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The visual phototransduction cascade begins with a cis–trans photoisomerization of a retinylidene chro-
mophore associated with the visual pigments of rod and cone photoreceptors. Visual opsins release their
all-trans-retinal chromophore following photoactivation, which necessitates the existence of pathways that
produce 11-cis-retinal for continued formation of visual pigments and sustained vision. Proteins in the
retinal pigment epithelium (RPE), a cell layer adjacent to the photoreceptor outer segments, form the well-
established “dark” regeneration pathway known as the classical visual cycle. This pathway is sufficient to
maintain continuous rod function and support cone photoreceptors as well although its throughput has to
be augmented by additional mechanism(s) to maintain pigment levels in the face of high rates of photon
capture. Recent studies indicate that the classical visual cycle works together with light-dependent pro-
cesses in both the RPE and neural retina to ensure adequate 11-cis-retinal production under natural illu-
minances that can span ten orders of magnitude. Further elucidation of the interplay between these
complementary systems is fundamental to understanding how cone-mediated vision is sustained in vivo.
Here, we describe recent advances in understanding how 11-cis-retinal is synthesized via light-dependent
mechanisms.
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The physiological response to a visual stimulus re-
quires at the onset the absorption of light by a
transducing element capable of converting electro-
magnetic radiation into a biochemical cascade within
a cell (1). From bacteria to mammals, retinylidene pro-
teins accomplish this task (2). They are comprised of a
vitamin A-based chromophore conjugated with a Lys
residue of the protein moiety, opsin (3). Absorption of
light causes isomerization of a double bond within the
chromophore, evoking conformational changes in op-
sin and subsequently the activation of cellular signal-
ing pathways (4, 5). Visual opsins can respond to
different wavelengths of light, as well as activate ho-
mologous but distinct cellular pathways (6). This ver-
satility is enabled by subtle or, in some cases,
profound amino acid sequence diversity among opsin
proteins, as well as the isomeric state of their retinal
chromophore. Among craniates, there are five families
of retinylideneproteins: classical visual pigments expressed

in rod and cone photoreceptor cells, ciliary-like opsin-
visual pigments (e.g., pinopsin and parapinopsin),
melanopsin, neuropsins (e.g., retinal G protein-coupled
receptor [RGR] and peropsin), and Opn3/TMT opsins
(7). Visual pigments in photoreceptors are comprised of
opsin linked via a Schiff base with 11-cis-retinal. Upon
absorption of a photon, the chromophore undergoes
an ultrafast isomerization on the scale of tens of femto-
seconds to an all-trans configuration (8). Slower confor-
mational changes in opsin on themillisecond scale then
transiently transform the quiescent receptor into a G
protein-coupled signaling molecule triggering the ear-
liest events of vision (1, 4).

Vertebrate photoreceptor cells consist of two
types: rods that mediate vision in dim-light settings
and cones that sense photons in ambient light and
enable color distinction. Rod cells are exquisitely sen-
sitive to light but have a low saturation threshold
whereas cones have a relatively low sensitivity but an
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extremely high saturation threshold. Each rod and cone cell con-
sists of four components: a synaptic terminal, an inner segment
(IS), an outer segment (OS), and a connecting cilium attaching the
OS to the IS (9). The OS contains the photopigments, opsins,
which are G protein-coupled receptors that require a bound chro-
mophore to absorb photons (4). The retinal pigment epithelium
(RPE), located in the back of the eye juxtaposed to the photore-
ceptors, is a postmitotic cell layer that plays a pivotal role in the
maintenance and health of the neural retina. In addition to pro-
viding nutrients from the bloodstream, it performs the housekeep-
ing function of phagocytosing the oldest portions of the adjacent
photoreceptor OS. The RPE is also the major site of vitamin A
storage within the vertebrate retina while photoreceptors are ben-
eficiaries of the active chromophore 11-cis-retinal. In photorecep-
tors, following photobleaching of the visual pigments (rhodopsin
and cone opsins), vitamin A generated by the activity of photore-
ceptor retinol dehydrogenases (RDHs) is rapidly transferred from
the retina to the RPE where reisomerization takes place. In the
classical visual (retinoid) cycle, the photosensitive active retinoid,
11-cis-retinal, is then produced in the RPE and subsequently de-
livered to the photoreceptors (Fig. 1) (10–13). Another important
cell type involved in retinal function is the retina-specific glial cell
type called Müller glia. Each Müller cell spans almost the entire
thickness of the retina, including the outer nuclear layer contain-
ing rod and cone photoreceptor cell bodies (14).

