent crystallographic work using retinoid-mimetic
compounds including MB-001 (Fig. 4C) have helped provide a structural biology framework
in which to interpret the large amount of biochemical and kinetic data that have been
gathered for RPE65 [98].

MB-001 is a potent competitive RPE65 inhibitor that belongs to a class of emixustat and
retinylamine-related visual cycle modulators [98]. These molecules share a core structural
similarity including the presence of a terminal primary amine functionality that is partially
charged at physiological pH and was designed into these molecules to mimic the putative
retinyl cation transition state of the RPE65-catalyzed reaction (Fig. 4C). MB-001 as well as
emixustat were successfully co-crystallized with bovine RPEG5, which allowed delineation
of the retinoid-binding region of the active site pocket (Fig. 4D). The presence of this
inhibitor resulted in the serendipitous trapping of a palmitate molecule in the adjacent region
of the active site pocket where its carboxylate group was found in complex with the iron
center. The simultaneous presence of these two ligands clarified the orientation of retinyl
ester binding to the RPEG65 active site during catalysis, which had been ambiguous.
Additionally, the structures provided strong evidence for a role of the iron cofactor in
facilitating ester cleavage through its Lewis acid property as hypothesized based on data
from prior structural studies [93]. These structures also allowed interpretation ofmutagenesis
studies examining residues important for the 11-ci/s stereoselectivity of RPE65 [89, 99, 100].
Many of the critical residues found in these studies were located within the MB-001/
emixustat-binding pocket. Phe103 and Thr147 appear to play a particularly important role in
providing charge stabilization at the retinoid C11 position to allow 11-c/s-selective
isomerization. Mutation of these and other residues change the retinol isomer product
distribution of RPE65, which was known not to be 11-¢/s specific even in wild-type form
[88, 89].

CELLULAR RETINALDEHYDE-BINDING PROTEIN

CRALBP (encoded by the RLBPI gene) is a soluble cisretinoid-binding protein composed
of 316 amino acid residues, excluding the initiating Met residue which is absent in the
mature protein [101, 102]. The discovery and properties of CRALBP have been reviewed
elsewhere [103, 104]. The protein was first purified from bovine retina and RPE [105] where
it plays an integral role in rod and cone visual pigment renewal. Immunohistochemical
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studies localized CRALBP to RPE and Miller glia [106]. The CRALBP protein sequence
was determined by direct peptide analysis as well as DNA sequencing from human and
bovine retinal cDNAS revealing a conserved primary sequence without sequence similarity
to previously characterized proteins [101, 102]. CRALBP belongs to a family of transfer
proteins containing the CRAL-TRIO domain (named after CRALBP and the TRIO guanine
exchange factor) that typically bind small lipophilic molecules. When isolated from RPE
homogenates CRALBP contains only 11-¢/s-retinaldehyde whereas ~25% of the protein
isolated from neural retinal contains 11-cis-retinol with essentially the remainder being
occupied with 11-c¢is-retinaldehyde [107]. CRALBP binds 11-c¢is-retinaldehyde with highest
affinity (Kq < 20 nM) and 11-cis—retinol and 9-c/s-retinaldehyde with Ky values of ~50 nM
[103]. The tight binding of 11-cis-retinoids to CRALBP necessitates a mechanism to allow
their release from the protein during visual cycle flux. Retinoid release was found to be
enhanced by acidic phospholipids with phosphatidic acid and phosphatidylserine being most
effective [108]. Thus, it is likely that cellular membranes play an important role in triggering
retinoid dissociation from CRALBP allowing transmembrane diffusion.

Mutations in the RLBPI gene, some which can either enhance or abolish retinoid-binding
affinity [109], result a number of autosomal recessive retinopathies including RP, retinitis
punctata albescens, Bothnia dystrophy, fundus albipunctatus, and Newfoundland rod/cone
dystrophy[24]. This variability in disease severity and manifestations may be attributable to
different functional defects induced by particular mutations as well as differing patient
genetic backgrounds [110]. Molecular genetic analysis of a family with non-syndromic
autosomal recessive RP identified a G4763A nucleotide substitution in RLBFP1I, leading to
the replacement of an Arg with GlIn at residue 150 [111]. These patients have classical
retinitis punctata albescens with white dot-like deposits observed in their fundus, early
childhood night blindness, and macular degeneration. Subsequent studies found several
novel mutations associated with recessively inherited retinitis punctata albescens [112, 113].
Prior to retinal degeneration, RP patients with a pathological mutation in RLBPI display
abnormally slow dark adaptation, requiring 12—24 h for dark adaptation whereas normal
individuals need less than 1 h. The Arg233Trp substitution is associated with a
phenotypically distinct variant of retinitis punctata albescens known as Bothnia dystrophy
found among a population residing in Sweden [114]. In pre-clinical studies, treatment of
RIbp1~~ mice with an AAV8-hRLBP1 viral vector delivered subretinally improved the rate
of both cone and rod dark adaptation [113].

