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Abstract. The vertebrate retina contains several
classes of visual pigments responsible for such diverse
functions as image- and nonimage-forming vision, the
entrainment of circadian cycles, and the pupilary light
response. With vision being vital to the survival of
many species, the elucidation of the structural and
biochemical properties of visual pigments has been
the focus of a large body of research that has led to
rapid advances in the field of photoreception. In this

review, the current understanding of the structure,
function, biochemistry, and evolution of the opsins
that make up the photopigments in the vertebrate
retina will be reviewed. These include the rod and
cone opsins, melanopsin, RGR, peropsin, and VA-
opsin. The goal is to highlight important questions that
have been answered and to define some of the
remaining questions in the field that will provide
future directions for research.
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Introduction

The retina is the primary, although not exclusive, site
for light detection in vertebrates. It is in this speci-
alized sensory organ that photopigment-expressing
cells that give rise to image- and nonimage-forming
vision are found. These light-dependent functions that
are vital for the survival of many vertebrate species
depend on light absorption by photopigments that
consist of two parts, the protein called opsin and a
retinal-derived chromophore. The chromophore con-
fers light sensitivity to the photopigment; its absorp-
tion of light triggers a transition in the photopigment
from the inactive dark state to an active state. This
conformational change in the visual pigment initiates
a cascade of molecular events that result in the

transduction of a signal through the optic nerve to
the brain for higher-order processing. By gaining a
complete understanding of the photopigments in the
retina, we can increase our knowledge of light signal-
ing and gain insight into mechanisms that may be
shared by similar signal transduction systems.
Photopigments are found in both vertebrate and
invertebrate species; however, this review will con-
centrate specifically on the vertebrate photopigments
in the retina. The topic of invertebrate photopigments
is a separate field of inquiry and has been addressed in
other recent reviews [1]. This review will discuss what
is currently known about the photopigment structure
and activation properties, as well as the evolutionary
relationships of the opsins with one another.
Opsins are members of the protein superfamily known
as G-protein-coupled receptors (GPCRs). GPCRs are
defined by their heptahelical transmembrane struc-
ture and their ability to activate a GTP-binding* Corresponding author.
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protein (G-protein). In vertebrates, the family of
GPCRs is one of the largest and most diverse protein
families, with thousands of members predicted in
several mammalian genomes [2, 3]. GPCR functions
range from hormone and neurotransmitter detection,
to sensory system receptors such as visual, gustatory,
and olfactory receptors. The wide range of functions is
largely responsible for the high level of interest in
GPCRs by the pharmaceutical industry, with a quarter
to half of all therapeutic drugs targeting GPCRs [4, 5].
Although many GPCRs are commonly studied, much
of what is known about GPCRs has come from the
knowledge gained from the study of opsins.
The opsins, as a subclass of GPCRs, are defined by
their ability to bind a retinal-based chromophore to
form a light-sensitive photopigment. In the vertebrate
retina, several families of opsins can be found with
functions involved in regulating image- and non-
image-forming vision, coordination of circadian cy-
cles, and other as yet unidentified functions. These
classes of opsins include rod and cone opsins, mela-
nopsin, peropsin, vertebrate-ancient opsin (VA-
opsin), and retinal G-protein-coupled receptor
(RGR). Most of our knowledge about opsins is
derived from the study of rod and cone opsins. For
this reason, the rod and cone opsins will be the primary
focus of this review. However, the study of melanopsin
has emerged in the past few years to provide a new
way of thinking about photoreception in the verte-
brate retina. This topic, as well as a brief discussion of
other opsins found in the vertebrate retina, will also be
discussed.

Nomenclature

As a preamble to this article, it is helpful to discuss
briefly the nomenclature used when referring to
different opsins. In the literature, the term rhodopsin
can often have different meanings depending on the
published work. Historically, the term rhodopsin has
been used to signify any photopigment with an 11-cis-
retinal (A1) chromophore bound in its binding pock-
et. In contrast, a photopigment with an 11-cis-3,4-
dehydroretinal (A2) chromophore bound in its bind-
ing pocket is known as a porphyropsin. However, in
recent literature, the term rhodopsin has been used to
specifically refer to a rod opsin with an A1 chromo-
phore. In this paper, we will keep with the current
trend in the literature and use the term rhodopsin to
refer to an A1-based rod photopigment. Unless
otherwise noted, the term rhodopsin by itself will
specifically mean bovine rhodopsin since this is the
photopigment that is the most heavily studied in vision
science.

