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All that we view of the world begins with an ultrafast cis to
trans photoisomerization of the retinylidene chromophore
associated with the visual pigments of rod and cone photore-
ceptors. The continual responsiveness of these photoreceptors
is then sustained by regeneration processes that convert the
trans-retinoid back to an 11-cis configuration. Recent
biochemical and electrophysiological analyses of the retinal
G-protein-coupled receptor (RGR) suggest that it could sustain
the responsiveness of photoreceptor cells, particularly cones,
even under bright light conditions. Thus, two mechanisms have
evolved to accomplish the reisomerization: one involving the
well-studied retinoid isomerase (RPE65) and a second photo-
isomerase reaction mediated by the RGR. Impairments to the
pathways that transform all-trans-retinal back to 11-cis-retinal
are associated with mild to severe forms of retinal dystrophy.
Moreover, with age there also is a decline in the rate of chro-
mophore regeneration. Both pharmacological and genetic
approaches are being used to bypass visual cycle defects and
consequently mitigate blinding diseases. Rapid progress in the
use of genome editing also is paving the way for the treatment
of disparate retinal diseases. In this review, we provide an
update on visual cycle biochemistry and then discuss visual-
cycle-related diseases and emerging therapeutics for these
disorders. There is hope that these advances will be helpful in
treating more complex diseases of the eye, including age-
related macular degeneration (AMD).

Visual sensation is a complex process whereby light from
the environment is transduced into a bioelectrical signal that is
preprocessed by the retina into a form suitable for further
interpretation by the brain. The light-detection step of this
pathway utilizes a set of G-protein-coupled retinylidene opsin
proteins known as visual pigments that are located in the
photoreceptive neurons of the retina. Visual pigments contain
a covalently bound 11-cis-retinal chromophore that undergoes
cis–trans isomerization upon absorption of visible light (1)
(Movie S1). This photoswitch enables the visual opsin to
trigger a G protein signaling pathway that ultimately leads to
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photoreceptor cell hyperpolarization and a change in chemical
signaling at the first visual synapses between photoreceptors
and bipolar cells (2–4). Unlike most other retinylidene pro-
teins in various kingdoms, the vertebrate visual pigments do
not retain their retinal chromophore following photo-
isomerization (5). Rather, the Schiff base linkage becomes
susceptible to hydrolysis in the activated state of the receptor,
leaving the visual opsin insensitive to further light stimulation.
The spent chromophore must then be regenerated and com-
bined with opsin to enable another round of light detection. A
key innovation that evolved in vertebrates is the ability to
convert all-trans-retinal into 11-cis-retinal in the absence of
light. The metabolic pathway responsible for this activity,
which is known as the classical visual or retinoid cycle, was
discovered over 150 years ago in frog (translated in Ref. (6))
and is now understood in great molecular detail (7, 8). By
contrast, only lately have light-dependent mechanisms
(collectively referred to here as nonclassical visual cycles) of
11-cis-retinal biosynthesis become more generally recognized
as important in maintaining vertebrate visual pigment sensi-
tivity under conditions of high illuminance.

Because the visual system depends so critically on these 11-
cis-retinal renewal pathways, it is not surprising that mutations
in the key proteins that mediate the all-trans to 11-cis-retinal
conversion lead to visual defects. In some cases, visual cycle
protein mutations produce blindness within the first or second
decade of life (9), which has motivated studies to develop
therapeutics for such conditions. These include pharmacolog-
ical agents that bypass the metabolic blockade in 11-cis-retinal
synthesis (10, 11) and targeted genetic approaches involving
gene augmentation or mutation correction using CRISPR/Cas9
or related technologies (12). Because the retina is well isolated in
the ocular globe from the remainder of the body, gene therapies
can be delivered to the intended site of action with reduced
concern for off-target systemic side effects. Hence, ocular gene
therapy is one of the most advanced branches of this field and
has reached key milestones for the discipline, including the first
U.S. Food and Drug Administration (FDA)-approved gene
therapy for an inherited disease (13).

Here, we first review recent progress in understanding how
11-cis-retinal is produced through both the classical and
nonclassical visual cycles. Recent reevaluation of the
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Figure 1. Localization and function of proteins involved in visual chromophore production in the vertebrate retina. A, vision is initiated by the
absorption of light (hν, yellow highlight) by visual pigments localized in the photoreceptor outer segments (central region of the panel; rod outer segment
on the left, cone outer segments in the middle and right). These outer segments are connected to the photoreceptor inner segments and cell bodies shown
in the bottom portion of the panel (unlabeled). Protein-mediated pathways required for 11-cis-retinal synthesis and the regeneration of the visual pigment
molecules reside in the RPE (upper panel) and Müller cells [bottom panel; note: only the Müller cell microvilli (wavy gray structures) are shown]. Enzymes
and retinoid-binding proteins are shown in pink and dark blue boxes, respectively. Note the presence of light-dependent and light-independent pathways
in both RPE and Müller cells. Dashed lines indicate retinoid diffusion/transport pathways of unclear function. Abbreviations are as follows: 11cRAL, 11-cis-
retinal; 11cRDH, 11-cis-RDH; 11cRE, 11-cis-retinyl esters; 11cROL, 11-cis-retinol; atRAL, all-trans-retinal; atRDH, all-trans-RDH; atRE, all-trans-retinyl esters;
atROL, all-trans-retinol; CRALBP, cellular retinaldehyde-binding protein; IRBP, interphotoreceptor retinoid-binding protein; RGR, retinal G-protein-coupled
receptor; RDH, retinol dehydrogenase. Question marks indicate steps where a physiologically relevant enzyme has yet to be identified. B–C, single-cell RNA
sequencing analysis of visual-cycle-associated proteins in the peripheral (B) and central (C) regions of the human retina. The area of each circle indicates the
expression level of the given gene (shown on the horizontal axis) in each cell type (vertical axis). Data are taken from reference (18).
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potential role of the retinal RGR in chromophore production
adds to the complexity of this key visual process. Next, we
follow with a discussion of how specific mutations in visual-
cycle-related proteins lead to retinal disease and blindness.
Finally, we review progress made in the treatment of such
disorders with a focus on pharmacological and genetic
approaches. Where appropriate we cite other more special-
ized review articles, which deal with unique aspects of the
visual cycle.
2 J. Biol. Chem. (2021) 296 100072
Expression of visual cycle proteins in the vertebrate
retina

Generation of the visual chromophore in the vertebrate
retina involves 4 cell types: rod and cone photoreceptor neu-
rons, the retinal pigment epithelium (RPE), and the Müller glia
(Fig. 1A). Originally, it was believed that the RPE’s principle
role was the production of visual chromophore for visual
pigments in rod photoreceptor cells, whereas the Müller glia
primarily supported cone pigment regeneration. Newer data
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have blurred these distinctions, and an interdependence of the
classical and nonclassical visual cycles is becoming increas-
ingly clear (14–16).

The cellular localization of proteins comprising the visual
cycle was originally deduced primarily from traditional protein
purification approaches and antibody-based methods such as
immunohistochemistry. These studies led to the picture of
visual cycle protein expression shown in Figure 1A, with the
protein machinery necessary to form 11-cis-retinal distributed
between various cell types. More recently, the advent of high-
throughput RNA sequencing technology has allowed regional
expression levels and the degree of expression variability to be
assessed at the single-cell level (Fig. 1, B–C) (17, 18). These
single-cell RNAseq (next-generation RNA sequencing) results
agree well with the original localization assignments based on
expression at the protein level and have revealed additional
finer details in visual cycle protein expression, for example,
between the cone-rich central region of the human retina and
the rod-rich periphery.

Visual cycle enzymes specifically expressed within the RPE
include lecithin:retinol acyltransferase (LRAT), RPE-specific
65 kDa protein (RPE65 retinoid isomerase), and an 11-cis-
retinol dehydrogenase (11cRDH) known as RDH5. As shown
in Figure 1A, these enzymes sequentially produce all-trans-
retinyl esters, 11-cis-retinol, and 11-cis-retinal from all-trans-
retinol that is formed within rod and cone OSs. RPE65 was
also detected within cone photoreceptors and proposed to play
a role in cone pigment regeneration (19); however, this was not
confirmed by RNAseq analysis (Fig. 1, B–C) or by direct
functional assessment (20).

Other proteins such as cellular retinaldehyde-binding pro-
tein (CRALBP) and RGR are expressed in both Müller glia and
the RPE and may play distinct functional roles in these two cell
types. CRALBP is a member of the CRAL-TRIO superfamily
that binds 11-cis-retinal and 11-cis-retinol under physiological
conditions (21, 22). In the RPE, CRALBP binds 11-cis-retinal,
which it obtains from 11-cis-RDHs (e.g., RDH5) as well as
RGR. In the Müller glia of bovine retina, CRALBP is associated
with both 11-cis-retinal and 11-cis-retinol. This finding is
notable given that 11-cis-retinol is readily oxidized to 11-cis-
retinal within the OSs of cones but not those of rods (23, 24).
Hence, CRALBP within Müller glia plays a key role in sup-
plying cones with a form of visual chromophore that cannot be
used by rods. RNAseq analysis showed that CRALBP expres-
sion is lower in the cone-rich central retina of humans in
contrast with the retinal periphery. These differences possibly
reflect the reduced need of cones for a privileged chromophore
supply when the density of rods is low.

Another retinoid-binding protein, interphotoreceptor
retinoid-binding protein (IRBP), functions as a retinoid carrier
(buffer) within the interphotoreceptor matrix that separates
the RPE and the photoreceptors (Fig. 1A). The protein is
synthesized by photoreceptors and is secreted into the inter-
photoreceptor matrix in a highly glycosylated form. IRBP binds
all-trans and 11-cis-retinoids in addition to unsaturated fatty
acids within its four homologous modules (25–27). Using
Irbp-/- mice it was shown that this protein is not essential for
visual cycle operation (28, 29). Nevertheless, these mice exhibit
time-dependent rod and cone degeneration (30). Further
studies have shown that IRBP prevents formation of poten-
tially toxic lipofuscin through its retinoid-binding action (31).

The structure of IRBP comprises four homologous modules.
Crystal structures of two modules were reported (32, 33),
revealing a conserved two-domain architecture consisting of
an N-terminal ββα-spiral fold linked to a C-terminal αβα
sandwich. The structure of full-length bovine IRBP was solved
at a global resolution of 8.1 Å using cryoelectron microscopy
(27), revealing a bent filament or “π”-shaped structure 14.1 nm
in diameter, 39.1 nm in length, and 2.2 to 4 nm in width. This
structure would enable IRBP to wrap around an unknown
anchor to be retained in the extracellular space between the
photoreceptors and RPE to prevent rapid clearance by the
RPE.

RGR, a seven-transmembrane spanning protein that appears
to function as a retinal photoisomerase, not as the classical
GPCR suggested by its name, is also expressed in both the RPE
and Müller glia and may have distinct functional roles in the
two cell types. In the RPE, RGR has been proposed to support
visual chromophore production by a variety of mechanisms
including acting directly as a photoisomerase (34–36), by
stimulating the isomerase activity of the classical visual cycle
(37, 38), or by clearing potentially toxic isomers of retinal (39).
RGR may form 11-cis-retinal through its photoisomerase ac-
tivity in conjunction with an 11-cis-RDH (40), (e.g., RDH10
(35)), although the in vivo role of this enzyme has not been
validated (41). Regardless of the exact mechanisms of RGR, the
impaired cone function observed in Rgr-/- mice clearly shows
that this protein plays an important role in visual chromo-
phore production (35). However, RNAseq analysis has
demonstrated that RGR expression is much lower in mouse
Müller glia as compared with human and bovine Müller glia
indicating that the phenotype in Rgr-/- mice may not fully
recapitulate the consequences of RGR loss of function (LoF) in
other species (36). As shown in Figure 1A, the full complement
of proteins that contribute to visual chromophore production
in the Müller glia remains to be identified, and some previ-
ously suspected players such as Des1 have been shown phys-
iologically irrelevant to this process (15, 42). Others such as
acyl-CoA wax alcohol acyltransferase 2 (AWAT2 or MFAT),
which catalyzes stereospecific esterification of 11-cis-retinol,
require further study (43, 44).

Evolution of the 11-cis-retinal synthetic machinery in
vertebrates

Like many other evolutionary processes, the advent of the
vertebrate visual cycles involved the repurposing of several
existing protein scaffolds rather than de novo invention of
novel enzymes and retinoid chaperones. Components of the
classical visual cycle are believed to have come into existence
approximately half a billion years ago as the vertebrate line-
age emerged from the last common ancestor of chordates
(45–47). The visual cycle as well as visual opsin evolution is
thought to have been driven by a change in visual ecology as
vertebrate predecessors began to occupy deep waters where
J. Biol. Chem. (2021) 296 100072 3



Figure 2. Three-dimensional structural models of visual cycle retinoid isomerases. A, crystal structure of bovine RPE65 in complex with MB-001 (orange
sticks), an 11-cis-retinoid mimetic, and the palmitate product of catalysis (purple sticks) (Protein Data Bank (PDB) accession code 4RSE). B, detailed view of the
RPE65 active site showing residues in proximity to the retinoid-binding site. The orange asterisk indicates the predicted binding position of the retinoid
C11-C12 bond. The iron ion is directly coordinated by a set of 4-His residues (only His241 is shown in the figure). Thr147, Phe103, Tyr338 play key roles in polyene
isomerization stereoselectivity (54, 81, 82). C, RPE65-catalyzed isomerization reaction involving a putative carbocation intermediate. D, homology model of
human RGR bound to all-trans-retinal via a Lys255 Schiff base. The model was generated using bovine rod opsin as a template (PDB accession code 3PXO)
via the SWISS-MODEL server (183). Helix VII containing the chromophore-binding Lys255 residue is shown in pink. E, predicted model of the RGR active site.
Residues that are absolutely conserved across a wide range of species from humans to zebrafish and within 4.5 Å of the retinylidene group (orange lines) are
shown as lines. Aromatic residues Tyr166, Phe96, Tyr227, Trp224 could be critical in trans–cis stereospecificity, and Glu156 could be a counterion of the
protonated Schiff base between retinal and Lys255.

