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Abstract

The photocycle of visual opsins is essential to maintain the light sensitivity of the retina.

The early physical observations of the rhodopsin photocycle by Boll and Kiihne in the 1870s
inspired over a century’s worth of investigations on rhodopsin biochemistry. A single photon
isomerizes the Schiff-base linked 11-c/s-retinylidene chromophore of rhodopsin, converting it

to the all-frans agonist to elicit phototransduction through photoactivated rhodopsin (Rho*).
Schiff base hydrolysis of the agonist is a key step in the photocycle, not only diminishing
ongoing phototransduction but also allowing for entry and binding of fresh 11-c¢is chromophore
to regenerate the rhodopsin pigment and maintain light sensitivity. Many challenges have been
encountered in measuring the rate of this hydrolysis, but recent advancements have facilitated
studies of the hydrolysis within the native membrane environment of rhodopsin. These techniques
can now be applied to study hydrolysis of agonist in other opsin proteins that mediate
phototransduction or chromophore turnover. In this review, we discuss the progress that has been
made in characterizing the rhodopsin photocycle and the journey to characterize the hydrolysis of
its all-frans-retinylidene agonist.
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Introduction

The mysteries of vision become resolved at the molecular level with the characterization of a
pigment that changes color in response to light. This pigment was discovered to be the opsin
protein in close interaction with its 11-cis-retinylidene chromophore (Fig 1). These pigment
molecules densely fill the outer segment region of photoreceptor cells (Fig 2), providing

our retinas with the ability to sense light [29:31.126] The photochemistry of the color change
that communicates the presence of light is characterized by the immediate isomerization

of the 11-c/s-retinylidene chromophore of opsin to the all-trans-retinylidene agonist upon
absorption of a photon of light [32:34.120.127] 'The |ight-triggered formation of the agonist
induces a series of conformational changes in rhodopsin leading to its active signaling state
[28,34,84,111] This photochemistry and the biochemical response of opsin proteins serve as
the foundation to perception of light and the consequent behavior of organisms. The key
role of opsins to provide organisms with the ability to perceive and respond to light was
aptly demonstrated by Salom and Cao using transgenic Caenorhabditis elegans modified

to express bovine rhodopsin or human melanopsin in neural tissue [17.97-98] The wild-type
worms are naturally blind, lacking eyes and opsins, and are non-responsive to light. In
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contrast to transgenic worms with bovine rhodopsin or human melanopsin, light completely
arrested movement or enhanced locomation, respectively. These results suggest application
of rhodopsin as a light detector in many systems including optogenetics [1:36.43.61],

The opsin best characterized for its biochemistry is rhodopsin, an opsin that is fundamental
to nocturnal vertebrate vision. To sustain light sensitivity of the vertebrate retina, the crucial
step of the hydrolysis of the Schiff base to release the agonist from photoactivated rhodopsin
(Rho*) must occur to bridge two important cycles that maintain vertebrate vision: the
rhodopsin photocycle and the visual cycle (Fig 3) [55:91.126] This hydrolysis not only
diminishes ongoing phototransduction but also generates apo-opsin, permitting the entry of
fresh 11-cis-retinal ligand to re-form the chromophore Schiff-base linkage and regenerate
the rhodopsin pigment [67]. Hydrolysis also supplies the visual cycle with all-trans-retinal
to be reconverted to 11-cis-retinal that regenerates the pigment. Without hydrolysis, both
rhodopsin and its chromophore would, in principle, be only usable once, and sensitivity to
light would dramatically and quickly decline under constant illumination.

One of the earliest recorded observations on the photochemistry of rhodopsin came from
Franz Béll, who reported the color changes that occurred when the visual red/purple
pigment of the retina was exposed to light [16]. Fascinated by BélI’s study of photosensitive
retinal pigment, Friedrich Wilhelm Kiihne described light-induced changes of the red
pigment, converting to orange, then yellow, and eventually colorless [%8]. This pigment
within rods gradually became restored in the dark, with a corresponding decrease in the
amount of golden yellow oil droplets inside the neighboring hexagonal epithelial cells, or
retinal pigment epithelial (RPE) cells [16]. These early investigations corresponding to the
photobleaching of rhodopsin and its regeneration set forth more than a century’s worth of

major breakthroughs in the biochemistry of opsin proteins and insights into the physiology
of vision [37,39,54-55,84-86,100]

Identification of the chromophore and its relation to opsin

In the 1930s, George Wald discovered the identity of the chromophore of the opsins to be
retinal, the aldehyde form of vitamin A [119] (historical perspective by Ripps in reference
[92]), This finding aligned with the ability of retinal to form a Schiff base with amines,
causing a bathochromic shift in the absorption maximum from 380 nm to 440 nm. The
additional shift toward 500 nm, the absorption maximum of rhodopsin, was later attributed
to the effects of interactions of residues within the chromophore-binding pocket of the opsin
protein with the polyene chain of the bound retinal chromophore [46.75], The hydrolyzable
nature of the Schiff base also aligns with the observations of visual pigment bleaching in
response to light, corresponding to the release of retinal. Notably, the released retinal does
not rebind to apo-opsin to reform pigment, suggesting a chemical structural difference
between the species that binds to form pigment and the species that is released. The
isomeric identity of the released species was found to be all-frans-retinal; but the identity
of the pigment-forming species, 11-ci/s-retinal, was not discovered until 1956 in the Wald
laboratory [811,
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The nature of the covalent linkage between retinal and opsin, suspected to be a Schiff base
bond according to the work of Collins, Morton, and Pitts, was later confirmed by Bownds

in the 1960s [13-14.70.90] His use of borohydride reduction documented the conversion of the
hydrolyzable Schiff base adduct between retinal and opsin to a nonhydrolyzable secondary
amine linkage [13-14]. The resultant reduced product was characterized as the retinyl moiety
attached to the e-amino group of an opsin-Lys residue, after exhaustive proteolysis of the
borohydride-treated rhodopsin pigment by pronase [13]. The location of this chromophore-
binding Lys residue was later determined to be Lys2%6 by the studies of Ovchinnikov and
Hargrave [40.82],

Later studies by Sakmar, Khorana, Oprian, and Nathans demonstrated that the retinylidene
Schiff base linked to Lys?% also formed a non-covalent salt bridge interaction with Glu113,
stabilizing the ground-state rhodopsin pigment [76.95-96.132] G]y113 was also shown to
facilitate the transition to the metarhodopsin Il (MI1) signaling state by acting as a proton
acceptor in the deprotonation of the retinylidene Schiff base [48]. Furthermore, Glul8! in
extracellular loop 2 also participates in this transition by acting as a partial counterion switch
for relaxation of the Rho* structure to metarhodopsin | (M) [62.125],

Eventually, the crystal structure of chromophore-bound rhodopsin was achieved,
representing the first 3-dimensional characterization of a G protein-coupled receptor
(GPCR) [79.86] However, pursuit of the structure of Rho* served as an even greater
challenge, given the transient nature of the all-frans-retinylidene agonist being susceptible
to hydrolysis [12.70]. Recent methodological advances have allowed the capture of specific

Rho* species, including a very early intermediate and potentially the MII signaling state
[22,37,100,109]

Properties of Rho*

The visual pigment, appearing purple when concentrated, and red upon dilution, was
observed by Kiihne and his associates Ewald and Ayres to change to a more persistent
“visual yellow” color before eventually becoming colorless, or “visual white”, which

was later determined to contain free retinal [58.119]. Further investigations by Lythgoe of
rhodopsin kept on ice and exposed to light showed evidence of a “transient orange” form
that was not the result of a mixture of visual yellow and unbleached visual red pigments

[63]. The orange color was more stable when the rhodopsin preparation was maintained on
ice rather than when warmed to 30°C, which led to a pale-yellow color. Upon attempted
extraction of retinal, the transient orange and visual yellow forms were found to still

contain bound retinal. Furthermore, the visual yellow form was observed to change spectral
properties in response to changes in pH; therefore it became more aptly named “indicator
yellow” [63], Lythgoe’s observations were further followed up by Collins, Morton, and Pitts,
who observed analogous pH-dependent spectral changes with a model Schiff base adduct of
retinal with a primary amine, mimicking the epsilon amine of a Lys residue [7990], They also
reported the hydrolysis of the retinylidene Schiff base occurring fastest at a mildly acidic pH
of 5.7, close to its pKa [70.90],
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Expanding upon Lythgoe’s observation of “transient orange,” the use of absorbance
measurements at very low-temperatures allowed for the capture of each major photo-
intermediate of Rho*, prior to the eventual hydrolysis and release of retinal, in the
following order: bathorhodopsin (Amax = 543 nm, at < =150°C), lumirhodopsin (Amax
=497 nm, at -140°C to —40°C), Ml (Amax = 478 nm, at —35°C to —10°C), and Ml

(Amax = 380 nm, at —10°C to 0°C) 1211, Metarhodopsin 111 (MI11, A max = 465 nm) was
later identified with its all-#rans-retinylidene Schiff base in the syrn-configuration, distinct
from the anti-configuration of the previously identified species [6:118]. This anti-to-syn
conversion has been proposed to occur either through photic or thermal energy [6:931, All
three metarhodopsin species are in thermal equilibrium, shifting under higher pH conditions
counterintuitively towards the protonated states of MI and MIII, and under lower pH
conditions towards the deprotonated state of M1 [81. MIl, the signaling state of Rho*,

exists as the dominant species under physiological pH and has been shown to be the species

from which the hydrolysis of the all-#rans-retinylidene Schiff base largely proceeds (Fig 4)
[22,45,100,103]