Structure of opsins

GPCRs as a family have proven to be difficult proteins
for structural studies due to the requirements for large
amounts of protein that remain stable upon removal
from native membranes. As a result, bovine rhodop-
sin, hereafter referred to simply as rhodopsin, has
emerged as an ideal model for studying GPCRs, and
much of what we know about the structure of GPCRs
comes from such studies. This is due to the abundance
of rhodopsin in rod outer segments (ROS) and the
ease of isolation from bovine retinas. Rhodopsin is
considered the prototypical opsin member, and it was
the first GPCR to be sequenced [6, 7] and cloned [8, 9].
Additionally, rhodopsin was the first, and to date the
only GPCR with its crystal structure solved [10]. This
structure has undergone several refinements since it
was originally reported [11– 13], providing us with a
detailed understanding of the dark-state structure of
rhodopsin as well as a starting template for homology
modeling of other opsins [14].
Like all GPCRs, opsins contain seven transmembrane
helices (Fig. 1); however, they are unique among
GPCRs in that opsins covalently bind their ligand, a
retinal-based chromophore, to form a light-sensitive
photopigment. The site of retinal attachment is highly
conserved in all opsins and resides at K296 in the
seventh transmembrane helix [15, 16]. For simplicity,
all amino acid residues referenced in this paper will
use the rhodopsin numbering system. The aldehyde
group on the chromophore undergoes a condensation
reaction with the e-amino group from K296 to form a
covalent Schiff base attachment. In most vertebrate
pigments, an A1 chromophore is used; however an A2
chromophore is used in some species of amphibians,
fish, and reptiles.
In rhodopsin the Schiff base is protonated, producing
a charged complex in the photopigment-binding
pocket. The highly conserved E113 residue in trans-
membrane helix III serves as the counterion to the
protonated Schiff base [17 –19]. Growing evidence
suggests that the Schiff base is only protonated for
photopigments that absorb maximally in the visible
range. For photopigments that have a maximal
absorbance in the UV range, the Schiff base is
unprotonated in the dark state [20– 22].
When the crystal structure of rhodopsin was solved,
several startling discoveries were revealed about the
three-dimensional shape of the molecule. First, the
seven transmembrane a helices form a bundle of
irregular helices crossing the membrane at angles
(Fig. 2). Helices I, IV, VI, and VII are all bent at
proline residues in the helix. The bend in helix I is
minimal and the bend in helix IV only results in
distortion around the extracellular end. Helix V also
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has a proline residue in the center but this does not
affect the regularity of the helix. Helices II and III
both have double glycine residues in the helix; this
causes a bend in helix II but helix III has minimal
distortion. Second, the crystal structure revealed that
extracellular loop II folds into the helical bundle
creating a plug that comes in close proximity to the
retinal-binding pocket. The presence of this plug has
led to the question of what pathway the chromophore
moves through to enter and leave the binding pocket
during pigment regeneration. This question has still
not been answered and understanding this mechanism
may lead to an understanding of why rod and cone
photopigments regenerate at different rates. Finally,
the crystallization also revealed a previously unrecog-
nized eighth a helix located on the cytoplasmic face of
the opsin running along the membrane surface [10].
Regarding the higher-order structure of vertebrate
photopigments, we still do not know if they exist in a
monomeric, dimeric, or multimeric state in native rod
and cone outer segments. In the 1970s and 1980s, many
biophysical studies concluded that rod photopigments
exist in a monomeric state in the native disc mem-
brane. These studies included research using techni-
ques such as small-angle neutron scattering, analytical
ultracentrifugation, and light scattering techniques
[reviewed in ref. 23]. However, in 2003, atomic-force
microscopy (AFM) experiments challenged the tradi-
tional view of a monomeric rod photopigment by
suggesting the native state of the pigments to be
dimeric [24]. This study has launched a renewed

Figure 1. Secondary structure of bovine rhodopsin. Residues in the transmembrane helices that have been shown to confer constitutive
activity to the opsin have been boxed or circled. The two sites shown in circles represent the site of chromophore attachment in helix VII
(K296) and its counterion in helix III (E113). Palmitylation sites are shown on C322 and C323 and the disulfide bond linking C110 and C187
is represented. The model is based upon the rhodopsin crystal structure [10].

Figure 2. Three-dimensional structure of bovine rhodopsin based
on the PDB data file 1U19. Different helices are shown in different
colors with the 11-cis retinal chromophore located in the binding
pocket. The carboxy terminus is localized on the cytoplasmic side
of the membrane; the amino terminus is localized on the
extracellular side of the membrane.
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interest into the higher-order structure of photopig-
ments in vivo.
Recent attempts to examine the higher-order struc-
ture of rhodopsin have produced a large amount of
data to support the dimerization model. First, rhodop-
sin expressed in COS-1 cells was shown through cross-
linking to have the ability to form dimers and possibly
multimers [25]. Fluorescence resonance energy trans-
fer (FRET) analysis in reconstituted liposomes has
also revealed the dimerization of rhodopsin [26].
Finally, dimerization has been observed in detergent-
solubilized rhodopsin, with the dimeric state having a
greater ability than the monomeric state to activate
transducin [27, 28]. Together these data have support-
ed dimerization as a model for rhodopsin, and as such
the model has begun to be generalized to all GPCRs
[29].
In fact, since the idea of GPCRs forming oligomeric
structures was first introduced through work with the
glucagon receptor [30], several class A GPCRs like
the histamine H1 receptor and a1b-adrenoreceptor
have been shown to dimerize [31]. Additionally,
dimerization in the b2-adrenergic receptor has been
shown to occur in HEK-293 cells [32] and is necessary
for export of the protein from the endoplasmic
reticulum (ER) and cell surface targeting [33]. How-
ever, research using reconstituted monomers in high-
density lipoproteins has shown that dimerization is not
required for the b2-adrenergic receptor to functionally
activate its cognate G-protein [34]. Additionally,
research on the M2 muscarinic cholinergic receptor
has shown that receptor purified from sf9 cells can
exist as a monomer or dimer, but only the monomeric
form is active [35], suggesting that dimerization is not
universal among the class A GPCRs.
This leaves open the question as to the endogenous
arrangement of rhodopsin in rod photoreceptors.
Does the rod photopigment exist in vivo in a mono-
meric state as suggested by studies from the 1970s and
1980s, or in a higher-order arrangement as suggested
by recent studies? While it is still premature to
conclude that rhodopsin and other opsins dimerize
in vivo, future work may provide valuable insight into
mechanisms of protein-protein interactions involved
in photopigment signaling.

