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Abstract. The review concerns literature data on the struc-
ture, functions and molecular simulation of rhodopsin. The
mechanisms of the spectral tuning of visual pigments,
photoisomerization of the rhodopsin chromophore group
(11-cis-retinal moiety) and the formation of the physiolog-
ically active state of rhodopsin as a G-protein-coupled
receptor are considered. Particular attention is given to the
rhodopsin visual cycle and pathogenetic consequences of its
impairment. A knowledge of the structure and photochem-
istry of rhodopsin was shown to be of importance for the
use in nanotechnology of the future. The bibliography
includes 219 references.

1. Introduction

During 600 million years of the animal evolution, light, as a
source of information, gave rise to the organs of vision,
their development and improvement. This culminated in an
eye and vision systems in vertebrates and invertebrates. It
should be noted that Charles Darwin ! himself wrote in his
classical work ‘On the Origin of Species’ that the evolution
of the eye by natural selection at first glance seemed ‘absurd
in the highest possible degree’.

In recent years, publications, including excellent reviews
by Lamb er al.,>~* have been reported on the evolution of
light-sensitive visual proteins (visual pigments), invertebrate
and vertebrate photoreceptor cells, the retina and the eye as
the organ of vision. The available data show that Darwin’s
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theory is completely true for an understanding of the
evolution of an eye and its photoreceptor apparatus.

The light-sensitive photoinformation protein rhodopsin
appeared in eukaryotic cells of simplest multicellular repre-
sentatives of the animal kingdom about 1 billion years ago.
Later on these multicellular organisms were divided into
two groups exhibiting radial and bilateral symmetry of the
body plans, respectively. In turn, bilateral organisms were
separated into two fundamentally important groups about
600 million years ago. One of these groups gave origin to
most of the available invertebrates, whereas another group,
to vertebrates, whose descendants are highest vertebrates,
including primates and humans. In the period dating from
540 to 490 million years ago, at the Cambrian explosion, a
large number of new animal species appeared, which were
characterized by a unprecedented diversity of organs of
vision, including the human eye. Since that period, the
organs of vision were divided into two main types: the
complex eye in most of invertebrates (for example, in
arthropods) and the camera eye in vertebrates.

The complex eye in invertebrates is composed of numer-
ous unit eyes (ommatidia) containing own photoreceptor
cells (rhabdoms). It should be noted that cephalopod
molluscs (octopus, squids) have the camera eye, like verte-
brates, but their photoreceptor cells are the same as those in
arthropods (rhabdomers). In the vertebrate camera eye, the
retina contains non-rhabdomeric-type photoreceptor cells
originating from cilium. In most of vertebrates, including
primates and humans, there are two types of photoreceptor
cells: rods responsible for highly sensitive twilight vision
and evolutionary more ancient cones responsible for pho-
topic and colour vision. However, different types of organs
of vision and all photoreceptor cells, from light-sensitive
cells in simplest multicellular organisms to photoreceptor
cells of the rhamdomeric or ciliary (rods and cones) types in
highly organized invertebrates and vertebrates, contain
principally the same light-sensitive molecule, the transmem-
brane protein rhodopsin incorporated into a bilayer photo-
receptor membrane.

The word ‘rhodopsin’ comes from two Greek words:
‘rhodo’ meaning rose and ‘opsis’ meaning vision. Until
recently (late 1950s—early 1960s), this protein was called
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‘visual purple’, and earlier (after its discovery by Franz Boll
in 1876) it was referred to as the ‘visual substance’ (Sehest-
off). As for the evolution of the visual protein, it is evident
that rhodopsin is one of the most ancient proteins in the
animal kingdom responsible for the photoreception (photo-
information process). The unique photochemical and spec-
tral properties of rhodopsin are determined by one of the
most conserved domains of the molecule (the chromophore
site), in which the 11-cis-isomer of retinal interacts with the
nearest protein environment. The main physiological func-
tion of the site is to trigger the phototransduction, i.e., to
transform the energy of an absorbed quantum of light to the
electrical signal in the visual cell (rhabdomeric or ciliary),
which is provided by other, also exceptionally conserved,
domains of the rhodopsin molecule as well.

Rhodopsin (the molecular weight is 40 kDa) consists of
the opsin apoprotein (348 amino acid residues), in which the
nitrogen atom of Lys296 is covalently bound to the 11-cis-
retinal moiety. This chromophore group is a protonated
Schiff base (PSB).*

(Lys296)

The molar extinction coefficient
40 600 litre mol—! em—! at 500 nm.

The visual pigment rhodopsin is responsible for the
photoreception (photoinformation process) and is a typical
representative of light-sensitive retinal-containing proteins.
This family includes also proteorhodopsin, which is a
bacterial rhodopsin, discovered recently in dinoflagellate
protists,> sensor rhodopsins, halorhodopsin and bacterio-
rhodopsin from halophilic archaea (see reviews® 7). These
retinal-containing proteins are actually among the most
ancient proteins found across the biosphere. Bacteriorho-
dopsin responsible for the anoxygenic photosynthesis (pho-
toenergetic process) appeared in prokaryotic cells about
3.5 billion years ago.? Its chromophore-binding domain
contains the all-trans-retinal moiety covalently bound to
opsin. It should be noted that only the 11-cis-retinal moiety
is involved in virtually all visual pigments. This fact empha-
sizes that the chromophore-binding domain of retinal-con-
taining proteins is conserved and perfect.

The uniquely arranged chromophore site, which formed
in the earliest stages of the evolution of the biosphere,
provides the exceptionally high rate and efficiency of the
photochemical reaction. Both in vertebrate rhodopsin (for
example, bovine rhodopsin)® and invertebrates rhodopsin
(octopus),’ the photoisomerization of the retinal chromo-
phore occurs after the absorption of a quantum of light
during about 100 fs. The kinetics and efficiency of the
photoisomerization of the chromophore in retinal-contain-
ing proteins are comparable with the theoretically calcu-
lated isomerization rate of retinal in the gas phase.! In

of rhodopsin is

T The notation N—(Lys296) means that the bond is formed by the
nitrogen atom involved in the corresponding amino acid.

other words, the isomerization rate of the double bond of
retinal in the tight protein environment (the volume of the
chromophore site in rhodopsin, into which 11-cis-retinal is
incorporated, is as small as 660 A3)!! is comparable with
the rate of isomerization of retinal in the free volume. This
surprising phenomenon is indicative of the ideal structure of
the chromophore site and the efficient interaction between
the chromophore and its nearest protein environment.

Visual rhodopsin is simultaneously the classical class A
G-protein-coupled receptor. The typical eukaryotic genome
contains genes of more than 800 such receptors structurally
similar to rhodopsin. They play a key role in the trans-
duction of intra- and extracellular signals (information),
including hormone, nervous and sensor (vision, taste, smell)
systems. Investigations of the mechanisms of the transition
of rhodopsin from the inactive (dark) state to the physio-
logically active state provide an insight into the molecular
mechanisms of activation of the whole class of G-protein-
coupled receptors (see, for example, one of recent
reviews !2).

I1. Rhodopsin structure

Rhodopsin is the first transmembrane protein of animal
origin whose two-dimensional (Fig. 1)!314 and three-
dimensional 1> structures (Fig. 2) were determined. The
rhodopsin molecule is composed of several domains: a
hydrophobic transmembrane domain consisting of seven
a-helices, which form a bundle and traverse the photo-
receptor membrane, and two hydrophilic domains located
on both sides of the membrane, viz., cytoplasmic and intra-
discal (extracellular).

In the dark state of rhodopsin, the 11-cis-retinal moiety
has a nonplanar (distorted and twisted) conformation.!6-17
By contrast, the three-dimensional structure of PSB and free
11-cis-retinal in solution is virtually planar.!® The important
role of the protein environment in the formation of the
energetically unfavourable nonplanar configuration of the
chromophore in the visual rhodopsin molecule is beyond
doubt (see the review !9).

The three-dimensional organization of crystalline rho-
dopsin and its chromophore site was studied in sufficient
detail by X-ray crystallography.!>-2% However, it should be
remembered that X-ray crystallography gives a static pic-
ture of the three-dimensional organization of the protein
molecule. In the crystalline state, some noncovalent bonds
(hydrogen, van-der-Waals, electrostatic), which play an
important role in the functioning of the visual pigment,
can be broken.

First X-ray diffraction studies were followed by a series
of theoretical works (quantum mechanical calculations,
molecular simulation), where attempts were made to
describe the rhodopsin molecule in the dark state and after
absorption of a quantum of light.2! —28

The chromophore site, i.e., the three-dimensional
arrangement of the 11-cis-retinal moiety and its interaction
with the nearest amino acid residues, was described in
sufficient detail.!”7-20-21.29-31 This information is important
for an understanding of the mechanisms of the spectral
tuning of visual pigments and for an explanation of their
unique photochemical and physiological properties.

In the analysis of the chromophore site, particular
attention is given to the following two regions of 11-cis-
retinal: the B-ionone ring and the covalent bond with
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Figure 1. Two-dimensional structure of rhodopsin.!'3
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Figure 2. Three-dimensional structure of rhodopsin.!>

Lys296. Since the photoinduced dynamics of the B-ionone
ring is thought to have an important role in the initiation of
subsequent conformational rearrangements in the protein
part of the molecule,!?-30-32-35 investigations of the con-
formation of this ring with respect to the polyene chain and
its interactions with the nearest amino acid residues in the
dark and photoactivated states of the visual pigment mol-
ecule, are topical problems.