JBC REVIEWS: Vertebrate visual cycles

4 J. Biol. Chem. (2021) 296 100072



JBC REVIEWS: Vertebrate visual cycles
light-driven 11-cis-retinal production became a nonviable
pathway (48). The visual opsins evolved to become more
photosensitive and achieve greater efficiency in activating G
proteins while at the same time losing their ability to remain
covalently linked in the binding pocket in cis and trans
configurations (49, 50). Support for this timeline comes from
biochemical and phylogenic studies on the presence of RPE65
and LRAT activities, the two essential enzymes of the clas-
sical visual cycle, in urochordates, cephalochordates, and in
the early branching cyclostome vertebrate lineage repre-
sented by sea lampreys (51). RPE65, a retinyl ester isomerase,
belongs to the carotenoid cleavage dioxygenase (CCD) su-
perfamily whose members typically cleave alkene bonds in
carotenoid substrates (52). LRAT belongs to the HRas proto-
oncogene (HRAS)-like tumor suppressor family, whose
members in turn are circularly permuted variants of papain-
like thiol peptidases of the NlpC/P60 superfamily (53).
Despite having undergone dramatic changes in their catalytic
activities, these enzymes retain use of key active site elements
present throughout their respective families—namely a 4-
His-coordinated FeII cofactor in the case of RPE65 (54, 55)
and a Cys-His-His catalytic triad in the case of LRAT (56, 57)
(Fig. 2, A–B). Although an RPE65 ortholog (BCMOa) was
previously reported in the tunicate Ciona intestinalis based
on amino acid sequence similarity (58), it was later shown
through biochemical assays that this enzyme instead pos-
sesses carotenoid oxygenase activity (51, 59). Conversely, the
RPE65 ortholog from sea lamprey has demonstrable retinoid
isomerase activity (51), which supports the idea that RPE65
appeared in the last common ancestor of gnathostomes and
cyclostomes following an extensive divergence from a β-
carotene 15,15’-dioxygenase (BCO)-like ancestor (59). Like-
wise, sea lamprey LRAT is a functional retinyl ester synthase
(51), and phylogenic analyses indicate that true LRAT
orthologs are also restricted to vertebrates (46). Similar ob-
servations have been made for vertebrate retinol dehydro-
genase 5 (RDH5) and RDH8, both of which belong to the
short-chain dehydrogenases/reductases (SDR) family and
share most recent common ancestors with hydroxysteroid
dehydrogenases (46, 60). The fact that vertebrate visual cycle
RDHs do not form a monophyletic group indicates either that
the ancestral enzyme was promiscuous with the ability to
metabolize retinoids, steroids, and perhaps other lipophilic
molecules or that RDH activity has been acquired multiple
times through convergent evolution. RGR, on the other hand,
is orthologous to opsins found in invertebrates, the best
characterized of which is a protein known as retinochrome
(61–63). Similarly, distant CRALBP orthologs are found in
mollusks and other invertebrates (46, 64), where they play a
role in supporting RGR photoisomerase activity by acting as
retinal shuttles (65). CRALBP appears to play a similar role in
vertebrates by stereospecifically binding 11-cis-retinal and
11-cis-retinol. The RGR-photoisomerase system clearly
originated before the classical visual cycle, likely to support
the generation or regeneration of opsins under conditions
where the organism was frequently exposed to a well-lit
environment. Such activity may be retained in vertebrates
today in the regeneration of cone visual pigments, which are
operative under conditions where photon flux onto the retina
is high.

Mechanisms of retinoid isomerization

All-trans to 11-cis-retinoid isomerization is the hallmark
step of the recycling portion of the visual cycle and is a process
highly specific to the eye, as 11-cis-retinoids are found in
significant quantity only in the retina. Both enzymatic and
photoenzymatic retinoid isomerization occurs within the
membranes of the endoplasmic reticulum (ER) where the
isomerases interact with other components of the visual cycle
enzymatic machinery (66–68). As described in detail previ-
ously (69), the isomerization reaction requires energy, because
11-cis retinoids are higher in free energy than all-trans-reti-
noids primarily due to steric factors (70, 71). Additionally, the
isomerization mechanism must involve lowering the bond
order of the C11-C12 double bond to allow for the molecular
rotation, which ordinarily would be kinetically unfavorable due
to the rigidity of the polyene backbone (72).

Before retinoids are isomerized by RPE65, they must be
esterifed by LRAT (73–76). The enzyme first forms a thioester
catalytic intermediate, and subsequently the acyl group is
transfer on all-trans-retinol (56). The mechanism of this re-
action is reviewed in Ref. (77).

The mechanism of RPE65-catalyzed isomerization has been
elucidated over the course of several years through the work of
many independent groups. Although certain aspects of RPE65
action require additional clarification, there is now a reason-
able consensus in the field concerning the details of its cata-
lytic nature (52, 55, 78). In contrast to alkene-cleaving CCDs,
which use their iron prosthetic group to trigger O2 reactivity
(79), RPE65 appears not to require O2 as a cosubstrate or
cocatalyst to carry out retinoid isomerization (80). Structural
studies have suggested that iron instead serves as a Lewis acid
catalyst to facilitate ester bond hydrolysis, which likely pays for
the thermodynamic debt incurred from the trans–cis isomer-
ization (81) (Fig. 2A). It is notable that ester cleavage occurs at
the C15–O position, as demonstrated by numerous isotope
labeling studies ((82, 83) reviewed in (67)), rather than at the
acyl bond more typical of biological ester hydrolysis. As shown
in Figure 2C, O-alkyl cleavage is favorable because of the
proximity of C15 to the conjugated polyene, which stabilizes
the cationic intermediate. Crucially, electron withdrawal
through O-alkyl cleavage appears to be mechanistically
essential as the retinyl cation intermediate exhibits lowered
bond order required for efficient geometric isomerization (72).
Through analysis of the RPE65 active site in the presence of
putative transition state analogs, it was proposed that the
retinyl cation is preferentially stabilized at C11 through elec-
trostatic interactions involving the side chains of conserved
residues Phe103 and Thr147 (81) (Fig. 2B and Movie S2), as
previously indicated through detailed mutagenesis experi-
ments (47, 83). Structural comparison of RPE65 to an archaeal
carotenoid-cleaving CCD from Nitrosotalea devanaterra
(NdCCD) with a metazoan CCD-like active site revealed a key
difference in active site shape between these two proteins that
J. Biol. Chem. (2021) 296 100072 5
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likely plays a decisive role in determining whether or not the
polyene is isomerized upon carbocation formation (84). In
RPE65, the retinoid-binding site has a curved shape that likely
helps force the retinoid substrate from a straight trans ge-
ometry into the bent 11-cis-configuration of the retinol
product. The apocarotenoid-binding site of NdCCD overlaps
with the retinoid-binding site of RPE65 but exhibits a linear
geometry, consistent with the finding that NdCCD does not
isomerize its substrates during oxygenolysis of the
target alkene bond despite the fact that a polyene cationic
intermediate is believed to be formed during its catalytic cycle
(79). Importantly, the possibility of concomitant alkene
cleavage and alkene isomerization was demonstrated through
the discovery of NinaB (neither inactivation nor afterpotential
mutant B carotenoid oxygenases that possess such isomerase
activity combined with oxygenase activity as part of a putative
insect visual cycle (85). Further comparative analysis of alkene-
cleaving CCDs with RPE65 is likely to provide deep insights
into common and divergent catalytic properties within this
enzyme superfamily.

Photoisomerization and RGR

In contrast to the “dark” trans–cis isomerization carried out
by RPE65, RGR opsin employs the energy of a photon to
overcome both kinetic and thermodynamic barriers to 11-cis-
retinal formation from all-trans-retinal substrate. As in other
retinylidene proteins, photon absorption generates an excited
state of the chromophore with an electron density distribution
that is conducive to C11-C12 bond rotation (reviewed in (5)).
Additionally, the energy carried by a 500 nm photon (�57
kcal/mol) is more than needed to pay for the endergonic
transition from an all-trans to an 11-cis configuration. While
the specifics of RGR-opsin activity remain to be elucidated, the
general principles by which this photoenzyme functions can be
deduced by comparison to other well-characterized reti-
nylidene proteins. In addition to all-trans-retinal, RGR was
shown to bind13-cis-retinol, which is the undesirable by-
product of RPE65 catalysis and nonspecific thermal isomeri-
zation. Upon absorption of visible light by the retinylidene
adduct, RGR isomerizes both all-trans-retinal and 13-cis-
retinol to the 11-cis-configuration (36, 86). Unlike most other
nonvisual opsin proteins, which retain their retinal ligand in
both the cis and trans forms and can be interconverted
through stimulation by distinct electronic absorbance bands,
the 11-cis-retinylidene complex with RGR is unstable and
susceptible to hydrolysis, particularly in the presence of the 11-
cis-retinal acceptor, CRALBP (36) or potentially RDH enzymes
(35). The all-trans-retinal–RGR complex exhibits two main
absorbance maxima at 470 and 375 nm, which represent
the protonated and deprotonated forms of the retinylidene
Schiff-base linkage (87). There are conflicting data regarding
the relationships between these absorbance bands and the
action spectrum of RGR. The initial characterization of RGR
opsin (86) as well as a more recent analysis (35) has suggested
that the action spectrum overlaps with the 470 nm absorbance
band. In a separate report, it was demonstrated that both RGR
6 J. Biol. Chem. (2021) 296 100072
from bovine RPE microsomes and RGR produced heterolo-
gously in HEK293 cells exhibit maximal activity when exposed
to 505 to 535 nm light (36). The origin of these differing results
requires further research to resolve but may involve variable
levels of competing back-photoisomerization processes as
observed previously for the photoisomerase opsin reti-
nochrome (88). A high-resolution structure of RGR opsin has
not yet been determined, and existing opsin structures have
low sequence identity to RGR opsin (�25%). Although ho-
mology modeling is expected to have limited accuracy under
these circumstances, Figure 2, D–E display a preliminary view
of the RGR-opsin structure based on the crystal structure of
bovine rod opsin bound to all-trans-retinal (89). In this model
RGR opsin adopts the seven-transmembrane structure char-
acteristic of retinylidene proteins with the N-terminus facing
the ER lumen and the C-terminus facing the cytosol. Retinal is
bound in a pocket closer to the ER lumen via a Schiff-base
linkage involving Lys255, which is homologous to Lys296 in
bovine rod opsin. Figure 2E shows residues, conserved among
vertebrates, predicted to line the retinal-binding pocket.
Notable potential interactions include Glu156 serving as a po-
tential counterion to the protonated Schiff base; and Trp224

and Thr163 forming a possible aromatic–dipole interaction at
the site of polyene isomerization, like the interaction observed
in the RPE65 active site. The Phe side chain of position 96, a
character state specific to the RGR-opsin lineage, forms a close
interaction with the retinal C19 methyl group, suggesting that
it may play an important steric role in the photoisomerization
reaction. Continued structure/function studies of RGR opsin
will be critical for resolving its detailed mechanism of catalysis.

Genetic disease-causing changes in the visual cycle

Functional insights often lag significantly behind initial
retinal disease genetic findings because of the complexity of
protein activities and the rarity of animal models that fully
recapitulate human conditions. Many genes contributing to
the visual cycle are associated with inherited retinal diseases
such as LCA, rod–cone dystrophy, and a juvenile form of
macular degeneration called Stargardt disease (Fig. 3) (90–93).
In the simplest case, the mutation of a gene can lead to a LoF;
for example, an inactivating mutation in RDH5 abrogates RDH
activity and leads to the disease known as Fundus albi-
punctatus, characterized by delayed dark adaptation and the
appearance of white flecks in the retina (94, 95) (Fig. 3, A–B).

Many gene products have multiple functions, e.g., rhodopsin
(opsin + chromophore) (Rho) is both a light receptor and a
structural protein (4, 96). Disabling the chromophore-binding
site in opsin (97) results in a constitutively active visual
pigment molecule (98), but also changes the structural integ-
rity of the unliganded opsin in the disk membranes (99, 100),
thereby leading to a gain-and-loss of function (GLF). Thus,
different mutations in one gene can lead to a variety of diseases
such as autosomal dominant (adRP) and autosomal recessive
retinitis pigmentosa (arRP) and autosomal dominant congen-
ital stationary blindness (CSNB) (101–104), all of which can be
caused by mutations in the opsin gene.