To sustain vision, however, the photoisomerization (bleaching)
of the visual pigments upon exposure to light must be reversible,
necessitating de novo 11-cis-retinal production. The 11-cis-retinal
is ∼4 kcal/mol higher in free energy compared to all-trans-retinal
and thus has a vanishingly low abundance in an equilibrium mix-
ture (15). For this reason, 11-cis-retinal production requires input
of energy, either from enzyme-catalyzed processes or through the
absorption of light quanta. Moreover, it is known that steady-state

cone visual pigment levels are maintained even at absorption
rates of >106 photons per second (16). Thus, the retina clearly
requires robust and high-efficiency sources of 11-cis-retinal pro-
duction to remain functional under highly varied illuminances.
Studies of the enzymes and binding proteins of the classical visual
(retinoid) cycle, driven by a retinoid isomerase (RPE65) and involv-
ing photoreceptor cells and the RPE, have been well-described
(Fig. 1) (3, 10–13). However, this cycle must be augmented by
other mechanisms of chromophore production, especially in
bright light, as demonstrated by a variety of animal studies and
observations of human vision. In humans, the regeneration of
cones in the dark occurs with a time constant (τ) for visual sensi-
tivity recovery of 100 s while that for rods is 400 s, suggesting
either that cones have access to alternative sources of visual chro-
mophore or that 11-cis-retinal trafficking to cone OSs is more ef-
ficient than to rod OSs. Compelling evidence in support of
additional regeneration pathways comes from studies of the null
mutation of the RPE65 gene in humans, which blocks the classical
visual cycle and affects not only rods but also cone photorecep-
tors (17). Despite this absolute enzymatic blockade of the visual
cycle, some useful vision remains in afflicted individuals for the
first two decades of life before photoreceptors fully degenerate,
indicating the involvement of an alternative regeneration path-
way. Similarly, Rpe65−/− mice remain responsive to light, albeit
with greatly reduced sensitivity (18–20).

A few mechanisms have been proposed that could explain
residual light sensitivity in Rpe65 knockout mice. It has been
shown that 9-cis-retinal formed by either an enzymatic process
or by thermal isomerization can generate light-sensitive iso-
opsin pigments (21). However, this process requires prolonged
dark-rearing of the mice, and thus the extent to which this mech-
anism is relevant to human vision remains unclear. Other findings
indicate that the alternative regeneration pathways supporting
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Fig. 1. The isomerization of retinoids in the classical visual cycle. Vision begins when the 11-cis-retinylidene chromophore of visual opsins
undergoes cis-trans photoisomerization, which activates phototransduction. Following this activation process, all-trans-retinal is released from
the opsin by hydrolysis and reduced in an NADPH-dependent manner by all-trans-RDHs in the photoreceptor OS. Hydride addition occurs at the
re chiral face of the aldehyde to give a proR chiral center at C15. Following movement to the RPE, retinol is esterified by lecithin:retinol
acyltransferase in an sn1-regioselective fashion using phosphatidylcholine (PC) as an acyl donor. Retinyl esters serve as substrates for RPE65,
which cleaves and isomerizes them in an FeII-dependent manner to form 11-cis-retinol. The C15 prostereo center changes chirality during the
isomerization reaction. Finally, the hydride which was added by all-trans-RDHs is removed in an NAD+-dependent manner by 11-cis-RDHs to
generate 11-cis-retinal. The 11-cis-retinal is trafficked to the photoreceptor OS to bind with visual opsins to form a ground state visual pigment,
thus resetting the system for detection of a subsequent photon. hν, initiated by light.

19630 | www.pnas.org/cgi/doi/10.1073/pnas.2008211117 Palczewski and Kiser

https://www.pnas.org/cgi/doi/10.1073/pnas.2008211117


vision in these patients and those with normal vision are com-
prised of photic pathways involving RGR or N-retinylidene-
phosphatidylethanolamine (N-ret-PE), which can produce 11-cis-
retinal upon exposure to light of a suitable wavelength and even
in darkness (22, 23). However, the photic regeneration of visual
pigments faces complexities absent in the classical, light-
independent visual cycle. Such complexities deserve careful in-
spection, especially since the regeneration process is not only
vital to our normal vision but also has implications for developing
new molecular therapies for degenerative diseases of the retina.