There is currently no consensus on the three-dimen-
sional conformation of the B-ionone ring (6-s-cis or 6-s-
trans) with respect to the polyene chain in 11-cis-reti-
nal.17:36:37 According to the X-ray diffraction data, the
B-ionone ring adopts the 6-s-cis conformation.?® However,
the '"H NMR spectroscopic studies showed that this part of
the molecule has different orientations: 6-s-trans,37-3% 6-s-
cis3®~4! and a mixture of 6-s-cis (74%) and 6-s-trans
(26%).3¢ It was hypothesized 4> that the chromophore site
can contain both these forms, but the 6-s-cis conformation
is energetically more favourable.

The role of the nonplanar conformation of the chromo-
phore in the unique photochemical properties of the visual
pigment remains an open question. It was suggested 10-43-43
that this conformation of 11-cis-retinal in rhodopsin is
attributed to the rotation of the B-ionone ring with respect
to the plane of the polyene chain by approximately 50 —65°.

By using molecular dynamics methods, we showed that
the 11-cis-retinal moiety and its nearest protein environ-
ment are mutually adjusted to each other.#3-45 A change in
the three-dimensional conformation of 11-cis-retinal, in
particular, the rotation of the B-ionone ring around the
C(6)—C(7) bond by ~60° with respect to the initial con-
formation was already observed within 300—400 ps after the
beginning of the simulation (Fig. 3). This is in good agree-
ment with both the theoretical calculations performed by
other authors?! and the above-mentioned experimental
data.'® Moreover, the rotation of the B-ionone ring with
respect to the plane of the polyene chain can occur, accord-
ing to the results of the theoretical study,*® in opposite
directions to form two enantiomers of 6-s-cis-11-cis-retinal.
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Figure 3. Configuration of the rhodopsin chromophore at the initial moment of the simulation (a) and after 3000 ps (b) calculated by the
molecular dynamics method and the diagrams of changes in the torsion angles (4) during rotations for 3000 ps of five methyl groups of
11-cis-retinal at positions 16 (1), 17 (2), 18 (3), 19 (4) and 20 (5) (¢).*?

According to ab initio quantum chemical calculations,*’
this conformation of the B-ionone ring is characterized by a
shift of the absorption band of rhodopsin to longer wave-
lengths by 10 nm. This shift corresponds to the electronic
transition So — S; between the ground and first excited
singlet states of the chromophore.*> To put it differently,
the rotation of the B-ionone ring results in the transition of
rhodopsin into the ‘photochemically prepared’ state,
because the energy of the transition of this system into the
photoexcited singlet S; state is lower compared to the
structure in which the B-ionone ring is in the plane of the
polyene chain.

In addition to the rotation of the B-ionone ring, the
middle part of the polyene chain [the C(10)—C(13) atoms]
contribute substantially to the formation of the twisted
strained conformation of the 11-cis-retinal moiety.43- 4850

The questions as to how and in which three-dimensional
conformation the 11-cis-retinal moiety is incorporated into
the opsin chromophore site in the course of regeneration of
the visual pigment after its photobleaching remain unclear.
Undoubtedly, the conformation of 11-cis-retinal delivered
to free opsin by the retinal-transferring protein differs from
that of the rhodopsin chromophore group.

It should be noted that the chromophore site in the dark
state of rhodopsin is not a specific binding site exclusively
for 11-cis-retinal. This site can incorporate also other its
isomers (for example, in the case of 9-cis-retinal, the so-
called isorhodopsin, which was not found in natural visual
pigments, is formed ') and its modifications.3? Apparently,
the conformation of 11-cis-retinal incorporated into the
chromophore site is nearly planar and its subsequent
interaction with the surrounding amino acid residues results
in the rotation of the B-ionone ring and the twisting of the
polyene chain. In this energetically unfavourable conforma-
tion, the 11-cis-retinal moiety, on the one hand, acts as the
chromophore and gets rhodopsin ready for the highly
efficient photochemical reaction, and, on the other hand,
acts as an inverse agonist and stabilizes rhodopsin as the
G-protein-coupled receptor in its physiologically inactive
state.

Noncovalent bonds of the B-ionone ring with the nearest
aromatic residues (Trp265, Phe261 and Tyr268) play a very
important role in the properties of 11-cis-retinal as the
inverse agonist.!>17-20.29 The above-mentioned interaction
restricts the mobility of the transmembrane a-helix VI, thus
preventing the spontaneous activation of rhodopsin in the
dark.?® (See below for the key role of this a-helix in the
mechanism of physiological activation of rhodopsin.) At the
same time, this aromatic cluster plays an important role in
the retention of the twisted strained conformation of 11-cis-
retinal in the dark inactive state of rhodopsin.?!,29,36,40

The interactions between the B-ionone ring and the
amino acid residues of the aromatic cluster and Leu266 C
were described by molecular dynamics simulations.*34* The
torsional vibrations relative to the C(6)—C(7) single bond
lead to the rotation of the B-ionone ring by ~60° with
respect to the plane of the polyene chain, resulting in its
steric interaction with Leu266 (the shortest distance
between these groups is about 3.5 A) (Fig. 4). This arrange-
ment is fixed by the aromatic rings of Trp265 and Tyr268 in
such a way that the B-ionone ring is clamped between these
rings, all three rings being located in parallel planes one
above another at rather short distances (4—5 A) (Fig. 5).
This may be indicative of the presence of strong electrostatic
interactions between the B-ionone ring, Trp265 and Tyr268.
This mutual arrangement of Trp265 and the B-ionone ring
was also confirmed by the results of the molecular simu-
lation.>3

Therefore, on the one hand, 11-cis-retinal acts as an
inverse agonist and stabilizes the a-helix VI and, on the
other hand, the amino acid residues of the aromatic cluster
fix the chromophore in the twister nonplanar conformation.

Investigations of the dynamics of 11-cis-retinal and the
surrounding amino acid residues in the vicinity of the
iminium bond are also of great importance. Particular
attention was given to the residue Glul13 as the main PSB
counterion.>*=3¢ The role of Glul13 in the stabilization of
the inactive state of rhodopsin in the dark, the increase in
the efficiency of its regeneration, the spectral tuning and the
regulation of the lifetime of intermediate photolysis prod-
ucts were the subjects of several studies.>”—>°
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Figure 4. Relative arrangement of 11-cis-retinal and Leu266 in the rhodopsin molecule at the initial moment of the simulation (a) and
after 3000 ps (b) calculated by the molecular dynamics method and the diagrams of changes in the interatomic distances (D) between the
C(3) atom of the B-ionone ring of 11-cis-retinal and the atoms of Leu266 in positions 8; (1), y (2), B (3), o (4) and &, (5).4
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Figure 5. Configuration of the o-helix VI and its amino acid
residues located in the vicinity of 1l-cis-retinal at the initial
moment of the simulation (@) and after 3000 ps (b) calculated by
the molecular dynamics method.** The atoms of the chromophore
are represented as beads and the amino acid residues are shown as a
stick model.

Until recently, it was commonly recognized that the
negatively charged residue Glul13 in vertebrate rhodopsin
is the main and the only PSB counterion (see, for example,
Ref. 13). However, according to X-ray crystallographic
data, the chromophore site involves the second Glu in
position 181 in the direct vicinity of the 11-cis-retinal
moiety, and this has caused a great interest in the role of
this amino acid in the mechanisms of stabilization of PSB
and the activation of rhodopsin as the G-protein-coupled
receptor.#2-90-62 At present, several models (so-called

‘counterion switch’ models) describing the contribution of
Glul81 to these processes are actively debated.

It was suggested ©3 that Glul13 is the main PSB counter-
ion in dark-state rhodopsin, whereas Glul81 becomes a
counterion in the step of the formation of metarhodopsin I
as a result of the proton transfer from Glul81 to Glull3
through a hydrogen bond network with the participation of
Ser186 and water molecules. It was hypothesized 33-%* that
Glull3 and Glul81 are simultaneously involved in the
stabilization of PSB. Based on theoretical calculations,®’ it
was suggested that Glul81 in the dark state of rhodopsin
makes an even greater Serl86-mediated contribution to
stabilization of PSB than Glul13.

Until recently, the question about the counterion in
invertebrate rhodopsins remained open because these pro-
teins do not contain a negatively charged amino acid in
position 113 analogous to Glul13. It was hypothesized that
it is this difference that is responsible for the different
mechanisms of photoconversions of visual pigments in
vertebrates (photolysis) and invertebrates (closed cycle).%®

Recently, a Japanese research group showed ¢7-% that
Glul81 serves as the PSB counterion in invertebrates. It
should be noted that this residue is exceptionally conserved
in all opsins, as opposed to Glul13, which is conserved only
in the vertebrate visual pigment.®’ Based on these data, it
was hypothesized that Glul81 initially served as the coun-
terion but, in the course of the evolution, this role was
transferred to Glul13, which appeared in vertebrates as a
result of the mutagenesis. Apparently, the residue Glul13
that appeared in vertebrate rhodopsin accepts a proton
from the nitrogen atom of PSB in the step of the formation
of metarhodopsin II, thus facilitating the hydrolysis of this
bond and the release of trans-retinal from opsin (see below).