Figure 3. Genetic disease-causing changes in the visual cycle. A, monogenic diseases can be caused by genetic changes such as base substitution,
deletion, or insertion. These changes can cause loss of function (LoF) pertinent to normal cellular development and maintenance and visual processing and
simultaneous gain and loss of function (GLF) and gain of a new detrimental function (GoF). Aging is a complex process that generally accelerates the
deterioration of visual function (light blue color) involving many different genes and typically leads to a decrease in chromophore production and
concomitant decline in dark adaptation (see (184)). B, mutations in one gene can cause several diseases, e.g., mutations in RGR and RPE65 can cause
autosomal dominant retinitis pigmentosa (adRP), but a mutation in RPE65 can cause autosomal recessive RP (arRP); changes in rhodopsin (Rho) can lead to
adRP, arRP, or congenital stationary night blindness (CSNB); mutations in the ATP-binding cassette subfamily A member 4 (ABCA4) transporter can cause
arRP and a unique disease with characteristics of juvenile macular degeneration known as Stargardt disease. Mutations in one gene, e.g., retinol dehy-
drogenase 5 (RDH5), can cause Fundus albipunctatus. Thus, LoF, GLF, and GoF can be associated with one gene that will manifest in different disease states,
or one clinically recognized disease can be caused by a mutation in different genes. C, age-related macular degeneration (AMD). Alterations in biochemical
pathways in the retina, including those comprising the visual cycle, can alter retinal integrity in disease states such as AMD, as shown in the upper row of
fundus images and in the lower set of images obtained by optical coherence tomography (OCT). Drusen are not seen beneath the retina in normal eyes.
Drusen are biochemical waste products appearing as yellow spots on color fundus photographs (black arrows) or bumpy elevations in the RPE on OCT (white
arrows). Drusen are the hallmark of early AMD and increase in size and number in intermediate AMD. In advanced dry AMD, patches of RPE death produce
areas of geographic atrophy eccentric to or involving the fovea (green arrow). These images are provided to illustrate typical disease features, not to report
new research findings.
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Mutations in the RPE65 gene can cause the loss of its
isomerase activity (arRP) (105–107) or result in deleterious
aggregation properties (adRP) (108, 109). Although gene mu-
tations leading to RGR inactivity or deficiency have been
associated with rod–cone dystrophy in humans (110), a con-
founding cis-acting mutation in a nearby gene could also un-
derlie the phenotypes observed in these patients (111).
However, clinical trials on RPE65 gene augmentation therapy
showed a significant but modest improvement in retinal
function (112, 113) and fading effects in patients (114). Mu-
tations in the gene encoding the ATP-binding cassette sub-
family A member 4 (ABCA4) transporter are the most
frequent mutations associated with Stargardt disease and also
can cause some forms of autosomal recessive cone–rod dys-
trophy (not shown in Fig. 3) (115, 116) and arRP (117)
(reviewed in (90–93, 118, 119)). These examples point to the
J. Biol. Chem. (2021) 296 100072 7



Figure 4. Diseases involving the visual cycle and pharmacotherapeutic treatment strategies. Visual cycle dysfunction is associated with a variety of
ocular diseases including Leber congenital amaurosis (LCA), retinitis pigmentosa (RP), age-related macular degeneration (AMD), Fundus albipunctatus, rod-
cone dystrophy (RCD), cone stationary night blindness (CSNB), and Stargardt disease (shown in green boxes). Enzymatic and other protein dysfunctions in
the visual cycle can be overcome in some cases by the administration of a 9-cis-retinoid (9-cis-retinal or 9-cis-retinyl acetate), which is an effective visual
chromophore substitute. The formation of off-pathway and potentially toxic retinoid adducts (bisretinoids), as occurs in Stargardt disease and AMD, can be
slowed by treatment with visual cycle modulators such as emixustat and retinylamine.
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simple fact that mutations in many genes can result in clini-
cally similar disease phenotypes and that mutations in one
gene can manifest in different forms of retinal disease.

In contrast to identified genetic mutations affecting known
components of the phototransduction enzymatic cascade and
the visual cycle, a more complex picture arises for diseases
such as AMD, where aging processes lower the efficiency of
visual processing (Fig. 3A) (120). The most reliable phenotypic
factor, in addition to ocular drusen (Fig. 3C), is the delay in
dark adaptation that occurs with age (121–123). Ultimately,
routine genetic testing will be more informative than observing
the clinical manifestations of the disease alone. However, ge-
netic perturbations as just described can be complex, thus
simple mechanistic interpretations may not be possible
without a better understanding of the genetics and the array of
interacting cellular pathways.

Retinoid-based treatment of retinal diseases

A number of pharmacologic strategies are currently under
development for the treatment of retinal diseases (reviewed in
(91, 92, 124)). Here, we briefly review two classes of drugs with
opposing effects on visual pigment activity and consequently
distinct retinal disease applications.

The first of these is artificial visual chromophore therapy for
the treatment of retinal diseases caused by defects in the visual
cycle (Fig. 4). In this approach, exogenous chromophore is
supplied to the retina where it can combine with opsin to
8 J. Biol. Chem. (2021) 296 100072
regenerate visual pigment, thus bypassing the visual cycle
metabolic blockade. The 9-cis-retinoids, as opposed to the
natural chromophore 11-cis-retinal, were selected for thera-
peutic development owing to two main properties: 1) 9-cis-
retinal readily combines with rod and cone opsins to generate
isoRho and iso-cone opsin pigments with spectral properties
and quantum yields largely similar to those of native visual
pigments (24, 125–128); and 2) the ease of synthesis (129, 130)
and thermal stability of 9-cis-retinoid isomers are significantly
greater than those of 11-cis-retinoids (7). The therapy is
typically delivered as a 9-cis-retinyl acetate prodrug that un-
dergoes hydrolysis and oxidation in vivo to generate the
pharmacologically active 9-cis-retinal molecule (131) (Fig. 4).

The efficacy of 9-cis-retinoid therapy (Fig. 4) for visual-
cycle-related diseases has been demonstrated in mouse
(132–134) and dog (10) models of LCA harboring mutations in
the RPE65 gene. These findings set the stage for clinical trials
in humans with recessive mutations in RPE65 and LRAT
where both subjective and objective efficacy measures were
demonstrated (11). The most recent application of the therapy
has been in the treatment of the Asp477Gly RPE65 mutation
where it was shown that a 1-week course of 9-cis-retinyl ace-
tate could rescue the night blindness associated with this form
of adRP for up to 6 months (135). This prolonged duration of
action arises from the ability of 9-cis-retinoid to be esterified
and stably stored in the RPE where it is released over time to
continually regenerate visual pigment (131).
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On the opposite side of the coin, normal or perhaps over-
activity of the visual cycle has been linked to specific retinal
diseases including Stargardt disease, diabetic retinopathy, and
geographic atrophy. Consequently, there have been significant
efforts made to generate inhibitors of the visual cycle for the
treatment of these conditions. Owing to its role in the key
isomerization reaction as well as the generation of lipofuscin
(136, 137), which may drive progression of certain retinopa-
thies, RPE65 has been most heavily targeted for the develop-
ment of therapeutic visual cycle modulators. The first potent
RPE65 inhibitor developed is a molecule called retinylamine,
which was designed as a transition-state analog of RPE65
(138). This concept was further refined in the development of
the retinylamine derivative known as emixustat (139), which is
not a retinoid, but retains key structural elements of the reti-
nylamine backbone (81). Emixustat (Fig. 2 and Movie S2) is
approximately ten times more potent than retinylamine
in vitro (140), is orally bioavailable (141), and exerts specific
effects on in vivo visual cycle activity as demonstrated in phase
1 and 2 clinical trials (142). It was shown that the potency of
emixustat can be further improved by substitutions at the
cyclohexyl moiety, for example, in the molecule MB-004 (143).
Unfortunately, emixustat failed to demonstrate efficacy in the
treatment of geographic atrophy as assessed in a large phase 3
randomized, double-blind, placebo-controlled trial (144).
However, this drug continues to be tested in other diseases
including Stargardt disease and diabetic retinopathy. Inter-
estingly, retinylamine/emixustat family molecules exhibit a
second mechanism of action involving the direct sequestration
of retinal released from bleached visual pigments, and this
action plays a key role in the ability of these molecules to
protect against light-induced retinal degeneration (140, 145).
Efforts are currently underway to develop retina-targeted ret-
inaldehyde traps for treatment of diseases associated with
formation of toxic retinaldehyde adducts (143, 146).

Genetic methods to rescue vision

In an early publication, Ali and colleagues (1996) (147)
demonstrated that recombinant particles of low toxicity
adeno-associated virus (AAV) encoding β-galactosidase un-
der a cytomegalovirus (CMV) promoter were capable of
transducing cells of the RPE and photoreceptors with high
yield when injected into the subretinal space. Soon after, the
replacement of the CMV promoter with the rod opsin pro-
moter demonstrated 100% photoreceptor transduction at the
site of injection, suggesting the feasibility of tissue-specific
transduction for gene therapy in the eye (148). At another
milestone, gene therapy was employed to rescue rod OS
formation in naturally occurring rds mice lacking the struc-
tural protein peripherin-2 (149). This study demonstrated
that genes encoding structural proteins also were amenable
to gene therapy. Such technology was successfully extended
to a large animal model of a human disease carrying an
RPE65 mutation (150) (Fig. 5A). Like RPE65, loss of the key
visual cycle enzyme LRAT, which is essential for the reten-
tion of retinol in the eye, could be overcome by subretinal
gene therapy (151). These findings then inspired the
successful delivery of genes to patients with blinding diseases
that otherwise were inoperable, culminating in the approval
by the U.S. Food and Drug Administration of Luxturna
(voretigene neparvovec-rzyl), a new gene therapy for patients
carrying RPE65-inactivating mutations causing LCA. In this
treatment, the viral construct remains in the targeted cells as
episomal DNA (Fig. 5A). However, clinical trials on RPE65
gene augmentation therapy showed only a modest improve-
ment in retinal function (112, 113) and fading effects in pa-
tients (114). Furthermore, this approach could not prevent
further degeneration of photoreceptors despite expression of
the RPE65 gene (152, 153). These studies also required sub-
retinal injections, which could perturb foveal cones during
surgery. Intravitreal injection would avoid this complication,
and thus efforts to engineer AAV variants were undertaken.
Shortly afterward, an AAV variant was identified and then
demonstrated to penetrate the retina in retinoschisis and
LCA mouse models (154). Similarly, an AAV viral capsid that
penetrates the primate retina (155) and could be developed
for use in human gene transfer experiments was identified.
Several excellent reviews describe other aspects of gene
therapy in the eye (12, 156, 157).

There is considerable interest in CRISPR-Cas9 (clustered
regularly interspaced short palindromic repeats and CRISPR-
associated protein 9)-mediated therapeutic correction of
disease-associated mutations (158, 159), so it is not surprising
that this approach has been adopted to restore sight in animal
models of human LoF diseases (Fig. 5B) (160, 161). However,
many unresolved issues, including the precision of genome
editing and possible off-target effects, remain. For example,
DNA double-stranded breaks (DSBs) required for CRISPR-
Cas9 technology typically lead to unwanted insertions or de-
letions at the targeted genomic locus, even if specificity is
achieved, mostly resulting in a low yield of correction and
heterogeneity of modifications. Future improvements will
likely resolve such difficulties.

Examples of CRISPR-Cas9 applications in vision include the
ablation of the dominant Ser334ter codon Rho mutation while
sparing a nonmutated allele in the rat model of adRP (162). In
another study, it was postulated that disabling rod genes
associated with RP while triggering the expression of cone
proteins to salvage both rods and cones could at least partially
restore or maintain vision. Neural retina-specific leucine
zipper protein (NRL) is responsible for the fate of rods during
photoreceptor development (163). Yu et al. (164) disrupted
NRL using CRISPR-Cas9 in three mouse models of retinal
degeneration and observed a significant improvement in rod
and cone survival attributable to altered gene expression pat-
terns. CRISPR-Cas9 technology was also employed to remove
the aberrant splice donor site in the CEP290 gene that causes a
form of LCA (165). Restoration of normal CEP290 expression
raises the possibility that this common form of LCA can be
rectified by gene editing. In a proof-of-concept study, a
mutated Rpe65 was targeted by CRISPR-Cas9-mediated
homology-directed repair (HDR) in a mouse model called
rd12, which harbors a naturally occurring Rpe65 mutation
(166). The rescue was modest, characterized by approximately
J. Biol. Chem. (2021) 296 100072 9



Figure 5. Pharmacological intervention using genetic methods. A, gene augmentation therapy for patients with a defective RPE65 gene (reviewed in
(185)). The RPE65 gene is delivered by subretinal injection using an adeno-associated viral (AAV) vector that lacks the capacity for replication. The
appropriate tropism of the vector (serotype 2) allows specific transduction of the RPE cells, in which the RPE65 transgene remains episomal to the host DNA.
Luxturna (Spark Therapeutics) has been approved as a therapeutic agent to treat Leber congenital amaurosis (LCA) caused by inactivating mutations in
RPE65. B, genome engineering using the CRISPR-Cas9 system. The bacterial-derived Cas9 nuclease (shaded in yellow) complexed with a single-guide RNA
(sgRNA, green) recognizes and binds to the target DNA that is complementary to the sequence of sgRNA (modified from (186)). Cas9 cleaves double-
stranded DNA, which can be repaired in the error-prone nonhomologous end joining (NHEJ) and homology-directed repair (HDR) pathways. However,
NHEJ can result in random indel mutations at the site of the junction and can result in frameshifts or a premature stop codon, resulting in gene knockout. In
the HDR pathway, the DNA double-stranded breaks can be repaired with a homologous sequence template. C, CRISPR-Guided DNA Base Editors. The
adenine base editor is constructed in a manner to target DNA by a Cas9 nickase (nCas9), with an adenosine deaminase (ecTadA), which deaminates a target
adenosine (A) to inosine (I). Because inosine is recognized as guanosine (G) by the cellular machinery, the adenine base editor leads to conversion of the
original A⋅T base pair to a G⋅C base pair by a DNA repair process (modified from (187)). Similarly, a cytidine base can be modified to uridine (recognized as
thymidine), resulting in a G to A transition.
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1% homology-directed repair and �1.6% deletion of the
pathogenic stop codon in the Rpe65 gene.