An extensive water network in rhodopsin confers structural integrity and

plasticity

In 1977, Downer and Englander discovered an usually vast proportion of rhodopsin

of around 70% of amide groups was interacting with water based on hydrogen-tritium
exchange experiments performed on native ROS membrane suspensions; in contrast, this
proportion is typically around 20-40% in other proteins [26]. This water network spanning
rhodopsin was better characterized later with X-ray crystallographic structures and fourier
transform infrared (FTIR) spectroscopy. Water plays an indispensable and integral role
within the H-bonding networks of the interhelical spaces of rhodopsin to stabilize structure
[4-5.72] These structural waters as well as those present within the chromophore binding
pocket are essential to the spectral tuning of rhodopsin by solvatochromic interactions
with the retinylidene polyene chain [3:24.35.46,51,77,106-107]: aqditionally, water adjacent to
the retinylidene Schiff base influences the pKa of Glul12 to shift the proton towards

the retinylidene Schiff base along the salt bridge for the bathochromic shift to absorb
longer wavelengths of light [151. Furthermore, this Schiff base in ground-state rhodopsin

is protected against hydrolysis by an intradiscal “plug” preventing the entry of bulk water
into the chromophore binding pocket (1311, Therefore, perturbations to the water network
and protein structure of rhodopsin lead to instability of ground-state rhodopsin to retain
chromophore, leading to retinitis pigmentosa [49:531. Similar perturbations in other GPCRs
could also affect the stability of their inactive resting state, given the highly conserved nature
of structural waters across GPCRs [9.80],

Structural waters within rhodopsin not only provide stability but also plasticity to facilitate
protein conformational changes upon the photoisomerization of the 11-c¢is chromophore
to the all-trans agonist [4-5.11.128] Changes in the water network were observed in the
transitions through different photointermediates with the greatest change occurring upon
reaching the MII active state, whereby the tilting of transmembrane helices 5 and 6 opens
a solvent pore on the cytosolic face of rhodopsin to allow a large influx of bulk water
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that ultimately hydrolyzes the Schiff base of the all-#rans agonist for the release of all-#rans-
retinal [18.50,65,102,113,116,128-129] A sjgnificant amount of this bulk water is then displaced
upon MII binding of transducin to elicit the phototransduction cascade [*8]. The hydrolysis
detailed above exhibits stereoselectivity for the all-trans configuration as demonstrated by
the lack of hydrolysis of the 11-cis-locked retinal analogue that photoisomerizes to an 11,13-
dicis-agonist that remains bound and thermally reverts to the mono-11-c¢is configuration,
re-establishing ground-state rhodopsin [38],

The water network changes in the photoactivation of rhodopsin are highly conserved

across GPCRs [10.60.128] The binding of agonist to the ligand-binding site of GPCRs is
analogous to the production of the all-frans agonist by photoisomerization. Agonist binding
induces concerted protein conformational and water network changes very similar to those
observed in rhodopsin, including the influx of bulk water that occurs in the active state
conformation despite not requiring hydrolysis to release the agonist, given a reversible
binding to the ligand-binding site [10.60.94]  Aberrancies in the water network and protein
structure that cause abnormally fast or slow decay of Rho* to apo-opsin and all-frans-retinal

are implicated in the stability of the active state of other GPCRs and release of their agonist
[49].

Early kinetics studies on the decay of Rho*

One of the earliest measurements of the rate at which Rho* decays to retinal and apo-opsin
was done by Baumann, using absorbance spectroscopy to study dissected and re-perfused
retinal tissue of frogs and humans [7-8]. He determined the rate constants for decay of

MIl and M1, at pH 7.5 and 36°C, to be about A= 0.003 sec™* and & = 0.004 sec™,
respectively, which correspond to half-lives of about 4 min and 3 min, respectively 8],
However, a thorough understanding of the nature of the metarhodopsin species had not been
established, especially for MIIl, which is now understood to decay much more slowly than
MII [6:59], Notably, it is not known currently whether MI undergoes hydrolysis to release
retinal, and capturing this process is especially challenging given its rapid conversion within
milliseconds to the longer-lasting MII form.

Tryptophan fluorescence measurements of Mll decay

The broad overlapping nature of the absorption spectra of the ground-state rhodopsin
pigment, its photo-intermediates, and free retinal presents challenges to tracking the
hydrolysis event, given the difficulty of definitively distinguishing each species in the
complex mixture after light exposure. This problem was circumvented through use of
fluorescence spectroscopy to study Rho* hydrolysis and release of retinal. The intrinsic
fluorescence of the five tryptophan residues of rhodopsin is quenched by bound retinal;
therefore, increase in tryptophan fluorescence emission provides a precise measurement

of the overall process of Schiff base hydrolysis and release of retinal from Rho* [30.105],

The half-life of Rho* decay was found to be on the order of minutes at 20°C, with an
activation-energy barrier for the combined events of hydrolysis and retinal release being ~20
kcal/mol 391, The timescale of Rho* decay (minutes) highlights the importance of rhodopsin
kinase and arrestin in halting ongoing phototransduction long after the light stimulus. This
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role is especially evident in mice lacking rhodopsin kinase or arrestin, where light-induced
photoreceptor degeneration occurs very early in life [19.122],

Monitoring intrinsic tryptophan fluorescence has provided the most precise way to track
Rho* decay; however, it cannot distinguish the two processes of Schiff base hydrolysis and
subsequent release of retinal. Furthermore, as typically done to study membrane protein
biochemistry, mild detergents were used to solubilize rhodopsin to allow for more precise
spectroscopic measurements. The detergents could alter protein properties relative to their
native state in the membrane, potentially producing misleading results especially in the
case of rhodopsin, which resides in membranes rich in polyunsaturated acyl chains, such as
docosahexaenoic acid [2:87],

Native MS to capture first steps of vision

Recent advances have led to the development of mass spectrometry (MS) techniques that
can detect whole membrane proteins in their native membranes, along with their complexes
with small molecules, lipids, nucleic acids, and other proteins. Using a state-of-the-art
native MS system, the Robinson group characterized the very first steps of the visual cycle
and phototransduction in rod outer segment (ROS) membranes, avoiding the reductionist
approach of studying proteins or complexes in isolation [211. The hydrolysis of Rho*

was tracked in its native environment of natural lipids and proteins, providing the most
accurate and precise method to monitor Rho* decay into apo-opsin and retinal. The
hydrolysis was found to have a rate constant A'pyq = 3.20 £ 0.17 (x 1073) secL at pH

7.0 and 28°C, corresponding to a half-life of 3.61 + 0.19 min, in agreement with previous
results (described above) [21]. Despite its astonishing capabilities in capturing the kinetics
of the phototransduction cascade as well as Rho* decay, native MS comes with several
limitations. The method is not widely accessible to many laboratories. Furthermore, the
method cannot truly discriminate between ground state and Rho*; despite having different
isomeric configurations of the retinylidene adduct, both forms have the same molecular
weight. Additionally, the method does not allow for non-volatile buffers and salts, including
NADPH, which is the required cofactor for reduction of retinal by retinol dehydrogenases
(RDHs), which may interact with Rho* and potentially affect the rates of Schiff-base
hydrolysis and/or retinal release [104],

LC-MS/MS-based method of tracking Rho* decay

A method complementary to native MS was recently developed that allows for the
investigation of Rho* decay in native membranes, using reagents and instrumentation more
likely to be present or readily accessible in laboratories. The method involves the use of
borohydride to trap the opsin-bound chromophore as described by Bownds [13-14] followed
by proteolysis and LC-MS/MS analysis (Fig 5). The NaBH, is dissolved in isopropanol
(/PrOH) to facilitate both Schiff base reduction and rapid protein denaturation of Rho or
Rho* simultaneously [45]. PrOH also induces the separation of proteins from lipids in the
ROS membranes by solubilizing the lipids and precipitating the proteins. Retinal liberated
from Rho* by hydrolysis can be quantified in the lipid-soluble fraction, while retinal that
remains bound to Rho* as a Schiff base can be measured in the protein precipitate. With
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this approach, the hydrolysis kinetics were found to be comparable to those determined with
native MS. An Arrhenius plot for Rho* hydrolysis was produced in this study 4] given the
temperature dependency of the hydrolysis rate. The plot can be interpolated to calculate the
Rho* hydrolysis rate at the temperature that had been used in the native MS study (28°C)
[21], This calculation yields a value of A=2.90 + 0.11 (x 1073) sec™? or a half-life of 3.99 +
0.15 min, in agreement with the values reported above.