The question as to why retinal in the 11-cis-configura-
tion was selected in the earliest stages of the photochemical
evolution of light-sensitive visual proteins as the chromo-
phore in the whole family is very interesting and has been
long debated. One of the latest attempts to answer this
question has been made using a complex method combining
quantum mechanical and molecular dynamics calcula-
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tions.’® The structures, stability, energy and absorption
spectra of the 7-cis-, 9-cis-, 11-cis- and 13-cis isomers of
the retinal moiety in vertebrate rhodopsins (bovine, mon-
key) and invertebrate rhodopsin (squid) were analyzed in
detail. From this study it follows that the optimization of
the electrostatic interaction between retinal and its nearest
protein environment in the dark state of rhodopsin is one of
the key factors in the course of natural selection, although
the selection of this isomer was, evidently, determined by a
number of other factors as well. Among these factors are the
efficient enzymatic synthesis of 11-cis-retinal catalyzed by
the protein RPE65 (retinol isomerase) in retinal pigment
epithelium cells, the rates of the binding of 11-cis-retinal to
opsin and its incorporation into the chromophore site in the
course of the regeneration of rhodopsin after its bleaching,
stability of dark-state rhodopsin at physiological temper-
ature, the efficiency of 11-cis-retinal as an inverse agonist
and the quantum yield and stercoselectivity of the superfast
photoisomerization with its participation.

I11. Molecular physiology of rhodopsin

The visual pigment rhodopsin is involved in several physio-
logical functions in the course of photoreception, where the
chromophore — protein interaction plays a key role. Firstly,
this is the spectral tuning of visual pigments. The latter can
absorb light in a wide spectral range. from ultraviolet to red
(from 360 to 620 nm). The spectral tuning provides colour
vision.

Secondly, rhodopsin triggers the visual phototransduc-
tion event. This process is determined by the following two
key intramolecular events: the superfast photoisomerization
of the retinal chromophore and, as a consequence, the
conformational rearrangement of the protein part of the
opsin molecule resulting in the binding and activation of the
G-protein transducin.

Thirdly, rhodopsin maintains low thermal dark noise of
the visual cell (rod). In the dark, the chromophore locks
rhodopsin as the G-protein-coupled receptor in the inactive
state, i.e., the 11-cis-retinal moiety acts as an efficient
inverse agonist. After the absorption of a quantum of
light, the chromophore locks the relatively long-lived prod-
uct metarhodopsin II (see below) in the physiologically
active state. In this case, the all-frans-retinal moiety acts as
a powerful agonist.

Finally, the rhodopsin molecule or the so-called rhodop-
sin visual cycle has a pathogenic role (more than hundred
mutations were described). In particular, the accumulation
of (photo)toxic trans-retinal, which is released in the last
step of the photolysis of rhodopsin, in the photoreceptor
membrane is associated with the potentially harmful dam-
aging effect of light on the retina and retinal pigment
epithelium (RPE), as well as with the development of retinal
degenerative diseases, primarily, the Stargardt disease and
age-related macular degeneration.”!-72

1. Spectral tuning of visual pigments

The spectral tuning (different positions of the maximum in
the absorption spectrum) of visual pigments is possible on
two time scales: long-term evolutionary and relatively short-
term adaptation (physiological) time scales. The evolution-
ary tuning is provided by amino acid mutations in the opsin
chromophore site around the chromophore group, viz., the
11-cis-retinal or 11-cis-3,4-dehydroretinal moiety, and its

interaction with the counterion complex. The adaptation
tuning, either seasonal or light habitat-dependent, is deter-
mined by the replacement of the chromophore group,
11-cis-retinal (vitamin A; aldehyde), by 11-cis-3,4-dehy-
droretinal (vitamin A, aldehyde) (see reviews 39-73.74),

The visual pigment of two populations of the opossum
shrimp Mysis relicta (sea and lake), which became separated
at the end of the last glacial period (ca. 9000 years ago), is
an example of the light habitat-dependent adaptation.
These populations live under different illumination condi-
tions and are substantially different in the light and spectral
sensitivity. We showed that the absorption maxima of
rhodopsin in these shrimps are different: 530 nm for the
sea shrimp living under relatively high illumination and
560 nm for the lake shrimp living at great depth.”>~7% This
difference is most likely associated not with amino acid
mutations but with the replacement of 11-cis-retinal with
11-cis-3,4-dehydroretinal.

The evolutionary tuning is of principal importance. In
the course of the evolution, five classes of visual pigments
formed in vertebrate retinal photoreceptor cells. These are
one type of rod pigments and four types of cone pigments.
The absorption maximum of rod pigments (rhodopsin) in
almost all ground-dwelling vertebrates is observed at
500 nm. The spectral tuning of cone pigments is much
more diverse. There are one long-wavelength-sensitive
(with an absorption maximum at 500-570 nm), one
medium-wavelength-sensitive  (480—530 nm) and two
short-wavelength-sensitive (400—470 and 355-445 nm)
classes. The diversity of cone pigments lost in mammals is
restored in the course of the evolution only in primates and
humans, thus providing colour vision.

As for the interaction of the chromophore with the
protein environment, one amino acid replacement in the
chromophore site is sufficient to provide a shift of the
absorption spectrum of the short-wavelength-sensitive
cone pigment from the ultraviolet to violet-green region of
the spectrum (see reviews’>-74). In the case of the spectral
tuning of long-wavelength-sensitive cone pigments, several
amino acid mutations, including anion-binding sites, are
required. These are chlorine-binding amino acid residues in
red cones in reptiles, birds and mammals.”3-74.79-81 Qur
experiments in the isolated goldfish retina showed that the
removal of chloride ions not only shifts the absorption
maximum of red-sensitive cones to shorter wavelengths
(green region) by ~30 nm but also leads to a decrease or
even the disappearance of their electrical response (so-called
late receptor potential) to red light flash.8!

Data on the role of water molecules in the spectral
tuning of cone visual pigments are gradually accumulated.
In this respect, at least two facts should be noted. First,
unlike vertebrate and invertebrate rhodopsins, none of cone
visual proteins was isolated in the crystalline state and,
consequently, their three-dimensional structures are
unknown. Second, although the role of the bound water in
the maintenance of the structure and the functioning of
vertebrate (bovine) and invertebrate (squid) rhodopsins is
rather well known, the corresponding data on cone pig-
ments are scarce.

In rhodopsin, bound water molecules were detected and
studied in detail by modern methods, such as X-ray crys-
tallography,!>82  Fourier-transform infrared spectro-
scopy %83 and radioactive labelling.84- 83
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The recent study®® of red- and green-sensitive cone
pigments in monkey by low-temperature Fourier-transform
infrared spectroscopy showed that from 3 to 8§ bound water
molecules are present in the vicinity of the 11-cis-retinal
chromophore. In rhodopsin, there are 6 bound water mol-
ecules in the vicinity of the chromophore group. In other
words, the number of bound water molecules in cone
pigments is approximately equal to that in the dark state
of cone rhodopsin. One of the observed difference is that the
bound water in the vicinity of the chromophore was
retained in cone pigments after the isomerization of 11-cis-
retinal, whereas such water in rhodopsin disappeared. This
fact was attributed to the presence of the chlorine-binding
site in cone pigments in the vicinity of the carbon atoms
C(11) and C(9) of the retinal moiety, whereas this site is
absent in rhodopsin. Evidently, investigations of the corre-
lation between the amount, localization and the role of the
bound water, on the one hand, and the spectral tuning of
cone pigments, on the other hand, should be continued. It is
interesting that the mode of water binding in rod and cone
visual pigments substantially differs from that in the arch-
aeal retinal-containing proton-pumping protein bacterio-
rhodopsin, in which water molecules are strongly bound.87

In discussing intramolecular mechanisms of the spectral
tuning of visual pigments, let us mention a series of recent
studies 8391 performed by Japanese researchers, who used a
mixed quantum mechanics/molecular dynamics (QM/MM)
approach. In these studies, the chromophore of the mole-
cule was considered in terms of quantum mechanics,
whereas the protein environment was treated in terms of
molecular mechanics. The results of these calculations
showed that the spectral tuning is determined by the
interaction of the retinal chromophore with the counterion
complex and the protein environment. The change in the
structure of the chromophore (the presence of 11-cis-retinal
or 11-cis-3,4-dehydroretinal) has no substantial effect.

Therefore, the following three factors affecting the
position of the absorption maximum of the visual pigment
were considered:

1) the nature of the chromophore and its configuration;

2) the interaction of the chromophore with the counter-
ion complex;

3) the interaction of the chromophore with the nearest
protein environment.

The spectral tuning of the pigment is determined by the
two last mentioned factors. The nature of the chromophore
and its isomeric configuration are the same in all pigments.
Thus, they contain retinal in the 11-cis configuration.
Consequently, the spectral sensitivity tuning of the visual
pigment is one of the most important physiological func-
tions of the retinal chromophore in the chromophore site.
This intramolecular tuning provides the adaptation of
photoreceptor cells in organs of vision in invertebrates and
vertebrates to the light habitat and the formation of the
mechanism of colour vision.