RIbp1~~ mice have provided important insights into the role of CRALBP in the visual cycle
[115]. Although dark-adapted photosensitivity in R/5p1~~ mice was normal, 11-cis-
retinaldehyde production after illumination, which reflects the rate visual pigment renewal,
was delayed by more than 10-fold leading to very slow dark adaptation. These results are
consistent with biochemical studies that showed effective isomerization by the retinoid
isomerase (RPEG65) requires this binding protein [116]. /n vitro retinoid isomerization is
strongly facilitated by CRALBP likely due to relief of RPE65 product inhibition by
sequestering 11-cis-retinol product. When raised in cyclic light/dark conditions R/bp1~~
mice showed no evidence of photoreceptor degeneration, which contrasts with the
CRALBP-associated disease phenotype observed in humans [25]. Subsequent
characterization of R/p1~~ mice revealed a greater than initially appreciated effect on cone
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photoreceptor structure, function, and viability. The knockout mice were found to display
aberrant localization of M-opsin, M-cone cell death, changes in M-cone cell dark adaptation
rate, and impaired cone-driven visual behavior and light responses. Viral vector restoration
of Cralbp expression specifically in Mdiller glia, but not in RPE cells, rescued intraretinal
visual cycle function and M-cone sensitivity in R/6p1~~ mice [117].

The tertiary structure of CRALBP and its interaction with retinaldehyde were characterized
by NMR spectroscopy [118] and later by X-ray crystallography [119]. Crystal structures
were solved for both wild-type human CRALBP and the R233W pathogenic mutant as
binary complexes with the endogenous ligand 11-c/s-retinaldehyde [119] (Fig. 5A). Arg233
is located 15 A from the retinoid-binding pocket. The Arg233Trp substitution causes a
domino-like reorganization of the retinoid-binding site and impairs ligand release [109].
Arg233 is also a component of the cationic residue cluster on CRALBP that is thought to
bind acidic phospholipids triggering retinoid release [108]. The Bothnia retinal dystrophy-
associated Arg233Trp mutation perturbed the structure of the cationic cluster, which may
impair membrane-induced retinoid dissociation [119]. This demonstated communication
between the cationic residue cluster and the retinoid-binding pocket suggest an allosteric
mechanism of retinoid release upon CRALBP interaction with negatively charged
phosphoalipids, although competitive displacement remains a possibility [108]. Due to its
hydrophobic nature, 11-cis-retinaldehyde is sequestered from the solvent within the
CRALBP retinoid-binding pocket, which has a volume of ~650 A3. In wild-type CRALBP,
the electron density map for the C11-C15 terminal tail of the chromophore is undefined,
suggesting flexible binding. By contrast, clear density was observed for the entire 11-¢is-
retinaldehyde molecule in Arg233Trp CRALBP suggesting more stable binding, which is
consistent with biochemical data [109]. 11-c/s-retinaldehyde is found in a 6-s-frans, 11-ci/s,
and twisted 12-s-c/s configuration, and the polyene chain is planar up to carbon 12. The -
ionone ring is surrounded and immobilized by multiple van der Waals interactions that twist
the ring by about 7° around the C6-C7 bond relative to the plane of the polyene chain (Fig.
5B). The carbonyl oxygen of the aldehyde serves as the hydrogen bond acceptor for the
phenol group of Tyr179 with the acidic oxygen of Glu201 also within hydrogen bonding
distance of the aldehyde group. The higher affinity of CRALBP for 11-cis-retinaldehyde
compared to 11-c/s-retinol may be explained by differences in hydrogen bonding and pi
stacking interactions between the alcohol and aldehyde functional groups. The 11-¢/s-
retinaldehyde configuration is preferable as compared to 9-c/s-retinaldehyde owing to shape
complementarity between the binding pocket and the 11-cis-retinaldehyde with a 45° out-of-
plane twist between C12 and C13 being sterically unfavorable for the 9-c/sisomer to
assume. This is also the reason that 13-c¢/s-retinaldehyde or all-frans-retinaldehyde do not
bind tightly to CRALBP.