Furthermore, chromatographic separation of the retinyl isomers obtained from the
Ne-retinyl-Lys proteolysis product demonstrated the ability to directly determine the
stereochemistry of the retinylidene isomers in an aliquot of Rho exposed to light, showing
the extents of photoisomerization as well as hydrolysis, after subsequent analysis of the
lipid soluble fraction. Additionally, PrOH/NaBH, also trapped retinal that subsequently
went on to form Schiff base adducts with membrane-derived phosphatidylethanolamines
(PE) [123], These PE-adducts were identified from LC-MS/MS analysis of the lipid soluble
fraction and were found to form at a rate that was an order of magnitude faster than

that of their hydrolysis from Rho*, as measured in isolation by the addition of exogenous
all-trans-retinal to ROS membranes (Fig 5G) [45]. Notably, the LC-MS/MS based method
described above does not directly measure the kinetics of the release of all-#rans-retinal from
the chromophore binding pocket after Rho* hydrolysis. Since N-retinylidene-PE formation
occurs with all-frans-retinal that had been released after Rho* hydrolysis, the rate of this
release can be inferred from the rate of appearance of the PE adducts, because the limiting
rate for PE-adduct formation would be the release of endogenous all-frans-retinal from
Rho*. Accordingly, the rate of release of all-frans-retinal was determined to be A= 3.13 £
0.30 (x 1073) sec™L. The process of this release could potentially be influenced by a variety
of factors, including the binding of 11-ci/s-retinal to the entry site of rhodopsin followed by
its incorporation into the chromophore binding pocket to drive the release of all-#rans-retinal
[42,44,104] This mechanism of facilitated release of all-trans-retinal by 11-cis-retinal should
be further explored experimentally.

The substitution of NaBH4 by NaBD, allowed for monitoring of RDH-mediated reduction
of retinal by NADPH in the outer segments. Thus, retinal not reduced by RDHs was
distinguished by deuterium incorporation via NaBD4-mediated reduction. Accordingly, the
presence of active RDH was found not to affect the rate or extent of Rho* hydrolysis, and
RDH-mediated reduction of retinal was found to occur at a rate two orders of magnitude
faster than hydrolysis of Rho* in native membranes. The method described in Hong et. a/.
[45] therefore captures and quantifies all of the major steps of the visual cycle occurring

in the ROS membranes, without any requirement for purification or isolation of any of the
proteins or complexes, in a manner similar to native MS in its non-reductionist approach to
studying multiple complex processes occurring simultaneously.

Mono-stable vs. bistable opsins

Rhodopsin expressed by rod photoreceptor cells is one of the nine opsin gene products
encoded in the human genome, as listed in Table 1. Of the nine, rhodopsin and the

three cone opsins are known to be mono-stable or “bleaching opsins,” losing their
photoisomerized all-frans-retinylidene agonist through hydrolysis and release of all-trans-
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retinal. The hydrolysis of cone opsins is understood to be significantly faster than that
of rhodopsin [20471. However, the study of cone opsins has presented several challenges;
namely, low yields from native sources as well as difficulties with efficient expression of
stable recombinant protein. Expression of the stable protein has been improved by using
insect cell line systems or through fusion with stabilizing protein motifs [52:83.99],

Encephalopsin, melanopsin, and neuropsin are non-bleaching opsins that also bind 11-ci/s-
retinal to form pigments [26.108.112] Following light activation, these opsins do not undergo
hydrolysis of their all-frans-retinylidene photoisomerization product, which has a new
absorbance maximum whereby a second photon of light induces reverse isomerization
back to the cis configuration; thus, they are known to be “bistable opsins”. The bistable
property of these opsins has in part been explained by the lack of the prototypical Glul13
counterion that emerged in vertebrates to stabilize the protonated retinylidene Schiff base
in the mono-stable opsins 71141, Instead, in the bistable opsins, Glul! serves the primary
role of counterion for the protonated Schiff base in either the ground-state opsin pigment
or the photoisomerized product 71151, Notably, encephalopsin contains two aspartate
residues in place of Glul13 and Glul8; therefore, either position could potentially serve

as counterion for the protonated retinylidene Schiff base, but the extent to which, if at all,
each aspartate serves in that role has yet to be determined. It also remains to be investigated
thoroughly whether the photoactivated conformation of encephalopsin, melanopsin, or
neuropsin undergoes eventual hydrolysis of the retinylidene adduct, and if so, how fast.
Furthermore, melanopsin has been reported to form a 7-cis-retinylidene photoisomerization
product, an isomeric configuration that should be further explored given the exceedingly
rare, twisted, and unstable nature of the 7-cisisomer [¢8]. Therefore, all three bistable opsins
are great candidates to be studied using the PrOH/NaBH,, LC-MS/MS-based method [45].
A better understanding of the biochemistry of these bistable opsins would elucidate how
they influence a variety of physiological processes.

The retinal G protein-coupled receptor (RGR) provides an alternative route from the
classical visual cycle to supply 11-cis-retinal to the photoreceptors [25:130]. RGR resides

in the RPE and Muiller glia, where it binds all-frans-retinal to form a pigment that involves
a photochemistry that is the reverse of that of the photoreceptor opsins, producing 11-
cis-retinylidene that is hydrolyzed to generate 11-cis-retinal [23.69.130] As a mono-stable
opsin, the rate at which RGR hydrolyzes its 11-¢is product to resupply photoreceptors with
11-cis-retinal is not known [130], Notably, the rate at which opsins consume 11-cis-retinal
in the photoreceptors under daylight conditions is much faster than the rate at which the
classical visual cycle generates 11-c/s-retinal through RPEG65, as demonstrated by the slow
rate of dark adaptation [41.64.66], This mismatch in rates would correspond to a continual
decline in light sensitivity over time in the absence of an alternative supply of 11-c/s-retinal;
however, RGR provides an alternate mechanism, using the same daylight conditions that
bleach the photoreceptor opsins to instead generate 11-cis-retinal [23]. Determining the rate
of hydrolysis of the RGR-11-cis-retinylidene adduct would afford a more comprehensive
and quantitative understanding of how photoreceptors maintain light sensitivity.

Though peropsin also engages in photochemistry analogous to RGR, it is understood to be
bistable [72]. Whether hydrolytic turnover of the 11-cis photoproduct of peropsin occurs is
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not known. Furthermore, since formation of the peropsin pigment and its photochemistry
have been studied mainly with the invertebrate homolog [73], it is unknown whether the same
reactions occur with the vertebrate form. Pigment formation and kinetics of hydrolysis of the
vertebrate peropsin homolog and RGR are both suitable to be studied by the PrOH/NaBHy,,
LC-MS/MS-based method [45], given the ability to chromatographically separate the isomers
of retinylidene bound to the respective opsins while also measuring the amount of retinal
hydrolyzed from the photoisomerized opsin pigments.

Conclusions

The fundamental and first step of vision begins at the molecular level with rhodopsin.

The photocycle of rhodopsin is essential to maintain the light sensitivity of the retina.

An extensive breadth of knowledge about the photocycle has been gained from thorough
investigations conducted over a century. These studies have led to the identification of the
chromophore and characterization of its interaction with rhodopsin; and solution of the 3D
molecular structure of the ground-state rhodopsin pigment, and the structures of several key
photointermediates exceedingly difficult to capture. Importantly, major progress has been
made to precisely and accurately measure the key step of hydrolysis of the all-frans agonist
that bridges the rhodopsin photocycle with the visual cycle to sustain light sensitivity.
Recent advancements with mass spectrometry-based methods have now characterized the
specifics of Rho* hydrolysis within its native membrane environment, documenting a
pseudo first-order process with a half-life of 7.70 + 0.69 min at 20°C and a half-life of 1.73
+0.29 min at 37°C [45]. These methods are aptly suitable for the study of the photochemistry
and hydrolysis of retinylidene adducts of the many other opsin proteins whose physiological
roles in mediating phototransduction or chromophore turnover are not well understood.

ACKNOWLEDGMENTS

Funding:

We thank Dr. Sahil Gulati for preparing Figure 1, Drs. Philip D. Kiser, Kota Katayama, Vladimir J. Kefalov, Oliver
P. Ernst, Roxana Radu, and members of the Palczewski laboratory for helpful comments on this project.

This research was supported in part by NIH research grants EY034519 and EY09339 (NEI) to KP; and NIH
training grants 1F30EY033659-01 and T32-GM08620 for JDH. The authors acknowledge support from a Research
to Prevent Blindness Unrestricted Grant to the Department of Ophthalmology at UCI.

Data availability statement

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

References

[1]. Airan RD, Thompson KR, Fenno LE, Bernstein H, & Deisseroth K (2009). Temporally precise in
vivo control of intracellular signalling. Nature, 458(7241), 1025-1029. doi: 10.1038/nature07926
[PubMed: 19295515]

[2]. Anderson RE, & Maude MB (1970). Phospholipids of bovine outer segments. Biochemistry, 9(18),
3624-3628. doi: 10.1021/bi00820a019 [PubMed: 5509846]

Bioessays. Author manuscript; available in PMC 2023 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hong and Palczewski

Page 11

[3]. Andruniow T, & Olivucci M (2009). How does the relocation of internal water affect resonance
Raman spectra of rhodopsin? An insight from CASSCF/Amber calculations. J Chem Theory
Comput, 5(11), 3096-3104. doi: 10.1021/ct900071c [PubMed: 26609989]

[4]. Angel TE, Chance MR, & Palczewski K (2009). Conserved waters mediate structural and
functional activation of family A (rhodopsin-like) G protein-coupled receptors. Proc Natl Acad
Sci U S A, 106(21), 8555-8560. doi: 10.1073/pnas.0903545106 [PubMed: 19433801]

[5]. Angel TE, Gupta S, Jastrzebska B, Palczewski K, & Chance MR (2009). Structural waters define
a functional channel mediating activation of the GPCR, rhodopsin. Proc Natl Acad Sci U S A,
106(34), 14367-14372. doi: 10.1073/pnas.0901074106 [PubMed: 19706523]

[6]. Bartl FJ, & Vogel R (2007). Structural and functional properties of metarhodopsin Il1: recent
spectroscopic studies on deactivation pathways of rhodopsin. Phys Chem Chem Phys, 9(14),
1648-1658. doi: 10.1039/b616365¢ [PubMed: 17396175]

