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Abstract—The diversity of the retinal-containing proteins (rhodopsins) in nature is extremely large. Fundamental similar-
ity of the structure and photochemical properties unites them into one family. However, there is still a debate about the
origin of retinal-containing proteins: divergent or convergent evolution? In this review, based on the results of our own
and literature data, a comparative analysis of the similarities and differences in the photoconversion of the rhodopsin
of types | and II is carried out. The results of experimental studies of the forward and reverse photoreactions of bacte-
riorhodopsin (type I) and visual rhodopsin (type II) in the femto- and picosecond time scale, photo-reversible reaction
of octopus rhodopsin (type II), photovoltaic reactions, as well as quantum chemical calculations of the forward photo-
reactions of bacteriorhodopsin and visual rhodopsin are presented. The issue of probable convergent evolution of type I

and type Il rhodopsins is discussed.
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INTRODUCTION

Family of the retinal-containing proteins (RCPs) in-
clude three types of rhodopsin: microbial (type I), ani-
mal (type II), and recently discovered heliorhodopsins
(type III) [1-7]. Despite the fact that their functions are
very diverse, fundamental similarity of the structure,
7-a-helical topography of the protein part and retinal as
a chromophore group, as well as of their photochemi-
cal and spectral properties is astounding. Obviously, this
raises the question of their evolutionary origin. Bearing
in mind conflicting opinions on their divergent [8-10] or
convergent [11-15] evolution, we consider the latter more

favorable. In other words, it has been suggested that there
is no common ancestor for all three types of rhodopsins.
And, if this is true, most likely, the pressure of external
factors (Darwin’s natural selection) and physiological
need resulted in such amazing similarity of such unrelat-
ed RCPs. In this regards comparison and understanding
of evolution of each type of rhodopsins seem to be an
independent topic that attract a lot of interest among the
researchers. The ever-increasing number of publications
on this topic testifies to this [3-5, 11, 16-18].

It became clear recently that the diversity of RCPs
is very large. At present they have been found in all do-
mains of life — bacteria, archaea, and eukaryotes, as well

Abbreviations: RCP, retinal-containing protein; RPSB, retinal protonated Schiff-base; BR, bacteriorhodopsin of Halobacterium
salinarum archaeon; Rh, bovine visual rhodopsin of Bos taurus; FC, Franck—Condon state; wave packet, a set of coherent excited
vibrational states; CI, conical intersection of potential energy surfaces; HOOP, hydrogen-out-of-plane vibrations; PES, potential

energy surface
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as in giant viruses. Type I rhodopsins are characteris-
tic for bacteria, archaea, viruses, and lower eukaryotes;
they have very diverse functions with main ones includ-
ing light-driven energy (ion pumps) and photo-infor-
mation (sensor rhodopsins, cation, and anion channels)
functions [6]. Type II rhodopsins are characteristic for
higher animals; in the majority of cases, they are repre-
sented by the specialized G-protein-coupled receptors,
which ensure mainly photo-information functions, pre-
dominantly vision function [1, 2]. Type III rhodopsins
are widely available in live organisms from the same
domains of life as type I rhodopsins, and they probably
perform photo-information functions [7].