STIMULATED BY RETINOIC ACID 6

Retinol mainly circulates in the blood bound to RBP4 [120-122]. This complex formation
effectively solubilizes retinol in plasma and protects it from enzymatic and oxidative
reactions. The passage of retinol through the cellular membrane can occur by a simple
diffusion due to its hydrophobicity, but there is also evidence to support a receptor-mediated
uptake of retinol [123, 124]. The search for the receptor for RBP4 took place over many
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years and its existence was controversial. However, in 2007 the holo-RBP4 receptor was
identified using a photo-crosslinking approach [120]. This protein, known as STRAG for
stimulated by retinoic acid 6, was originally identified in embryonic carcinoma cells but
remained functionally uncharacterized [125]. STRAG is expressed in a variety of organs
including the eye, brain, adipose tissue, spleen, kidney, testis, and adult female genital tract
[120, 125]. STRAG6 was shown to catalyze the release of retinol from RBP4 and to facilitate
retinol translocation across the cell membrane to the cytosol where it associates with CRBPs
[126], reviewed in [127]. Esterification of retinol by LRAT improves the efficiency of
STRAG6-mediated transport by increasing the amount of available apo-CRBP [65, 120].

Mutations in STRAG6 are associated with defects in multiple organs as demonstrated by
Matthew-Wood syndrome [128-130]. This disease is characterized by anophthalmia, mental
disability, congenital heart defects, lung hypoplasia, short stature, and even embryonic
lethality. Interestingly, Stra6loss of function causes less severe phenotypes in mice,
primarily affecting the eye. Stra6 knockout mice exhibited thinning of the rod outer and
inner segments, reduction of retinoid content, a hypertrophic vitreous, and formation of
dense vasculature in the vitreous humor [131, 132]. These observations suggest that STRA6
is not the only transporter facilitating the uptake of retinol in mice.

Biochemical and transgenic animal studies contributed to our understanding of STRA6
function, but the absence of structural information left many unresolved issues regarding its
mechanism of retinol transport. A 3.9 A cryo-EM structure of zebrafish STRA6 was recently
solved [133] (Fig. 6). The structure shows that STRA6 forms an intricately associated dimer
comprised of 18 transmembrane helices (9 per protomer) and 2 intramembrane helices (1 per
protomer) that interact at the central dimer interface [133]. The structure showed a large
hydrophobic cleft on the extracellular side, which could be a site for release of retinol from
RBP4 [133]. This cleft extends down about halfway through the transmembrane region of
the protein and is exposed to the membrane through a lateral window [133]. This
observation suggests a pathway for retinol to diffuse into the transmembrane after delivery
by RBP4. The cytoplasmic side of STRA6 was serendipitously found to be associated with
calmodulin (CaM) in an unconventional arrangement [133]. The role of CaM in this
complex remains elusive as the association between Ca2* and retinol uptake through STRA6
has not been rigorously investigated. Overall, the structure of STRAG suggests a mechanism
for retinol release from holo-RBP and diffusion of retinol into the membrane [133]. Several
lines of evidence suggested STRAG is a ligand-activated signaling receptor which leads to
activation of the JAK/STAT signaling pathway and regulation of transcription [134, 135].
Thus, it was suggested that STRAG acts as a cytokine receptor that links retinol transport
with cellular signaling [136]. Further studies will reveal the role of STRAG in signaling, the
functional significance of its association with CaM and its regulation.

CONCLUSIONS AND PROSPECTS

The past decade has witnessed several major advances in our understanding of the molecular
basis of visual cycle activity. High resolution structures are now available for most of the
major visual cycle enzymes and binding proteins. Combined with extensive biochemical
information about the visual cycle, these structures have provided a new level of
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sophistication in our understanding of the chemistry of the first steps of vision. Despite this
remarkable progress, there are still many fundamental aspects of visual cycle function that

require further investigation. Specifically, the intra- and inter-cellular transport of retinoids

within the visual cycle remain an area of significant uncertainty.

Retinoid transport between photoreceptor outer segments and the RPE is a critical aspect of
visual cycle function that remains poorly understood. IRBP (encoded by the RBP3 gene) is
thought to play a role in the transfer of retinoids between photoreceptors and RPE [137,
138]. The structure of IRBP modules from X. /aevis [139] and D. rerio [140] have been
determined by X-ray crystallography. However, the structure of the full-length protein has
not been determined at high resolution and the retinoid-binding sites within the protein
remain unclear. Given the large size and apparently flexible nature of IRBP, it could be a
good candidate for structural analysis by cryo-EM. Although there is ample evidence
supporting a role for IRBP in retinoid trafficking, it is important to note that this protein is
dispensable for both classical [141] and cone-specific [142] visual cycle function.