[7]. Baumann C. (1970). Flash photolysis of rhodopsin in the isolated frog retina. Vision Res, 10(9),
789-798. doi: 10.1016/0042-6989(70)90158-6 [PubMed: 5492769]

[8]. Baumann C, & Bender S (1973). Kinetics of rhodopsin bleaching in the isolated human retina. J
Physiol, 235(3), 761-773. [PubMed: 4772407]

[9]. Bertalan E, Lesca E, Schertler GFX, & Bondar AN (2021). C-graphs tool with graphical user
interface to dissect conserved hydrogen-bond networks: applications to visual rhodopsins. J
Chem Inf Model, 61(11), 5692-5707. doi: 10.1021/acs.jcim.1c00827 [PubMed: 34670076]

[10]. Bhattacharya S, Hall SE, & Vaidehi N (2008). Agonist-induced conformational changes in
bovine rhodopsin: insight into activation of G-protein-coupled receptors. J Mol Biol, 382(2),
539-555. doi: 10.1016/j.jmb.2008.06.084 [PubMed: 18638482]

[11]. Blankenship E, Vahedi-Faridi A, & Lodowski DT (2015). The high-resolution structure of
activated opsin reveals a conserved solvent network in the transmembrane region essential for
activation. Structure, 23(12), 2358-2364. doi: 10.1016/j.5tr.2015.09.015 [PubMed: 26526852]

[12]. Blazynski C, & Ostroy SE (1984). Pathways in the hydrolysis of vertebrate rhodopsin. Vision
Res, 24(5), 459-470. doi: 10.1016/0042-6989(84)90043-9 [PubMed: 6429947]

[13]. Bownds D. (1967). Site of attachment of retinal in rhodopsin. Nature, 216(5121), 1178-1181.
doi: 10.1038/2161178a0 [PubMed: 4294735]

[14]. Bownds D, & Wald G (1965). Reaction of the rhodopsin chromophore with sodium borohydride.
Nature, 205(4968), 254—-257. doi: 10.1038/205254a0 [PubMed: 14270706]

[15]. Buss V, Sugihara M, Entel P, & Hafner J (2003). Thr94 and Wat2b effect protonation of the
retinal chromophore in rhodopsin. Angew Chem Int Ed Engl, 42(28), 3245-3247. doi: 10.1002/
anie.200351034 [PubMed: 12876733]

[16]. Boll F. (1877). On the anatomy and physiology of the retina. Vision Res, 17(11-12), 1249-1265.
doi: 10.1016/0042-6989(77)90112-2

[17]. Cao P, Sun W, Kramp K, Zheng M, Salom D, Jastrzebska B, ... Feng Z (2012). Light-sensitive
coupling of rhodopsin and melanopsin to G(i/o0) and G(q) signal transduction in Caenorhabditis
elegans. FASEB J, 26(2), 480-491. doi: 10.1096/fj.11-197798 [PubMed: 22090313]

[18]. Chawla U, Perera S, Fried SDE, Eitel AR, Mertz B, Weerasinghe N, ... Brown MF (2021).
Activation of the G-protein-coupled receptor rhodopsin by water. Angew Chem Int Ed Engl,
60(5), 2288-2295. doi: 10.1002/anie.202003342 [PubMed: 32596956]

[19]. Chen CK, Burns ME, Spencer M, Niemi GA, Chen J, Hurley JB, ... Simon MI (1999). Abnormal
photoresponses and light-induced apoptosis in rods lacking rhodopsin kinase. Proc Natl Acad Sci
U S A, 96(7), 3718-3722. doi: 10.1073/pnas.96.7.3718 [PubMed: 10097103]

[20]. Chen MH, Kuemmel C, Birge RR, & Knox BE (2012). Rapid release of retinal from a
cone visual pigment following photoactivation. Biochemistry, 51(20), 4117-4125. doi: 10.1021/
bi201522h [PubMed: 22217337]

[21]. Chen S, Getter T, Salom D, Wu D, Quetschlich D, Chorev DS, ... Robinson CV (2022).
Capturing a rhodopsin receptor signalling cascade across a native membrane. Nature, 604(7905),
384-390. doi: 10.1038/s41586-022-04547-x [PubMed: 35388214]

[22]. Choe HW, Kim YJ, Park JH, Morizumi T, Pai EF, Krauss N, ... Ernst OP (2011). Crystal
structure of metarhodopsin 11. Nature, 471(7340), 651-655. doi: 10.1038/nature09789 [PubMed:
21389988]

Bioessays. Author manuscript; available in PMC 2023 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hong and Palczewski

Page 12

[23]. Choi EH, Daruwalla A, Suh S, Leinonen H, & Palczewski K (2021). Retinoids in the visual
cycle: role of the retinal G protein-coupled receptor. J Lipid Res, 62, 100040. doi: 10.1194/
jIr-TR120000850 [PubMed: 32493732]

[24]. Collette F, Renger T, Muh F, & Schmidt Am Busch M (2018). Red/Green color tuning of visual
rhodopsins: electrostatic theory provides a quantitative explanation. J Phys Chem B, 122(18),
4828-4837. doi: 10.1021/acs.jpch.8b02702 [PubMed: 29652503]

[25]. Daruwalla A, Choi EH, Palczewski K, & Kiser PD (2018). Structural biology of 11-cis-
retinaldehyde production in the classical visual cycle. Biochem J, 475(20), 3171-3188. doi:
10.1042/bcj20180193 [PubMed: 30352831]

[26]. Downer NW, & Englander SW (1977). Hydrogen exchange study of membrane-bound rhodopsin.
I. Protein structure. J Biol Chem, 252(22), 8092-8100. [PubMed: 21189]

[27]. Emanuel AJ, & Do MT (2015). Melanopsin tristability for sustained and broadband
phototransduction. Neuron, 85(5), 1043-1055. doi: 10.1016/j.neuron.2015.02.011 [PubMed:
25741728]

[28]. Ernst OP, Lodowski DT, Elstner M, Hegemann P, Brown LS, & Kandori H (2014). Microbial
and animal rhodopsins: structures, functions, and molecular mechanisms. Chem Rev, 114(1),
126-163. doi: 10.1021/cr4003769 [PubMed: 24364740]

[29]. Falk G, & Fatt P (1969). Distinctive properties of the lamellar and disk-edge structures of the rod
outer segment. J Ultrastruct Res, 28(1), 41-60. doi: 10.1016/s0022-5320(69)90005-7 [PubMed:
4183035]

[30]. Farrens DL, & Khorana HG (1995). Structure and function in rhodopsin. Measurement of the rate
of metarhodopsin Il decay by fluorescence spectroscopy. J Biol Chem, 270(10), 5073-5076. doi:
10.1074/jbc.270.10.5073 [PubMed: 7890614]

[31]. Filipek S, Krzysko KA, Fotiadis D, Liang Y, Saperstein DA, Engel A, & Palczewski K (2004). A
concept for G protein activation by G protein-coupled receptor dimers: the transducin/rhodopsin
interface. Photochem Photobiol Sci, 3(6), 628-638. doi: 10.1039/b315661c [PubMed: 15170495]

[32]. Filipek S, Stenkamp RE, Teller DC, & Palczewski K (2003). G protein-coupled
receptor rhodopsin: a prospectus. Annu Rev Physiol, 65, 851-879. doi: 10.1146/
annurev.physiol.65.092101.142611 [PubMed: 12471166]

[33]. Frahmcke JS, Wanko M, Phatak P, Mroginski MA, & Elstner M (2010). The protonation state
of Glul181 in rhodopsin revisited: interpretation of experimental data on the basis of QM/MM
calculations. J Phys Chem B, 114(34), 11338-11352. doi: 10.1021/jp104537w [PubMed:
20698519]

[34]. Fritze O, Filipek S, Kuksa V, Palczewski K, Hofmann KP, & Ernst OP (2003). Role of the
conserved NPxxY (x)5,6F motif in the rhodopsin ground state and during activation. Proc Natl
Acad Sci U S A, 100(5), 2290-2295. doi: 10.1073/pnas.0435715100 [PubMed: 12601165]

[35]. Furutani Y, Shibata M, & Kandori H (2005). Strongly hydrogen-bonded water molecules in
the Schiff base region of rhodopsins. Photochem Photobiol Sci, 4(9), 661-666. doi: 10.1039/
b416698a [PubMed: 16121274]

[36]. Gaub BM, Berry MH, Holt AE, Isacoff EY, & Flannery JG (2015). Optogenetic vision
restoration using rhodopsin for enhanced sensitivity. Mol Ther, 23(10), 1562-1571. doi: 10.1038/
mt.2015.121 [PubMed: 26137852]

[37]. Gruhl T, Weinert T, Rodrigues MJ, Milne CJ, Ortolani G, Nass K, ... Panneels V (2023).
Ultrafast structural changes direct the first molecular events of vision. Nature, 615(7954), 939-
944. doi: 10.1038/541586-023-05863-6 [PubMed: 36949205]

[38]. Gulati S, Jastrzebska B, Banerjee S, Placeres AL, Miszta P, Gao S, ... Palczewski K (2017).
Photocyclic behavior of rhodopsin induced by an atypical isomerization mechanism. Proc Natl
Acad Sci U S A, 114(13), E2608-E2615. doi: 10.1073/pnas.1617446114 [PubMed: 28289214]

[39]. Gulati S, & Palczewski K (2023). Structural view of G protein-coupled receptor signaling in the
retinal rod outer segment. Trends Biochem Sci, 48(2), 172-186. doi: 10.1016/j.tibs.2022.08.010
[PubMed: 36163145]

[40]. Hargrave PA, McDowell JH, Curtis DR, Wang JK, Juszczak E, Fong SL, ... Argos P (1983). The
structure of bovine rhodopsin. Biophys Struct Mech, 9(4), 235-244. doi: 10.1007/bf00535659
[PubMed: 6342691]

Bioessays. Author manuscript; available in PMC 2023 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hong and Palczewski

[41].