2. Photochemistry of rhodopsin

The phototransduction starts with the photoisomerization
of the rhodopsin chromophore group. The transformation
of the 11-cis-retinal chromophore into its trans form as the
photochemical reaction in vision was discovered by Wald
and co-workers®? back in the 1960s (the Nobel Prize in
Physiology or Medicine 1967) and was later studied in detail
in the 1990s (see, for example, Ref. 93). However, the details

of the mechanism of this important photochemical reaction
remain the subject of experimental and theoretical inves-
tigations, which have been extensively performed in recent
years due to the development of femtosecond spectroscopy.

It should be noted that the barrier to thermal isomer-
ization of the retinal chromophore is exceptionally high
(45 kcal mol—1).94.95 The functional sense of such a high
thermal barrier, as well as of the high rate and efficiency of
photoisomerization, is, on the one hand, to exclude false
events of rhodopsin in the dark and, on the other hand, to
use the energy of an absorbed quantum for this photo-
chemical reaction with the minimum possibility of its loss as
heat or fluorescence. The question about the nature of dark
noise in photoreceptor cells is physiologically important.

It is known that the colourless twilight or night vision is
provided by the operation of retinal rods. A rod functions
as a counter of individual quanta because it can reliably
detect one absorbed quantum of visible light. This ability
directly depends on the level of thermal dark noise. The
dark noise interfering with the physiological mechanism of
excitation of a rod with a single quantum originates from
the spontaneous activation of rhodopsin. It should be
emphasized that the dark noise of rhodopsin, i.e., the
spontaneous transformation of the pigment into the phys-
iologically active state, is exceptionally low. Thus, the
isomerization in a rod in the primate retina can occur at
36 °C once in 420 years.”>

It has been shown %% and then recently confirmed
that the thermal isomerization of the 11-cis-retinal moiety is
a source of dark noise. This isomerization initiates the same
physiological signal in a rod as the photoisomerization of
the chromophore. The molecular mechanism lying behind
the appearance of this noise has remained unclear until
recently. The quantitative ratio of the energy of photo-
activation of rhodopsin to the position of its absorption
maximum confirms that it is the isomerization of the
chromophore that is a source of dark noise. The larger the
shift of the absorption maximum to longer wavelengths, the
higher the level of dark noise in the photoreceptor cell. This
explains why there are no pigments in a large family of
visual pigments that absorb in the infrared region of the
spectrum.”® To put it differently, rhodopsin, as a visual
pigment responsible for twilight vision, acquired unique
photochemical properties in the course of the evolution,
which enabled the photoreceptor cell to optimize the light
sensitivity. These properties are the quantum yield of photo-
isomerization of retinal, which is high for photobiological
processes, and the minimization of its dark thermal isomer-
ization, i.e., the suppression of dark noise.

According to the results of the recent study,!® a net-
work of intramolecular hydrogen bonds formed by 20 water
molecules, the iminium bond in PSB and peptide groups in
the transmembrane domain play a key role in the decrease
in the probability of the thermal isomerization of 11-cis-
retinal as a source of dark noise. In other words, a network
of intramolecular hydrogen bonds and the perfect steric
interaction (adaptation) of the chromophore with its nearest
protein environment in the opsin chromophore site are two
key factors providing the appearance of the molecular
mechanism of twilight rod vision in the course of the
evolution, which optimizes the ratio of the high quantum
yield of photoisomerization to the low probability of the
thermal isomerization. The optimization of this ratio is a
key evolutionary factor for the appearance of physiologi-
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cally more perfect rhodopsin-containing rods as receptors
of twilight vision from evolutionary more ancient, less
perfect and less light-sensitive cones, which function as
receptors of photopic vision containing cone pigments
with different spectral tuning.

The exceptionally high rate and efficiency of the photo-
isomerization of the retinal chromophore are evidenced by
the following facts. Firstly, the reaction has a high quantum
yield. Initially, the quantum yield was estimated at 0.67,101
and the refined value obtained later was 0.65.1°2 It should
be noted that the quantum yield of the cis—trans isomer-
ization of the rhodopsin chromophore group in the tight
protein environment is almost an order of magnitude higher
than that in the case of free retinal in solution.!03-105
Secondly, the first unstable photolysis product, photorho-
dopsin, is formed in the ground state within 200 fs.93, 106111
Thirdly, a considerable energy of the absorbed quantum
(35 kcal mol—1') is accumulated in the first intermediate,
bathorhodopsin, which is stable at liquid nitrogen temper-
ature and whose stability is temperature-dependent.!!2 113

Figure 6 shows the general scheme of the photolysis of
rhodopsin. Upon absorption of a quantum of light, the
rhodopsin chromophore (11-cis-retinal moiety) is isomer-
ized into the all-trans form to form photorhodopsin as the
first product. Then intermediate products showing charac-
teristic absorption spectra are successively formed in the
dark in the course of temperature-dependent conforma-

Rhodopsin (498 nm)
i hy cis-PSB
Excited state

i 200 fs

Photorhodopsin (570 nm)

i3ps

Bathorhodopsin (535 nm)

I

Blue intermediate (470 nm)

> 140 “Ci 150 ns

trans-PSB

Lumirhodopsin (497 nm)
i 150 ps

Metarhodopsin I (478 nm)

>-20°C i 6 ms

Metarhodopsin 1T (380 nm)

>0°C w L 300s
Metarhodopsin III (465 nm)
>20°C i >1h

NN NN

Opsin +
all-trans-1 (380 nm)

Figure 6. Scheme of the photolysis of vertebrate rhodopsin.
The positions of the absorption maxima are given in parentheses;
the configuration of the chromophore is given on the right.

tional rearrangements. The resulting relatively long-lived
intermediate, metarhodopsin II, can bind and activate the
G-protein. The photolysis of rhodopsin culminates in the
hydrolysis of the Schiff base covalent bond and the release
of free trans-retinal (all-trans-1).

It should be noted that the first photolysis product of
rhodopsin was initially called prime-rhodopsin (prime-
Rho),''* and this name is still used by some authors;®
however, the name photorhodopsin (photo-Rho), which
was suggested approximately at the same time,!!> is more
commonly accepted. Although bathorhodopsin is generated
from photorhodopsin, the former was discovered and inves-
tigated much more earlier.®? The study of photorhodopsin
showed that the chromophore in this form also has a
distorted trans configuration; however, stability of this
intermediate is temperature independent as opposed to
bathorhodopsin.!16-119

The superfast dynamics of the transition of visual
rhodopsin to photo- and then bathorhodopsin was studied
in the 1990s and the early 2000s.93-107- 111,120, 121 The results
of these studies showed that the time of the formation of
photorhodopsin containing trans-retinal in a highly dis-
torted conformation is actually ~200 fs. The more recent
study '?2 using picosecond time-resolved Raman spectro-
scopy confirmed that photorhodopsin is converted into
bathorhodopsin within a few picoseconds.

All these data, along with some other information,
provide evidence that the conical intersection of the poten-
tial energy surfaces (PES) of the ground and excited
electronic states of retinal (Fig. 7) plays a key role in this
exceptionally efficient and stercoselective photoisomeriza-
tion of the chromophore in the rhodopsin molecule.!?3-125
However, up to the very recent time no direct experimental
evidence was obtained, because changes in the absorption
spectra of the molecule accompanying the transition from

E

Photo-Rho

Rho

cis-PSB

Isomerization coordinate

trans-PSB

Figure 7. Scheme of the potential energy surfaces of the rhodopsin
molecule describing the photoisomerization of 11-cis-retinal in the
region of the conical intersection.!?!
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the excited-state PES to the PES of the products can be
observed only by means of superfast high-resolution optical
spectroscopy.

The experimental evidence for the existence of the
conical intersection point on the PES of the photoisomeri-
zation of the 11-cis-retinal moiety in the rhodopsin molecule
has been recently obtained by the US?® and Japanese®
researchers by means of modern femtosecond spectroscopy.
It was shown that this point is reached for both vertebrate 8
and invertebrate ® rhodopsins within ~80 fs, and then, after
~200 fs, ground-state photorhodopsin, in which the chro-
mophore is in a distorted but all-frans configuration, is
formed. It should be noted that, as opposed to the photo-
isomerization of retinal in the rhodopsin chromophore site,
the conical intersection of the PES for free retinal in
solution is reached much more slowly (2.9 3.8 ps).!2¢

Recently, we have studied in detail the differential
photoinduced absorption spectra of rhodopsin at different
delay times, the kinetics of the photoisomerization of 11-cis-
retinal and the anisotropy of the differential absorption
signal using femtosecond laser spectroscopy in polarized
light with time resolution of 27 fs.127 The experimental data
allowed us to obtain an alternative estimate of the time
during which the conical intersection of PES is reached for
the isomerization of the 11-cis-retinal moiety in rhodopsin.
According to the estimation, this time varies from 60 to
100 fs. To put it differently, the conical intersection of the
ground- and excited-state PES of the chromophore in
rhodopsin upon photoisomerization is reached within
80 + 20 fs. Therefore, these data combined with the results
of quantum mechanical and molecular simulation calcula-
tions indicate that the region of the PES near the conical
intersection actually exists and plays an important role in
the photochemical reaction.