Initially the term rhodopsin was referred to only pro-
teins mediating vision. The protein discovered in 1876
by Ferenz Boll was first named a vision compound
(Sehestoff), next, due to its color, “visual purple” (Seh-
purpur), and later “rhodopsin” from the Greek words
“rhodo” — pink and “opsis” — sight. The retinal-contain-
ing proton pump of halophilic archacon (Halobacterium
salinarum) discovered by Walther Stoeckenius and Dieter
Oesterhelt almost 100 years later was named bacteri-
orhodopsin by analogy with the visual rhodopsin [19].
At present the name rhodopsin is applied to all mem-
bers of type I, II, and III RCPs. Their common features
are, first, the structure of apo-protein, opsin, with seven
transmembrane a-helices, and, second, cofactor (chro-
mophore) — retinal that absorbs light quanta. It becomes
more obvious with time that the 7-a-helical protein do-
main of RCPs is both very conserved and, at the same
time, it is characterized with very high plasticity. As to
retinal, it is, as a rule, covalently bound via the pro-
tonated Schiff-base (RPSB) with the lysine amino acid
residue of opsin in the seventh transmembrane a-he-
lix (TM7), and exist as all-trans (types I and III rho-
dopsins) or 11-cis (type II rhodopsins) isomeric forms.
It should be noted that the chromophore center is the
most conserved domain of opsin. Protein environment
of RPSB is crucial for both spectral tuning of the rho-
dopsin molecule, and for facilitating ultrafast and effi-
cient photochemical reaction of the chromophore isom-
erization, which is the basis for functioning of all RCPs.
Considering the role of protein environment of RPSB
in the chromophore center of opsin, it is acceptable
to consider the process of photoisomerization as cata-
lyzed by the protein. Furthermore, the issue of the nature
of protein—chromophore interactions (steric, electro-
static, hydrogen-bonding, and hydrophobic) is actively
investigated [20].

With regards to membrane topology of the protein
part of the molecule, it was established that in types I
and II rhodopsins N-end is facing outside the cell
and C-end — inside, while the opposite is observed in
type III rhodopsins with N-end facing inside the cell and
C-end — outside [4, 7, 21]. The reason and biological
significance of such arrangement of type III rhodopsin
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is not yet clear. It is also surprizing that the “inverted”
topology of the protein part of the molecule has been
also observed in the olfactory G-protein-binding recep-
tors of insects [22].

Type I rhodopsins of bacteria and archaea, includ-
ing bacteriorhodopsin that performs the simplest pho-
tosynthesis, are among the most ancient proteins in the
biosphere, they emerged in prokaryotic cells around
3.8 billion years ago. Type I rhodopsins of single-cell
eukaryotes emerged 3.2 billion years ago, while type II
rhodopsins of higher animals, including visual rhodop-
sin, appeared in multi-cellular eukaryotes less than 1 bil-
lion years ago [5, 11, 18, 23-25].

It has been suggested in the framework of the the-
ory of convergent evolution of rhodopsins that the
lysosomal cysteine transporters with 7-a-helical struc-
ture were predecessors of the microbial rhodopsins [15].
The cAMP-dependent G-protein-coupled receptors
with classic 7-a-helical structure, i.e., not containing
retinal receptors, are considered as predecessors of an-
imal rhodopsins [12-14], and retinal chromophore was
inserted in the chromophore centers of opsins later.

It has been suggested in one of the studies in the
framework of the theory of divergent evolution that, first,
type II rhodopsins originated from the cAMP receptors
(same as other G-protein-coupled receptors of class A),
from which later type I rhodopsins were generated via
horizontal gene transfer from eukaryotes to prokaryotes
[9]. In another work, based on optimization of electron
properties of the chromophore without considering clear
differences in amino acid sequences, the authors suggest
existence of the divergent pathway of evolution, but in
this case from type I to type Il rhodopsins [8]. In one
other study the authors suggested their common origin
based on comparison of the structures of Na-binding
centers in the conserved amino acid region of the TM6
and on the functionally significant tilt of this helix in
the microbial rhodopsins and in the G-protein-coupled
receptors [10].

With regards to the recently discovered type III
rhodopsins, their origin remains obscure. According to
the suggestion of the authors of one study, heliorho-
dopsins originated from type Il eukaryotic rhodopsins,
which were next captured by the giant viruses and were
transferred to prokaryotic cells [16]. This implies, similar
to one of the hypotheses of the origin of type I rhodo-
psins [9], unusual direction of evolution from eukaryotes
to prokaryotes.