Classification and general evolution of rod and cone
opsins

With so much information emerging on the structure
of opsins based on studies using rhodopsin, it is
important to note that rhodopsin falls into just one of
the five classes of vertebrate visual pigments. The rod
and cone opsins are divided into classes based on

amino acid sequence similarity and spectral tuning
properties [36, 37]. These classes consist of two
rhodopsin-like classes (RH1 and RH2), two short-
wavelength-sensitive classes (SWS1 and SWS2), and a
medium/long-wavelength-sensitive class (M/LWS)
(Fig. 3). Each class operates within a given range of
maximal absorbance; however, there is some overlap
in absorbance between classes (Table 1). Phylogenetic
analysis shows that the ancestral visual opsin class is
the M/LWS class, with the SWS and rhodopsin-like
classes evolving more recently [36 – 38]. In mammals
two of these classes, the RH2 and SWS2 class, have
been lost, leaving only the RH1, SWS1, and M/LWS
classes represented.

Significantly, the opsin class we know the most about is
the most derived class. Through the evolutionary
process, the RH1 class, to which rhodopsin belongs,
has gained increased stability over the other opsin
classes and the ability to respond reliably to a single
photon of light [39]. Additionally, the lifetime of the
meta-II state has increased for the RH1 pigments
versus the other four pigment classes to which the
cone opsins belong. The change in the meta-II lifetime
has been traced to substitutions at sites 122 and 189.
Position 122 is conserved as an acidic residue in the
RH1 and RH2 classes but not in the rest of the cone
classes, while P189 is conserved in the cone classes but
not the RH1 class (the exception to this rule is chicken
rhodopsin) [40, 41]. Together, the increased stability
and single-photon response of RH1 photopigments
allows for the high degree of sensitivity needed for
scotopic vision.

Activation of opsins

With only the dark-state crystal structure of rhodopsin
solved, the question remains as to what process occurs
when the photopigment moves from an inactive state
to an active state. Although we still do not have a high-
resolution crystal structure for the active state of
rhodopsin, various biophysical techniques have help-

Table 1. Maximal absorbance range for the five classes of verte-
brate visual pigments.

Pigment class Maximal absorbance range [36]

RH1 cluster around 500 nm

RH2 466–511 nm

SWS1 358–425 nm

SWS2 437–455 nm

M/LWS 521–575 nm
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ed create a working model of the activated form. It has
long been known that light activation of photopig-
ments begins with the isomerization of the chromo-
phore from 11-cis ACHTUNGTRENNUNG retinal to all-trans retinal. The
isomerization, which occurs in ~ 200 fs [42], starts a
transition from the inactive dark state of rhodopsin

through a series of spectrally distinct photointermedi-
ates to reach the active meta-II conformation of the
photopigment (Fig. 4). Site-directed spin labeling
(SDSL) and fluorescence quenching assays have
revealed that the transition from the dark state to
the meta-II state is accompanied by a gross helical

Figure 3. Phylogenetic tree depicting the different classes of opsin found in the vertebrate retina. For each branch, the NCBI accession
number is listed and followed by the opsin name. The tree was constructed using the neighbor-joining method. During tree construction, the
following sequences were used as out-groups to root the tree, human beta-2-adrenergic receptor (NM_000024) and human GPR119
receptor (BC095502).
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movement of transmembrane helix VI away from
helix III [43, 44]. The helical rearrangement exposes a
hydrophobic patch on the inner face of helix VI that
has been implicated in G-protein binding and active-
tion [45]. Recent crystallographic structures of the
batho [46], lumi [47], and a low- (5.5 �) resolution
meta-I [48] state of rhodopsin reveal little change in
the helical arrangement from the dark state. This
suggests that the gross helical changes observed in
meta-II must occur during the meta-I to meta-II
transition.

Recently low-resolution light-stable crystals have
provided a structure for a deprotonated active form
of rhodopsin at 4.15 �. Salom et al. [49] observed in
their crystal structure a movement of the cytoplasmic
loops in relation to the dark state, but they failed to see
any gross helical displacement described by SDSL
experiments [43, 44]. The crystals yielded a dark
pigment with a lmax= 500 nm, matching that of the
rhodopsin dark state. Upon light activation, the
crystallized pigments blue-shifted to a lmax of 390 –
400 nm. This maximal absorbance value does not
match any of the previously identified photointer-
mediates of rhodopsin, suggesting that the crystallized
active form may not be the true active state of
rhodopsin. However, Salom et al. [49] did show, using
fluorescent assays, that their photoactive structure
could activate transducin.
Accompanying the activation of rhodopsin is a proton
rearrangement in the chromophore-binding pocket.
The Schiff base becomes deprotonated and E113
becomes protonated [50]. This deprotonation occurs
during the meta-I to meta-II transition. Deprotona-
tion breaks the ionic interaction between the E113 and
the Schiff base that locks the protein in an inactive
state [51]. Recently Yan et al. [52] have suggested a
counterion switch model that hypothesizes that E181
on the extracellular loop II acts as the primary proton