However, a comparison of the experimental results for
vertebrate® and invertebrate® rhodopsins and their inter-
pretation revealed differences. According to the results
obtained by Polli et al.,’ the energy of an absorbed quantum
of light is used exclusively for a slight displacement of atoms
in a system of the C(9)=C(10)—C(11)=C(12) double
bonds. Since the chromophore group is in the tight protein
environment,?? it was suggested that this limits the possi-
bility of the displacement of 11-cis-retinal in the region of
the iminium bond with the protein and in the region of the
B-ionone ring. Once the local displacement of the atoms in
the middle of the polyene chain of retinal occurs, the whole
highly strained structure of the chromophore rapidly relaxes
to form a structure containing the chromophore with an
even more pronounced zrans configuration of the chromo-
phore (photorhodopsin — bathorhodopsin transition). This
transition is the main pathway of the photoreaction.!?8 It
should be noted that there is a side pathway, in which the
C(11)=C(12) double bond adopts the starting cis config-
uration after relaxation of the highly strained structure of
the chromophore.

It should be noted that the conical intersection of the
PES is reached within 80 fs both for octopus visual rhodop-
sin® and bovine rhodopsin,® which is almost three times
faster than in the case of archaeal rhodopsin, bacteriorho-
dopsin.!'?° This difference can be attributed to both the type
of the structural transition of the retinal chromophore in
visual (from the 11-cis- to all-frans configuration) and
bacterial (from the all-frans to 13-cis configuration) rho-
dopsins and the different structures of the chromophore

sites in these two radically different retinal-containing
proteins. It is of interest to compare the dynamics of
photoisomerization of the retinal chromophore in different
retinal-containing proteins of animal and microbial rho-
dopsins and protozoan rhodopsins.

The time during which the region of the PES near the
conical intersection in bovine and octopus rhodopsins is
reached is virtually equal to the time predicted by the
theoretical simulation of the isomerization of free retinal
in the gas phase.!30-132 This fact seems to be surprising
because the photoisomerization of the chromophore occurs
not in the free, unrestricted space but in the tight protein
environment. As mentioned above, the volume of the opsin
chromophore site is as small as 660 A3, the surface area of
the interaction between the 11-cis-retinal moiety and the
surrounding amino acids is ~230 A2 (Ref. 11). Hence, the
opsin chromophore site has an ideal arrangement, because
the tight protein environment of 11-cis-retinal not only does
not hinder but even facilitates the superfast and efficient
photoinduced change in the geometry of the chromophore.
The goal of further investigations is to elucidate how the
protein environment of rhodopsin facilitates an increase in
the rate and efficiency of the first and the only photo-
chemical reaction in vision.

In this respect, there are at least two promising areas:
1) investigations and comparison of the direct and reverse
(photochromic) reactions of rhodopsin; 2) the preparation
of rhodopsin genetically modified in the region of the
chromophore site and studies of its photoreactions. Inves-
tigations in the former area were started in the early 1960s,
when Wald and co-workers 2 showed that bathorhodopsin
(the trans form of the retinal moiety as the chromophore
group) can undergo photoconversion back to rhodopsin
(11-cis isomer) with a small admixture of isorhodopsin
(9-cis isomer) at liquid nitrogen temperature.

Actually, intermediate photolysis products of rhodopsin
are also photoactive. The absorption of a quantum of light
by the intermediate can lead to the reverse trans-—cis
isomerization of retinal and the regeneration of room-
temperature-stable rhodopsin or less stable isorhodopsin.
This process is referred to as the visual pigment photo-
regeneration, the regeneration of the later products (see
Fig. 5) to rhodopsin or isorhodopsin being less efficient
compared to the early products. Thus, bathorhodopsin is
regenerated almost completely,”?> whereas the degree of
regeneration of metarhodopsin II is only 45%, as has been
shown recently by studying frog retinal rods.!33 It is
essential that the reverse reaction does not give intermedi-
ates, as evidenced by the presence of an isosbestic point in
the absorption spectra recorded at different instants of
time 92134

It should be noted that, as opposed to invertebrates, in
which the photoregeneration is a physiological reaction and
is necessary for the visual pigment regeneration, the phys-
iological regeneration in vertebrates is a dark process and
involves a complex cascade of biochemical reactions. The in
vivo absorption of the second quantum of light by the visual
pigment in vertebrates is virtually reduced to zero.

Nevertheless, the photoregeneration is a good tool for in
vitro investigations of conformational changes in the visual
pigment in different photolysis steps. Studies of the direct
and reverse photoreactions at low temperatures allowed
Yoshizawa and Wald ®> to propose for the first time the
mechanism of the cis—trans isomerization of the chromo-
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phore upon absorption of light by rhodopsin as the primary
event of the photoconversion. More recently, this mecha-
nism was confirmed by different spectrophotometric meth-
ods'3> and by structural investigations of synthetic
analogues of rhodopsin containing the retinal moiety with
a fixed structure in the region of the C(11) atom of the
polyene chain.!17.136

It is investigations of the direct and reverse reactions of
the visual pigment, where the isochromism of rhodopsin
and its photolysis products was discovered. It was shown
that the bleaching of rhodopsin gives two spectrally indis-
tinguishable forms of metarhodopsin I, one of which can
undergo photoregeneration, whereas the photoregeneration
of another form is impossible.'37 The results of studies of
photochromic reactions of rhodopsin at low temperatures
showed 134138, 139 that, beginning with the step of the for-
mation of metarhodopsin I during the photoregeneration of
the visual pigment, two spectrally identical isochromic
forms of rhodopsin are generated. One of these forms is
stable at room temperature, whereas the other one is not.

In recent years, photoreversible reactions of rhodopsin
have attracted increasing interest because these reactions
can be considered as a prototype of optical devices for
recording, processing and storing information. To put it
differently, a retinal-containing protein is a superfast molec-
ular photoswitch having a high quantum yield and spec-
trally distinguishable dark and photoinduced forms. For
example, the natural ability of the product that is formed in
the late step of the photolysis in the invertebrate visual
pigment (metarhodopsin) to undergo the reverse transition
to rhodopsin lies behind both the physiological mechanism
of the regeneration of the pigment and the use of photo-
reversibility in biotechnology.!40-14!1 For example, it was
shown 40 that the repeated photoconversion of octopus
rhodopsin to metarhodopsin and the reverse reaction at
room temperature occur even in in vitro experiments.
Attempts were made (thought not quite successful) to
perform this reaction by immobilizing octopus rhodopsin
in a polymer matrix.!#! Relatively recently, the reversible
photoisomerization of the rhodopsin chromophore was
reproduced in the artificial system between two layers of
purified natural clay (montmorillonite).'4> A continuation
of studies in this area may be promising for the use in
modern nanotechnology.

Early steps of photoinduced conversions of rhodopsin,
for example, the steps of the formation of photo- and
bathorhodopsin, are most attractive from the point of view
of achieving the highest performance of such devices. Yan
et al.'* made an attempt to perform the reversible superfast
photoswitching of intermediates of bovine rhodopsin, in
particular, bathorhodopsin, under the action of femtosec-
ond (300 fs) laser pulses. However, the authors did not
report convincing evidence for the fact that the photo-
switching does occur on a subpicosecond time scale.

We began comparative studies of the direct and reverse
photoreactions of rhodopsin on a femtosecond time
scale.!'1-121 The dynamics of the coherent photoisomeriza-
tion of the 11-cis-retinal chromophore in bovine rhodopsin
was investigated by high-resolution laser absorption spec-
troscopy. Changes in the absorption spectra of rhodopsin
on a picosecond time scale induced by a femtosecond light
pulse were recorded with the use of a double-pulse system
(Fig. 8).11
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Figure 8. Photoinduced absorption spectra of bovine rhodopsin
recorded after pulse excitation at A = 500 nm in the spectral range
of 410—720 nm at delay times, ps: —0.11 (/), 0.06 (2), 0.08 (3), 0.10
(4), 0.15 (3), 0.20 (6) and 3.0 (7).!!!

AD is the difference between the excited and unexcited sample
absorption.

Oscillations of time-resolved absorption signals of pho-
torhodopsin containing the chromophore in the trans form
as the first photoreaction product and ground-state rho-
dopsin containing the vibrationally excited 11-cis-retinal
moiety were studied (Fig. 9). A comparison of the non-
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Figure 9. Kinetic curves of photoinduced absorption of rhodopsin
measured after pulse excitation at 500 (/4) and 560 nm (24) at
delay times of 0.06—1.5 ps at probe wavelengths of 480 («) and
610 nm (b), model curves (3) and oscillation components of the
kinetic curves (/B, 2B).!!!

The dashed lines indicate the model curves.
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normalized kinetic curves of the photoinduced absorption
of rhodopsin was performed at probe wavelengths of 480
(absorption of rhodopsin) and 610 nm (absorption of pho-
torhodopsin). These oscillations were interpreted as the
dynamics of coherent vibrational wave packets in reaction
products. In other words, there was additional evidence
confirming and refining the coherent nature of the photo-
isomerization of the retinal chromophore in the rhodopsin
molecule.