In any case, the whole array of the data accumu-
lated so far allows to favor the notion on convergent in-
dependent evolution of all types of RCPs. In this review
similarities and differences in molecular mechanisms of
photochemical reaction in type I and type II rhodop-
sins are considered. Based on our own experimental
data and quantum-chemical calculations we present our
arguments in favor of the convergent evolution of RCPs.
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COMPARISON OF THE PRIMARY
PHOTOREACTIONS IN TYPE I
AND TYPE II RHODOPSINS

Rhodopsin functioning is based on the photochem-
ical reaction of isomerization of the RPSB chromo-
phore group (all-trans — 13-cis in type I rhodopsins and
11-cis — all-trans in type 1l rhodopsins) (Fig. 1a) [1, 2,
26-30]. Photoreaction occurs in the excited state and is
characterized with unique parameters, which are deter-
mined by both chemical properties of the chromophore
itself and effect of protein environment on the chromo-
phore [26, 31-33]. In the process, the energy of light
quantum is stored as the energy of the highly twisted
configuration of the isomerized RPSB in the chromo-
phore center [34]. Moreover, in the case of type I rho-
dopsins additional contribution to the energy storage is
provided by the change of the hydrogen bond network in
the RPSB region [27]. These processes occur on a fem-
to- and early-picosecond time scale [27]. Next, trans-
formation of the strained chromophore conformation
into a relaxed state occurs accompanied by the release
of stored energy, which, in turn, leads to re-arrangement
of the protein environment in the chromophore center.
This process eventually initiates global structural chang-
es of the entire protein part of the molecule required for
its functioning.

Mechanisms of photoinduced reactions of type I
and type II rhodopsins are presented in this section
of the review using the most studied representatives of
these two classes of RCPs, proton pump — bacteriorho-
dopsin of the H. salinarum archaeon (BR) and G-pro-
tein coupled receptor — bovine visual rhodopsin of Bos
taurus (Rh), as examples.

Stationary absorption spectra of BR and Rh are
shown in Fig. 1b, which consist of a-, -, and y-bands
with the latter defined by the opsin absorption at 280 nm.
a- and B-bands are associated with the absorption of
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RPSB as a part of the chromophore center. Depending
on the isomeric form, protonation state of the Schiff
base, and on peculiarities of the chromophore center
structure the spectral, photochemical, and a number
of other functionally important properties of the mol-
ecule change significantly [35]. Position of the a-band
absorption determines spectral range of rhodopsin func-
tioning (300-700 nm) [2]. In the case of BR, maximum
of the a-band absorption is at 568 nm [Fig. 1b ()], and
in the case of Rh — at 498 nm [Fig. 1b (2)]. Position
of the B-ionone ring significantly affects position of
the RPSB absorption maximum [36]. In BR the chro-
mophore group has planar frans-configuration of the
Cs = C¢ and C; = C; bonds relative to the Ce—C5 single
bond [6-s-trans; Fig. 1a (1)], while in Rh it has cis-con-
figuration [6-s-cis; Fig. la (2)], which is not planar due
to steric hindrance causing decrease of the conjugation
length in the chromophore and shift of the Rh absorp-
tion maximum towards shorter wavelengths.

Forward photoreaction of type I and type II rhodop-
sins. Absorption of a quantum of light results in photo-
chemical reaction of RPSB isomerization and formation
of the primary photoproducts with spectral properties
different from the initial state. In this review our own
results on the dynamics of the primary processes of pho-
totransformation of BR and Rh obtained using method
of femtosecond absorption laser spectroscopy [37-46]
and supplemented with the data of quantum-chemical
calculations are presented [32, 47-50].