Different Opsins and Their Chromophores
Rhodopsin, like all known vertebrate photoreceptor visual pig-
ments, senses light through its Schiff base-linked 11-cis-
retinylidene chromophore. The chromophore-binding pocket of
rhodopsin has been resolved in atomic detail by determination of
its crystal structure (24). The absorption of light by the chromo-
phore allows the fast cis–trans isomerization to proceed. Next, a
signaling form of photoactivated rhodopsin called Meta II (λmax =
382 nm) is generated. Upon cis–trans isomerization, retinal forms a
fully planar conformation (Fig. 2). Thus, opsin has the capacity to
accommodate two different isomers in its active site as the protein
relaxes to adopt the new conformation of the chromophore. This
is accomplished by specific structural changes within opsin (Fig.
2). For a detailed description of the activation events, recent re-
views are available (4, 5). The opsin–all-trans-retinal complex is
susceptible to hydrolytic decomposition, releasing free all-trans-
retinal for its transformation back to the 11-cis-configuration. It
should be noted that solutions of free retinal isomers in n-heptane
at equilibrium consist of 13-cis (0.62%), 9-cis (0.23%), 9,13-di-cis
(0.04%) and 11-cis (0.001%), and the remainder of the all-trans
isomer. Interestingly, in hexane, light illumination leads to al-
most exclusive formation of the 13-cis isomer whereas solvents of
greater polarity allow formation of sizable quantities of the other
isomers, including 11-cis-retinal (reviewed in ref. 3). However,
such nonenzymatic reactions either do not occur in normal mice,
or the resultant isomers are rapidly converted to all-trans- and 11-
cis-retinoids.

Light-activated rhabdomeric and certain ciliary opsins can be
restored to their ground state by absorption of a second, lower

energy photon—a process referred to as photoreversal (5). For
example, in Drosophila, all-trans-3-hydroxy-retinal remains bound
to the opsin, and the photopigment remains largely activated.
Conversion back to the inactive 11-cis-3-hydroxy-retinal is ac-
complished exclusively through photoreversal (25). Vertebrate
visual pigments, on the other hand, do not undergo photo-
reversal, instead relying on biochemical regeneration of the visual
chromophore. The classical visual cycle has been extensively
reviewed (Fig. 3). Briefly, all-trans-retinol from the serum is deliv-
ered to the RPE in complex with retinol-binding protein 4 (holo-
RBP4), which binds to the retinol transporter Stimulated by Reti-
noic Acid 6 (STRA6), resulting in delivery of retinol to the interior
of the cell (26). This STRA6 receptor is a dimeric protein having
one intramembrane and nine transmembrane helices per mono-
mer (27). Once inside these cells, retinol is transported between
membranes in association with cellular retinol-binding protein 1
(CRBP1). This protein facilitates the diffusion of all-trans-retinol to
the endoplasmic reticulum (ER) where it is further processed. In
the first step of this metabolic pathway, lecithin:retinol acyl
transferase (LRAT) forms retinyl esters that are sequestered by
aggregation into lipid droplet structures termed retinosomes (28,
29), which changes the mass action ratio to favor retinoid uptake
from both photoreceptors and the choroidal circulation. LRAT
activity depends on a catalytic Cys residue, which serves as a
nucleophile attacking the carbonyl carbon of an ester bond in the
sn1 position of phosphatidylcholine (lecithin), resulting in transient
acylation of the enzyme and formation of a thioester bond (Fig. 3
A and B). Next, this acyl group is transferred onto retinol to
generate the retinyl ester product.

Isomerase of the Canonical Visual Cycle
In addition to LRAT, RPE65 (retinoid isomerase) is a key enzyme of
the visual cycle (Fig. 3 A and C). It belongs to a family of enzymes,
termed carotenoid cleavage oxygenases, that typically catalyze
the oxidation of carotenoid substrates to yield apocarotenoid
products (30). RPE65 catalyzes the synthesis of 11-cis-retinol from
all-trans-retinyl esters (31–33), a process that necessitates tem-
porary lowering of the C11–C12 double bond order. The retinoid-
binding site of RPE65 is located within the membrane-proximal
region of the cavity (34–36). The retinyl ester (alcohol level of
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Fig. 2. Distinct binding pocket geometries for all-trans and 11-cis-retinal as observed in the bovine opsin crystal structure. (A) The crystal
structure of ground-state bovine rhodopsin (PDB accession code: 1U19) reveals the 11-cis-retinal chromophore (orange sticks) housed within a
bent binding pocket that protects the Schiff base-linked ligand from hydrolysis and spontaneous thermal isomerization. (B) The structure of meta-
II rhodopsin (PDB accession code: 3PXD) reveals a more extended binding pocket that accommodates the transform of retinal (orange stick). The
pocket rearrangement results in openings to the protein exterior (locations marked by asterisks) that likely enable hydrolysis and release of
retinal so that it can be reisomerized to the 11-cis configuration.
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oxidation) cleavage reaction catalyzed by RPE65 involves break-
ing the O-alkyl bond, generating a retinyl cation with reduced
carbon–carbon bond order allowing bond rotation to take place.
Because the RPE65 active site cavity is lined primarily by nonpolar
side chains, the protein environment is suitable to stabilize the
carbocation. During RPE65-catalyzed reaction, a stereochemical
inversion of C15 occurs, and the 15-hydroxy oxygen is lost, being
replaced by oxygen from bulk solvent. Since 11-cis-retinol is
thermodynamically less stable than all-trans-retinol by ∼4 kcal/
mol, it has been argued that ester cleavage, which has a ΔG value
of about −5 kcal/mol, could be used to drive the isomerization
reaction (15). Following rotation of the C11–C12 bond under

steric influence by the RPE65 active site, C15 is attacked by water
or hydroxide, quenching the retinyl cation with the C11–
C12 double bond in a cis configuration (36).