A variant of CRISPR-Cas9 technology termed base editing is
perhaps even more promising, because in part it relies on
10 J. Biol. Chem. (2021) 296 100072
enzymatic modification of specific bases in genomic DNA (or
RNA) without requiring DSBs (Fig. 5C) (167–169). Base editing
is dubbed precision chemistry of the genome. Briefly, a mutant
CRISPR targets the genomic DNA without making DSBs. Base
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editors (cytidine/adenosine deaminase fused to catalytically
inactive Cas9) then convert C > T (or A > G) via mismatched
U:G or I:A pairs, resulting in much lower off-target activity and
far fewer alternative mutations compared with traditional Cas9
editing. These deaminases are single-strand-specific, and editing
is therefore limited to an editing window near the protospacer
adjacent motif (PAM sequence) where the sgRNA–Cas9 com-
plex binds to DNA. Moreover, indel formation is much less
frequent when using base editors as compared with traditional
Cas9, which induces DSBs (Fig. 5C). The targeted mutagenesis
using base editors has been highly successful in plants
(170–175), and recently, base editing was utilized to correct a
nonsense mutation in the Rpe65 gene in the rd12 mouse model
with up to 29% efficiency (176). Minimal indel and off-target
mutations were observed. The rescue of RPE65 expression,
retinoid isomerase activity, and retinal and visual function to
near-normal levels in the retina and visual cortex were also
demonstrated. This technology could replace simple gene
augmentation approaches, at least in some cases, and promises
an exciting future for base editing technology.

Conclusions

Vision research has a rich history of groundbreaking dis-
coveries. Work of George Wald and colleagues on the
biochemical underpinnings of visual transduction has led to
the most advanced molecular understanding of a sensory
system (2, 177). Rho serves as a prototypical GPCR whose
mechanism of signaling remains the best studied of any
member of the GPCR superfamily (4, 5, 177). This is crucial
because GPCRs are the preferred targets for many drugs.
Anatomic, genetic, and electrophysiological studies of the
retina and visual cortex have led to a greater understanding of
the development, organization, function, and plasticity of the
nervous system (178, 179). Now, the exquisite molecular de-
tails of visual chromophore regeneration are helping to define
pharmacological and genetic therapies for blinding diseases
and the application of these new approaches to other human
disorders and aging. Recent findings demonstrate that cones
rely on both continuous RPE65 activity and an independent
second source of 11-cis-retinal for regeneration of their visual
pigments (14). As photic regeneration of 11-cis-retinal has
been characterized in mollusks and squid, it is conceivable that
it could also contribute to chromophore regeneration in ver-
tebrates. RGR was originally reported to mediate a photic vi-
sual cycle in vertebrates (180), but low 11-cis-retinal synthetic
activity cast doubt on its physiological relevance. Now, irre-
futable evidence has been obtained that a specific splice variant
of RGR exhibits robust isomerization activity comparable with
RPE microsomes. RGR does not require additional proteins,
rather it can be purified in a form that can be photoactivated
and stimulated by CRALBP. Because CRALBP and RGR are
expressed in the RPE and Müller cells (68, 181), novel mouse
models are needed to dissect the specific role of each cell type
during the photic generation of 11-cis-retinal (182). Thus,
recent progresses in animal models, human genetics, and
structural biology have provided essential information about
these processes, as well as innovative approaches to treat hu-
man blinding disorders. Because of these discoveries, new
opportunities now exist for pharmacological treatments (91)
and gene therapies (166, 176) to prevent the deterioration of
vision or even in some cases the restoration of sight.

Acknowledgments—K. Palczewski is the Irving H. Leopold Chair of
Ophthalmology at the Gavin Herbert Eye Institute, Department of
Ophthalmology, University of California, Irvine. We thank Dr
Robert Mullins for the publically available data used in Figure 1
based on reference (18), Dr Andrew Browne for images in
Figure 3, Ms Susie Suh for the help with Figure 5, and Drs Jianying
Kiser, Vladimir Kefalov, John Flannery, and Neal Peachey, and
members of the Center for Translational Vision Research at the
University of California, Irvine, for their comments on the article.

Author contributions—K. P. and P. D. K. wrote the article.

Funding and additional information—This research was supported
in part by grants from the National Institutes of Health (EY009339
to K. P. and P. D. K, EY027283 and EY024864 to K. P. and core
grants P30EY011373 and P30EY025585) and the Department of
Veterans Affairs (I01BX004939 to P. D. K). The authors also
acknowledge support from an RPB unrestricted grant to the
Department of Ophthalmology, University of California, Irvine.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: 11cRAL, 11-cis-retinal;
11cRDH, 11-cis-RDH (RDH5); 11cRE, 11-cis-retinyl esters;
11cROL, 11-cis-retinol; AAV, adeno-associated virus; ABCA4,
ATP-binding cassette subfamily A member 4; adRP, autosomal
dominant retinitis pigmentosa; AMD, age-related macular degen-
eration; arRP, autosomal recessive RP; atRAL, all-trans-retinal;
atRDH, all-trans-RDH; atRE, all-trans-retinyl esters; atROL,
all-trans-retinol; AWAT2 (MFAT), acyl-CoA wax alcohol acyl-
transferase 2; BCO, β-carotene 15,150-dioxygenase; CCD, carot-
enoid cleavage dioxygenase; CMV, cytomegalovirus; CRALBP,
retinaldehyde-binding protein; CRISPR/Cas9, clustered regularly
interspaced short palindromic repeats and CRISPR-associated
protein 9; CSNB, congenital stationary blindness; DSBs, DNA
double-stranded breaks; ER, endoplasmic reticulum; FDA, U.S.
Food and Drug Administration; GLF, gain and loss of function; GoF,
gain of function; HDR, homology-directed repair; HRAS, HRas
proto-oncogene (GTPase); IRBP, interphotoreceptor retinoid-
binding protein; LCA, Leber congenital amaurosis; LoF, loss of
function; LRAT, lecithin:retinol acyltransferase; Luxturna, vor-
etigene neparvovec-rzyl; ND, nitrosotalea devanaterra; NIH, Na-
tional Institutes of Health; NHEJ, nonhomologous end joining;
NinaB, neither inactivation nor afterpotential mutant B carotenoid
oxygenases; NRL, retina-specific leucine zipper protein; OS, the
photoreceptor outer segments; PAM sequence, protospacer adja-
cent motif; PDB, Protein Data Bank; RCD, rod–cone dystrophy;
RDH, retinol dehydrogenase; RGR, retinal G-protein-coupled re-
ceptor; Rho, rhodopsin; RNAseq, next-generation RNA sequencing;
RP, retinitis pigmentosa; RPE, retinal pigment epithelium; RPE65,
retinoid isomerase.
J. Biol. Chem. (2021) 296 100072 11



JBC REVIEWS: Vertebrate visual cycles
References

1. Wald, G. (1968) Molecular basis of visual excitation. Science 162, 230–
239

2. Luo, D. G., Xue, T., and Yau, K. W. (2008) How vision begins: an od-
yssey. Proc. Natl. Acad. Sci. U. S. A. 105, 9855–9862

3. Martemyanov, K. A. (2014) G protein signaling in the retina and beyond:
the Cogan lecture. Invest. Ophthalmol. Vis. Sci. 55, 8201–8207

4. Palczewski, K. (2006) G protein-coupled receptor rhodopsin. Annu. Rev.
Biochem. 75, 743–767

5. Ernst, O. P., Lodowski, D. T., Elstner, M., Hegemann, P., Brown, L. S.,
and Kandori, H. (2014) Microbial and animal rhodopsins: structures,
functions, and molecular mechanisms. Chem. Rev. 114, 126–163

6. Kuhne, W. (1977) Chemical processes in the retina. Vis. Res. 17, 1269–
1316

7. Kiser, P. D., Golczak, M., and Palczewski, K. (2014) Chemistry of the
retinoid (visual) cycle. Chem. Rev. 114, 194–232

8. Saari, J. C. (2012) Vitamin A metabolism in rod and cone visual cycles.
Annu. Rev. Nutr. 32, 125–145

9. Hartong, D. T., Berson, E. L., and Dryja, T. P. (2006) Retinitis pigmen-
tosa. Lancet 368, 1795–1809

10. Gearhart, P. M., Gearhart, C., Thompson, D. A., and Petersen-Jones, S.
M. (2010) Improvement of visual performance with intravitreal
administration of 9-cis-retinal in Rpe65-mutant dogs. Arch. Ophthalmol.
128, 1442–1448

11. Koenekoop, R. K., Sui, R., Sallum, J., van den Born, L. I., Ajlan, R., Khan,
A., den Hollander, A. I., Cremers, F. P., Mendola, J. D., Bittner, A. K.,
Dagnelie, G., Schuchard, R. A., and Saperstein, D. A. (2014) Oral 9-cis
retinoid for childhood blindness due to Leber congenital amaurosis
caused by RPE65 or LRAT mutations: an open-label phase 1b trial.
Lancet 384, 1513–1520

12. Roska, B., and Sahel, J. A. (2018) Restoring vision. Nature 557, 359–367
13. Russell, S., Bennett, J., Wellman, J. A., Chung, D. C., Yu, Z. F., Tillman,

A., Wittes, J., Pappas, J., Elci, O., McCague, S., Cross, D., Marshall, K. A.,
Walshire, J., Kehoe, T. L., Reichert, H., et al. (2017) Efficacy and safety of
voretigene neparvovec (AAV2-hRPE65v2) in patients with RPE65-
mediated inherited retinal dystrophy: a randomised, controlled, open-
label, phase 3 trial. Lancet 390, 849–860

14. Kiser, P. D., Zhang, J., Sharma, A., Angueyra, J. M., Kolesnikov, A. V.,
Badiee, M., Tochtrop, G. P., Kinoshita, J., Peachey, N. S., Li, W., Kefalov,
V. J., and Palczewski, K. (2018) Retinoid isomerase inhibitors impair but
do not block mammalian cone photoreceptor function. J. Gen. Physiol.
150, 571–590

15. Ward, R., Kaylor, J. J., Cobice, D. F., Pepe, D. A., McGarrigle, E. M.,
Brockerhoff, S. E., Hurley, J. B., Travis, G. H., and Kennedy, B. N. (2020)
Non-photopic and photopic visual cycles differentially regulate imme-
diate, early, and late phases of cone photoreceptor-mediated vision. J.
Biol. Chem. 295, 6482–6497

16. Wenzel, A., von Lintig, J., Oberhauser, V., Tanimoto, N., Grimm, C., and
Seeliger, M. W. (2007) RPE65 is essential for the function of cone photo-
receptors in NRL-deficient mice. Invest. Ophthalmol. Vis. Sci. 48, 534–542

17. Liang, Q., Dharmat, R., Owen, L., Shakoor, A., Li, Y., Kim, S., Vitale, A.,
Kim, I., Morgan, D., Liang, S., Wu, N., Chen, K., DeAngelis, M. M., and
Chen, R. (2019) Single-nuclei RNA-seq on human retinal tissue provides
improved transcriptome profiling. Nat. Commun. 10, 5743

18. Voigt, A. P., Mulfaul, K., Mullin, N. K., Flamme-Wiese, M. J., Giacalone,
J. C., Stone, E. M., Tucker, B. A., Scheetz, T. E., and Mullins, R. F. (2019)
Single-cell transcriptomics of the human retinal pigment epithelium
and choroid in health and macular degeneration. Proc. Natl. Acad. Sci.
U. S. A. 116, 24100–24107

19. Tang, P. H., Buhusi, M. C., Ma, J. X., and Crouch, R. K. (2011) RPE65 is
present in human green/red cones and promotes photopigment regen-
eration in an in vitro cone cell model. J. Neurosci. 31, 18618–18626

20. Kolesnikov, A. V., Tang, P. H., and Kefalov, V. J. (2018) Examining the
role of cone-expressed RPE65 in mouse cone function. Sci. Rep. 8, 14201

21. Saari, J. C., Bredberg, L., and Garwin, G. G. (1982) Identification of the
endogenous retinoids associated with three cellular retinoid-binding
12 J. Biol. Chem. (2021) 296 100072
proteins from bovine retina and retinal pigment epithelium. J. Biol.
Chem. 257, 13329–13333

22. Sato, Y., Arai, H., Miyata, A., Tokita, S., Yamamoto, K., Tanabe, T., and
Inoue, K. (1993) Primary structure of alpha-tocopherol transfer protein
from rat liver. Homology with cellular retinaldehyde-binding protein. J.
Biol. Chem. 268, 17705–17710

23. Ala-Laurila, P., Cornwall, M. C., Crouch, R. K., and Kono, M. (2009) The
action of 11-cis-retinol on cone opsins and intact cone photoreceptors.
J. Biol. Chem. 284, 16492–16500

24. Sato, S., and Kefalov, V. J. (2016) Cis retinol oxidation regulates
photoreceptor access to the retina visual cycle and cone pigment
regeneration. J. Physiol. 594, 6753–6765

25. Gonzalez-Fernandez, F., and Ghosh, D. (2008) Focus on Molecules:
interphotoreceptor retinoid-binding protein (IRBP). Exp. Eye Res. 86,
169–170

26. Pepperberg, D. R., Okajima, T. L., Wiggert, B., Ripps, H., Crouch, R. K.,
and Chader, G. J. (1993) Interphotoreceptor retinoid-binding protein
(IRBP). Molecular biology and physiological role in the visual cycle of
rhodopsin. Mol. Neurobiol. 7, 61–85