Difference spectra and kinetic curves of the pho-
toinduced absorption of BR and Rh presented in Fig. 2
are produced with probing pulse delay time of up to 10 ps.
The first photoinduced signals observed in the early fem-
tosecond time scale include absorption and stimulated
emission from the S; excited state [Fig. 2a (2 and 3);
Fig. 2b (2)]. These signals are followed by absorption
of the first photoproduct in the ground electronic state
S¢, and bleaching appears in the region of absorption
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Fig. 1. Physicochemical characteristics of the chromophore group in type I and type II rhodopsins. a) Chemical structure of the rhodopsin
chromophore group — all-trans RPSB in type I rhodopsins (/) and 6-s-cis—11-cis RPSB in type II rhodopsins (2). Reactive bond is shown in bold.
b) Stationary absorption spectra of the suspension of purple membranes containing bacteriorhodopsin of the Halobacterium salinarum archacon
(BR) (/) and of the detergent extract of the visual rhodopsin of Bos taurus (Rh) (2) normalized to a-band absorption.
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Fig. 2. Forward photoreactions of BR and Rh. a) Spectra of photoinduced absorption of BR recorded with delay times: —0.2 (7), 0.05 (2), 0.12 (3),
0.5 (4), 1 (5), and 10 (6) ps. b) Spectra of photoinduced absorption of Rh recorded with delay times: —0.2 (7), 0.03 (2), 0.1 (3), 0.2 (4), 0.8 (5),
and 10 (6) ps. Stationary absorption spectra of BR (a) and Rh (b) are presented with negative sign (7). ¢, d) Normalized kinetic curves of pho-
toinduced absorption of BR (/) and Rh (2) recorded at the absorption band of the excited state (c) with probing wavelengths of 470 (BR) and
410 (Rh) nm and in the absorption band of the photoreaction products (d) with probing wavelengths of 640 (BR) and 580 (Rh) nm. Kinetic curves
are shown in the linear scale of delay time up to 2 ps and further in the logarithmic scale. The figure is adapted from [44] with permission.

of rhodopsin in the ground state [Fig.2a (5), 600-
700 nm; Fig. 2b (4), 540-700 nm]. Within several pico-
seconds the absorption band of the first photoproduct
shifts slightly towards shorter wavelengths, which re-
flects formation of the next product as a result of the
processes of vibrational relaxation of the chromophore
group and its amino acid environment [Fig. 2a (6);
Fig. 2b (6)]. A fraction of the excited BR and Rh mol-
ecules returns back into the initial state with non-isom-
erized RPSB, which determined quantum yield of the
reaction.

Comparative analysis of the photoinduced absorp-
tion spectra of BR and Rh demonstrates differences in the
position of absorption bands and stimulated emission, as
well as in the time of formation of the primary products.
In the case of BR, the signals of the excited state (L)
appear after delay time of 100 fs (Fig. 2a (2 and 3); 400-
540 nm and 700-880 nm) [42-44]. Within 1 ps these sig-
nals practically completely disappear and are replaced
with the positive absorption signal of the first product
(Je25) [Fig. 2a (5)], which contains RPSB in 13-cis-con-
figuration. The next product (Kse) is formed within a
picosecond time interval [Fig. 2a (6)].
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In the case of Rh, the signals from the excited
state (Rhsp) appear within <30 fs (Fig. 2b (2); 410-480 nm
and 620-720 nm) [41, 42], which is significantly faster
than in the case of BR. At the delay time of 100 fs these
signals already disappear and are replaced with the pos-
itive signal of the first product (Photosz), which is com-
pletely formed by the time of 200 fs after absorption of
the light quantum [Fig. 2b (3 and 4)] [37, 38, 41, 42].
The next product (Bathos;s) is formed within several
picoseconds [Fig. 2b (5 and 6)].

Kinetic curves of the photoinduced absorption of
BR and Rh are presented in Fig. 2, which reflect for-
mation and decay of the excited state (l40 and Rhj, re-
spectively; Fig. 2c¢) and formation of the first product of
photoreaction (Jes and Photosy, respectively; Fig. 2d).
In the case of Rh, photoreaction proceeds much fast-
er (60 fs) in comparison with BR (480 fs) [40, 42-44],
which is in good agreement with the data reported by
Kochendoerfer and Mathies [51], Polli et al. [52], and
Johnson et al. [53, 54]. Time of formation of the sec-
ond product of the BR reaction (Ksy) is estimated as
1.8 ps, and of the second product of the Rh reaction
(Bathosss) — as 2.2 ps [44]. Analysis of dynamics of the
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Fig. 3. Kinetic schemes of elementary reaction of photoisomerization in type I rhodopsin — BR (a) and in type Il rhodopsin — Rh (b). Lifetimes
of the intermediate states are presented in the schemes as well as reactive (r) and non-reactive (nr) decay pathways of the excited state are marked.
Potential energy surfaces (So and Si1) of type I rhodopsins exemplified by BR (c) and type 11 rhodopsins exemplified by Rh (d) show the reaction
pathways of their forward (dark gray color) and reverse (gray color) photoreactions in femto- and pico-second time scale. FC, Franck—Condon
state; CI, conical intersection. Figure is adapted from [42] with permission.