Complexity of RDHs
The rate of this isomerization is accelerated by an intracellular-
binding protein, CRALBP, that binds 11- and 9-cis-retinoids but
not all-trans- or 13-cis-retinoids (13, 37, 38). In addition to its ex-
pression in the RPE, CRALBP is abundantly expressed in Müller
cells of the neuronal retina (39). RPE65 activity is enhanced by
CRALBP perhaps by limiting the back inhibition by 11-cis-retinol,
the product of the reaction. The 11-cis-retinol must be oxidized to

A B C

D

Fig. 3. Pathways and enzymes for production of 11-cis-retinal in the vertebrate retina. (A) Pathways for 11-cis-retinal production and localization
of key classical and nonclassical visual cycle enzymes. The background depicts a rod (red-colored OS) and cone (blue-colored OS) interacting with
an RPE cell (Top) and Müller cell apical processes (Bottom). Enzymes are shown in red text, and atRE and 11cROL represent all-trans-retinyl esters
and 11-cis-retinol, respectively. The 11-cis-retinal (11cRAL) can be generated in the RPE, Müller glia, and potentially within photoreceptor OSs
through light-dependent and light-independent mechanisms. The classical visual cycle occurs mainly in the RPE through an enzymatic pathway
involving LRAT, RPE65, and 11-cis-retinol dehydrogenases (11cRDH), most notably RDH5. The 11-cis-retinal is also formed in the RPE through a
light-dependent pathway involving the RGR. RGR is also expressed in the Müller glia where it carries out a similar function, but with the
generated chromophore being selectivity channeled to cones. Within the photoreceptor OS, all-trans-retinol dehydrogenases (atRDHs) such as
RDH8 reduce all-trans-retinal (atRAL) formed during photobleaching to all-trans-retinol (atROL), which is shuttled to adjacent cell layers. Some
amount of atRAL may escape this activity and either react with phosphatidylethanolamine (PE) to form an N-ret-PE adduct that can undergo
photoisomerization forming 11cRAL, or diffuse directly to the RPEwhere it can conjugate with RGR for photic 11cRAL production. (B) Structure of
an LRAT/phospholipase A2 chimera showing the catalytic Cys-125 residue trapped as an acylated intermediate (PDB accession code: 4Q95). The
LRAT-specific loop, which confers retinol acyltransferase activity, is shown in light brown. Note the narrow cavity leading to the catalytic Cys
residue and its overall hydrophobicity. (C) Details of the retinoid isomerase catalytic mechanism were revealed by the crystal structure of
RPE65 in complex with MB-001 (PDB accession code: 4RSE), a retinyl cation transition state mimetic (Inset), and palmitate (both shown as
magenta sticks). The retinoid moiety sits in the active site pocket proximal to the cavity entrance (marked by an asterisk), while the acyl moiety
resides in the distal pocket with the carboxylate group situated over the iron. A candidate hydrolytic water (red sphere) is located across from an
oxygen of the FeII-bound carboxylate in a position that could account for the chirality inversion that occurs during the reaction. The structure also
revealed a close positioning of Phe103 and Thr147 to the carbon atom of MB-001 corresponding to the retinoid C11, explaining the importance
of these residues in RPE65 regioselectivity. (D) Structure of an RDH from Drosophila melanogaster in complex with NAD+ and the substrate
mimetic phenol (PDB accession code: 5ILG) (90).
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the aldehyde form to enable regeneration of the visual pigments.
This is accomplished by generic dehydrogenases, such as alcohol
dehydrogenase and specialized RDHs that are involved in the
redox reaction of retinoids. RDH members of the short-chain
dehydrogenase/reductase (SDR) superfamily are the major
in vivo contributors to these processes (Fig. 3D). Multiple knock-
outs of different RDHs in rods, cones, and the RPE point to highly
redundant enzymatic systems (40–45). Passive nonionic diffusion
is likely sufficient for this process because the chromophore forms
a stable covalent complex with opsin, thereby driving the transfer
of retinoids to photoreceptors.