We recorded for the first time the superfast photo-
chromic reversible reaction of the visual pigment rhodopsin
on a femtosecond time scale with the use of the specially
designed three-pulse femtosecond laser system: the transi-
tion of rhodopsin from the dark state (11-cis isomer of
chromophore) to the primary photoinduced intermediate,
ground-state photorhodopsin (frans isomer), and then the
reverse photoinduced conversion of photorhodopsin to
rhodopsin.!?! It was shown that the reverse process can be
coherently controlled by means of irradiation of photo-
rhodopsin in the coherent vibrationally excited state at
different instants of time within the lifetime of this inter-
mediate.

Therefore, we showed for the first time that the super-
fast photochromic reaction of rhodopsin can occur at room
temperature.!?! This result proves that the visual pigment
rhodopsin can be considered as a prototype of a superfast
molecular photoswitch.

Investigations of photoreactions of rhodopsin geneti-
cally modified in the region of the chromophore site may be
considered as a new and very promising area of research
with the use of femtosecond spectroscopy. Such studies will
aim to understand the structural features of opsin as an
ideal protein environment of the chromophore site provid-
ing the high rate and efficiency of the photoisomerization of
the retinal chromophore.

3. Physiological activation of rhodopsin

The photochemical isomerization of the chromophore in
rhodopsin initiates the transion of the visual pigment to the
physiologically active state. The steps of this transion are
shown in Fig. 5. As mentioned above, photorhodopsin is
converted to bathorhodopsin as the next intermediate of the
photolysis during 1 ps. The energy of an absorbed quantum
of light accumulated in the step of bathorhodopsin
(~35 kcal mol—!, which is about 60% of the energy of the
absorbed quantum!'?) is used for conformational rear-
rangements of the nearest protein environment of the
chromophore and then, in subsequent steps of the photol-
ysis, of the whole protein part of the molecule: the trans-
membrane (a seven o-helix bundle) and cytoplasmic
domains. Before the formation of lumirhodopsin and meta-
rhodopsin I, conformational changes take place mainly in
the chromophore domain.

The most important intramolecular events occur in the
course of the conversion of metarhodopsin I to metarho-
dopsin II: a) the proton transfer from PSB to the Glull3
counterion; b) the shift of a-helices III, V and, particularly,
VI in the transmembrane domain; c) the proton uptake by
the ionic lock located between a-helices III and VI. The
conversion of metarhodopsin I to metarhodopsin II (milli-
second time scale) successively affords the following spec-
trally identical forms of the latter: Meta Ila, Meta IIb and
Meta IIbH * 144

As for the proton uptake by the ionic lock, we discov-
ered this phenomenon for the first time in the mid-1980s.145
It was shown that the formation of metarhodopsin II is
accompanied by the proton uptake and binding rather than
by the transmembrane proton transfer, as it takes place in
bacteriorhodopsin. More recently, it became clear that the
intramolecular proton transfer lies behind the two-step
switching of rhodopsin from its dark (inactive) to physio-
logically active state.!4®

Pogozheva er al.'#7-148 studied the photolysis of rhodop-
sin by saturation-transfer ESR spectroscopy with the use of
spin labels covalently bound to accessible (hydrophilic) SH
groups of cysteine residues (Cys140 and Cys316). We were
the first to observe an increase in the conformational
mobility of the cytoplasmic loops after the conversion of
rhodopsin to metarhodopsin Il and a decrease in its
mobility after the reverse photoconversion of metarhodop-
sin II to a mixture of products, including photoregenerated
rhodopsin and metarhodopsin III. The results of the
study '*° also confirmed the fact that it is these two cysteine
residues (Cys140 and Cys316) that are accessible in dark-
state rhodopsin for the binding to spin labels.

The dark regeneration of rhodopsin resulting in the
return of 11-cis-retinal to the chromophore site of opsin
leads, as we have recently shown, to the regeneration of the
dark conformational state of rhodopsin. Under exposure to
light, the photoinduced conformational response of regen-
erated rhodopsin is again observed.!3°

The covalent binding of spin labels to SH groups was
performed for both the native cysteine residues (Cys140/
Cys167/Cys185/Cys222/Cys264/Cys316) in the polypeptide
chain of rhodopsin and the cysteine residues artificially
introduced into this chain using modern site-directed muta-
genesis methods. This approach made it possible to deter-
mine key conformational changes in the rhodopsin molecule
taking place in the course of its physiological activation (see
publications 26- 131 =153 and reviews 134 15%),

The shifts of a-helices III, V and VI, as well as of other
transmembrane o-helices, after the conversion of rhodopsin
into metarhodopsin II are fundamentally important con-
formational rearrangements. These shifts are directly
related to the formation of the sites of binding to the
C-terminal polypeptide fragment of the o subunit of the
three-subunit G-protein transducin in the cytoplasmic
domain.

Recently, 28 cysteine point mutations were per-
formed '3! using modern mutagenesis methods. It was
shown that the conversion of rhodopsin into the photo-
activated state of metarhodopsin II results in that amino
acid residues of transmembrane a-helix III located in the
vicinity of the chromophore become accessible to water
molecules. In other words, it was clearly shown that the
space around the agonist (trans-retinal moiety) in the
physiologically active state of rhodopsin increases. An
increase in the volume of the chromophore site was
observed also by X-ray diffraction study (see below).

At least two factors are responsible for the recent
progress in investigations of the structure of the activated
state of rhodopsin. These factors are of fundamental
importance for an understanding of the mechanisms of
activation of both rhodopsin and the rhodopsin-like class
A family of G-protein-coupled receptors. Firstly, the struc-
tures of rhodopsin in the dark and light-activated states can
be compared with the available abundant spectroscopic,
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biochemical and genetic data (see, for example, Refs 156
and 157). Secondly, rhodopsin can be obtained in sufficient
amounts for the crystallization and determination of the
three-dimensional structure both from native photoreceptor
membranes and as the recombinant protein.

These factors account for the fact that rhodopsin was
the first transmembrane protein of animal origin whose
structure was reliably determined, whereas the bacterial
protein bacteriorhodopsin was the first membrane protein
whose primary structure was determined.!’%- 159 The first
three-dimensional structure of visual rhodopsin was deter-
mined for the dark state.'!-!5 Later, the structures of the
thermally stable recombinant mutant of rhodopsin '¢° and
its several metastable intermediates containing the trans-
retinal moiety in the chromophore site were estab-
lished,!61-162 and finally the structure of the physiologically
activated opsin apoprotein containing no retinal was deter-
mined.!63

Attempts to crystallize rhodopsin in the physiologically
active state (metarhodopsin II) have long been unsuccessful,
because the protein is very unstable. However, it was found
that metarhodopsin II forms a stable complex with the
C-terminal peptide of the o subunit of transducin. The
first publication on the crystallization of opsin with the
use of this complex appeared in 2008.1%4 This gave rise to
the hope that metarhodopsin II will be crystallized in the
complex as well. Actually, stable structures of activated
rhodopsin containing the trans-retinal moiety as an agonist,
similarly to native metarhodopsin II, were described in
2011-2012.33- 165,166

It should be remembered that in the native photorecep-
tor membrane, metarhodopsin II is formed as a result of the
photoinduced conversion of the inverse agonist, i.e., of the
11-cis-retinal moiety covalently bound to opsin (to be more
precise, to Lys296), into the powerful agonist, the all-zrans-
retinal moiety. It is important that all-frans-retinal is also
covalently bound to the same amino acid residue of opsin
and remains in the tight protein environment of the chro-
mophore site. However, in the step of metarhodopsin II,
both the volume of the chromophore site and the surface
area of the interaction of the retinal moiety with the amino
acid environment are substantially larger (850 A3 versus
660 A3 in the dark state of rhodopsin and ~300 A2 versus
~230 A2, respectively).!! The results of other studies also
indicate that the conversion of the inverse agonist to the
agonist is accompanied by an increase in the volume of the
chromophore site (see, for example, Ref. 151). In fact, an
increase in the volume of this site after the photoisomeriza-
tion of 11-cis-retinal takes place earlier than the formation
of metarhodopsin 11, that is, in the step of the formation of
lumirhodopsin, in which the volume of the chromophore
site is ~890 A3 (Ref. 162).

Returning to the complex of the o subunit of transducin
with metarhodopsin II containing the all-zrans-retinal moi-
ety, it should be noted that it was prepared using somewhat
different strategies in the above-mentioned publications. In
the study,'%° a crystal of opsin was initially grown, and then
trans-retinal (all-trans-1) was introduced into this crystal.
However, the position of the retinal moiety in the chromo-
phore site of opsin remained unclear.