acceptor from the Schiff base during photoactivation.
E181 transfers a proton through a H-bond network
involving two water molecules, S186, and E113 as the
final proton acceptor. The counterion switch model
was challenged by Fourier transform infrared (FTIR)
studies that suggest E181 and E113 are both in a
deprotonated state during the inactive conformation,
thus preventing a counterion switch [53]. Instead
Ludeke et al. [53] proposed that both sites operate in a
�complex-counterion� with E113 acting as the primary
counterion in the inactive state and early photo-
intermediate states, while during meta-I, E181 be-
comes the primary counterion with some contribution
by E113. This is due to a rearrangement of internal
hydrogen bond networks that occurs during photo-
activation.
It is of importance to note that in both the counterion
switch model and the complex-counterion model,
E181 plays an important role in the transition from the
dark state to the active conformation. This residue is
highly conserved in all but the M/LWS opsin class,
where in most members it is replaced by a histidine
residue. In the M/LWS class, H181 has been implicated
as a Cl� binding site [54]. To date the only known M/
LWS opsins that do not have an H181 are found in the
mouse [55] and rat, which have a tyrosine substitution.
The presence of a Cl� binding site at residue 181
suggests that the M/LWS opsin class may have a
different sequence leading to Schiff base deprotona-
tion. While such a sequence would need to be further
investigated, it is possible that E113 may act as the
exclusive proton acceptor, gaining its proton directly
from the protonated Schiff base during photoactiva-
tion.

Spectral tuning in the vertebrate visual opsins

Color vision is based upon the ability of multiple
photopigments to discriminate between different
wavelengths of light. Modulation of photopigment
wavelength sensitivity can be accomplished in two
ways: either the chromophore can be exchanged, as
occurs in some fish and other vertebrates, where the
A1 retinal is exchanged for an A2 retinal [56], or more
commonly, there can be substitutions of amino acids
that come in close contact with the chromophore to
affect spectral modulation. Changes in the polarity
and charge of the amino acids that come in close
contact with the conjugated double-bond system of
the chromophore alter the amount of energy needed
to trigger the chromophore isomerization, leading to
an active pigment. The more energy needed to
accomplish this conversion, the more blue-shifted
the spectral sensitivity will be. The specific residues

Figure 4. Sequence of rhodopsin states during photoactivation
and photopigment regeneration.
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that accomplish this spectral tuning have been well
researched and found to vary between the different
classes of opsin (Fig. 5).
Using the SWS1 class as a starting point for dis-
cussion, we can begin to look at the spectral tuning
sites. The SWS1 photopigments, which span the
largest naturally occurring range of wavelength
sensitivities of any of the classes of vertebrate
opsin, have been extensively studied and have served
as an interesting model for examining the evolution
of opsins and UV sensitivity [57] . This class includes
UV-sensitive pigments as well as violet-sensitive
pigments. The sites involved in tuning the photopig-
ment between UV and violet sensitivities have been
shown to differ between avian and nonavian species.
Avian species have a single amino acid substitution at
position 90 that accounts for this shift, with C90
pigments being UV sensitive while S90 pigments are
violet sensitive [58, 59]. In nonavian species, the UV-
sensitive pigments retain S90 [20], suggesting that
the spectral tuning properties have evolved differ-
ently, and there is no common consensus for a single
mode of SWS1 spectral tuning.
Position 86 has been demonstrated to induce a shift of
~70 nm in mouse UV and bovine blue SWS1 opsins.
Where pigments with F86 are UV sensitive, those that
have Y86 are violet sensitive [60]. Primates and
Xenopus have neither a Phe nor Tyr at position 86,
rather they have a Leu and Met, respectively. Sub-
stitutions of Leu or Met into goldfish UV-sensitive
pigment at position 86 produced no effect on wave-

length absorption [20], suggesting that residue 86 by
itself is not involved in the tuning of all SWS1
pigments and that spectral tuning is rarely as simple
as changing a single residue. In humans, it was shown
that a more complicated spectral tuning system
evolved that involves up to eight tuning sites at
positions 46, 49, 52, 81, 86, 93, 114, and 118. While once
again site 86 is found to be important, changes at all
eight sites are required for a full shift between UVand
the normal violet sensitivity in the human blue
pigment [22, 61]. Since these tuning mechanisms
vary so drastically, they must have evolved separately
[60]. This is reinforced by phylogenetic studies show-
ing that the ancestral SWS1 opsin was UV sensitive,
with violet sensitivity evolving at least three separate
times [20, 57].
A different set of spectral tuning sites has evolved in
the SWS2 class. In cottoid fish from Lake Baikal,
T269A and T118G substitutions create significant
blue-shifts [62]. SWS2 pigments from other verte-
brates have much more complex spectral tuning
patterns. The newt (Cynops pyrrhogaster) has five
sites that cause spectral shifts of 5 nm or more at
positions 91, 94, 122, 261, and 292 [63]. Research with
the chameleon (Anolis carolinensis) added sites 49, 52,
93, 207, and 269 to that list, with the spectral shifts
shown to occur in an additive fashion [64]. To further
show how complicated spectral tuning can be, site 116
was added to the list by observing the absorption
difference in goldfish (lmax= 443 nm) and zebrafish
(lmax= 416 nm) SWS2 pigments [65].