excited state decay (both of Rh and BR) reveals that in
a small fraction of the molecules (~4%) lifetime of the
excited state is much longer (2.4 ps), and its decay re-
sults in formation of only initial state of the RCP, hence,
this pathway has been termed non-reactive [44]. Exis-
tence of several pathways of the excited state decay, some
of which could be non-reactive, is, in general, typical
for type I rhodopsins [55-58], and in a lesser degree —
for type II rhodopsins [59]. This has been associated
with the split of the reaction pathway in the Frank—
Condon state (FC) or with the initial heterogeneity of
the protein part of the molecule [28, 60]. The latter sug-
gestion has been confirmed for the sodium pump KR2
of the Krokinobacter eikastus bacterium [49, 57] and
for the proton pumps proteorhodopsin and BR [58].
The ratio of the fraction of the excited molecules un-
dergoing isomerization and the fraction of the excited
molecules returning to the initial state via the reactive
and non-reactive pathways determines quantum yield
of isomerization, which is 0.64 for BR [61] and 0.65
for Rh [62]. Kinetic scheme and lifetimes of the ob-
served processes are presented in Fig. 3, a and b.

One of distinctive features of the photoreaction of
RPSB in rhodopsins and in solution is existence of the
vibrational component in its dynamics in the early stag-
es [29, 42, 53, 63, 64]. Phases and amplitudes of these
vibrations allowed to interpret their appearance as a re-
sult of non-stationary oscillatory motion in the excited
and ground states of the reagent and reaction products.

Contrary to the classic notions, formation of the prod-
uct in this type of photochemical reactions occurs via
coordinated motion of the molecule nuclei and ends
faster than the processes of vibrational relaxation and
vibrational dephasing in the excited state [65, 66]. Such
reactions are termed coherent and could be described
as a motion of the wave packet (set of coherent excited
vibrational states) first down the S; potential energy sur-
face (PES) and next down the Sy PES along the reaction
coordinate. Such fast S; = S, transition is possible due
to existence of the multidimensional conical intersection
region (CI) of S;/Sy PESs, owing to which effective and
ultrafast transformation of light energy into chemical en-
ergy occurs [31, 67].

The main differences in the dynamics of forward
photoreactions of BR and Rh are associated with the
structures of PESs of the Sy, S;, and S, states of these
rhodopsins (Fig. 3, ¢ and d), which is determined by
both isomeric form of RPSB, and by the effect of specif-
ic protein environment of the chromophore.

In the case of BR, similar to the other type I rho-
dopsin, the forward photoreaction is described by the
3-state model including So, Si, and S, states [26, 28,
55, 68], which postulates existence of a small barri-
er on the decay pathway of the S, state due to interac-
tion with the S, PES, which significantly affects dy-
namics of the reaction (Fig. 3c). Excitation of the BR
results in formation of the FC state on the S, PES,
which, as a result of the wave packet motion along
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Fig. 4. Optimized structures of reagents and primary products of BR and Rh — all-frans RPSB in BRses (a), 13-cis RPSB in Ksoo (b), 11-cis RPSB in
Rhuass (¢) and all-frans RPSB in Bathosss (d). Dihedral angles are shown by black lines with corresponding values.

all-symmetrical (C=C and C—C) vibrational modes of
RPSB, is transferred into the excited state I within
40 fs. Next, the wave packet moves along the reactive hy-
drogen out-of-plane (HOOP) and torsional vibrational
modes and by overcoming a small barrier on the S; PES
reaches the CI region within the characteristic time of
480 fs. In the CI region the wave packed is divided into
two subpackets, with one of them is transferred to the
So PES of the J¢s product, and the second one — to the
So PES of the initial state BRs¢s. As a result of overcoming
the barrier on the S; PES the wave packet loses its coher-
ent properties, which is obvious from the absence of clear-
ly pronounced oscillations in the time-resolved signals
of the product Jes absorption [Fig. 2d (1)] [29, 42-44,
55, 56]. This type of dynamics is termed diffusive [26].