[42].

[43].

[44].

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

Page 13

Hecht S, Haig C, & Chase AM (1937). The influence of light adaptation on subsequent dark
adaptation of the eye. J Gen Physiol, 20(6), 831-850. doi: 10.1085/jgp.20.6.831 [PubMed:
19873031]

Heck M, Schadel SA, Maretzki D, & Hofmann KP (2003). Secondary binding sites of retinoids
in opsin: characterization and role in regeneration. Vision Res, 43(28), 3003—-3010. doi: 10.1016/
j.visres.2003.08.011 [PubMed: 14611936]

Hickey DG, Davies WIL, Hughes S, Rodgers J, Thavanesan N, MacLaren RE, & Hankins
MW (2021). Chimeric human opsins as optogenetic light sensitisers. J Exp Biol, 224(14). doi:
10.1242/jeb.240580

Hildebrand PW, Scheerer P, Park JH, Choe HW, Piechnick R, Ernst OP, ... Heck M (2009).

A ligand channel through the G protein coupled receptor opsin. PL0S One, 4(2), e4382. doi:
10.1371/journal.pone.0004382 [PubMed: 19194506]

Hong JD, Salom D, Kochman MA, Kubas A, Kiser PD, & Palczewski K (2022). Chromophore
hydrolysis and release from photoactivated rhodopsin in native membranes. Proc Natl Acad Sci
U S A, 119(45), €2213911119. doi: 10.1073/pnas.2213911119 [PubMed: 36322748]

Honig B, Dinur U, Nakanishi K, Balogh-Nair V, Gawinowicz MA, Arnaboldi M, & Motto MG
(2002). An external point-charge model for wavelength regulation in visual pigments. Journal of
the American Chemical Society, 101(23), 7084—-7086. doi: 10.1021/ja00517a060

Imamoto Y, Seki I, Yamashita T, & Shichida Y (2013). Efficiencies of activation of transducin
by cone and rod visual pigments. Biochemistry, 52(17), 3010-3018. doi: 10.1021/bi3015967
[PubMed: 23570417]

Jager F, Fahmy K, Sakmar TP, & Siebert F (1994). Identification of glutamic acid 113
as the Schiff base proton acceptor in the metarhodopsin 11 photointermediate of rhodopsin.
Biochemistry, 33(36), 10878-10882. doi: 10.1021/bi00202a005 [PubMed: 7916209]

Janz JM, & Farrens DL (2004). Role of the retinal hydrogen bond network in rhodopsin
Schiff base stability and hydrolysis. J Biol Chem, 279(53), 55886-55894. doi: 10.1074/
jbc.M408766200 [PubMed: 15475355]

Jastrzebska B, Palczewski K, & Golczak M (2011). Role of bulk water in hydrolysis of the
rhodopsin chromophore. J Biol Chem, 286(21), 18930-18937. doi: 10.1074/jbc.M111.234583
[PubMed: 21460218]

Katayama K, Furutani Y, Imai H, & Kandori H (2012). Protein-bound water molecules in
primate red- and green-sensitive visual pigments. Biochemistry, 51(6), 1126-1133. doi: 10.1021/
bi201676y [PubMed: 22260165]

Katayama K, Gulati S, Ortega JT, Alexander NS, Sun W, Shenouda MM, ... Jastrzebska B
(2019). Specificity of the chromophore-binding site in human cone opsins. J Biol Chem, 294(15),
6082-6093. doi: 10.1074/jbc.RA119.007587 [PubMed: 30770468]

Katayama K, Takeyama Y, Enomoto A, Imai H, & Kandori H (2020). Disruption of hydrogen-
bond network in rhodopsin mutations cause night blindness. J Mol Biol, 432(19), 5378-5389.
doi: 10.1016/j.jmb.2020.08.006 [PubMed: 32795534]

Kiser PD, Golczak M, Maeda A, & Palczewski K (2012). Key enzymes of the retinoid

(visual) cycle in vertebrate retina. Biochim Biophys Acta, 1821(1), 137-151. doi: 10.1016/
j.bbalip.2011.03.005 [PubMed: 21447403]

Kiser PD, Golczak M, & Palczewski K (2014). Chemistry of the retinoid (visual) cycle. Chem
Rev, 114(1), 194-232. doi: 10.1021/cr400107¢ [PubMed: 23905688]

Kojima D, Mori S, Torii M, Wada A, Morishita R, & Fukada Y (2011). UV-sensitive
photoreceptor protein OPN5 in humans and mice. PLoS One, 6(10), €26388. doi: 10.1371/
journal.pone.0026388 [PubMed: 22043319]

Kojima K, Yamashita T, Imamoto Y, Kusakabe TG, Tsuda M, & Shichida Y (2017). Evolutionary
steps involving counterion displacement in a tunicate opsin. Proc Natl Acad Sci U S A, 114(23),
6028-6033. doi: 10.1073/pnas.1701088114 [PubMed: 28533401]

Kihne FW (1878). On the photochemistry of the retina and on visual purple (Foster M Ed.).
London: Macmillan and Co.

Bioessays. Author manuscript; available in PMC 2023 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hong and Palczewski

[59].

[60].

[61].

[62].

[63].

[64].

[65].

[66].

[67].

[68].

[69].

[70].

[71].

[72].

[73].

[74].

[75].

Page 14

Kuwayama S, Imai H, Morizumi T, & Shichida Y (2005). Amino acid residues responsible for
the meta-111 decay rates in rod and cone visual pigments. Biochemistry, 44(6), 2208-2215. doi:
10.1021/bi047994g [PubMed: 15697246]

Lesca E, Panneels V, & Schertler GFX (2018). The role of water molecules in phototransduction
of retinal proteins and G protein-coupled receptors. Faraday Discuss, 207(0), 27-37. doi:
10.1039/c7fd00207f [PubMed: 29410984]

Li X, Gutierrez DV, Hanson MG, Han J, Mark MD, Chiel H, ... Herlitze S (2005). Fast
noninvasive activation and inhibition of neural and network activity by vertebrate rhodopsin and
green algae channelrhodopsin. Proc Natl Acad Sci U S A, 102(49), 17816-17821. doi: 10.1073/
pnas.0509030102 [PubMed: 16306259]

Ludeke S, Beck M, Yan EC, Sakmar TP, Siebert F, & Vogel R (2005). The role of Glu181 in

the photoactivation of rhodopsin. J Mol Biol, 353(2), 345-356. doi: 10.1016/j.jmb.2005.08.039
[PubMed: 16169009]

Lythgoe RJ (1937). The absorption spectra of visual purple and of indicator yellow. J Physiol,
89(4), 331-358. doi: 10.1113/jphysiol.1937.sp003482 [PubMed: 16994864]

Lyubarsky AL, Savchenko AB, Morocco SB, Daniele LL, Redmond TM, & Pugh EN Jr. (2005).
Mole quantity of RPEG5 and its productivity in the generation of 11-cis-retinal from retinyl esters
in the living mouse eye. Biochemistry, 44(29), 9880-9888. doi: 10.1021/bi0505363 [PubMed:
16026160]

Maeda A, Ohkita YJ, Sasaki J, Shichida Y, & Yoshizawa T (1993). Water structural changes

in lumirhodopsin, metarhodopsin 1, and metarhodopsin Il upon photolysis of bovine rhodopsin:
analysis by Fourier transform infrared spectroscopy. Biochemistry, 32(45), 12033-12038. doi:
10.1021/bi00096a013 [PubMed: 8218280]

Mandelbaum J. (1941). Dark adaptation - some physiologic and clinical considerations. Archives
of Ophthalmology, 26(2), 203-239. doi: DOI 10.1001/archopht.1941.00870140053003

Matsumoto H, Iwasa T, & Yoshizawa T (2015). The role of the non-covalent beta-ionone-ring
binding site in rhodopsin: historical and physiological perspective. Photochem Photobiol Sci,
14(11), 1932-1940. doi: 10.1039/c5pp00158g [PubMed: 26257274]

Matsuyama T, Yamashita T, Imamoto Y, & Shichida Y (2012). Photochemical properties of
mammalian melanopsin. Biochemistry, 51(27), 5454-5462. doi: 10.1021/bi3004999 [PubMed:
22670683]

Morimoto N, Nagata T, & Inoue K (2023). Reversible Photoreaction of a Retinal Photoisomerase,
Retinal G-Protein-Coupled Receptor RGR. Biochemistry, 62(9), 1429-1432. doi: 10.1021/
acs.biochem.3c00084 [PubMed: 37057907]

Morton RA, & Pitt GA (1955). Studies on rhodopsin. IX. pH and the hydrolysis of indicator
yellow. Biochem J, 59(1), 128-134. doi: 10.1042/bj0590128 [PubMed: 14351152]