27. Sears, A. E., Albiez, S., Gulati, S., Wang, B. L., Kiser, P., Kovacik, L.,
Engel, A., Stahlberg, H., and Palczewski, K. (2020) Single particle cryo-
EM of the complex between interphotoreceptor retinoid-binding pro-
tein and a monoclonal antibody. FASEB J. 34, 13918–13934

28. Palczewski, K., Van Hooser, J. P., Garwin, G. G., Chen, J., Liou, G. I., and
Saari, J. C. (1999) Kinetics of visual pigment regeneration in excised
mouse eyes and in mice with a targeted disruption of the gene encoding
interphotoreceptor retinoid-binding protein or arrestin. Biochemistry
38, 12012–12019

29. Ripps, H., Peachey, N. S., Xu, X., Nozell, S. E., Smith, S. B., and Liou, G.
I. (2000) The rhodopsin cycle is preserved in IRBP “knockout” mice
despite abnormalities in retinal structure and function. Vis. Neurosci. 17,
97–105

30. Jin, M., Li, S., Nusinowitz, S., Lloyd, M., Hu, J., Radu, R. A., Bok, D., and
Travis, G. H. (2009) The role of interphotoreceptor retinoid-binding
protein on the translocation of visual retinoids and function of cone
photoreceptors. J. Neurosci. 29, 1486–1495

31. Chen, C., Adler, L.t., Goletz, P., Gonzalez-Fernandez, F., Thompson, D.
A., and Koutalos, Y. (2017) Interphotoreceptor retinoid-binding
protein removes all-trans-retinol and retinal from rod outer segments,
preventing lipofuscin precursor formation. J. Biol. Chem. 292,
19356–19365

32. Ghosh, D., Haswell, K. M., Sprada, M., and Gonzalez-Fernandez, F.
(2015) Structure of zebrafish IRBP reveals fatty acid binding. Exp. Eye
Res. 140, 149–158

33. Loew, A., and Gonzalez-Fernandez, F. (2002) Crystal structure of the
functional unit of interphotoreceptor retinoid binding protein. Structure
10, 43–49

34. Chen, P., Hao, W., Rife, L., Wang, X. P., Shen, D., Chen, J., Ogden, T.,
Van Boemel, G. B., Wu, L., Yang, M., and Fong, H. K. (2001a) A photic
visual cycle of rhodopsin regeneration is dependent on Rgr. Nat. Genet.
28, 256–260

35. Morshedian, A., Kaylor, J. J., Ng, S. Y., Tsan, A., Frederiksen, R., Xu, T.,
Yuan, L., Sampath, A. P., Radu, R. A., Fain, G. L., and Travis, G. H.
(2019) Light-driven regeneration of cone visual pigments through a
mechanism involving RGR opsin in muller glial cells. Neuron 102, 1172–
1183.e1175

36. Zhang, J., Choi, E. H., Tworak, A., Salom, D., Leinonen, H., Sander, C. L.,
Hoang, T. V., Handa, J. T., Blackshaw, S., Palczewska, G., Kiser, P. D.,
and Palczewski, K. (2019) Photic generation of 11-cis-retinal in bovine
retinal pigment epithelium. J. Biol. Chem. 294, 19137–19154

37. Radu, R. A., Yuan, Q., Hu, J., Peng, J. H., Lloyd, M., Nusinowitz, S., Bok,
D., and Travis, G. H. (2008) Accelerated accumulation of lipofuscin
pigments in the RPE of a mouse model for ABCA4-mediated retinal
dystrophies following vitamin A supplementation. Invest. Ophthalmol.
Vis. Sci. 49, 3821–3829

38. Wenzel, A., Oberhauser, V., Pugh, E. N., Jr., Lamb, T. D., Grimm, C.,
Samardzija, M., Fahl, E., Seeliger, M. W., Reme, C. E., and von Lintig, J.
(2005) The retinal G protein-coupled receptor (RGR) enhances

http://refhub.elsevier.com/S0021-9258(20)00060-5/sref1
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref1
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref2
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref2
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref3
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref3
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref4
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref4
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref5
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref5
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref5
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref6
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref6
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref7
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref7
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref8
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref8
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref9
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref9
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref10
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref10
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref10
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref10
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref11
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref11
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref11
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref11
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref11
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref11
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref12
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref13
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref13
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref13
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref13
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref13
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref13
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref14
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref14
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref14
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref14
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref14
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref15
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref15
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref15
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref15
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref15
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref16
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref16
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref16
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref17
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref17
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref17
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref17
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref18
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref18
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref18
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref18
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref18
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref19
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref19
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref19
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref20
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref20
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref21
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref21
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref21
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref21
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref22
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref22
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref22
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref22
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref23
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref23
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref23
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref24
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref24
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref24
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref25
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref25
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref25
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref26
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref26
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref26
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref26
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref27
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref27
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref27
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref27
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref28
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref28
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref28
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref28
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref28
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref29
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref29
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref29
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref29
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref30
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref30
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref30
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref30
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref31
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref31
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref31
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref31
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref31
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref32
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref32
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref32
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref33
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref33
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref33
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref34
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref34
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref34
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref34
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref35
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref35
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref35
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref35
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref35
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref36
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref36
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref36
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref36
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref37
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref37
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref37
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref37
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref37
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref38
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref38
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref38


JBC REVIEWS: Vertebrate visual cycles
isomerohydrolase activity independent of light. J. Biol. Chem. 280,
29874–29884

39. Maeda, T., Van Hooser, J. P., Driessen, C. A., Filipek, S., Janssen, J. J., and
Palczewski, K. (2003) Evaluation of the role of the retinal G protein-
coupled receptor (RGR) in the vertebrate retina in vivo. J. Neurochem.
85, 944–956

40. Chen, P., Lee, T. D., and Fong, H. K. (2001b) Interaction of 11-cis-retinol
dehydrogenase with the chromophore of retinal g protein-coupled re-
ceptor opsin. J. Biol. Chem. 276, 21098–21104

41. Xue, Y. L., Sato, S., Razafsky, D., Sahu, B., Shen, S. S. Q., Potter, C.,
Sandell, L. L., Corbo, J. C., Palczewski, K., Maeda, A., Hodzic, D., and
Kefalov, V. J. (2017) The role of retinol dehydrogenase 10 in the cone
visual cycle. Sci. Rep. 7, 2390

42. Kiser, P. D., Kolesnikov, A. V., Kiser, J. Z., Dong, Z., Chaurasia, B.,
Wang, L., Summers, S. A., Hoang, T., Blackshaw, S., Peachey, N. S.,
Kefalov, V. J., and Palczewski, K. (2019) Conditional deletion of Des1 in
the mouse retina does not impair the visual cycle in cones. FASEB J. 33,
5782–5792

43. Arne, J. M., Widjaja-Adhi, M. A., Hughes, T., Huynh, K. W., Silvaroli, J.
A., Chelstowska, S., Moiseenkova-Bell, V. Y., and Golczak, M. (2017)
Allosteric modulation of the substrate specificity of acyl-CoA wax
alcohol acyltransferase 2. J. Lipid Res. 58, 719–730

44. Kaylor, J. J., Cook, J. D., Makshanoff, J., Bischoff, N., Yong, J., and Travis,
G. H. (2014) Identification of the 11-cis-specific retinyl-ester synthase in
retinal Muller cells as multifunctional O-acyltransferase (MFAT). Proc.
Natl. Acad. Sci. U. S. A. 111, 7302–7307

45. Ala-Laurila, P., Donner, K., Crouch, R. K., and Cornwall, M. C. (2007)
Chromophore switch from 11-cis-dehydroretinal (A2) to 11-cis-retinal
(A1) decreases dark noise in salamander red rods. J. Physiol. 585, 57–74

46. Albalat, R. (2012) Evolution of the genetic machinery of the visual cycle:
a novelty of the vertebrate eye? Mol. Biol. Evol. 29, 1461–1469

47. Chander, P., Gentleman, S., Poliakov, E., and Redmond, T. M. (2012)
Aromatic residues in the substrate cleft of RPE65 protein govern retinol
isomerization and modulate its progression. J. Biol. Chem. 287,
30552–30559

48. Freeman, K., Staehle, M. M., Gumus, Z. H., Vadigepalli, R., Gonye, G. E.,
Nichols,C.N.,Ogunnaike,B.A.,Hoek, J. B., andSchwaber, J. S. (2012)Rapid
temporal changes in the expression of a set of neuromodulatory genes
during alcohol withdrawal in the dorsal vagal complex: molecular evidence
of homeostatic disturbance. Alcohol Clin. Exp. Res. 36, 1688–1700

49. Kojima, K., Yamashita, T., Imamoto, Y., Kusakabe, T. G., Tsuda, M., and
Shichida, Y. (2017) Evolutionary steps involving counterion displace-
ment in a tunicate opsin. Proc. Natl. Acad. Sci. U. S. A. 114, 6028–6033

50. Morshedian, A., and Fain, G. L. (2017) Light adaptation and the evo-
lution of vertebrate photoreceptors. J. Physiol. 595, 4947–4960

51. Poliakov, E., Gubin, A. N., Stearn, O., Li, Y., Campos, M. M., Gentle-
man, S., Rogozin, I. B., and Redmond, T. M. (2012) Origin and evolution
of retinoid isomerization machinery in vertebrate visual cycle: hint from
jawless vertebrates. Plos One 7, e49975

52. Schwartz, S. H., Tan, B. C., Gage, D. A., Zeevaart, J. A., and McCarty, D.
R. (1997) Specific oxidative cleavage of carotenoids by VP14 of maize.
Science 276, 1872–1874

53. Anantharaman, V., and Aravind, L. (2003) Evolutionary history, struc-
tural features and biochemical diversity of the NlpC/P60 superfamily of
enzymes. Genome Biol. 4, R11

54. Kiser, P. D., Farquhar, E. R., Shi, W., Sui, X., Chance, M. R., and Palc-
zewski, K. (2012) Structure of RPE65 isomerase in a lipidic matrix re-
veals roles for phospholipids and iron in catalysis. Proc. Natl. Acad. Sci.
U. S. A. 109, E2747–E2756

55. Moiseyev, G., Takahashi, Y., Chen, Y., Gentleman, S., Redmond, T. M.,
Crouch, R. K., and Ma, J. X. (2006) RPE65 is an iron(II)-dependent iso-
merohydrolase in the retinoid visual cycle. J. Biol. Chem. 281, 2835–2840

56. Golczak, M., Sears, A. E., Kiser, P. D., and Palczewski, K. (2015) LRAT-
specific domain facilitates vitamin A metabolism by domain swapping in
HRASLS3. Nat. Chem. Biol. 11, 26–32

57. Mondal, M. S., Ruiz, A., Bok, D., and Rando, R. R. (2000) Lecithin retinol
acyltransferase contains cysteine residues essential for catalysis.
Biochemistry 39, 5215–5220
58. Takimoto, N., Kusakabe, T., and Tsuda, M. (2007) Origin of the verte-
brate visual cycle. Photochem. Photobiol. 83, 242–247

59. Poliakov, E., Soucy, J., Gentleman, S., Rogozin, I. B., and Redmond, T. M.
(2017) Phylogenetic analysis of the metazoan carotenoid oxygenase
superfamily: a new ancestral gene assemblage of BCO-like (BCOL)
proteins. Sci. Rep. 7, 13192

60. Dalfo, D., Marques, N., and Albalat, R. (2007) Analysis of the NADH-
dependent retinaldehyde reductase activity of amphioxus retinol dehy-
drogenase enzymes enhances our understanding of the evolution of the
retinol dehydrogenase family. FEBS J. 274, 3739–3752

61. Hara, T., and Hara, R. (1973) Isomerization of retinal catalysed by ret-
inochrome in the light. Nat. New Biol. 242, 39–43

62. Kito, Y., Suzuki, T., Sugahara, M., Azuma, M., Azuma, K., and Mishima,
K. (1973) Squid rhodopsin and retinochrome. Nature-New Biol. 243,
53–54

63. Terakita, A. (2005) The opsins. Genome Biol. 6, 213
64. Tsuda, M., Kusakabe, T., Iwamoto, H., Horie, T., Nakashima, Y.,

Nakagawa, M., and Okunou, K. (2003) Origin of the vertebrate vi-
sual cycle: II. Visual cycle proteins are localized in whole brain
including photoreceptor cells of a primitive chordate. Vis. Res. 43,
3045–3053

65. Terakita, A., Hara, R., and Hara, T. (1989) Retinal-binding protein as a
shuttle for retinal in the rhodopsin-retinochrome system of the squid
visual cells. Vis. Res. 29, 639–652

66. Bernstein, P. S., Law, W. C., and Rando, R. R. (1987) Biochemical
characterization of the retinoid isomerase system of the eye. J. Biol.
Chem. 262, 16848–16857

67. Kiser, P. D., and Palczewski, K. (2010) Membrane-binding and enzy-
matic properties of RPE65. Prog. Retin. Eye Res. 29, 428–442

68. Pandey, S., Blanks, J. C., Spee, C., Jiang, M., and Fong, H. K. (1994)
Cytoplasmic retinal localization of an evolutionary homolog of the visual
pigments. Exp. Eye Res. 58, 605–613

69. Deigner, P. S., Law, W. C., Canada, F. J., and Rando, R. R. (1989)
Membranes as the energy source in the endergonic transformation of
vitamin A to 11-cis-retinol. Science 244, 968–971