After photobleaching, all-trans-retinal released from activated
rod and cone visual pigments can diffuse into the outer or inner
leaflets of photoreceptor disk membranes. In the former case, all-
trans-retinal is directly available to the all-trans-RDH enzymes that
quickly convert it to vitamin A. The NADP+/NADPH ratio is about
0.005:1, such that enzymes (RDH8 and RDH12) utilizing this di-
nucleotide reduce retinal to retinol. To prevent the accumula-
tion of all-trans-retinal in the intradiscal space, photoreceptors
express an ∼250-kDa adenosine triphosphate (ATP)-driven trans-
porter called ATP-binding cassette transporter 4 (ABCA4) that
is responsible for translocating all-trans-retinal-PE Schiff base
conjugates from the intradiscal to the cytosolic side of the
disk membrane. There, they dissociate, and the all-trans-retinal
is reduced by all-trans-RDHs to enable retinoid cycle entry (46).
It was also proposed that ABCA4 functions to recycle 11-cis-
retinal released during proteolysis of rhodopsin in RPE endoly-
sosomes following the daily phagocytosis of distal photoreceptor
OSs (47).

11-cis-Retinal Production during Dark Adaptation
A major unresolved issue in vision research concerns the precise
identity of the different pathways capable of regenerating 11-cis-
retinal. In all conditions, it is necessary for both forward and re-
verse reaction rates to remain balanced; otherwise, the visual
pigments would be rapidly depleted. This is particularly important
as the individual rate constants differ considerably. The forward
reaction of photoisomerization of the chromophore is ultrafast
(35 fs) and is followed by release of all-trans-retinal from opsin that
occurs within a time frame of seconds (48, 49). The reverse re-
generation reaction must match to chromophore depletion. At
steady state, the bleaching and regeneration rates of rod and
cone pigments are equal at various levels of physiologic illumi-
nation. At high intensities, however, visual pigment would be
quickly depleted if the classical visual cycle activity were the sole
source of 11-cis-retinal. The slow rate of the classical visual cycle
(50) suggests that the active visual pigment would be depleted
within seconds in normal daylight so no further visual activation
could occur. Resolving the timescale discrepancy for rod and cone
cells as a function of illumination is fundamental to understanding
how our vision is sustained throughout the day. This conundrum
has prompted challenges to current dogma and instigated in-
vestigations into the possibility of direct all-trans-retinal photo-
isomerization, as it is released from opsin (aldehyde level
isomerization), to produce 11-cis-retinal ready to be recombined
with opsins. A combination of modern chemical, biochemical,
genetic, and electrophysiological approaches has been applied
to advance our understanding of this fundamental process of
chromophore regeneration.

Nonphotic RPE65-Independent Isomerization Pathways
in Müller Glia
The classical visual cycle is a major source for visual pigment re-
generation in rods and contributes to 11-cis-retinal production for
cones as well. However, cone photoreceptor dark adaptation, a
surrogate for visual pigment regeneration, is much more rapid
compared to that of rods, suggesting that cones have access to
dedicated pool(s) of visual chromophore. Biochemical and elec-
trophysiological experiments have both supported a cone-
specific intraretinal visual cycle involving Müller glia (51–55) al-
though genetic evidence for this pathway has, until recently, been
lacking. It should be noted, however, that a cis-retinol oxidation is
coupled to the retina-based visual cycle selectively for cone
photoreceptor cells. The resulting cis-retinol is oxidized in the
cone ISs and then as cis-retinal delivered to OSs to reform pho-
toactive visual pigments, but a similar process does not take place
in rod ISs (56, 57).

Candidate enzymes of this alternative visual cycle pathway
were identified by screening Müller cell complementary DNA li-
braries and candidate gene approaches. Using the former ap-
proach, a putative isomerase of this pathway was identified as
sphingolipid delta4 desaturase 1 (DES1) (58), an enzyme originally
known for catalyzing the final step of de novo ceramide biosyn-
thesis. Des1 was suggested to catalyze the isomerization of retinol
to form small quantities of 9-cis- and 11-cis-retinol that are trap-
ped by CRALBP or by stereo-selective esterification. Although
viral-mediated expression of Des1 in the Müller cells of mice
lacking the classical visual cycle isomerase RPE65 boosted cone
electroretinography (ERG) responses, the role of DES1 in physi-
ological cone pigment regeneration was left unresolved. This is-
sue was addressed in greater detail through the generation and
characterization of Müller cell conditional Des1 knockout mice
(59).Des1 knockout specifically in these cells did not interfere with
cone visual pigment regeneration in the mouse (59). Genetic
knockout of Des1 (degs1) in zebrafish also did not eliminate
photopic vision (60). Collectively, those experiments demon-
strated a lack of robust retinoid isomerization enzymatic activity,
no genetic evidence using the Müller cell-specific knockout, and
lack of 9-cis-retinal in a healthy system; thus, the contribution
by DES1, if any, appears negligible. In some species, retinyl es-
ters are present in the neuronal retina, and it was suggested
that Müller cells could express 11-cis-specific retinyl-ester syn-
thase activity in the form of a multifunctional O-acyltransferase
(MFAT) (61).