Structural analysis of STRA6 using molecular biology [143, 144] and cryo-EM [133]
techniques has profoundly improved our understanding of retinoid transport between the
RPE and the circulation. Despite this progress, the details of retinoid transfer from RBP4
through STRAG6 to CRBP remain to be elucidated. The exact retinoid passageway through
STRAG requires further clarification as does the role of calmodulin in STRAG structure,
function and regulation. Additionally, it remains unclear whether retinol is accepted by
CRBP1 directly from STRAG or alternatively is obtained from the membrane. Likewise, the
mechanism of retinol delivery by CRBP1 to LRAT remains unclear as mentioned earlier
[145]. Recent progress in the structural biology of retinol binding and release by CRBP1
[146] is likely to facilitate advances in understanding these processes as they relate to /n vivo
visual cycle activity. A related issue concerns the mechanism by which CRALBP accepts
cls-retinoids generated by RPE6G5 and 11-c¢is-RDHs. While there is evidence suggesting that
CRALBP may directly accept retinoids from these proteins [88, 115], the structure of
RPEG65 and the predicted structure of RDH5 would indicate that product uptake and release
would occur instead via interaction with the lipid bilayer rather than a binding protein. The
basic patch on CRALBP would provide a mechanism for placing the protein in proximity to
membranes to accept these ligands. The dynamic changes in CRALBP structure that occur
in response to acidic phospholipid binding enabling cis-retinoid release remain to be
determined [26]. Advances in expression and purification of visual cycle enzymes and
binding proteins may enable the issue of complex formation between visual cycle
components to be revisited using modern high resolution structural biology techniques
[147].

Retinoid trafficking is modulated by the visual pigment homologs, retinal G protein-coupled
receptor (RGR) [148, 149] and peropsin [150], although the molecular basis of these effects
are not understood. Besides, this modulator effect, RGR has previously been characterized
as a retinaldehyde photoisomerase similar in function to squid retinochrome [29]. Although
the physiological relevance of RGR photoisomerase activity in direct visual pigment renewal
has been debated understanding the structure of this protein may provide important insights
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into an RPEG5-independent pathway of 11-cis-retinaldehyde formation and the mechanism
by which this conversion could modulate G protein signaling in the RPE and Miller glia.
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178-HSD 17-B-hydroxysteroid dehydrogenase
A2E N-retinylidene-N-retinylethanolamine
ABCA4 ATP-binding cassette transporter A4
CRALBP cellular retinaldehyde-binding protein
CRBP cellular retinol-binding protein
dPDH Drosophila melanogaster pigment cell-enriched dehydrogenase,
isoform ¢
HRASLS HRAS-like suppressor
IPM interphotoreceptor matrix
IRBP interphotoreceptor retinoid-binding protein
LCA Leber congenital amaurosis
LRAT lecithin:retinol acyltransferase
RBP4 retinol-binding protein 4
RDH retinol dehydrogenase
RGR retinal G protein-coupled receptor
RPE retinal pigment epithelium
RPEG65 retinal pigment epithelium-specific 65 kDa protein
SDR short-chain dehydrogenase/reductase
STRAG6 stimulated by retinoic acid 6
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Figure 1. Stepsin the classical visual cycle.
The top schematic outlines the individual chemical steps and proteins mediating the reaction

and transport pathways of the classical visual cycle. Abbreviations are as follows: RAL,
retinaldehyde; ROL, retinol; RE, retinyl ester; 11c, 11-cis; at, all-trans. The lower part of the
figure shows key states of the rod visual pigment as it progresses from the ground state
(PDB accession code: 1U19), through a photoactivated intermediate (PDB accession code:
3PQR), to the free opsin molecule (PDB accession code: 3CAP), as determined by X-ray
crystallography.
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Figure 2. Structure and enzymology of RDH enzymes.
A) Alignment of RDH and RDH-related protein sequences. The catalytic motif Ser-Tyr-Lys