70. Gilardi, R., Karle, I. L., Karle, J., and Sperling, W. (1971) Crystal structure
of the visual chromophores, 11-cis and all-trans retinal. Nature 232,
187–189

71. Honig, B., and Karplus, M. (1971) Implications of torsional potential of
retinal isomers for visual excitation. Nature 229, 558–560

72. McBee, J. K., Kuksa, V., Alvarez, R., de Lera, A. R., Prezhdo, O., Hae-
seleer, F., Sokal, I., and Palczewski, K. (2000) Isomerization of all-trans-
retinol to cis-retinols in bovine retinal pigment epithelial cells: depen-
dence on the specificity of retinoid-binding proteins. Biochemistry 39,
11370–11380

73. Jahng, W. J., David, C., Nesnas, N., Nakanishi, K., and Rando, R. R.
(2003a) A cleavable affinity biotinylating agent reveals a retinoid binding
role for RPE65. Biochemistry 42, 6159–6168

74. Jahng, W. J., Xue, L., and Rando, R. R. (2003b) Lecithin retinol acyl-
transferase is a founder member of a novel family of enzymes.
Biochemistry 42, 12805–12812

75. Rando, R. R. (1991) Membrane phospholipids as an energy source in the
operation of the visual cycle. Biochemistry 30, 595–602

76. Ruiz, A., Winston, A., Lim, Y. H., Gilbert, B. A., Rando, R. R., and Bok, D.
(1999) Molecular and biochemical characterization of lecithin retinol
acyltransferase. J. Biol. Chem. 274, 3834–3841

77. Sears, A. E., and Palczewski, K. (2016) Lecithin:Retinol acyltransferase: a
key enzyme involved in the retinoid (visual) cycle. Biochemistry 55,
3082–3091

78. Tan, B. C., Schwartz, S. H., Zeevaart, J. A., and McCarty, D. R. (1997)
Genetic control of abscisic acid biosynthesis in maize. Proc. Natl. Acad.
Sci. U. S. A. 94, 12235–12240

79. Daruwalla, A., and Kiser, P. D. (2020) Structural and mechanistic aspects
of carotenoid cleavage dioxygenases (CCDs). Biochim. Biophys. Acta
Mol. Cell Biol. Lipids. 1865, 158590

80. Sui, X., Golczak, M., Zhang, J., Kleinberg, K. A., von Lintig, J., Palc-
zewski, K., and Kiser, P. D. (2015) Utilization of dioxygen by carotenoid
cleavage oxygenases. J. Biol. Chem. 290, 30212–30223
J. Biol. Chem. (2021) 296 100072 13

http://refhub.elsevier.com/S0021-9258(20)00060-5/sref38
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref38
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref39
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref39
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref39
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref39
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref40
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref40
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref40
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref41
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref41
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref41
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref41
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref42
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref42
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref42
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref42
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref42
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref43
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref43
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref43
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref43
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref44
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref44
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref44
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref44
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref45
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref45
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref45
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref46
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref46
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref47
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref47
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref47
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref47
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref48
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref48
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref48
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref48
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref48
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref49
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref49
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref49
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref50
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref50
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref51
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref51
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref51
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref51
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref52
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref52
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref52
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref53
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref53
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref53
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref54
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref54
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref54
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref54
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref55
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref55
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref55
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref56
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref56
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref56
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref57
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref57
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref57
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref58
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref58
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref59
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref59
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref59
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref59
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref60
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref60
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref60
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref60
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref61
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref61
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref62
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref62
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref62
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref63
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref64
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref64
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref64
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref64
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref64
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref65
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref65
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref65
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref66
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref66
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref66
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref67
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref67
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref68
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref68
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref68
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref69
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref69
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref69
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref70
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref70
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref70
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref71
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref71
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref72
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref72
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref72
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref72
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref72
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref73
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref73
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref73
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref74
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref74
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref74
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref75
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref75
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref76
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref76
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref76
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref77
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref77
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref77
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref78
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref78
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref78
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref79
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref79
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref79
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref80
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref80
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref80


JBC REVIEWS: Vertebrate visual cycles
81. Kiser, P. D., Zhang, J., Badiee, M., Li, Q., Shi, W., Sui, X., Golczak, M.,
Tochtrop, G. P., and Palczewski, K. (2015) Catalytic mechanism of a
retinoid isomerase essential for vertebrate vision. Nat. Chem. Biol. 11,
409–415

82. Kiser, P. D., Golczak, M., Lodowski, D. T., Chance, M. R., and Palc-
zewski, K. (2009) Crystal structure of native RPE65, the retinoid isom-
erase of the visual cycle. Proc. Natl. Acad. Sci. U. S. A. 106, 17325–17330

83. Redmond, T. M., Poliakov, E., Kuo, S., Chander, P., and Gentleman, S.
(2010) RPE65, visual cycle retinol isomerase, is not inherently 11-cis-
specific: support for a carbocation mechanism of retinol isomerization.
J. Biol. Chem. 285, 1919–1927

84. Daruwalla, A., Zhang, J., Lee, H. J., Khadka, N., Farquhar, E. R., Shi, W.,
von Lintig, J., and Kiser, P. D. (2020) Structural basis for carotenoid
cleavage by an archaeal carotenoid dioxygenase. Proc. Natl. Acad. Sci.
U. S. A. 117, 19914–19925

85. Oberhauser, V., Voolstra, O., Bangert, A., von Lintig, J., and Vogt, K.
(2008) NinaB combines carotenoid oxygenase and retinoid isomerase
activity in a single polypeptide. Proc. Natl. Acad. Sci. U. S. A. 105,
19000–19005

86. Hao, W. S., and Fong, H. K. W. (1999) The endogenous chromophore of
retinal G protein-coupled receptor opsin from the pigment epithelium.
J. Biol. Chem. 274, 6085–6090

87. Hao, W., Chen, P., and Fong, H. K. (2000) Analysis of chromophore of
RGR: retinal G-protein-coupled receptor from pigment epithelium.
Methods Enzymol. 316, 413–422

88. Ozaki, K., Hara, R., and Hara, T. (1983) Histochemical localization of
retinochrome and rhodopsin studied by fluorescence microscopy. Cell
Tissue Res. 233, 335–345

89. Choe, H. W., Kim, Y. J., Park, J. H., Morizumi, T., Pai, E. F., Krauss, N.,
Hofmann, K. P., Scheerer, P., and Ernst, O. P. (2011) Crystal structure of
metarhodopsin II. Nature 471, 651–655

90. Hussain, R. M., Gregori, N. Z., Ciulla, T. A., and Lam, B. L. (2018)
Pharmacotherapy of retinal disease with visual cycle modulators. Expert
Opin. Pharmacother. 19, 471–481

91. Kiser, P. D., and Palczewski, K. (2016) Retinoids and retinal diseases.
Annu. Rev. Vis. Sci. 2, 197–234

92. Travis, G. H., Golczak, M., Moise, A. R., and Palczewski, K. (2007)
Diseases caused by defects in the visual cycle: retinoids as potential
therapeutic agents. Annu. Rev. Pharmacol. Toxicol. 47, 469–512

93. Tsin, A., Betts-Obregon, B., and Grigsby, J. (2018) Visual cycle proteins:
structure, function, and roles in human retinal disease. J. Biol. Chem.
293, 13016–13021

94. Dryja, T. P. (2000) Molecular genetics of Oguchi disease, fundus albi-
punctatus, and other forms of stationary night blindness: LVII Edward
Jackson Memorial Lecture. Am. J. Ophthalmol. 130, 547–563

95. Yamamoto, H., Simon, A., Eriksson, U., Harris, E., Berson, E. L., and
Dryja, T. P. (1999) Mutations in the gene encoding 11-cis retinol de-
hydrogenase cause delayed dark adaptation and fundus albipunctatus.
Nat. Genet. 22, 188–191

96. Humphries, M. M., Rancourt, D., Farrar, G. J., Kenna, P., Hazel, M.,
Bush, R. A., Sieving, P. A., Sheils, D. M., McNally, N., Creighton, P.,
Erven, A., Boros, A., Gulya, K., Capecchi, M. R., and Humphries, P.
(1997) Retinopathy induced in mice by targeted disruption of the
rhodopsin gene. Nat. Genet. 15, 216–219

97. Keen, T. J., Inglehearn, C. F., Lester, D. H., Bashir, R., Jay, M., Bird, A. C.,
Jay, B., and Bhattacharya, S. S. (1991) Autosomal dominant retinitis
pigmentosa: four new mutations in rhodopsin, one of them in the retinal
attachment site. Genomics 11, 199–205

98. Zhukovsky, E. A., Robinson, P. R., and Oprian, D. D. (1991) Transducin
activation by rhodopsin without a covalent bond to the 11-cis-retinal
chromophore. Science 251, 558–560

99. Kawamura, S., Gerstung, M., Colozo, A. T., Helenius, J., Maeda, A.,
Beerenwinkel, N., Park, P. S., and Muller, D. J. (2013) Kinetic, energetic,
and mechanical differences between dark-state rhodopsin and opsin.
Structure 21, 426–437

100. Senapati, S., Poma, A. B., Cieplak, M., Filipek, S., and Park, P. S. H.
(2019) Differentiating between inactive and active states of rhodopsin
14 J. Biol. Chem. (2021) 296 100072
by atomic force microscopy in native membranes. Anal. Chem. 91,
7226–7235

101. Dryja, T. P., Berson, E. L., Rao, V. R., and Oprian, D. D. (1993)
Heterozygous missense mutation in the rhodopsin gene as a cause of
congenital stationary night blindness. Nat. Genet. 4, 280–283

102. Dryja, T. P., McGee, T. L., Hahn, L. B., Cowley, G. S., Olsson, J. E.,
Reichel, E., Sandberg, M. A., and Berson, E. L. (1990) Mutations within
the rhodopsin gene in patients with autosomal dominant retinitis pig-
mentosa. N. Engl. J. Med. 323, 1302–1307

103. Rosenfeld, P. J., Cowley, G. S., McGee, T. L., Sandberg, M. A., Berson, E.
L., and Dryja, T. P. (1992) A null mutation in the rhodopsin gene causes
rod photoreceptor dysfunction and autosomal recessive retinitis pig-
mentosa. Nat. Genet. 1, 209–213

104. Zhang, N., Kolesnikov, A. V., Jastrzebska, B., Mustafi, D., Sawada, O.,
Maeda, T., Genoud, C., Engel, A., Kefalov, V. J., and Palczewski, K.
(2013) Autosomal recessive retinitis pigmentosa E150K opsin mice
exhibit photoreceptor disorganization. J. Clin. Invest. 123, 121–137

105. Gu, S. M., Thompson, D. A., Srikumari, C. R., Lorenz, B., Finckh, U.,
Nicoletti, A., Murthy, K. R., Rathmann, M., Kumaramanickavel, G.,
Denton, M. J., and Gal, A. (1997) Mutations in RPE65 cause autosomal
recessive childhood-onset severe retinal dystrophy. Nat. Genet. 17,
194–197

106. Marlhens, F., Bareil, C., Griffoin, J. M., Zrenner, E., Amalric, P., Eliaou,
C., Liu, S. Y., Harris, E., Redmond, T. M., Arnaud, B., Claustres, M., and
Hamel, C. P. (1997) Mutations in RPE65 cause Leber’s congenital
amaurosis. Nat. Genet. 17, 139–141

107. Morimura, H., Fishman, G. A., Grover, S. A., Fulton, A. B., Berson, E. L.,
and Dryja, T. P. (1998) Mutations in the RPE65 gene in patients with
autosomal recessive retinitis pigmentosa or leber congenital amaurosis.
Proc. Natl. Acad. Sci. U. S. A. 95, 3088–3093

108. Bowne, S. J., Humphries, M. M., Sullivan, L. S., Kenna, P. F., Tam, L. C.,
Kiang, A. S., Campbell, M., Weinstock, G. M., Koboldt, D. C., Ding, L.,
Fulton, R. S., Sodergren, E. J., Allman, D., Millington-Ward, S., Palfi, A.,
et al. (2011) A dominant mutation in RPE65 identified by whole-exome
sequencing causes retinitis pigmentosa with choroidal involvement. Eur.
J. Hum. Genet. 19, 1074–1081

109. Choi, E. H., Suh, S., Sander, C. L., Hernandez, C. J. O., Bulman, E. R.,
Khadka, N., Dong, Z., Shi, W., Palczewski, K., and Kiser, P. D. (2018)
Insights into the pathogenesis of dominant retinitis pigmentosa
associated with a D477G mutation in RPE65. Hum. Mol. Genet. 27,
2225–2243

110. Morimura, H., Saindelle-Ribeaudeau, F., Berson, E. L., and Dryja, T. P.
(1999) Mutations in RGR, encoding a light-sensitive opsin homologue,
in patients with retinitis pigmentosa. Nat. Genet. 23, 393–394

111. Arno, G., Hull, S., Carss, K., Dev-Borman, A., Chakarova, C.,
Bujakowska, K., van den Born, L. I., Robson, A. G., Holder, G. E.,
Michaelides, M., Cremers, F. P., Pierce, E., Raymond, F. L., Moore, A. T.,
and Webster, A. R. (2016) Reevaluation of the retinal dystrophy due to
recessive alleles of RGR with the discovery of a cis-acting mutation in
CDHR1. Invest. Ophthalmol. Vis. Sci. 57, 4806–4813