The existence of an RPE65-independent, cone-specific re-
generation pathway remains controversial. To further explore the
possibility of an alternative cone-specific regeneration pathway,
potent and selective RPE65 inhibitors, such as retinylamine and
emixustat-family compounds, were employed (62, 63). These
compounds selectively inhibit RPE65 for in vivo and ex vivo ERG
measurements in rod-specific G protein knockout (Gnat1−/−) mice
that lack rod responses (64). Acute administration of these inhib-
itors after a bleach suppressed the slow phase of cone dark ad-
aptation without affecting the initial rapid portion, which reflects
intraretinal visual cycle function (65). RPE65 inhibitors did not af-
fect the light sensitivity of cone photoreceptors in mice during
extended exposure to background light but did slow the subse-
quent dark recovery. Moreover, cone function was only partially
suppressed in cone-dominant ground squirrels and wild-type
mice in response to RPE65 pharmacologic inhibition. The de-
tailed mechanism of action for emixustat and similar compounds
was reported elsewhere (36, 62, 63, 66). Inhibition of DES1 with
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fenretinide produced only modest effects on cone recovery.
Collectively, these studies demonstrated that RPE65 contributes
to mammalian cone pigment regeneration but clearly supported
the existence of RPE65-independent regeneration mechanisms
that do not depend on DES1.

Photic 11-cis-Retinal Synthesis: N-Ret-PE
In 1952, Ruth Hubbard and George Wald concluded in their
seminal studies of vision that the retina obtains new supplies of
the active chromophore from one or more sources: 1) eye tissues
that contain enzymes which catalyze the isomerization of all-trans-
retinal/all-trans-retinol in situ (67); 2) the exchange of all-trans-
retinol with “neovitamin Ab” (or 11-cis-retinol in modern parlance)
from the blood circulation; or 3) the isomerization of all-trans-
retinal in the eye by blue or violet light. Enzymes in the classical
visual cycle which are responsible for the consistent replenish-
ment of the visual chromophore reside in the RPE, satisfying the
first possibility raised by Hubbard and Wald. No evidence has
been found supporting the second notion of an exchange process
as 11-cis-retinoids are found in significant amounts only in the eye.
Finally, recurrent studies have suggested, but not until recently
proven, that photic isomerization can provide an alternative
pathway for the generation of 11-cis-retinal in the RPE and
Müller cells.

The idea of blue light-mediated isomerization has been re-
vived periodically, but adequate nonenzymatic photoisomerization
has yet to be demonstrated convincingly. Following earlier ideas
(22, 23), it was proposed that blue light converts all-trans-retinal
specifically to 11-cis-retinal through a nonenzymatic process utiliz-
ing a phospholipid intermediate in photoreceptor membranes (68).
In these extensive studies, it was shown that blue (450 nm) light
converts all-trans-ret-PE with high specificity to 11-cis-retinal
through a retinyl-phospholipid (N-ret-PE) intermediate in OS pho-
toreceptor membranes. Remarkably, the quantum efficiency of this
light-dependent conversion at this wavelength was reported to
be similar to the quantum yield of rhodopsin photoisomerization.
But there are differences: e.g., the quantum yield of the rhodopsin
to bathorhodopsin transformation is 0.67 (69) and is largely
wavelength-independent (70). In studies by Kaylor et al. (68), the
photoisomerization ofN-ret-PE wasmore effective using white light
than light at themaximum absorption of this adduct at 450 nm. The
authors then showed that, in mice, exposure to 450-nm light for
10 min following a photobleach accelerated rhodopsin regenera-
tion as compared to mice kept in darkness.

These findings require further investigation, however, to clarify
their physiological relevance. For example, the extremely high
quantum yield and specificity of N-ret-PE photoisomerization
need further chemical analysis. The importance of this pathway to
foveal cone pigment regeneration in primates is also unclear
given that xanthophyll macular pigments strongly absorb 450-nm
light, thus attenuating such a nonenzymatic photochemical reac-
tion (71). Finally, the N-ret-PE mechanism generates significant
amounts of 9-cis-retinal, which is not observed during the normal
visual cycle. Finally, it is unclear why this mechanism does not
appear to operate in older Leber Congenital Amaurosis (LCA)
patients suffering from absent or inactivated RPE65 when residual
photoreceptors are still present at even significant levels.