In two other works, the complex contained rhodopsin
with particular point mutations.3 165 One of these muta-
tions (Glul13Gln) was in the chromophore site.!®> This
mutation made it possible to neutralize the Schiff base

counterion Glul13, thus preventing the dissociation of the
trans-retinal from the chromophore-binding site. However,
the covalent bond between retinal and opsin is not retained
in this mutant form, as opposed to native metarhodopsin II.
In the study *° published in 2012, the mutation (Met257Tyr)
was in the vicinity of the G-protein-binding site. In this
case, both the chromophore site and the covalent bond
between the 11-cis-retinal moiety and Lys296 of opsin
remained the same as in native metarhodopsin II. More-
over, the introduction of the inverse agonist (11-cis-retinal)
into this complex results in the complete suppression of the
activation of transducin. In the case of the photoisomeriza-
tion of 11-cis-retinal to the trans form, i.e., to the agonist,
the complex of metarhodopsin II with the C-terminal
peptide was activated in a similar way as native metarho-
dopsin II according to the mechanisms of the phototrans-
duction. This made it possible to prepare a stable complex
of metarhodopsin II with the C-terminal peptide of the o
subunit of transducin. The structure of this complex was
studied in detail.

It should be noted that the constantly activated state of
mutant G-protein-coupled receptors was described rather
long ago. This state can appear as a result of even a slight
distortion of the mutual arrangement of a-helices in the
transmembrane domain, which leads to an abnormal
increase in their conformational mobility. This state of
mutant receptors is responsible for a number of diseases.!¢”
For example, in the case of rhodopsin, this state causes
serious eye disorders, such as congenital stationary night
blindness %% and retinitis pigmentosa .>® In this respect, the
mutation Met257Tyr, which does not cause substantial
structural rearrangements but gives rise to the constantly
activated state of rhodopsin,3? can serve as a bright example
of a dramatic change in the functional properties of the G-
protein-coupled receptor as a result of the only point
mutation.

Structural rearrangements in rhodopsin induced by the
photoisomerization of the 11-cis-retinal moiety and result-
ing in its interaction with the G-protein transducin can be
described based on the results of the three latest stud-
ies,33- 165,166 which are in good agreement with each other,
as well as with a large number of other investigations by
NMR, ESR and Fourier-transform infrared spectroscopy
and some other methods.

The isomerization and rotation of retinal in the chro-
mophore site lead to the 4 A shift of the B-ionone ring in the
space between transmembrane a-helices V and VI. In the
vicinity of the chromophore site, a-helices II, VI and VII
move apart from each other and the volume of the chromo-
phore site increases compared to the dark state. Along with
the simultaneous shift of Ser298 in a-helix VII and Trp265
in a-helix VI, a free space appears between the chromo-
phore site and the cluster of bound water molecules. The
involvement of bound water molecules in the mechanism of
activation of rhodopsin is extensively studied and dis-
cussed,!5-69.82-85

Therefore, there are several key events in the transition
of rhodopsin to the physiologically active state. One of
these events is the intramolecular proton transfer from PSB
to the counterion Glull3 in transmembrane o-helix
I11.146.169 The distance between the nitrogen atom of the
Schiff base and the d-carbon atom of Glull3 increases to
6.6 A,35 which is in good agreement with some other X-ray
diffraction data.!03-166.169 Thjs is additional evidence that
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intradiscal face

Metarhodopsin 11

i
A

Nucleotide site for exchange of GDP
for GTP

C-Terminal a-helix of the
a-subunit of transducin

Loops serving as binding sites
of the a-subunit of transducin

zf Chromophore site

Figure 10. Scheme of the interaction between metarhodopsin II and transducin (the modified figure taken from the study '#4); o, B, vy are

subunits of transducin.

the existence and retention of the covalent bond between
retinal and opsin in metarhodopsin II is of key importance
for the physiological activation of rhodopsin.

The intramolecular displacement and rotation of the
B-ionone ring of retinal in the space between the a-helices V
and VI is another key event. It is these a-helices of the
transmembrane domain that undergo the largest conforma-
tional changes in the course of physiological activation of
rhodopsin. According to the X-ray diffraction and NMR
spectroscopic data, this leads to an increase in the distance
between a-helices III and V and the displacement of the
second intradiscal loop.3>170-171 The rotation of the B-ion-
one ring results in the release of the tryptophan Trp265 in
a-helix VI, which, in turn, causes the rearrangement of a
hydrogen bond network. This rearrangement substantially
facilitates a change in the slope of transmembrane o-helix
VI and, which is of most importance, it involves the region
from the retinal moiety in the chromophore site to the
binding site of the G-protein of transducin in the hydro-
philic cytoplasmic domain of rhodopsin, i.e., extends to a
distance of about 40 A (Fig. 10). It should be noted that the
amino acid residues involved in the rearrangement of the
hydrogen bond network (the cluster of hydrogen-bonded
water molecules) are highly conserved in the rhodopsin-like
class A of G-protein-coupled receptors (see the review '2).

Therefore, the all-frans-retinal moiety, which does not
fit into the chromophore pocket after the isomerization of
the 11-cis-double bond, initiates a cascade of activated
conformational states of the protein part of the molecule,
resulting finally in the formation of a cleft in the region of

the hydrophilic cytoplasmic domain entered by the C-poly-
peptide terminus of the o subunit of the G-protein trans-
ducin.!?-27.144.155 Then the conformational signal is
transmitted to the nucleotide-binding site of transducin,
resulting in the exchange of guanosine diphosphate (GDP)
for guanosine triphosphate (GTP) and the dissociation of
transducin to the o and Py subunits (see Fig. 10). The
details of the mechanism of the conformational signal
transduction to transducin remain unknown.

The establishment of the molecular mechanisms of the
binding and activation of the G-protein using rhodopsin is
of fundamental importance for an understanding of the
mechanisms of action of a large family of G-protein-
coupled receptors and for a search of new drugs. At present,
modern pharmaceutical industry invests large efforts and
resources to the design of new drugs intended for the
regulation of G-protein-coupled receptors and their inter-
action with the G-protein.

4. Hydrolysis of Schiff-base C=N bond to form opsin and
trans-retinal

a. Free opsin

The last step of the photolysis of rhodopsin involves the
hydrolysis of the iminium bond and the release of free
retinal all-trans-1 to the lipid bilayer of the photoreceptor
membrane (see Fig. 6). As a result, the opsin apoprotein,
which does not contain the chromophore group, remains in
the membrane, whereas trans-retinal is removed. The
bleaching of a considerable amount of rhodopsin is accom-
panied by the accumulation of a large amount of opsin in
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the photoreceptor cell outer segment. It was found that this
protein can by itself bind and activate transducin; however,
its efficiency as the G-protein-coupled receptor is very low
and is 10~° of the activity of metarhodopsin II.'44 Never-
theless, even this very low efficiency is of physiological
importance for photoreceptor cells, primarily, for their
light adaptation.

Free opsin can initiate the phototransduction by binding
and activating transducin, which creates the so-called
equivalent background light in visual cells. The existence
of this background light was suggested back in the 1930s.172
Equivalent background light causes a decrease in the light
sensitivity of a photoreceptor cell (desensitizes a rod), thus
serving as an important event in the molecular mechanism
of its light adaptation. The subsequent visual pigment
regeneration leads to the disappearance of a nonspecific
signal because, as discussed above, the chromophore group
in the dark state of rhodopsin is a powerful inverse agonist.
In other words, the visual pigment regeneration plays a key
role in the mechanism of the dark adaptation of visual cells.

The absence of free opsin and, consequently, equivalent
background light, in a dark-adapted rod, as well as very low
thermal dark noise (see above) allows the rod to detect a
single absorbed quantum of light and transmit information
about this event to subsequent retinal nerve cells and then
to the brain.®7-173-175

b. Free trans-retinal

In the vision, light is not only is a carrier of information but
also a risk factor. This is the so-called photobiological
paradox of vision.”? In the course of the evolution, this

A AN AN PREG65
A
N
11-cis-2 OH
11-cis-RDH i g
RPE
POS
N N AN
X
\i/(RhO)
11-cis-PSB H

|«

e N xR RRO) D
H

all-trans-PSB

(Rho) is the opsin moiety

paradox was resolved. Thus, along with a photoreception
system, a multilevel system of protection against the risk of
damage was formed in organs of vision.”?176-177 Epidemio-
logical data are indicative of the aggravating effect of light
(primarily, in the near-ultraviolet and short-wavelength
visible regions of the spectrum) on the development of
retinal degenerative diseases, primarily of the severe and
widespread age-related macular degeneration.”!-178

Photoreceptor cells and retinal pigment epithelium
(RPE) cells are highly sensitive to photooxidative stress.
These cells contain all three factors responsible for the
development of this stress according to the mechanism of
free-radical photooxidation: photosensitizers, oxygen and
easily oxidizable substrates (polyunsaturated fatty acids,
PUFASs). Retinoids, which are products of the conversion
of trans-retinal (1) released from photolyzed rhodopsin, are
the main photosensitizers. Trans-retinal (1) and its conver-
sion products are fairly toxic and phototoxic. Acting as
photosensitizers, these compounds can damage artificial
membranes,!”? 18! proteins (for example, rhodopsin) and
photoreceptor membrane lipids 82183 an also photorecep-
tor cells, as was shown by experiments in transgenic
mice, 184.185

The so-called rhodopsin visual cycle formed in the
course of the evolution of organs of vision in vertebrates
for the removal of free trans-retinal from the photoreceptor
membrane, its detoxification, synthesis and delivery of new
11-cis isomer to opsin and finally the regeneration of the
dark state of the visual pigment (Scheme 1) (see the
review 18¢). This cycle involves the following two cell struc-
tures: rod and cone outer segments and the adjacent RPE

i
Mo)\(m

all-trans-3

A

Mw

all-trans-2

Scheme 1

NN OH

all-trans-2

¢ T all-trans-RDH8

R

all-trans-1
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cell monolayer, where a large number of enzymes are
responsible for the release of trams-retinal and for the
synthesis and delivery of the new 11-cis isomer. As a rule,
the disruption of any step of the visual cycle leads to retinal
dystrophy.