Figure 5. Cone opsin spectral tuning sites overlaid on the secondary structure of bovine rhodopsin. Red indicates sites involved in tuning
M/LWS photopigments, blue indicates sites involved in tuning SWS1 photopigments, green indicates sites involved in tuning SWS2
photopigments, and the dark shadowing at site 122 indicates a site involved in tuning RH2 photopigments. The yellow ovals indicate the
chromophore binding site and its counterion.
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For studies of the spectral tuning of the M/LWS class,
researchers have mainly used the human red and
green opsins as examples. Both maintain a high degree
of homology, yet they differ in absorbance maxima by
31 nm. The high degree of homology is a result of these
two distinct opsins evolving from an X-linked gene
duplication event in Old World primates [66]. In these
opsins, sites 164, 261, and 269 have been shown to
produce the majority of the shift between the two
pigments [67], with sites 100, 214, 217, and 293
contributing the remainder of the difference [68].
Additional tuning sites were discovered by looking at
the difference between human red and mouse green
M/LWS pigments, where substitutions at sites 181 and
292 combined to produce a shift of 44 nm [55]. S292A
substitutions were also shown to produce a 28-nm red-
shift in M/LWS pigments of the bottlenose dolphin
[69].
With sites 261, 269, and 292 being common tuning sites
in both the M/LWS and SWS2 classes, and sites 49, 52,
93, and 118 being common to two SWS classes, we see
a pattern emerging of overlapping spectral tuning
mechanisms between some opsin classes. However,
the overall pattern is that all tuning sites, with the
single exception of 181, are located in the trans-
membrane region of the opsin. This allows the sites to
influence the electron distribution in the chromo-
phore to modulate tuning. Site 181 can exert a similar
influence because it lies in extracellular loop 2, which
folds into the helical bundle to create an extracellular
plug.
The same pattern of tuning sites localized in the
transmembrane helices extends to the least-studied
opsin class, the RH2 class. Researchers studying the
RH2 class have turned to the zebrafish as a model due
to duplication events that created four separate RH2
genes in its genome, with the expressed pigments
having absorption maxima spread over a 38-nm range.
Using this model system, changes at site 122, a site
shared with the SWS2 class, have been implicated in
producing a major shift of approximately 15 nm [70],
with the rest of the difference being an additive effect
of multiple substitutions in the RH2 genes.

Biochemical and structural differences between rod
and cone opsin classes

To date there are no crystallographic models for any
opsins other than bovine rhodopsin. Instead, all
attempts to understand other opsin classes have used
the crystal structure of rhodopsin as a template for
modeling the various pigments. However, over the
years, mounting evidence has developed to show that
the vertebrate opsin classes that make up the rod and

cone opsins may differ both biochemically and
structurally from rhodopsin (Table 2), leaving the
question open as to how much information we can
infer about the other opsin classes from the rhodopsin
structure.
Before discussing the evidence suggestive of biochem-
ical and structural differences among the opsin classes,
it must be noted that many studies fail to discriminate
among the five vertebrate rod and cone opsin classes,
and instead draw the differentiation line simply as rod
and cone photopigments. As a general rule, the RH1
class is localized to rod photoreceptors, and the RH2,
SWS1, SWS2, and M/LWS classes are localized to the
cone photoreceptors. While this generalization nor-
mally holds true, it is not absolute. For example, gecko
(Gecko gecko) M/LWS-p521 opsin is expressed in rods
[71], salamander (Ambystoma tigrinum) SWS2 opsin
is expressed in both rod and cone photoreceptors [72],
while chameleon (A. carolinensis) cones express an
RH1 pigment [73].
To begin looking at some of the properties that differ
among the various opsin classes, studies first turned to
the well-documented susceptibility of the different
opsin classes to hydroxylamine bleaching. Photopig-
ments belonging to the M/LWS [74], SWS1 [75 – 77],
SWS2 [75, 78], and RH2 [75, 79] classes all appear to
be sensitive to hydroxylamine bleaching in the dark
state, whereas RH1 photopigments are resistant [75,
79]. This suggests that the cone opsin classes may have
a relatively open conformation in the dark state that
allows the hydroxylamine to compete with the opsin
for binding to the retinal. A recent exception to this
rule has emerged with studies of the salamander (A.
tigrinum) SWS1 pigment that showed that the photo-
pigment was stable in the dark in the presence of
hydroxylamine [80]. The idea of the cone opsins
having an accessible binding pocket is supported by
work showing that attachment of the chromophore to
the opsin in cone photopigments has a greater degree
of instability than the rod photopigment. In cones, a
random dissociation of chromophore from the opsin
can occur in the absence of light, but in the rod
photopigments, the covalent attachment of chromo-
phore to opsin is virtually irreversible absent light
activation of the photopigment and meta-II decay
[81]. This may be the result of a binding pocket that is
tighter in the RH1 photopigments and therefore more
protected from random hydrolysis of the chromo-
phore.
Other studies using site-directed mutagenesis have
shown that the opsin classes do not respond identically
to mutations at the same sites. In the RH1 opsins, a
critical salt bridge exists between residues K296 and
E113 that acts to hold the opsin in an inactive state
[51]. Mutations at E113 that neutralize its charge

2924 B. Nickle and P. R. Robinson Opsins of the vertebrate retina



result in opsins that can activate transducin in the
absence of light. Homologous mutations have been
shown in an in vitro transducin activation assay to
differentially affect the opsins of different classes in
their degree of activation [82]. These assays suggest
that each class of opsin may have different residues
that affect its overall stability, as well as the possibility
that a break in the salt bridge between K296 and E113
in classes other than the RH classes may be insuffi-
cient to fully achieve activation. In addition to E113
and K296, other sites have been linked to constitutive
activation in rhodopsin (Fig. 1). These include muta-
tions at G90D [83], A292E [84], T94I [85], L79A [86],
W175A[86], M257Y [87], and E134Q [88]. By explor-
ing how homologous mutations in opsins from the
other classes affect the protein, a determination may
be achieved of class-specific residues that are involved
in either activation or deactivation of their photopig-
ments.
Other studies have used retinal analogs to study their
effect on rod and cone activation in the tiger
salamander (A. tigrinum). Studies using 11-cis-13-
demethyl retinal or b-ionone have revealed that both
analogs act as agonists in bleach-adapted rods (rods
bleached prior to addition of chromophore) [89 – 91],
but they act as antagonists in bleach-adapted cones