is marked by pink stars whereas the cofactor-binding motif G-X-X-X-G-X-G is marked by
grey stars. The alignment was generated by Clustal Omega and annotated in Espript.
Secondary structure elements marked on the top of the alignment are derived from the
crystal structure of dPDH (PDB accession code: 5ILG). Portions of the C-termini of the
sequences are omitted for clarity. Abbreviations are as follows: dPDH, Drosophila
melanogaster pigment cell-enriched dehydrogenase isoform ¢ (NCBI RefSeq:
NP_001137959.1); 17p-HSD, human 17p-hydroxysteroid dehydrogenase (Genebank ID:
CAC88111.1) B) Phylogeny of RDH and RDH-related proteins estimated by the program
MrBayes. The RDH clades include orthologs from Homo sapiens, Bos taurus, Danio rerio,
Xenopus tropicalis, and Gallus gallus, except for the RDH12 clade for which a X. fropicalis
ortholog was not identified. The protein sequences were aligned with Clustal omega using
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default parameters and the phylogeny was computed assuming a uniform prior, equal rate of
substitution across sites and WAG substitution matrix (chosen by Markov chain sampling).
The posterior probability distribution was estimated by Markov Chain Monte Carlo
sampling for 839,000 generations with samples taken every 100 generations after a burn-in
fraction of 25%, at which point an average standard deviation of split frequencies of 0.004
was reached indicating convergence. The majority rule consensus tree is shown in the figure
with posterior probabilities for each split displayed along the branches. The two side lengths
of the triangles representing collapsed nodes are proportional to the distances of the closest
and furthest terminal nodes. The scale bar represents the average number of changes per site.
Abbreviations are as follows: h15-HPGD, human 15-hydroxyprostaglandin dehydrogenase
(NCBI RefSeq: NP_000851.2). C) Crystal structure of dPDH (PDB accession code: 5ILG)
displayed in Pymol as a dimer. (Left monomer) The Rossmann fold (B1-al-p2-a2-B3-a3-
B4) is highlighted as well as the substrate-binding site comprised in part by p strands 5, 6
and 7. (Right monomer) Displayed as sticks is the catalytic triad of Ser137, Tyr150 and
Lys154 in white, the substrate-mimetic phenol in pink, the NAD cofactor in yellow, and its
binding motif (G-X-X-X-G-X-G) in grey highlighting a funnel-shaped binding cavity.
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Figure 3. Structure and enzymology of L RAT.
A) Physiological reaction catalyzed by LRAT. B) Sequence alignment of human HRASLS3

(hHRASLS3), mouse LRAT (mMLRAT), and the HRASLS3/LRAT chimera. The LRAT-
specific sequence mentioned in the main text is marked with a brown background. His and
Cys residues constituting the catalytic triad of LRAT-family proteins are marked by stars.
Numbering under the stars refers to the sequence of HRASLS3/LRAT. Secondary structure
elements for HRASLS3 and HRASLS3/LRAT are shown above and below the respective
sequences. C) Crystal structure of the HRASLS3-LRAT chimera protein. The two chains of
the dimer are colored blue and green. The Cys146 acyl intermediate is shown in stick and
transparent van der Waals sphere representation within the hydrophobic pocket, which is
outlined by salmon-colored mesh.
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Figure 4. Structure and enzymology of RPEG5.
A) Scheme of the RPE65-catalyzed retinoid isomerization reaction. B) Crystallographic

structure of RPEG5 showing the dimeric assembly and the parallel-oriented membrane
binding surfaces that surround the opening to the active site cavity (outlined by grey dots).
Residues thought to mediate RPE65 membrane binding are shown as sticks. The entrances
to the active site pockets are marked by arrows. C) Comparison of MB-001 with the putative
retinyl cation intermediate from panel A showing similarity in the core structure of the two
molecules. D) Details of the RPEG5 active site cavity showing the binding sites for MB-001/
emixustat and palmitate. Residues Phe103 and Thr147, which are thought to be important
contributors to the 11-c¢/s isomerization stereoselectivity of RPE65 are shown as grey sticks,
while the critical iron-binding His residues are shown as orange sticks. The entrance to the
active site pocket is marked by an arrow. Images of the RPEG5 crystal structure were
generated in PyMOL using coordinates deposited under PDB accession code 4RSE.
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Figure5. Structural basis of 11-cis-retinoid binding by CRALBP.
A) Overall structure of wild-type human CRALBP. The cavities housing the bound 11-c¢i/s-

retinaldehyde (orange sticks) are shown as a grey surface. Residues known to be mutated in
retinal diseases are labeled with red text. Residues labeled in black (as well as Arg233) make
up a basic patch on the protein surface that is thought to bind acidic phospholipids to
facilitate retinoid release from the protein. The structure features a bound tartrate molecule
at the center of the basic patch which possibly mimics the structure of an acidic
phospholipid head group. B) Close-up view of the retinoid-binding cavity of CRALBP
showing residues responsible for forming the bend geometry of the cavity as well as those
involved in dipolar interactions with the terminal aldehyde moiety. Residue numbering refers
to the mature protein lacking the initiating Met residue.
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Figure 6. Cryo-electron microscopy structure of STRAG.
One STRAG-calmodulin complex is shown in surface representation (colored in grey and

wheat, respectively). The second in shown in cartoon representation. Transmembrane helices
are numbered. Abbreviations are as follows: IMH, intramembrane helix; JMH,
juxtamembrane helix.
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