In the step a (see Scheme 1), the rhodopsin chromo-
phore group, 11-cis-retinal, undergoes photoisomerization
to the trans isomer. The step b involves the release of all-
trans-retinal from opsin in the last step of the photolysis and
its transition to the membrane lipid phase. In the visual
cycle, the removal of trans-retinal from the photoreceptor
membrane is catalyzed by the following two enzymes: all-
trans-retinol dehydrogenase 8 (all-trans-RDHS8) and the
ATP-binding cassette transporter, the membrane protein
ABCR4. In the nicotinamide adenine dinucleotide phos-
phate (NADPH)-catalyzed reaction, the enzyme RDHS
reduces all-rrans-1 to the nontoxic alcohol, trans-retinol
(all-trans-2). The step ¢ occurs on the outer (cytoplasmic)
face of the photoreceptor membrane. Then the retinol-
transport protein delivers trans-retinol from the outer seg-
ment of the photoreceptor cell to the RPE cell. The
formation of the trans isomer of ester 3 (step e) is followed
by the dark isomerization and hydrolysis to 11-cis-retinol
(11-cis-2) catalyzed by isomerohydrolase RPE65 (step f).
11-cis-Retinol 2, whose formation is mediated by isomer-
ohydrolase, is oxidized by the enzyme 11-cis-retinol dehy-
drogenase to form 11-cis-retinal (step g). The transport of
the latter from the RPE cell to the photoreceptor outer
segment (POS) is mediated by the retinal-transport protein.
The transport of 11-cis-retinal to the apoprotein and its
incorporation into the chromophore site of opsin complete
the visual cycle (see Scheme 1).

X
R! O
all-trans-1
R? \/Of

O

o

o 4

R!, R? are hydrocarbon residues PUFAs

phospholipase D
_— >

Recently, experiments in transgenic mice have shown
that the conversion of trans-retinal to trams-retinol is
independent of the presence of the ATP-binding cassette
transporter (ABCR4), arestin, rhodopsin kinase or the
palmitylation of rhodopsin, i.e., the factors affecting the
removal of trans-retinal from the photoreceptor mem-
brane.'®” The function of ABCR4 is also to transport all-
trans-1 across the membrane; however, the mechanism of
the transport remains unclear (see the review !8%). The
question of how these two enzymes (RDH8 and ABCR4)
located in different parts of the photoreceptor disc mem-
brane perform the coordinated action is also open (see the
review 188),

It should be noted that the product of the interaction of
trans-retinal with one of the three main photoreceptor
membrane phospholipids, phosphatidylethanolamine (4),
rather than trans-retinal by itself is the natural substrate of
ABCR4. This product is N-retinylidenephosphatidyletha-
nolamine (5) (the formula is shown in Scheme 2).189-191

The protein ABCR4 attracts great attention because its
impairments cause retinal degenerative diseases, primarily
the above-mentioned Stargardt disease (see the review ’!).
The defects in ABCR4 lead to a considerable accumulation
of intracellular inclusions in RPE cells, such as the age-
related pigment or lipofuscin granules (LG) containing
more than a dozen of retinoid fluorophores, trans-retinal
conjugates.'92- 194 Scheme 2 shows the pathway of the
formation of retionoids from zrans-retinal: N-retinylidene-
phosphatidylethanolamine (A2PE, 5), bis(retinylidene)-
phosphatidylethanolamine (6) and bis(retinylidene)ethanol-
amine (A2E, 7). The fluorophore A2E was the first to be
identified and characterized.

Scheme 2

all-trans-1
—_—

H>O
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Lipofuscin granules, as well as unoxidized, oxidized
and/or photooxidized forms of fluorophores in LG, whose
formation was shown in in vitro 93195 and in vivo 196197
experiments, can exert the toxic and phototoxic effect on
RPE cells.

There are the following main risk factors of the dis-
ruption of the rhodopsin visual cycle: the generation of
active oxygen forms by fluorophores photoinduced with
visible light,!196,198-200 the release of photooxidized prod-
ucts of A2E from LG under illumination, which can initiate
the RPE cell apoptosis,?°! the disturbance of the digestive
function of lysosomes, resulting in the formation and
accumulation of LG in RPE cells,?°? the ability of A2E to
specifically inhibit RPE65 (the key enzyme of the visual
cycle) 203 and so on. Retinoids absorbing in the short-wave-
length region of visible light can serve as photosensitizers
for the well-known risk of the damaging effect on the retina
and RPE cells caused by this spectral region (blue light
hazard).2%4 205 This is evidenced, in particular, by the action
spectrum of photodamage observed in numerous biochem-
ical, cytological, electrophysiological and psychophysiolog-
ical studies (see reviews 72-206-209)

Since absorption spectra and, correspondingly fluores-
cence spectra of unoxidized and oxidized products of LG
fluorophores are different, a component analysis of the
fundus autofluorescence can be based on the detection of
these differences. This novel noninvasive method of diag-
nosis of age-related changes and retinal degenerative dis-
cases is based on the detection of autofluorescence of
fluorophores that are present mainly in LG.

In recent studies,?!%-21! it was shown that cells serving as
a source of 11-cis-retinal, which is necessary in the final step
of the regeneration of rod and cone visual pigments, are
different. Retinal pigment epithelium cells play an impor-
tant role in both types of pigments, but in the case of the
regeneration of cone pigments, Miiller glial cells in the
retina serve as an additional source of 11-cis-retinal.?!2.213

As mentioned above, isomerohydrolase (the enzyme
RPEG6S5), which is present in RPE cells and isomerizes
trans-retinol (all-trans-2) to 11-cis-form, plays a key role in
the synthesis of 11-cis-retinal in both types of photoreceptor
cells (see Scheme 1). It should be emphasized that the
mechanism of action of this enzyme remains unclear,
although extensive attempts are made to clarify this ques-
tion.2'# This is of great interest for the chemistry of enzymes
catalyzing the stereospecific isomerization. It has been
recently shown?!® that isomerohydrolase in Miiller glial
cells, whose function is to regenerate cone pigments, is
somewhat different from isomerohydrolase RPE65 (for
example, 22% of amino acid sequence is nonhomologous).

The strategy of the search for agents capable of retard-
ing the development of retinal degenerative diseases, pri-
marily of the Stargardt disease and the so-called dry form of
age-related macular retinal degeneration, is based on the
inhibition of the RPEG65 activity. The goal is to retard the
operation of the visual cycle, thus decreasing the accumu-
lation of retinoids, which are (photo)toxic by-products of
the photolysis, in photoreceptor cell outer segments. It was
shown that the free-radical trapping agent a-phenyl-N-zert-
butylnitrone (PBN), which can protect the retina against
photodamage, inhibits the enzymatic activity of RPE6S,
thus slowing down the regeneration of rhodopsin.?!'® The
same principle of the suppression of the visual cycle and the
regeneration of rhodopsin lies behind the action of the new

drug ACU-4429, which has been recently manufactured by
the U.S. company Acucela.

The mechanism of incorporation and conversion of 11-
cis-retinal to the chromophore group (step /# in Scheme 1)
also requires further experimental and theoretical investiga-
tions. The channelling hypothesis was proposed as an
explanation of this mechanism.?!7-218 According to this
hypothesis, the rhodopsin molecule has the entrance (for
11-cis-retinal) and exit (for trans isomer) chromophore sites,
and the exit site becomes free after the incorporation of 11-
cis-retinal into the chromophore site. However, the pub-
lished data?!® cast doubt on this hypothesis. Since the
formation of the covalent bond between the chromophore
and the protein in the chromophore site is irreversible, the
flow of 11-cis-retinal delivered from RPE and Miiller cells
to rod and cone outer segments and, correspondingly, the
visual cycle are in fact controlled by the amount of free
opsin in the photoreceptor membrane of visual cells.

Therefore, the visual cycle shows how trans-retinal,
which is released in the course of the photolysis, is again
converted into 11-cis-retinal as a result of the intra- and
extracellular transfer events and enzymatic cascade reac-
tions and how the latter returns to the chromophore site of
opsin. This completes the regeneration of the dark state of
rhodopsin in rods and of the visual pigment in vertebrate
retinal cones in animals and humans.

* * *

The visual pigment rhodopsin has several key physiological
functions in the mechanism of the visual reception. It
provides spectral sensitivity of photoreceptors cells, photo-
transduction and the light and dark adaptation. Genetically
determined defects of both the visual pigment molecule and
the proteins involved in the mechanisms of phototransduc-
tion and adaptation or the mechanism of the visual cycle,
are directly related to the pathogenesis of different forms of
retinal degenerative diseases. An understanding of the
structure and physicochemical mechanisms of the function-
ing of light-sensitive visual pigments opens a route to
investigations of the pathogenesis of the heavy eye diseases
and the design of new modern nanotechnological devices on
their basis.
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