[90, 92]. Further work shows that of the cone classes, it
is only the M/LWS class that shows an antagonistic
effect with b-ionone; the SWS1 and SWS2 classes
behave the same as the RH1 [89]. These results are
explained by a slower rate of Schiff base formation
between the 11-cis-13-demethyl retinal and opsin,
resulting in a transient activation due to an initial
noncovalent association in the binding pocket of
opsin. The activation level decreased gradually as a
covalent association was formed to create a pigment
[90]. These results are at odds with the effect of 11-cis-
9-demethyl retinal on the various opsins. In the RH1
and SWS1 classes, the transducin activation rate is
decreased in pigments reconstituted with 11-cis-9-
demethyl compared to 11-cis retinal. In contrast, 11-
cis-9-demethyl had no effect on the transducin acti-
vation rate in SWS2 and M/LWS pigments but caused
an overall increase in the total amount of transducin
activation in M/LWS opsins [80]. The increase in
transducin activation is attributed to a prolonged
meta-II state. The 9-methyl group of retinal interacts
with the M/LWS opsin to promote efficient meta-II
decay, in its absence, the meta-II state is stabilized
allowing greater transducin activation [93].
Structurally, several differences are known to exist
between the different opsin classes. First, the palmi-

Table 2. Areas in which vertebrate opsin classes exhibit different properties.

Property RH1 RH2 SWS1 SWS2 M/LWS References

1) Use of retinal
analogs:
11-cis-13-
demethyl retinal
or b-ionone

increased
transducin
activation

? increased transducin
activation

increased transducin
activation

decreased transducin
activation

89–92

11-cis-9-demethyl
retinal

decreased
transducin
activation
rate

? decreased transducin
activation rate

no affect on transducin
activation rate

no effect on transducin
activation rate but
increased stability of
the meta-II state

80, 93

2) Susceptibility to
hydroxylamine
bleaching in the
dark

resistant to
bleaching

susceptible
to bleaching

susceptible to
bleaching

susceptible to
bleaching

susceptible to
bleaching

74–79

3) Stability of dark-
adapted
photopigment

high stability ? susceptible to random
dissociation into opsin
and chromophore

susceptible to random
dissociation into opsin
and chromophore

susceptible to random
dissociation into opsin
and chromophore

81

4) Affects of
counterion
mutations

high level of
constitutive
activity

high level of
constitutive
activity

high level of
constitutive activity
that is not quenched by
chromophore addition

high level of
constitutive activity
that is not quenched by
chromophore addition

low level of
constitutive activity

82

5) Posttranslational
palmitylation

palmitylated
at C322 and
C323

? not palmitylated equal ratio of
nonpalmitylated and
single palmitylated
opsin at C323

not palmitylated 94

6) Spontaneous
activation rate in
intact salamander
rods and cones

~ 0.03 s�1 ? ~ 2000 times that of
rhodopsin (RH1)

? ~61 �105 times that of
rhodopsin (RH1)

95
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tylation state of the C terminus of the opsin varies
from class to class. The RH1 class, which has two
palmitylation sites (C322 and C323), is doubly palmi-
tylated forming a fourth cytoplasmic loop that con-
tains a helix VIII. The SWS2 class also contains a
palmitylation site, but exists in roughly equal amounts
of palmitylated versus nonpalmitylated photopig-
ments. SWS1 and M/LWS are not palmitylated, and
the RH2 class has not yet been experimentally
determined [94].
Other structural differences can be found by sequence
alignment. In rhodopsin, helix II exhibits a distortion
around the double glycine residues, G89 and G90. The
RH1 class is the only class of vertebrate opsin that has
a double glycine conserved in helix II; in the RH2 and
SWS2 classes, only G90 is conserved, while in the
SWS1 and M/LWS classes, neither Gly residue is
conserved. Since this bend in helix II serves to bring
G90 close to E113 in rhodopsin, removal of the helix II
kink may explain the apparently looser conformation
of the retinal-binding pocket in cone photopigments
versus rod photopigments.
Finally, the rate of spontaneous activation of the
photopigments varies among the different vertebrate
opsin classes. Using electrophysiological recordings
from salamander (A. tigrinum) cones, it was demon-
strated that the M/LWS photopigments have a spon-
taneous activation rate ~ 6 � 105 times that of rhodop-
sin [95]. While this is much higher than estimates
derived from recordings of Xenopus rods expressing
salamander M/LWS pigments [96], both studies
showed a drastic decrease in the stability of the M/
LWS pigments compared to the RH1 pigments. Addi-
tionally, electrophysiological recordings have shown
that the salamander SWS cones contain photopig-
ments that are also much less stable than their RH1
photopigments but with a spontaneous activation rate
much lower than the M/LWS photopigments [95].
While the spontaneous activation rate of an RH2
pigment has not been shown, the current information
confirms that the stability rates of the different opsin
classes vary greatly.