Photic 11-cis-Retinal Synthesis: RGR
Decades after Hubbard and Wald (67) first published their find-
ings, Fong and colleagues (72) identified a novel opsin called
retinal G protein-coupled receptor (RGR) as a potential source of

long wavelength-induced isomerase activity similar to squid reti-
nochrome (73) (reviewed in ref. 74). RGR resembles invertebrate
opsins (Fig. 4A), binds all-trans-retinal, and, in visible light, cata-
lyzes the isomerization to active 11-cis-retinal. However, prior
biochemical studies on mammalian RGR demonstrated only lim-
ited photoisomerase activity (72). The total amount of rhodopsin
was lower in Rgr−/− mice than in Rgr+/+ mice under various levels
of illuminance (75), suggesting light-dependent production of the
chromophore even in the rod cells (Fig. 4B). Using these mice, we
demonstrated that 11-cis-retinal production stimulated by white
light in mice is attenuated in the absence of RGR (20), suggesting
that RGR is a photoisomerase and that chromophore regeneration
is receptor-mediated. Others elegantly demonstrated that cones
in Rgr−/− retinas lost sensitivity at a faster rate than cones in control
retinas (Fig. 4C) (76). Following photoisomerase activity in the
RPE, RGR that copurified with RDH5 was identified as a source of
chromophore production (77). RGR has robust activity in mem-
branes obtained from RPE cells when light is highly controlled
(energy and wavelength). Using expressed and purified RGR, it
was demonstrated that RGR accounts for the photoisomerase
activity found in the bovine RPE. The presence of CRALBP, which
is coexpressed in the RPE with RGR and critical for normal oper-
ation of the visual cycle (49), strongly enhances the generation of
11-cis-retinal by RGR (77). CRALBP in Müller cells also was iden-
tified as being critical for maintaining normal cone-driven vision
and accelerating cone dark adaptation (78). Notably, distant
CRALBP homologs are found in mollusks and other invertebrates
(79, 80) and play a similar role in supporting RGR photoisomerase
activity by acting as retinal shuttles (81). The substitution of a Lys
with an Ala residue at position 255 in RGR abolishes the photo-
isomerization, confirming that the formation of a Schiff base at this
Lys residue is critical for substrate binding and isomerization. Like
opsin (Fig. 2), RGR can accommodate two retinal isomers; but, in
contrast to opsin, all-trans-retinylidene is stable whereas 11-cis-
retinylidene is hydrolyzed and released from the active site. The
structure of these complexes will provide a clearer mechanistic
picture of this “back” isomerization process. In brief, these find-
ings provide compelling biochemical evidence that RGR directly
contributes to the regeneration of visual chromophore under
sustained light conditions (Fig. 4D).

Physiological Contribution of Nonphotic and Photic
Systems to Rod- and Cone-Mediated Vision
With cessation of light, only enzymatic reactions leading to active
chromophore production can take place. This production and the
regeneration of visual pigments in humans occur with two expo-
nential phase processes: the faster regeneration of cone pig-
ments in about 8 min and the slower regeneration of rhodopsin
that requires roughly 30 min to achieve the fully dark-adapted
state (82). The key pathway involved in this chromophore pro-
duction constitutes the canonical visual cycle with retinoid
isomerase RPE65 and other key components, such as LRAT,
RDHs, and retinoid-binding proteins. This pathway is potently
inhibited by free all-trans-retinal (77).

The excess of the substrate for RPE65 (retinyl esters) guaran-
tees, at least in humans, that the isomerization occurs at the
maximum rate (dark adaptation is independent of initial bleaching
levels). However, we found that the photic regeneration system
can produce 11-cis-retinal at a rate of 1 nmol/min/mg crude
protein, which is an order of magnitude greater than the rate of
11-cis-retinol formation by the RPE in the dark (77). These data
imply that the photic contribution could be significant, equal to or
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even exceeding that of RPE65, under certain light conditions. The
action spectra for RGR are similar to the absorption maximum of
the RGR:all-trans-retinal complex (∼480 nm) (76) but shifted to a
long wavelength in isolated RPE or purified RGR (∼530 nm) in
another report (77). This discrepancy will need to be addressed
experimentally.

At intense bleaches, RGR makes a significant contribution to
chromophore production, depending on the availability of all-
trans-retinal in the RPE and Müller cells to serve as the substrate
for RGR. There are two mechanisms by which this activity can be
affected in addition to the wavelength and intensity of light.
Studies have shown that all-trans-retinal accumulates in the retina
during bright light exposure (83, 84)—conditions under which
RGR could act as an efficient photoisomerase. This retinal likely
can transfer freely between the photoreceptor OSs and the RPE/
Müller cells as demonstrated in model systems (85–87). These
results suggest that retinoids may not require active transport or
binding protein-mediated transfer between the membranous
compartments of rod and cone OSs and the RPE/Müller cells.
However, it remains possible that an unidentified active transport
mechanism exists in the mammalian retina. The 11-cis-retinal
diffuses from the RPE to photoreceptors despite an abundance of
CRALBP in the RPE. This occurs because opsin acts as a sink for