112. Bainbridge, J. W., Smith, A. J., Barker, S. S., Robbie, S., Henderson, R.,
Balaggan, K., Viswanathan, A., Holder, G. E., Stockman, A., Tyler, N.,
Petersen-Jones, S., Bhattacharya, S. S., Thrasher, A. J., Fitzke, F. W.,
Carter, B. J., et al. (2008) Effect of gene therapy on visual function in
Leber’s congenital amaurosis. N. Engl. J. Med. 358, 2231–2239

113. Maguire, A. M., Simonelli, F., Pierce, E. A., Pugh, E. N., Jr., Mingozzi, F.,
Bennicelli, J., Banfi, S., Marshall, K. A., Testa, F., Surace, E. M., Rossi, S.,
Lyubarsky, A., Arruda, V. R., Konkle, B., Stone, E., et al. (2008) Safety
and efficacy of gene transfer for Leber’s congenital amaurosis. N. Engl. J.
Med. 358, 2240–2248

114. Maguire, A. M., High, K. A., Auricchio, A., Wright, J. F., Pierce, E. A.,
Testa, F., Mingozzi, F., Bennicelli, J. L., Ying, G. S., Rossi, S., Fulton, A.,
Marshall, K. A., Banfi, S., Chung, D. C., Morgan, J. I., et al. (2009) Age-
dependent effects of RPE65 gene therapy for Leber’s congenital amau-
rosis: a phase 1 dose-escalation trial. Lancet 374, 1597–1605

115. Paloma, E., Martinez-Mir, A., Vilageliu, L., Gonzalez-Duarte, R., and
Balcells, S. (2001) Spectrum of ABCA4 (ABCR) gene mutations in

http://refhub.elsevier.com/S0021-9258(20)00060-5/sref81
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref81
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref81
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref81
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref82
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref82
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref82
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref83
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref83
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref83
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref83
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref84
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref84
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref84
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref84
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref85
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref85
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref85
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref85
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref86
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref86
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref86
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref87
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref87
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref87
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref88
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref88
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref88
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref89
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref89
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref89
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref90
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref90
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref90
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref91
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref91
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref92
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref92
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref92
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref93
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref93
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref93
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref94
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref94
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref94
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref95
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref95
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref95
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref95
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref96
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref96
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref96
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref96
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref96
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref97
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref97
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref97
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref97
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref98
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref98
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref98
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref99
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref99
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref99
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref99
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref100
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref100
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref100
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref100
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref101
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref101
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref101
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref102
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref102
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref102
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref102
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref103
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref103
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref103
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref103
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref104
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref104
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref104
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref104
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref105
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref105
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref105
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref105
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref105
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref106
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref106
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref106
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref106
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref107
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref107
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref107
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref107
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref108
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref108
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref108
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref108
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref108
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref108
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref109
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref109
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref109
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref109
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref109
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref110
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref110
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref110
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref111
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref111
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref111
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref111
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref111
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref111
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref112
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref112
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref112
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref112
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref112
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref113
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref113
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref113
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref113
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref113
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref114
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref114
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref114
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref114
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref114
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref115
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref115


JBC REVIEWS: Vertebrate visual cycles
Spanish patients with autosomal recessive macular dystrophies. Hum.
Mutat. 17, 504–510

116. Rozet, J. M., Gerber, S., Souied, E., Perrault, I., Chatelin, S., Ghazi, I.,
Leowski, C., Dufier, J. L., Munnich, A., and Kaplan, J. (1998) Spectrum of
ABCR gene mutations in autosomal recessive macular dystrophies. Eur.
J. Hum. Genet. 6, 291–295

117. Allikmets, R., Shroyer, N. F., Singh, N., Seddon, J. M., Lewis, R. A.,
Bernstein, P. S., Peiffer, A., Zabriskie, N. A., Li, Y., Hutchinson, A.,
Dean, M., Lupski, J. R., and Leppert, M. (1997) Mutation of the Stargardt
disease gene (ABCR) in age-related macular degeneration. Science 277,
1805–1807

118. Molday, R. S. (2015) Insights into the molecular properties of ABCA4
and its role in the visual cycle and Stargardt disease. Prog. Mol. Biol.
Transl. Sci. 134, 415–431

119. Tsybovsky, Y., Molday, R. S., and Palczewski, K. (2010) The ATP-
binding cassette transporter ABCA4: structural and functional proper-
ties and role in retinal disease. Adv. Exp. Med. Biol. 703, 105–125

120. Liem, A. T., Keunen, J. E., van Norren, D., and van de Kraats, J. (1991)
Rod densitometry in the aging human eye. Invest. Ophthalmol. Vis. Sci.
32, 2676–2682

121. Gaffney, A. J., Binns, A. M., and Margrain, T. H. (2012) Aging and cone
dark adaptation. Optom. Vis. Sci. 89, 1219–1224

122. Jackson, G. R., Clark, M. E., Scott, I. U., Walter, L. E., Quillen, D. A., and
Brigell, M. G. (2014) Twelve-month natural history of dark adaptation in
patients with AMD. Optom. Vis. Sci. 91, 925–931

123. Owsley, C., McGwin, G., Jr., Clark, M. E., Jackson, G. R., Callahan,
M. A., Kline, L. B., Witherspoon, C. D., and Curcio, C. A. (2016)
Delayed rod-mediated dark adaptation is a functional biomarker for
incident early age-related macular degeneration. Ophthalmology 123,
344–351

124. Kubota, R., Gregory, J., Henry, S., and Mata, N. L. (2020) Pharmaco-
therapy for metabolic and cellular stress in degenerative retinal diseases.
Drug Discov. Today. 25, 292–304

125. Araki, M., Fukada, Y., Shichida, Y., and Yoshizawa, T. (1990) Localiza-
tion of iodopsin in the chick retina during in vivo and in vitro cone
differentiation. Invest. Ophthalmol. Vis. Sci. 31, 1466–1473

126. Fan, J., Rohrer, B., Moiseyev, G., Ma, J. X., and Crouch, R. K. (2003)
Isorhodopsin rather than rhodopsin mediates rod function in RPE65
knock-out mice. P Natl. Acad. Sci. U. S. A. 100, 13662–13667

127. Fukada, Y., Okano, T., Shichida, Y., Yoshizawa, T., Trehan, A., Mead, D.,
Denny, M., Asato, A. E., and Liu, R. S. (1990) Comparative study on the
chromophore binding sites of rod and red-sensitive cone visual pigments
by use of synthetic retinal isomers and analogues. Biochemistry 29,
3133–3140

128. Yoshizawa, T., and Wald, G. (1967) Photochemistry of lodopsin. Nature
214, 566

129. Kahremany, S., Kubas, A., Tochtrop, G. P., and Palczewski, K. (2019a)
Catalytic synthesis of 9-cis-retinoids: mechanistic insights. Dalton
Trans. 48, 10581–10595

130. Kahremany, S., Sander, C. L., Tochtrop, G. P., Kubas, A., and Palc-
zewski, K. (2019b) Z-isomerization of retinoids through combination of
monochromatic photoisomerization and metal catalysis. Org. Biomol.
Chem. 17, 8125–8139

131. Palczewski, K. (2010) Retinoids for treatment of retinal diseases. Trends
Pharmacol. Sci. 31, 284–295

132. Maeda, T., Dong, Z., Jin, H., Sawada, O., Gao, S., Utkhede, D., Monk, W.,
Palczewska, G., and Palczewski, K. (2013) QLT091001, a 9-cis-retinal
analog, is well-tolerated by retinas of mice with impaired visual cycles.
Invest. Ophthalmol. Vis. Sci. 54, 455–466

133. Van Hooser, J. P., Aleman, T. S., He, Y. G., Cideciyan, A. V., Kuksa, V.,
Pittler, S. J., Stone, E. M., Jacobson, S. G., and Palczewski, K. (2000)
Rapid restoration of visual pigment and function with oral retinoid in a
mouse model of childhood blindness. Proc. Natl. Acad. Sci. U. S. A. 97,
8623–8628

134. Van Hooser, J. P., Liang, Y., Maeda, T., Kuksa, V., Jang, G. F., He, Y. G.,
Rieke, F., Fong, H. K., Detwiler, P. B., and Palczewski, K. (2002) Recovery
of visual functions in a mouse model of Leber congenital amaurosis. J.
Biol. Chem. 277, 19173–19182
135. Kenna, P. F., Humphries, M. M., Kiang, A. S., Brabet, P., Guillou, L.,
Ozaki, E., Campbell, M., Farrar, G. J., Koenekoop, R., and Humphries, P.
(2020) Advanced late-onset retinitis pigmentosa with dominant-acting
D477G RPE65 mutation is responsive to oral synthetic retinoid ther-
apy. BMJ Open Ophthalmol. 5, e000462

136. Grimm, C., Wenzel, A., Hafezi, F., Yu, S., Redmond, T. M., and Reme,
C. E. (2000) Protection of Rpe65-deficient mice identifies rhodopsin as a
mediator of light-induced retinal degeneration. Nat. Genet. 25, 63–66

137. Katz, M. L., and Redmond, T. M. (2001) Effect of Rpe65 knockout on
accumulation of lipofuscin fluorophores in the retinal pigment epithe-
lium. Invest. Ophthalmol. Vis. Sci. 42, 3023–3030

138. Golczak, M., Kuksa, V., Maeda, T., Moise, A. R., and Palczewski, K.
(2005) Positively charged retinoids are potent and selective inhibitors of
the trans-cis isomerization in the retinoid (visual) cycle. Proc. Natl.
Acad. Sci. U. S. A. 102, 8162–8167

139. Bavik, C., Henry, S. H., Zhang, Y., Mitts, K., McGinn, T., Budzynski, E.,
Pashko, A., Lieu, K. L., Zhong, S., Blumberg, B., Kuksa, V., Orme, M.,
Scott, I., Fawzi, A., and Kubota, R. (2015) Visual cycle modulation as an
approach toward preservation of retinal integrity. PLoS One 10,
e0124940

140. Zhang, J., Kiser, P. D., Badiee, M., Palczewska, G., Dong, Z., Golczak, M.,
Tochtrop, G. P., and Palczewski, K. (2015) Molecular pharmacody-
namics of emixustat in protection against retinal degeneration. J. Clin.
Invest. 125, 2781–2794

141. Kubota, R., Al-Fayoumi, S., Mallikaarjun, S., Patil, S., Bavik, C., and
Chandler, J. W. (2014) Phase 1, dose-ranging study of emixustat hy-
drochloride (ACU-4429), a novel visual cycle modulator, in healthy
volunteers. Retina 34, 603–609

142. Dugel, P. U., Novack, R. L., Csaky, K. G., Richmond, P. P., Birch, D.
G., and Kubota, R. (2015) Phase ii, randomized, placebo-controlled,
90-day study of emixustat hydrochloride in geographic atrophy
associated with dry age-related macular degeneration. Retina 35,
1173–1183

143. Kiser, P. D., Zhang, J., Badiee, M., Kinoshita, J., Peachey, N. S., Toch-
trop, G. P., and Palczewski, K. (2017) Rational tuning of visual cycle
modulator pharmacodynamics. J. Pharmacol. Exp. Ther. 362, 131–145

144. Rosenfeld, P. J., Dugel, P. U., Holz, F. G., Heier, J. S., Pearlman, J. A.,
Novack, R. L., Csaky, K. G., Koester, J. M., Gregory, J. K., and Kubota, R.
(2018) Emixustat hydrochloride for geographic atrophy secondary to
age-related macular degeneration: a randomized clinical trial. Ophthal-
mology 125, 1556–1567

145. Maeda, A., Maeda, T., Golczak, M., Chou, S., Desai, A., Hoppel, C. L.,
Matsuyama, S., and Palczewski, K. (2009) Involvement of all-trans-
retinal in acute light-induced retinopathy of mice. J. Biol. Chem. 284,
15173–15183

146. Maeda, T., Golczak, M., and Maeda, A. (2012) Retinal photodamage
mediated by all-trans-retinal. Photochem. Photobiol. 88, 1309–1319

147. Ali, R. R., Reichel, M. B., Thrasher, A. J., Levinsky, R. J., Kinnon, C.,
Kanuga, N., Hunt, D. M., and Bhattacharya, S. S. (1996) Gene transfer
into the mouse retina mediated by an adeno-associated viral vector.
Hum. Mol. Genet. 5, 591–594

148. Flannery, J. G., Zolotukhin, S., Vaquero, M. I., LaVail, M. M., Muzyczka,
N., and Hauswirth, W. W. (1997) Efficient photoreceptor-targeted gene
expression in vivo by recombinant adeno-associated virus. Proc. Natl.
Acad. Sci. U. S. A. 94, 6916–6921

149. Ali, R. R., Sarra, G. M., Stephens, C., Alwis, M. D., Bainbridge, J. W.,
Munro, P. M., Fauser, S., Reichel, M. B., Kinnon, C., Hunt, D. M.,
Bhattacharya, S. S., and Thrasher, A. J. (2000) Restoration of photore-
ceptor ultrastructure and function in retinal degeneration slow mice by
gene therapy. Nat. Genet. 25, 306–310