Melanopsin

Outside of the traditional rod and cone opsins,
melanopsin is the opsin that has generated the most
attention in vertebrates, with extensive recent reviews
covering the rapidly growing field [97– 99]. Melanop-
sin activation has been shown to lead to physiological
responses such as circadian photoentrainment and the
pupilary light response [100]. Having been first
discovered in dermal melanophores of Xenopus,
melanopsin was subsequently found to localize to

the Xenopus inner retina [101]. In humans, it has since
been shown to be expressed in the ganglion cell layer
of the inner retina [102] and its expression has been
further described in a number of different vertebrates
[102 – 106]. In the retina, the melanopsin-expressing
retinal ganglion cells make up only a small subset of
the total retinal ganglion cells, with estimates of
approximately 1 % in mouse and 2.5 % in rat [100].
Genomic analysis has shown that excluding mammals,
most vertebrates express two orthologs of melanopsin,
termed Opn4 m and Opn4x. In placental and marsu-
pial mammals, only Opn4 m is expressed and is
restricted to the retinal ganglion cells. However, in
nonmammalian vertebrates, both Opn4 m and Opn4x
are expressed in a wide range of tissues, including the
retina, brain, and skin. It is still uncertain if these two
orthologs have independent functions in the tissues in
which they are expressed [107].
One of the most intriguing features of melanopsin is
that it shows greater sequence homology with inver-
tebrate opsins than to vertebrate opsins. Most notably,
the site of the vertebrate Schiff base counterion has an
E113Y substitution in melanopsin [101] as has been
described in invertebrate opsins. With the tyrosine
residue being an unlikely counterion, the melanopsin
counterion is most likely to be E181. This would
correspond with the invertebrate opsins, where E181
has been shown to be the counterion for amphioxus
rhodopsin [108]. Phylogenetic analysis also places
melanopsin in its own clade closer to the invertebrate
than the vertebrate opsins (Fig. 3).
Other aspects of melanopsin that make it seem more
invertebrate-like than vertebrate-like have come from
studies that concentrate on the molecular character-
ization of melanopsin and its signaling pathway. Early
studies using heterologous expression showed that
melanopsin could functionally bind retinal and acti-
vate a G-protein [109]. However, that study made no
attempt to identify the native G-protein that is
activated by melanopsin. Subsequent studies also
done in heterologous systems have since pointed
toward a Gq class G-protein pathway by demonstrat-
ing that activation of Gq can trigger a transmembrane
current [110, 111]. In vivo data obtained through the
use of cultured Xenopus dermal melanophores have
also pointed toward a Gq signaling cascade. In culture,
the use of phospholipase C (PLC) and protein kinase
C inhibitors, as well as intracellular calcium chelators,
blocked the melanophore light responses [112]. How-
ever, before accepting that the same pathway exists in
the retinal ganglion cells, it should be noted that the
melanophore light response is a redistribution of
melanosomes which could be the result of a different
signaling cascade than the membrane depolarization
found in retinal ganglion cells [112]. For this reason, in
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vivo data are needed to confirm the identity of the
cognate G-protein in the melanopsin-expressing ret-
inal ganglion cells. However, the demonstration that
melanopsin can activate a Gq G-protein is interesting,
since many invertebrate photopigments signal
through a Gq signaling pathway that uses PLC as an
effector. In contrast, the more established vertebrate
opsins signal through a Gi/o class, including transducin,
signaling pathway that uses cyclic guanosine mono-
phosphate (cGMP)-specific phosphodiesterase
(PDE) as its effector.
Finally, additional evidence of a close evolutionary tie
of melanopsin to the invertebrate opsins comes from
studies showing that melanopsin may act as a bistable
pigment. In vertebrate opsins, upon reaching the
meta-II state, the chromophore is hydrolyzed and
dissociates from the opsin. The photopigment is
reestablished by the introduction of a new 11-cis
retinal molecule into the opsin-binding pocket. In
contrast, invertebrates maintain a bistable pigment
whose chromophore remains in the binding pocket
after activation and is reisomerized back to the cis
isoform upon absorption of a subsequent photon of
light. Evidence that melanopsin may be a bistable
pigment was obtained from heterologous expression
in neuro-2a cells. In this expression system, 9-cis and
11-cis retinal activated a strong light-dependent
cellular response, while the all-trans isoform produced
a low level of light response. The all-trans ACHTUNGTRENNUNG response
was enhanced after exposure to 540-nm light suggest-
ing that in melanopsin, the chromophore can rever-
sibly photoisomerize [113]. Additionally, all-trans
retinal was found to restore photosensitivity to
melanopsin-expressing cells in RPE65 knock-out
mice [114]. Bistability may help explain how mela-
nopsin can remain photosensitive while being ex-
pressed in the ganglion cells, which are far removed
from the retinal pigment epithelium (RPE) where the
known retinoid cycle takes place.

VA-opsin, RGR and peropsin

Aside from the rod and cone opsins and melanopsin,
we know very little about the other opsin members
found in vertebrate retinas. Three other opsin classes
have been shown to exist in the retina, two of which,
RGR and peropsin, are in the RPE while the third
class, VA-opsin, is found in the amacrine cells. Of
these, RGR has been studied the most extensively, but
like VA-opsin and peropsin, we still do not understand
the function it plays in the retina. RGR has been
localized to the RPE and M�ller cells [115], and the
endogenous chromophore has been identified as all-
trans retinal which forms 11-cis retinal upon light