11-cis-retinal. Likewise, RGR can act as a sink for all-trans-retinal.
Once 11-cis-retinal is generated by RGR, it can enter the visual
cycle. RGR also will eliminate 13-cis-retinoids from the healthy eye
since it can convert this isomer to all-trans-retinal (88). A second
mechanism which can affect RGR activity involves mass action. All-
trans-retinol is esterified by LRAT, and the ester can be hydrolyzed
(89). The conversion of all-trans-retinol to all-trans-retinal is gov-
erned by the reducing power of the cell, and the reaction is
reversible and governed by mass action of substrates and prod-
ucts (retinoids and dinucleotides) (Complexity of RDHs). This
means that there will always be some amount of all-trans-retinal
present in the cell. For the Müller cells, it was proposed
that RGR-opsin and RDH10 convert all-trans-retinol to 11-cis-
retinol during exposure to visible light in a series of oxidation–
isomerization–reduction reactions (76). However, the specific
deletion of Rdh10 either in Müller or RPE cells had no impact on
light responses (40, 41).

Conclusions/Discussion
Now, it is clearly established that at least two physiologic path-
ways are involved in visual chromophore production: one that
involves the classical visual cycle with a key isomerase, RPE65, that
uses retinyl esters to generate 11-cis-retinol; and the second
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Fig. 4. Evidence for RGR in supporting light-driven visual chromophore production. (A) A two-dimensional topology diagram showing the
heptahelical structure of human RGR. The retinal binding Lys residue is highlighted in magenta. This research was originally published in the
Journal of Biological Chemistry, ref. 77. © the American Society for Biochemistry and Molecular Biology. (B) RGR helps maintain visual pigment
levels in the setting of intense (4,000 lx) light exposure. Reprinted by permission from ref. 75, Springer Nature: Nature Genetics, copyright
(2001). (C) Electrophysiological data documenting a role for RGR in the maintenance of cone photoreceptor responses during exposure to light.
Reprinted from ref. 76. Copyright (2019), with permission from Elsevier. (D) Recombinantly expressed and purified RGR directly photoisomerizes
all-trans-retinal to 11-cis-retinal upon exposure to 530-nm light. The activity depends on the presence of the Lys255 nucleophile to form a Schiff
base conjugate with retinal, where bRGR means bovine RGR, A360nm, absorbance at 360 nm, and mAU, milli-absorbance unit. This research was
originally published in the Journal of Biological Chemistry, ref. 77. © the American Society for Biochemistry and Molecular Biology.
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pathway involves an RGR photoisomerase that uses all-trans-reti-
nal as a substrate to directly generate 11-cis-retinal. Together,
both pathways meet the need for the chromophore as it is utilized
by rod and cone visual pigments. What remains unknown is 1) the
relative contributions of both pathways under different light
conditions for both rods and cones; 2) the relative contributions of
Müller cells and the RPE during photic isomerization for both rod
and cone pigment regeneration; and 3) how CRALBP modulates
the flow of the chromophore in both regeneration pathways.

Recent gains in our understanding of these different regener-
ative processes have clarified not only a critical component of the
complex biochemistry essential for visual perception but also
the etiology and potential treatment options for disparate
blinding diseases in humans. A significant number of mutations
in visual cycle enzymes and retinoid binding proteins have been
identified that cause severe retinal diseases (10, 12). This has led
to pharmacological strategies to overcome enzymatic lesions
or to modulate visual cycle activity by the inhibition of various
visual cycle enzymes, most notably RPE65, to control degen-
erative damage to photoreceptor cells. In contrast to such
strategies, a rapid and efficient production of 11-cis-retinal can
be achieved by the RPE and Müller cells by photic stimulation
within a narrow band of wavelengths. The resulting 11-cis-reti-
nal can then play a critical role especially in cone opsin regen-
eration and fulfill the demand for chromophore under daylight
conditions. Like rhodopsin and cone opsins, RGR requires a
photon to trigger the isomerization of retinal. RGR preferen-
tially binds all-trans-retinal and then produces the 11-cis isomer

upon illumination. In RPE65-deficient patients, RGR activity
likely plays a key role in their residual vision before retinal de-
generation occurs and vision irreversibly declines. The action
spectrum of RGR in RPE microsomes and purified protein sug-
gests that a background green light at 510 to 540 nm could be
beneficial for generating active chromophore and thereby in-
creasing visual sensitivity in RPE65-deficient patients. Clinical
trials will require the control of light intensity not only for safety
purposes, but to control the isomerization of the newly formed
visual pigments.

In conclusion, recent findings pertaining to the photic gener-
ation of 11-cis-retinal in the RPE and Müller cells have added a
new physiological element to our understanding of the pathways
capable of regenerating the visual chromophore. However, these
advances have yet to be fully integrated with what we know about
the canonical visual cycle.
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