In the case of Rh, same as for other type II rhodop-
sins, forward photoreaction is described by the 2-state
model (So and S;) (Fig. 3d) [2, 26, 28, 69]. As a result
of excitation of the Rh molecule a FC state is formed
on the S, PES, which is transformed within less than
30 fs into the excited state Rhs as a result of motion
of the wave packet along the all-symmetric (C=C and
C—C) vibrational modes of RPSB, similarly to the case
of BR. Next, the wave packet moves along the out-of-
plane (HOOP and torsional) vibrational modes, reaches
the CI region within =60 fs, where it is divided into two
subpackets. The first subpacket moves along the Sy PES
of Photos;, which is accompanied by the vibrational
relaxation of this product visualized by the clearly pro-
nounced oscillations of these kinetic curves (Fig. 2d),
while the second subpacket is transferred to the Sy PES
of the initial state Rhuss continuing its motion. Hence,
the S, = S, transition of the wave packet in the process
of photoreaction of Rh occurs very fast, without devia-
tions and barriers thus preserving the significant portion
of coherence [37, 38, 42, 63]. Such type of dynamics is
termed ballistic or impulsive [26, 70].

In order to explain differences in the dynamics of
photoinduced processes and specificity of the reaction
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of photoisomerization in BR and Rh, quantum-chem-
ical calculations of the structures of these RCPs were
performed, and activity of the vibrational modes
during So— S, excitation and their link with the reac-
tive modes during non-radiative transition S, - S, were
analyzed.

Optimized structures of the all-frans and 11-cis
RPSB in the ground electronic state in the protein envi-
ronment of BR and Rh, respectively, obtained with the
help of combined method of quantum and molecular
mechanics (QM/MM) are presented in Fig. 4 [48].

In the protein environment the chromophores
are found to have reactive bonds significantly twisted
(Fig. 4, a and c). On the other hand, these twists are
absent outside of the protein and the m-conjugated sys-
tem is planar with exception of the double bond in the
B-ionone ring. This bond, depending on the RPSB con-
figuration, is either in the conjugation plane of all other
five double bonds [6-s-trans; Fig. 1a (1)], or is out of
the conjugation plane [6-s-cis; Fig. 1a (2)]. It should be
noted that in the protein environment the out-of-conju-
gation-plane angle of the double bond in the -ionone
ring in BR practically does not change, while in Rh it
increases significantly [48].

Hence, the protein environment indeed promotes
change of conformation and ‘twisting’ of the chromo-
phore group, which is due to its interaction with the
closest amino acid residues of the chromophore cen-
ter. This is mainly mediated by formation of hydrogen
bond between the protonated Schiff base and primary
counterion, which affects significantly torsion angle of
the reactive bond. Furthermore, attention should be also
paid to steric interaction in the area of (3-ionone ring
of retinal. As expected, geometry of the primary pho-
toproducts was found to be even more twisted around
the reactive bonds due to their inability to relax in the
protein environment, which, on picosecond time scale,
remains more optimal for the initial isomers of RPSB
(Fig. 4, b and d).
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Fig. 5. Activity of the vibrational modes of RPSB during So - S transition in gas phase and in protein environment: all-trans RPSB in gas phase (a)

and in BR (b); 11-cis RPSB in gas phase (c) and in Rh (d).