activation [116]. Although RGR was originally
thought to act as a photoisomerase playing a role in
the retinoid cycle by regenerating 11-cis retinal pools
for use by the rod and cone photoreceptors, it has been
shown that the isomerized 11-cis retinal does not
readily dissociate from RGR [116], suggesting that its
photoisomerase activity is not a significant contrib-
utor to the 11-cis retinal pools. Instead, it was found
that the major isomerohydrolase in the RPE is Rpe65
[117], although RGR is necessary for maintaining a
regular rate of 11-cis retinal synthesis [118, 119]. Since
RGR has been shown to interact with proteins
involved in the retinoid cycle [120], and it was found
that 11-cis retinal pools can regenerate independent of
RGR [119], it is currently believed that RGR does not
act as an isomerohydrolase, rather it behaves as a
cofactor in the retinoid cycle that modulates isomer-
ohydrolase activity [119]. Some of the questions that
still surround RGR concern its specific mode of
isomerohydrolase activity modulation.
Peropsin, also called retinal pigment epithelium-
derived rhodopsin homolog (RRH), makes up a
second class of opsins localized to the RPE [121].
Studies comparing its gene structure with other opsins
have shown that peropsin contains two common
introns with RGR, suggesting that they are derived
from a common lineage. As a result, peropsin may also
function in vivo as a retinal isomerase [122]. Support
for this theory comes from phylogenetic analysis
which clusters the peropsins close to the RGRs
(Fig. 3). Additionally, a heterologously expressed
amphioxus homolog in HEK293S cells was found to
be capable of photopigment formation with both 11-
cis and all-trans retinal and of being able to photo-
isomerize between the two [123]. The study of
peropsin is very immature, and there have been no
studies showing that the photoisomerase activity is
necessary for any physiological function.
The final class of opsins, the VA-opsin, has only
been described in teleost fish. VA-opsin was first
identified in the eyes of Atlantic salmon [124] . In
situ hybridization assays localized VA-opsin to
horizontal and amacrine cells of the inner retina
[125] . VA-opsin was also found to be expressed
outside the retina in the pineal organ and central
brain of the Atlantic salmon [126] . Homologs have
been described in carp [127] and smelt fish [128] .
The smelt fish has two isoforms, where expression
involves alternate spicing of intron 4 that affects
carboxy-terminal length and sequence [127, 128] .
To date very little is known about VA-opsin other
than that it can form a pigment when reconstituted
in vitro with 11-cis retinal [125] . It will be interesting
to find out if any of these final three opsin classes
have the ability to activate a G-protein, and if so,
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what class of G-protein they interact with. To date
there have been no data to suggest this other than
their sequence homology to other opsins. If they do
act in a signal transduction pathway, there is still a
large amount of research needed to illuminate their
roles as well as the downstream targets of such
signaling pathways.

Conclusions and future directions

As we have come to see, the retina plays host to many
light-dependent processes. Our understanding of
these processes at a molecular and biochemical level
has been rapidly advance by studies of the photopig-
ments. Although the field is relatively mature, many
interesting questions remain. Some of the most
pressing questions surround the active meta-II struc-
ture of rhodopsin. The crystallization of the dark state
provided an invaluable tool in the study of photopig-
ments and GPCRs as a whole; however, we will not
fully understand the activation processes occurring on
a molecular level until an active crystal structure is
solved. This structure is needed to provide an under-
standing of what conformational changes ultimately
occur. Those changes can be used to further increase
our understanding of the interactions that occur
between the photopigment and other interacting
partners. In addition, such a structure would be of
great value to the pharmaceutical industry for use in
drug design for a multitude of GPCRs.
The question of the higher-order structure of verte-
brate photopigments is also of interest to provide
insight into intermolecular mechanisms of interac-
tions with arrestins, G-proteins, G-protein receptor
kinases, and between neighboring receptors. This
same question applies not only to the traditional rod
and cone photopigments, but extends to studies of
melanopsin, RGR, and peropsin. Do these other
opsins dimerize or oligomerize? These questions are
still hot topics, and advances in biophysical assays that
can detect intermolecular binding such as florescence
quenching assays may lead to greater understanding in
this field.
Turning to the cone opsin classes, the evidence
suggestive of rod and cone opsin structural differ-
ences is driving the need for crystal structures for
members of the various cone opsin classes. Many
studies on the cone opsin classes have been ham-
pered by the lack of sufficient amounts of protein.
To compound this problem, the cone opsin classes
are less stable than rhodopsin and do not have as
high yields when heterologously expressed. To
reach the goal of a crystal structure of some of the
cone opsins, advances must first be made in ex-

pression systems that will allow for isolation of
sufficient supplies of protein.
Outside the traditional rod and cone opsins, biochem-
ical analysis of melanopsin has become an active field.
There have been many biochemical studies in heter-
ologous systems, but the real interest lies in the in vivo
signaling pathway through which melanopsin acts. In
the retina, this work has been hampered by the low
abundance of melanopsin-expressing cells in the
ganglion cell layer and difficulty in isolating these
cells without contamination from surrounding cells.
Electrophysiological recordings coupled with phar-
macological agents have started to provide putative
components of the melanopsin-signaling cascade, but
further work needs to be completed to find other
interacting proteins in the signaling cascade. These
types of study can answer questions on the similarity
of the melanopsin signaling cascade to known inver-
tebrate opsin cascades and may show a conserved
pathway that has existed since the evolutionary split of
the invertebrates and vertebrates.
Finally, the study of RGR, peropsin, and VA-opsin
leaves many questions unanswered, since investiga-
tion of all of these opsins is still in its infancy. As RGR
is the best studied of these three opsin classes, the
suggestion that it may be involved as a regulator of the
retinoid cycle provides the basis for several pressing
questions. If this is true, at what level does the
regulation occur and what is the biochemistry behind
that regulation? Do the peropsins, which are coex-
pressed in the RPE, have a similar function as RGR or
are they involved in other cellular physiology?
Seeking answers to questions like these will take us a
long way toward understanding the light driven
processes in the vertebrate retina. Such an under-
standing should provide valuable insight into the
molecular basis of vision and vision-related disorders.
It may also open the door to an understanding of other
GPCR-mediated signal transduction systems by pro-
viding a model for the identification of common
mechanisms in such systems. Together these questions
can pave the way for the future of research in vision
and phototransduction.
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