Nagata T, Koyanagi M, Tsukamoto H, & Terakita A (2010). Identification and characterization of
a protostome homologue of peropsin from a jumping spider. J Comp Physiol A Neuroethol Sens
Neural Behav Physiol, 196(1), 51-59. doi: 10.1007/s00359-009-0493-9 [PubMed: 19960196]
Nagata T, Terakita A, Kandori H, Shichida Y, & Maeda A (1998). The hydrogen-bonding
network of water molecules and the peptide backbone in the region connecting Asp83, Gly120,
and Glul13 in bovine rhodopsin. Biochemistry, 37(49), 17216-17222. doi: 10.1021/bi9810149
[PubMed: 9860835]

Nakamichi H, & Okada T (2006). Crystallographic analysis of primary visual photochemistry.
Angew Chem Int Ed Engl, 45(26), 4270-4273. doi: 10.1002/anie.200600595 [PubMed:
16586416]

Nakamichi H, & Okada T (2006). Local peptide movement in the photoreaction intermediate of
rhodopsin. Proc Natl Acad Sci U S A, 103(34), 12729-12734. doi: 10.1073/pnas.0601765103
[PubMed: 16908857]

Nakanishi K, Balogh-Nair V, Gawinowicz MA, Arnaboldi M, Motto M, & Honig B (1979).
Double point charge model for visual pigments; evidence from dihydrorhodopsins. Photochem
Photobiol, 29(4), 657-660. doi: 10.1111/j.1751-1097.1979.tb07745.x [PubMed: 451005]

Bioessays. Author manuscript; available in PMC 2023 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hong and Palczewski

[76].

[77].

[78].

[79].

[80].

[81].

[82].

[83].

[84].

[85].

[86].

[87].

[88].

[89].

[90].

[91].
[92].

[93].

Page 15

Nathans J. (1990). Determinants of visual pigment absorbance: identification of the retinylidene
Schiff's base counterion in bovine rhodopsin. Biochemistry, 29(41), 9746-9752. doi: 10.1021/
bi00493a034 [PubMed: 1980212]

Nikolaev DM, Shtyrov AA, Mereshchenko AS, Panov MS, Tveryanovich YS, & Ryazantsev
MN (2020). An assessment of water placement algorithms in quantum mechanics/molecular
mechanics modeling: the case of rhodopsins' first spectral absorption band maxima. Phys Chem
Chem Phys, 22(32), 18114-18123. doi: 10.1039/d0cp02638g [PubMed: 32761024]

Okada T, Fujiyoshi Y, Silow M, Navarro J, Landau EM, & Shichida Y (2002). Functional role of
internal water molecules in rhodopsin revealed by X-ray crystallography. Proc Natl Acad Sci U S
A, 99(9), 5982-5987. doi: 10.1073/pnas.082666399 [PubMed: 11972040]

Okada T, Le Trong I, Fox BA, Behnke CA, Stenkamp RE, & Palczewski K (2000). X-Ray
diffraction analysis of three-dimensional crystals of bovine rhodopsin obtained from mixed
micelles. J Struct Biol, 130(1), 73-80. doi: 10.1006/jshi.1999.4209 [PubMed: 10806093]

Orban T, Gupta S, Palczewski K, & Chance MR (2010). Visualizing water molecules in
transmembrane proteins using radiolytic labeling methods. Biochemistry, 49(5), 827-834. doi:
10.1021/bi901889t [PubMed: 20047303]

Oroshnik W, Brown PK, Hubbard R, & Wald G (1956). Hindered cis isomers of vitamin A and
retinene: the structure of the neo-b isomer. Proc Natl Acad Sci U S A, 42(9), 578-580. doi:
10.1073/pnas.42.9.578 [PubMed: 16589909]

Ovchinnikov YA (1982). Rhodopsin and bacteriorhodopsin: structure-function relationships.
FEBS Letters, 148(2), 179-191. doi: 10.1016/0014-5793(82)80805-3 [PubMed: 6759163]

Owen TS, Salom D, Sun W, & Palczewski K (2018). Increasing the stability of recombinant
human green cone pigment. Biochemistry, 57(6), 1022—1030. doi: 10.1021/acs.biochem.7b01118
[PubMed: 29320632]

Palczewski K. (2006). G protein-coupled receptor rhodopsin. Annu Rev Biochem, 75, 743-767.
doi: 10.1146/annurev.biochem.75.103004.142743 [PubMed: 16756510]

Palczewski K, & Kiser PD (2020). Shedding new light on the generation of the visual
chromophore. Proc Natl Acad Sci U S A, 117(33), 19629-19638. doi: 10.1073/pnas.2008211117
[PubMed: 32759209]

Palczewski K, Kumasaka T, Hori T, Behnke CA, Motoshima H, Fox BA, ... Miyano M (2000).
Crystal structure of rhodopsin: a G protein-coupled receptor. Science, 289(5480), 739-745. doi:
10.1126/science.289.5480.739 [PubMed: 10926528]

Park JH, Morizumi T, Li Y, Hong JE, Pai EF, Hofmann KP, ... Ernst OP (2013). Opsin, a
structural model for olfactory receptors? Angew Chem Int Ed Engl, 52(42), 11021-11024. doi:
10.1002/anie.201302374 [PubMed: 24038729]

Park JH, Scheerer P, Hofmann KP, Choe HW, & Ernst OP (2008). Crystal structure of the ligand-
free G-protein-coupled receptor opsin. Nature, 454(7201), 183-187. doi: 10.1038/nature07063
[PubMed: 18563085]

Periole X, Ceruso MA, & Mehler EL (2004). Acid-base equilibria in rhodopsin: dependence

of the protonation state of glu134 on its environment. Biochemistry, 43(22), 6858-6864. doi:
10.1021/bi049949¢ [PubMed: 15170322]

Pitt GA, Collins FD, Morton RA, & Stok P (1955). Studies on rhodopsin. VIII.
Retinylidenemethylamine, an indicator yellow analogue. Biochem J, 59(1), 122-128. doi:
10.1042/bj0590122 [PubMed: 14351151]

Pulagam LP, & Palczewski K (2010). Phototransduction: rhodopsin Encyclopedia of the Eye (pp.
403-412): Elsevier.

Ripps H. (2008). The color purple: milestones in photochemistry. FASEB J, 22(12), 4038-4043.
doi: 10.1096/fj.08-1202ufm [PubMed: 19047069]

Ritter E, Elgeti M, Hofmann KP, & Bartl FJ (2007). Deactivation and proton transfer in
light-induced metarhodopsin Il/metarhodopsin 111 conversion: a time-resolved fourier transform
infrared spectroscopic study. J Biol Chem, 282(14), 10720-10730. doi: 10.1074/jbc.M610658200
[PubMed: 17287211]

Bioessays. Author manuscript; available in PMC 2023 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hong and Palczewski

Page 16

[94]. Romo TD, Grossfield A, & Pitman MC (2010). Concerted interconversion between ionic
lock substates of the beta(2) adrenergic receptor revealed by microsecond timescale molecular
dynamics. Biophys J, 98(1), 76-84. doi: 10.1016/j.bpj.2009.09.046 [PubMed: 20074514]

[95]. Sakmar TP, Franke RR, & Khorana HG (1989). Glutamic acid-113 serves as the retinylidene
Schiff base counterion in bovine rhodopsin. Proc Natl Acad Sci U S A, 86(21), 8309-8313. doi:
10.1073/pnas.86.21.8309 [PubMed: 2573063]

[96]. Sakmar TP, Franke RR, & Khorana HG (1991). The role of the retinylidene Schiff base
counterion in rhodopsin in determining wavelength absorbance and Schiff base pKa. Proc Natl
Acad Sci U S A, 88(8), 3079-3083. doi: 10.1073/pnas.88.8.3079 [PubMed: 2014228]

[97]. Salom D, Cao P, Sun W, Kramp K, Jastrzebska B, Jin H, ... Palczewski K (2012). Heterologous
expression of functional G-protein-coupled receptors in Caenorhabditis elegans. FASEB J, 26(2),
492-502. doi: 10.1096/fj.11-197780 [PubMed: 22090314]

[98]. Salom D, Cao P, Yuan Y, Miyagi M, Feng Z, & Palczewski K (2015). Isotopic labeling of
mammalian G protein-coupled receptors heterologously expressed in Caenorhabditis elegans.
Anal Biochem, 472, 30-36. doi: 10.1016/j.ab.2014.11.008 [PubMed: 25461480]

[99]. Salom D, Jin H, Gerken TA, Yu C, Huang L, & Palczewski K (2019). Human red and green cone
opsins are O-glycosylated at an N-terminal Ser/Thr-rich domain conserved in vertebrates. J Biol
Chem, 294(20), 8123-8133. doi: 10.1074/jbc.RA118.006835 [PubMed: 30948514]

[100]. Salom D, Lodowski DT, Stenkamp RE, Le Trong I, Golczak M, Jastrzebska B, ... Palczewski
K (2006). Crystal structure of a photoactivated deprotonated intermediate of rhodopsin. Proc Natl
Acad Sci U S A, 103(44), 16123-16128. doi: 10.1073/pnas.0608022103 [PubMed: 17060607]

[101]. Sandberg MN, Amora TL, Ramos LS, Chen MH, Knox BE, & Birge RR (2011). Glutamic acid
181 is negatively charged in the bathorhodopsin photointermediate of visual rhodopsin. J Am
Chem Soc, 133(9), 2808-2811. doi: 10.1021/ja1094183 [PubMed: 21319741]

[102]. Sandberg MN, Greco JA, Wagner NL, Amora TL, Ramos LA, Chen MH, ... Birge RR (2014).
Low-temperature trapping of photointermediates of the rhodopsin E181Q mutant. SOJ Biochem,
1(1). doi: 10.15226/2376-4589/1/1/00103

[103]. Sato K, Morizumi T, Yamashita T, & Shichida Y (2010). Direct observation of the pH-
dependent equilibrium between metarhodopsins | and Il and the pH-independent interaction
of metarhodopsin 1l with transducin C-terminal peptide. Biochemistry, 49(4), 736-741. doi:
10.1021/bi9018412 [PubMed: 20030396]

[104]. Schadel SA, Heck M, Maretzki D, Filipek S, Teller DC, Palczewski K, & Hofmann KP (2003).
Ligand channeling within a G-protein-coupled receptor. The entry and exit of retinals in native
opsin. J Biol Chem, 278(27), 24896-24903. doi: 10.1074/jbc.M302115200 [PubMed: 12707280]

[105]. Schafer CT, Fay JF, Janz JM, & Farrens DL (2016). Decay of an active GPCR: conformational
dynamics govern agonist rebinding and persistence of an active, yet empty, receptor state.