150. Acland, G. M., Aguirre, G. D., Ray, J., Zhang, Q., Aleman, T. S., Cide-
ciyan, A. V., Pearce-Kelling, S. E., Anand, V., Zeng, Y., Maguire, A. M.,
Jacobson, S. G., Hauswirth, W. W., and Bennett, J. (2001) Gene therapy
restores vision in a canine model of childhood blindness. Nat. Genet. 28,
92–95

151. Batten, M. L., Imanishi, Y., Tu, D. C., Doan, T., Zhu, L., Pang, J.,
Glushakova, L., Moise, A. R., Baehr, W., Van Gelder, R. N., Hauswirth,
W. W., Rieke, F., and Palczewski, K. (2005) Pharmacological and rAAV
J. Biol. Chem. (2021) 296 100072 15

http://refhub.elsevier.com/S0021-9258(20)00060-5/sref115
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref115
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref116
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref116
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref116
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref116
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref117
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref117
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref117
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref117
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref117
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref118
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref118
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref118
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref119
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref119
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref119
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref120
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref120
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref120
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref121
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref121
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref122
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref122
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref122
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref123
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref123
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref123
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref123
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref123
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref124
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref124
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref124
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref125
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref125
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref125
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref126
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref126
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref126
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref127
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref127
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref127
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref127
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref127
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref128
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref128
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref129
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref129
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref129
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref130
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref130
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref130
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref130
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref131
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref131
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref132
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref132
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref132
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref132
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref133
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref133
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref133
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref133
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref133
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref134
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref134
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref134
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref134
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref135
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref135
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref135
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref135
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref135
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref136
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref136
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref136
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref137
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref137
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref137
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref138
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref138
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref138
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref138
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref139
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref139
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref139
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref139
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref139
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref140
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref140
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref140
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref140
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref141
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref141
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref141
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref141
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref142
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref142
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref142
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref142
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref142
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref143
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref143
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref143
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref144
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref144
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref144
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref144
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref144
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref145
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref145
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref145
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref145
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref146
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref146
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref147
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref147
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref147
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref147
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref148
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref148
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref148
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref148
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref149
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref149
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref149
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref149
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref149
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref150
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref150
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref150
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref150
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref150
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref151
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref151
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref151


JBC REVIEWS: Vertebrate visual cycles
gene therapy rescue of visual functions in a blind mouse model of Leber
congenital amaurosis. PLoS Med. 2, e333

152. Bainbridge, J. W., Mehat, M. S., Sundaram, V., Robbie, S. J., Barker, S. E.,
Ripamonti, C., Georgiadis, A., Mowat, F. M., Beattie, S. G., Gardner, P. J.,
Feathers, K. L., Luong, V. A., Yzer, S., Balaggan, K., Viswanathan, A.,
et al. (2015) Long-term effect of gene therapy on Leber’s congenital
amaurosis. N. Engl. J. Med. 372, 1887–1897

153. Cideciyan, A. V., Jacobson, S. G., Beltran, W. A., Sumaroka, A., Swider,
M., Iwabe, S., Roman, A. J., Olivares, M. B., Schwartz, S. B., Komaromy,
A. M., Hauswirth, W. W., and Aguirre, G. D. (2013) Human retinal gene
therapy for Leber congenital amaurosis shows advancing retinal
degeneration despite enduring visual improvement. Proc. Natl. Acad.
Sci. U. S. A. 110, E517–E525

154. Dalkara, D., Byrne, L. C., Klimczak, R. R., Visel, M., Yin, L., Merigan, W.
H., Flannery, J. G., and Schaffer, D. V. (2013) In vivo-directed evolution
of a new adeno-associated virus for therapeutic outer retinal gene de-
livery from the vitreous. Sci. Transl. Med. 5, 189ra176

155. Byrne, L. C., Day, T. P., Visel, M., Strazzeri, J. A., Fortuny, C., Dalkara, D.,
Merigan, W. H., Schaffer, D. V., and Flannery, J. G. (2020) In vivo-
directed evolution of adeno-associated virus in the primate retina. JCI
Insight 5

156. Cideciyan, A. V., and Jacobson, S. G. (2019) Leber congenital amaurosis
(LCA): potential for improvement of vision. Invest. Ophthalmol. Vis. Sci.
60, 1680–1695

157. Roska, B. (2019) The first steps in vision: cell types, circuits, and repair.
EMBO Mol. Med. 11, e10218

158. Doudna, J. A. (2020) The promise and challenge of therapeutic genome
editing. Nature 578, 229–236

159. Komor, A. C., Badran, A. H., and Liu, D. R. (2017) CRISPR-based tech-
nologies for the manipulation of eukaryotic genomes. Cell 168, 20–36

160. DiCarlo, J. E., Mahajan, V. B., and Tsang, S. H. (2018) Gene therapy and
genome surgery in the retina. J. Clin. Invest. 128, 2177–2188

161. Pierce, E. (2018) Genome editing for inherited retinal degenerations.
Ophthalmology 125, 1431–1432

162. Bakondi, B., Lv,W., Lu, B., Jones,M. K., Tsai, Y., Kim, K. J., Levy, R., Akhtar,
A. A., Breunig, J. J., Svendsen, C. N., and Wang, S. (2016) n vivo CRISPR/
Cas9 gene editing corrects retinal dystrophy in the S334ter-3 rat model of
autosomal dominant retinitis pigmentosa. Mol. Ther. 24, 556–563

163. Rehemtulla, A., Warwar, R., Kumar, R., Ji, X., Zack, D. J., and Swaroop,
A. (1996) The basic motif-leucine zipper transcription factor Nrl
can positively regulate rhodopsin gene expression. Proc. Natl. Acad. Sci.
U. S. A. 93, 191–195

164. Yu, W., Mookherjee, S., Chaitankar, V., Hiriyanna, S., Kim, J. W.,
Brooks, M., Ataeijannati, Y., Sun, X., Dong, L., Li, T., Swaroop, A., and
Wu, Z. (2017) Nrl knockdown by AAV-delivered CRISPR/Cas9 prevents
retinal degeneration in mice. Nat. Commun. 8, 14716

165. Maeder, M. L., Stefanidakis, M., Wilson, C. J., Baral, R., Barrera, L. A.,
Bounoutas, G. S., Bumcrot, D., Chao, H., Ciulla, D. M., DaSilva, J. A.,
Dass, A., Dhanapal, V., Fennell, T. J., Friedland, A. E., Giannoukos, G.,
et al. (2019) Development of a gene-editing approach to restore vision
loss in Leber congenital amaurosis type 10. Nat. Med. 25, 229–233

166. Jo, D. H., Song, D. W., Cho, C. S., Kim, U. G., Lee, K. J., Lee, K., Park, S.
W., Kim, D., Kim, J. H., Kim, J. S., Kim, S., Kim, J. H., and Lee, J. M.
(2019) CRISPR-Cas9-mediated therapeutic editing of Rpe65 ameliorates
the disease phenotypes in a mouse model of Leber congenital amaurosis.
Sci. Adv. 5, eaax1210

167. Anzalone, A. V., Koblan, L. W., and Liu, D. R. (2020) Genome editing
with CRISPR-Cas nucleases, base editors, transposases and prime edi-
tors. Nat. Biotechnol. 38, 824–844
16 J. Biol. Chem. (2021) 296 100072
168. Komor, A. C., Badran, A. H., and Liu, D. R. (2018) Editing the genome
without double-stranded DNA breaks. ACS Chem. Biol. 13, 383–388

169. Levy, J. M., Yeh, W. H., Pendse, N., Davis, J. R., Hennessey, E., Butcher,
R., Koblan, L. W., Comander, J., Liu, Q., and Liu, D. R. (2020) Cytosine
and adenine base editing of the brain, liver, retina, heart and skeletal
muscle of mice via adeno-associated viruses. Nat. Biomed. Eng. 4, 97–
110

170. Gerber, A. P., and Keller, W. (2001) RNA editing by base deamination:
more enzymes, more targets, new mysteries. Trends Biochem. Sci. 26,
376–384

171. Hess, G. T., Tycko, J., Yao, D., and Bassik, M. C. (2017) Methods and
applications of CRISPR-mediated base editing in eukaryotic genomes.
Mol. Cell. 68, 26–43

172. Kim, J. S. (2018) Precision genome engineering through adenine and
cytosine base editing. Nat. Plants. 4, 148–151

173. Mishra, R., Joshi, R. K., and Zhao, K. (2020) Base editing in crops:
current advances, limitations and future implications. Plant Biotechnol. J.
18, 20–31

174. Molla, K. A., and Yang, Y. (2019) CRISPR/Cas-mediated base editing:
technical considerations and practical applications. Trends Biotechnol.
37, 1121–1142

175. Rees, H. A., and Liu, D. R. (2018) Base editing: precision chemistry on the
genome and transcriptome of living cells. Nat. Rev. Genet. 19, 770–788

176. Suh, S., Choi, E. H., Leinonen, H., Foik, A. T., Newby, G. A., Yeh, W. H.,
Dong, Z., Kiser, P. D., Lynn, D., Liu, D. R., and Palczewski, K. (2021)
Treatment of an inherited retinal disease by in vivo base editing in an
adult mouse model. Nat. Biomed. Eng. In press

177. Palczewski, K. (2012) Chemistry and biology of vision. J. Biol. Chem. 287,
1612–1619

178. Arendt, D., Musser, J. M., Baker, C. V. H., Bergman, A., Cepko, C.,
Erwin, D. H., Pavlicev, M., Schlosser, G., Widder, S., Laubichler, M. D.,
and Wagner, G. P. (2016) The origin and evolution of cell types. Nat.
Rev. Genet. 17, 744–757

179. Rattner, A., and Nathans, J. (2006) An evolutionary perspective on the
photoreceptor damage response. Am. J. Ophthalmol. 141, 558–562

180. Yang, M., and Fong, H. K. (2002) Synthesis of the all-trans-retinal
chromophore of retinal G protein-coupled receptor opsin in cultured
pigment epithelial cells. J. Biol. Chem. 277, 3318–3324

181. Bunt-Milam, A. H., and Saari, J. C. (1983) Immunocytochemical local-
ization of two retinoid-binding proteins in vertebrate retina. J. Cell Biol.
97, 703–712

182. Palczewski, K., and Kiser, P. D. (2020) Shedding new light on the gen-
eration of the visual chromophore. Proc. Natl. Acad. Sci. U. S. A. 117,
19629–19638

183. Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G.,
Gumienny, R., Heer, F. T., de Beer, T. A. P., Rempfer, C., Bordoli, L.,
Lepore, R., and Schwede, T. (2018) SWISS-MODEL: homology
modelling of protein structures and complexes. Nucleic Acids Res. 46,
W296–W303

184. Luu, J., and Palczewski, K. (2018) Human aging and disease: lessons from
age-related macular degeneration. Proc. Natl. Acad. Sci. U. S. A. 115,
2866–2872

185. High, K. A., and Roncarolo, M. G. (2019) Gene therapy. N. Engl. J. Med.
381, 455–464

186. Ran, F. A., Hsu, P. D., Wright, J., Agarwala, V., Scott, D. A., and Zhang,
F. (2013) Genome engineering using the CRISPR-Cas9 system. Nat.
Protoc. 8, 2281–2308

187. Park, S., and Beal, P. A. (2019) Off-target editing by CRISPR-guided
DNA base editors. Biochemistry 58, 3727–3734

http://refhub.elsevier.com/S0021-9258(20)00060-5/sref151
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref151
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref152
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref152
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref152
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref152
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref152
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref153
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref153
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref153
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref153
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref153
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref153
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref154
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref154
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref154
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref154
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref155
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref155
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref155
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref155
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref156
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref156
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref156
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref157
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref157
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref158
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref158
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref159
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref159
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref160
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref160
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref161
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref161
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref162
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref162
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref162
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref162
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref163
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref163
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref163
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref163
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref164
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref164
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref164
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref164
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref165
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref165
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref165
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref165
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref165
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref166
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref166
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref166
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref166
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref166
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref167
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref167
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref167
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref168
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref168
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref169
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref169
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref169
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref169
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref169
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref170
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref170
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref170
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref171
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref171
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref171
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref172
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref172
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref173
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref173
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref173
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref174
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref174
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref174
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref175
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref175
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref176
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref176
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref176
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref176
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref177
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref177
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref178
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref178
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref178
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref178
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref179
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref179
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref180
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref180
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref180
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref181
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref181
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref181
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref182
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref182
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref182
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref183
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref183
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref183
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref183
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref183
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref184
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref184
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref184
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref185
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref185
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref186
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref186
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref186
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref187
http://refhub.elsevier.com/S0021-9258(20)00060-5/sref187

	Pathways and disease-causing alterations in visual chromophore production for vertebrate vision
	Expression of visual cycle proteins in the vertebrate retina
	Evolution of the 11-cis-retinal synthetic machinery in vertebrates
	Mechanisms of retinoid isomerization
	Photoisomerization and RGR
	Genetic disease-causing changes in the visual cycle
	Retinoid-based treatment of retinal diseases
	Genetic methods to rescue vision
	Conclusions
	Author contributions
	Funding and additional information
	References