Proc Natl Acad Sci U S A, 113(42), 11961-11966. doi: 10.1073/pnas.1606347113 [PubMed:
27702898]

[106]. Sekharan S. (2009). Water-mediated spectral shifts in rhodopsin and bathorhodopsin.
Photochem Photobiol, 85(2), 517-520. doi: 10.1111/j.1751-1097.2008.00499.x [PubMed:
19192210]

[107]. Sekharan S, Mooney VL, Rivalta I, Kazmi MA, Neitz M, Neitz J, ... Batista VS (2013).
Spectral tuning of ultraviolet cone pigments: an interhelical lock mechanism. J Am Chem Soc,
135(51), 19064-19067. doi: 10.1021/ja409896y [PubMed: 24295328]

[108]. Sexton TJ, Golczak M, Palczewski K, & Van Gelder RN (2012). Melanopsin is highly resistant
to light and chemical bleaching in vivo. J Biol Chem, 287(25), 20888—20897. doi: 10.1074/
jbc.M111.325969 [PubMed: 22547062]

[109]. Standfuss J, Edwards PC, D'Antona A, Fransen M, Xie G, Oprian DD, & Schertler GF (2011).
The structural basis of agonist-induced activation in constitutively active rhodopsin. Nature,
471(7340), 656—660. doi: 10.1038/nature09795 [PubMed: 21389983]

[110]. Stenkamp RE, Filipek S, Driessen CA, Teller DC, & Palczewski K (2002). Crystal structure of
rhodopsin: a template for cone visual pigments and other G protein-coupled receptors. Biochim
Biophys Acta, 1565(2), 168-182. doi: 10.1016/s0005-2736(02)00567-9 [PubMed: 12409193]

Bioessays. Author manuscript; available in PMC 2023 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hong and Palczewski

Page 17

[111]. Stenkamp RE, Teller DC, & Palczewski K (2005). Rhodopsin: a structural primer for G-protein
coupled receptors. Arch Pharm (Weinheim), 338(5-6), 209-216. doi: 10.1002/ardp.200400995
[PubMed: 15952240]

[112]. Sugihara T, Nagata T, Mason B, Koyanagi M, & Terakita A (2016). Absorption
characteristics of vertebrate non-visual opsin, Opn3. PLoS One, 11(8), e0161215. doi: 10.1371/
journal.pone.0161215 [PubMed: 27532629]

[113]. Sun X, Agren H, & Tu Y (2014). Functional water molecules in rhodopsin activation. J Phys
Chem B, 118(37), 10863-10873. doi: 10.1021/jp505180t [PubMed: 25166739]

[114]. Terakita A, Koyanagi M, Tsukamoto H, Yamashita T, Miyata T, & Shichida Y (2004).
Counterion displacement in the molecular evolution of the rhodopsin family. Nat Struct Mol
Biol, 11(3), 284-289. doi: 10.1038/nsmb731 [PubMed: 14981504]

[115]. Terakita A, Yamashita T, & Shichida Y (2000). Highly conserved glutamic acid in the
extracellular 1IV-V loop in rhodopsins acts as the counterion in retinochrome, a member
of the rhodopsin family. Proc Natl Acad Sci U S A, 97(26), 14263-14267. doi: 10.1073/
pnas.260349597 [PubMed: 11106382]

[116]. Tomobe K, Yamamoto E, Kholmurodov K, & Yasuoka K (2017). Water permeation through the
internal water pathway in activated GPCR rhodopsin. PLoS One, 12(5), e0176876. doi: 10.1371/
journal.pone.0176876 [PubMed: 28493967]

[117]. Tsukamoto H, Kubo Y, Farrens DL, Koyanagi M, Terakita A, & Furutani Y (2015). Retinal
Attachment Instability Is Diversified among Mammalian Melanopsins. J Biol Chem, 290(45),
27176-27187. doi: 10.1074/jbc.M115.666305 [PubMed: 26416885]

[118]. Vogel R, Ludeke S, Radu I, Siebert F, & Sheves M (2004). Photoreactions of metarhodopsin I11.
Biochemistry, 43(31), 10255-10264. doi: 10.1021/bi049182q [PubMed: 15287753]

[119]. Wald G. (1933). Vitamin A in the retina. Nature, 132(3330), 316-317. doi: DOI
10.1038/132316a0

[120]. Wald G. (1968). Molecular basis of visual excitation. Science, 162(3850), 230-239. doi:
10.1126/science.162.3850.230 [PubMed: 4877437]

[121]. Wright WE, Brown PK, & Wald G (1973). Orientation of intermediates in the bleaching of
shear-oriented rhodopsin. J Gen Physiol, 62(5), 509-522. doi: 10.1085/jgp.62.5.509 [PubMed:
4751384]

[122]. Xu J, Dodd RL, Makino CL, Simon Ml, Baylor DA, & Chen J (1997). Prolonged
photoresponses in transgenic mouse rods lacking arrestin. Nature, 389(6650), 505-509. doi:
10.1038/39068 [PubMed: 9333241]

[123]. Xu T, Molday L, & Molday R (2023). Retinal-phospholipid Schiff-base conjugates and their
interaction with ABCA4, the ABC transporter associated with Stargardt disease. J Biol Chem,
104614. doi: 10.1016/j.jbc.2023.104614 [PubMed: 36931393]

[124]. Yan EC, Kazmi MA, De S, Chang BS, Seibert C, Marin EP, ... Sakmar TP (2002). Function
of extracellular loop 2 in rhodopsin: glutamic acid 181 modulates stability and absorption
wavelength of metarhodopsin I1. Biochemistry, 41(11), 3620-3627. doi: 10.1021/bi0160011
[PubMed: 11888278]

[125]. Yan EC, Kazmi MA, Ganim Z, Hou JM, Pan D, Chang BS, ... Mathies RA (2003). Retinal
counterion switch in the photoactivation of the G protein-coupled receptor rhodopsin. Proc Natl
Acad Sci U S A, 100(16), 9262-9267. doi: 10.1073/pnas.1531970100 [PubMed: 12835420]

[126]. Yau KW, & Hardie RC (2009). Phototransduction motifs and variations. Cell, 139(2), 246-264.
doi: 10.1016/j.cell.2009.09.029 [PubMed: 19837030]

[127]. Yoshizawa T, & Wald G (1963). Pre-lumirhodopsin and the bleaching of visual pigments.
Nature, 197(4874), 1279-1286. doi: 10.1038/1971279a0 [PubMed: 14002749]

[128]. Yuan S, Filipek S, Palczewski K, & Vogel H (2014). Activation of G-protein-coupled receptors
correlates with the formation of a continuous internal water pathway. Nat Commun, 5, 4733. doi:
10.1038/ncomms5733 [PubMed: 25203160]

[129]. Zaitseva E, Brown MF, & Vogel R (2010). Sequential rearrangement of interhelical networks
upon rhodopsin activation in membranes: the meta I1(a) conformational substate. J Am Chem
Soc, 132(13), 4815-4821. doi: 10.1021/ja910317a [PubMed: 20230054]

Bioessays. Author manuscript; available in PMC 2023 October 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hong and Palczewski Page 18

[130]. Zhang J, Choi EH, Tworak A, Salom D, Leinonen H, Sander CL, ... Palczewski K (2019).
Photic generation of 11-cis-retinal in bovine retinal pigment epithelium. J Biol Chem, 294(50),
19137-19154. doi: 10.1074/jbc.RA119.011169 [PubMed: 31694912]

[131]. Zhu L, Jang GF, Jastrzebska B, Filipek S, Pearce-Kelling SE, Aguirre GD, ... Palczewski K
(2004). A naturally occurring mutation of the opsin gene (T4R) in dogs affects glycosylation and
stability of the G protein-coupled receptor. J Biol Chem, 279(51), 53828-53839. doi: 10.1074/
jbc.M408472200 [PubMed: 15459196]

[132]. Zhukovsky EA, & Oprian DD (1989). Effect of carboxylic acid side chains on the absorption
maximum of visual pigments. Science, 246(4932), 928-930. doi: 10.1126/science.2573154
[PubMed: 2573154]

Bioessays. Author manuscript; available in PMC 2023 October 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hong and Palczewski

Red opsin

Figure 1. Three dimensional models of rhodopsin and cone opsins.
Residues surrounding the chromophore are depicted for rhodopsin and three human cone

opsin pigments. The rhodopsin model is based on PDB 1U19, and the homology models of
the cone opsin pigments are deposited in the PDB (identifiers 1IKPN, 1KPW, and 1KPX for
the blue, green, and red cone pigments, respectively) [110]. Each pigment has a characteristic
absorbance maximum (Amax): rhodopsin (500 nm), red (560 nm), green (530 nm), blue (420
nm). The absorbance maximum of the protonated retinylidene Schiff base (Amax = 440 nm)
undergoes a bathochromic shift by interaction of the polyene chain with key residues in the
chromophore binding pockets of rhodopsin, red opsin, and green opsin; whereas for blue
opsin, a hypsochromic shift occurs.

Abbreviations: Ret, retinylidene; PLM, palmitoyl; NAG, N-acetylglucosamine; HTG, Heptyl
1-thio-p-D-glucopyranoside
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Figure 2. Rod photoreceptor with rhodopsin photochemistry.
Rhodopsin is abundant and tightly packed in rod outer segment discs for high sensitivity

to light, needed for optimal capture of photons under dim light conditions. Light induces
the characteristic color changes that were observed originally by Béll and Kithne, with
gradual bleaching of the red pigment of rhodopsin to the visual yellow form of Rho*, and
eventually to the visual white (or colorless) form of apo-opsin with free retinal [16:58]. The
broad absorbance spectrum with a A5 0f 500 nm results in the apparent red color of
rhodopsin. The change in absorption maximum to 380 nm from light exposure results in the
apparent yellow color of Rho*. The fading of the yellow pigment is due to the hydrolysis
of Rho*, releasing all-frans-retinal with a lower extinction coefficient than the deprotonated
retinylidene Schiff base adducted to Rho*.
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Figure 3. Rhodopsin photocycle.
The photocycle is initiated upon photoisomerization of the 11-c/s-retinylidene chromophore

of ground-state rhodopsin to the all-#rans configuration. The substantial change in
retinylidene ligand structure from the cis-to-#rans configuration induces a series of
conformation changes in rhodopsin. Exceedingly transient key photointermediates are
formed in the process of relaxation of the protein structure to accommodate the all-trans
agonist in route to the conformation of the MII active signaling state. The subsequent step
of hydrolysis is essential not only to the rhodopsin photocycle but also to the visual cycle.
Hydrolysis of the retinylidene Schiff base in MII releases all-trans-retinal, resulting in apo-
opsin that can be regenerated to ground-state rhodopsin by binding fresh 11-cis-retinal from
the visual cycle. MII can alternatively convert to MIII which possesses the syrn-configuration
of the retinylidene Schiff base, which hydrolyzes significantly slower. PDB IDs used were:
bathorhodopsin, 2G87 [731: lumirhodopsin, 2HPY [741; M1, 3PX0 [22] 3PQR [22] 2137
[100]: opsin, 3CAP [881; rhodopsin 1F88 [86]: 11 9H [78],
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Figure 4. Mechanism of the hydrolysis of the all-trans-retinylidene agonist of Rho*.
The following diagram was adapted from Palczewski 2006 [84] and updated with

mechanistic descriptions from Hong, et al. 2022 [45]. Light exposure of rhodopsin
momentarily forms MI, which quickly deprotonates to form M|, the active signaling state
for phototransduction. The extensive water network within rhodopsin provides an aqueous
environment [116] which can mediate the hydrolysis process through M1l [50.116] The protic
environment provided by water allows for quick transfer of protons as well as H-bonding
interactions to help stabilize each intermediate. Nucleophilic attack by water on C15 of the
retinylidene Schiff base forms an intermediate stabilized by H-bonding interactions with
water [501. A series of proton transfers mediated by the protic environment of water produces
the carbinol-ammonium intermediate, which is primed for the completion of hydrolysis,
with the protonated Lys residue serving as a favorable leaving group. The elimination of
the protonated Lys residue leads to formation of the all-frans-retinal hydrolysis product.
The mechanistic route as well as the protonation states of E113 and E181 shown for Ml
were based on quantum chemical calculations [43]. The actual protonation state of E181

is unclear, with different conclusions having been reported in previous studies; however,
more recent studies have corroborated a deprotonated E181 [33.62.89,101,125] '|f and how
E181 protonation status affects the hydrolysis mechanism requires further experimental
investigation to potentially enrich the description above; nevertheless, the presence of
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E181 in extracellular loop 2 serves to stabilize the Schiff-base-bound chromophore against
hydrolysis [124],
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Figure 5. Characterizing visual cyclekineticsin therod outer segment
(A) Schematic diagram depicting the visual cycle processes of the ROS, initiated upon

light exposure. In black: retinal, in blue: retinol. (B) Experimental diagram depicting PrOH/
NaBH, treatment of ROS membranes for separation of the protein-precipitate pellet, which
is proteolyzed and analyzed by LC-MS/MS for measurement of opsin-bound retinal; in

turn, the lipid soluble supernatant is analyzed by LC-MS/MS to measure retinal produced
by Schiff base hydrolysis in Rho* hydrolysis, and subsequent N-retinylidene-PE adducts.
(C) Progressive chromatographic traces reflecting the status of the retinylidene Schiff base
bound to rhodopsin, as a function of time after light exposure. The 11-c/sto all-trans
photoisomerization is captured by the pronase digestion of PrOH/NaBH,-treated ROS
membranes. The Ne-all-frans-retinyl-Lys signal decreases over time, corresponding to the
hydrolysis of the all-#rans-retinylidene Schiff base of Rho*. (D) A corresponding increase

in free all-frans-retinal product from Rho* hydrolysis is observed over time, as well as
production of all-trans-retinylidene Schiff base adducts with phosphatidylethanolamines
from the outer segment membrane. (E) Scheme depicting the tracking of NADPH-dependent
reduction of retinal by outer segment RDHs as follows: deuterium-isotope labeling of

retinal by NaBDy (used in place of NaBHy) distinguishes the retinal that is yet to be

reduced by RDHs. (F) Addition of NADPH to the outer segment membranes leads to
reduction of retinal to retinol by native RDHs, with a corresponding gradual decline of
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phosphatidylethanolamine adducts. (G) Kinetics of each major process occurring after the
exposure of the rod outer segment membranes to light at 20°C and at physiologic pH

7.4, showing Rho* hydrolysis as the rate limiting step of the visual cycle within the rod
outer segment. Panels B-E were adapted from: Hong, J. D., Salom, D., Kochman, M. A.,
Kubas, A., Kiser, P. D., and Palczewski, K. (2022) Chromophore hydrolysis and release
from photoactivated rhodopsin in native membranes, Proc Nat! Acad Sci U S A 119,
2213911119 [45],
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Table 1.
Characteristics of opsin gene products?
Chromophore  Ground- Mono- Expression
. Gene ligand state Photoisomerized stable L ocation
Opsin Name Amax product Anyax (NM) or References
(nm Bistable
. 11-cis-retinal mono- . Katayama, et al.
Rhodopsin RHO/OPN2 500 380 stable retina (PRCs) 2019 (52
. 11-cis-retinal mono- . Katayama, et al.
Blue cone opsin OPN1SW 415 380 stable retina (PRCs) 2019 [52
Green cone 11-cis-retinal mono- . Katayama, et al.
opsin OPNIMW 530 380 stable retina (PRCs) 2019 [521
. 11-cis-retinal mono- . Katayama, et al.
Red cone opsin OPNILW 560 380 stable retina (PRCs) 2019 1521
. 11-cis-retinal * * : bodily; sparse Sugihara, et al.
Encephalopsin OPN3 465 <465 bistable in eye 2016 [122]
Melanopsin OPN4 11-cisretinal 470" 4807 bistable retina (GCs) %ﬁﬂg’gmﬁ' etal.
11-cis-retinal retina (GCs), -
Neuropsin OPN5 380 470 bistable brain, spine, Eﬁo]jlma, etal 2011
testes
RGR RGR all-trans-retinal 470,370 470,370 g;)tr)ﬁ- RPE [Zlggng, etal. 2019
Peropsin RRH all-trans-retinal 536 1607 bistable RPE [l;lla}gata, etal. 2010

aThe human genome possesses nine opsin genes, each forming pigments by Schiff base linkage to either 11-c¢/s- or all-#rans-retinal. Each opsin
pigment exhibits a characteristic absorption maximum measured in the dark. Following light exposure, the photoactivated state of each opsin
exhibits a new absorption maximum. Photoactivated opsins that undergo hydrolysis to release the photoisomerized retinal product are known as
mono-stable or bleaching opsins, whereas those that do not undergo hydrolysis but instead produce the ground-state pigment by absorption of
energy from a second photon are known as bistable opsins. Each opsin is expressed in various parts of the body, with all opsins dominantly present
in the eye, except for encephalopsin.

*

Measurements are from non-human vertebrate homologs: zebrafish encephalopsin and mouse melanopsin. Melanopsin reportedly exhibits
tristability with an extramelanopsin state (446 nm) containing an elusive 7-cis-retinylidene adduct [27.68] | a different study involving human

melanopsin, the dark-state pigment had a Amax ~ 470 nm in agreement with prior studies; however, mono-stability was observed [117], Therefore,
the biochemical behavior of melanopsin remains controversial.

Ak
Measurements are from an invertebrate peropsin homolog

Abbreviations: PRCs, photoreceptor cells; GCs, ganglion cells; RPE, retinal pigment epithelium
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