Interestingly enough, rotation barrier around the
single bond C¢—C; does not exceed 3 kcal/mol in the gas
phase [50], which facilitates practically free transition
between the 6-s-frans and 6-s-cis conformations in the
RPSB. As was mentioned above, length of the m-con-
jugation chain is an important factor affecting position
of the absorption maximum wavelength. Intramolecular
rotation around the single C¢—C; bond results in the ab-
normally wide absorption spectrum of the RPSB isomers
in the gas phase [71], while protein environment could
easily affect RPSB conformation in the region of 3-ion-
one ring, and, depending on the value of dihedral angle
of the C4—C; bond, could control the length of m-con-
jugation in the chromophore thus adjusting its absorp-
tion to the certain range. Such mechanism of regulation
of photophysical properties of RPSB could be a basis for
spectral tuning in type II rhodopsins. Noteworthy, posi-
tion of the B-ionone ring in BR does not change neither
in comparison with the gas phase, nor during transition
into the primary photoproducts, while its conformation
changes significantly in Rh. Hence, conformation of the
[-ionone ring is less significant in type I rhodopsins in
comparison with type II rhodopsins.

Effects of twisting of the reactive bonds in different
RPSB isomers on the dynamics of isomerization in the
protein environment could be also illustrated by com-
paring it with the dynamics of photoresponse in the gas
phase. As was mentioned above, the RPSB isomers in
the isolated state have planar structure of the main part
of the m-conjugated system. It was shown with the help
of femtosecond spectroscopy and quantum-chemical
calculations that the relaxation dynamics of the electron-
ic excited state S, of the 11-cis RPSB occurs within the
sub-picosecond timeframe (400 fs) [32], which is com-
parable with the ultrafast times of photoisomerization
of the chromophore in Rh (50-100 fs) [40, 42, 51-54].
At the same time, specificity of the reaction and average
lifetimes of the excited state of the all-frans RPSB differ

significantly in the isolated state (3 ps) [32] and in the
protein environment in BR (=500 fs) [29, 55, 56, 58].
It is important to mention that photoisomerization of
the planar all-frans-isomer of RPSB occurs slowly in
the gas phase, but selectively. The lowest barrier of isom-
erization in the S, state has been observed in the case
of the C;;=C, bond, but not in the case of the C;;=Cy4
bond as in BR.

Hence, the effect of protein environment is a key
factor in the case of type I rhodopsins. While in the case
of type Il rhodopsins, more advanced (from the point of
view of photochemical properties) 11-cis-isomer of RPSB
is used. Moreover, the reaction in Rh proceeds ultrafast,
which also implies significance of the effect of protein
environment of the chromophore center. This difference
explains the clearly visible coherent mode of the primary
photochemical reaction in type Il rhodopsins.

The effect of conformation of the reactive bonds
in RPSB on the dynamics of photoisomerization has
been independently confirmed during investigation of
the chemically modified all-frans-chromophore twisted
around one of the double bonds. Change of the RPSB
conformation at the reactive bond results in the signif-
icant reduction of the photoisomerization barrier and
sub-picosecond times, which is typical for the reaction in
the protein environment [47].

Twisting of the reactive bond in the electronic
state So not only changes the PES topography in the
state S| by decreasing the barrier of photoisomerization,
but also facilitates simultancous excitation of certain
vibrational modes on transition Sp — S; [48, 49]. In the
process, excitation of both valent vibrations, localized
predominantly on the reactive double bond, and of
HOOP-vibrations at this bond occur. BR protein envi-
ronment in this case facilitates excitation of vibrations
of the C;3=Cj; bond, while in the case of Rh, protein
environment facilitates excitation of the C;=Cj, bond.
Activity of the vibrational modes during photoexcitation
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could be estimated from the shift of minima of the PES
of the Sp and S, states along these modes. The shifts
characterize changes of geometry of the chromophore in
the S;-state in comparison with the S, state. The larger is
the shift along certain vibration mode the more active is
vibration upon photoexcitation. The so-called Huang—
Rhys factor associated with the square of the shift along
the normal mode in a harmonic approximation is a use-
ful dimensionless parameter allowing evaluation of the
activity of the vibrational mode in electronic transition.
Values of the Huang—Rhys factor for the all-frans and
11-cis RPSB in the protein environment and in the gas
phase, calculated with the help of QM/MM method
using multiconfigurational quasidegenerate perturba-
tion theory of the second order, are presented in Fig. 5
[48, 49].

Two high-frequency valent vibrations of the bonds
C;=Cj; and C;3=Cy4 are active in the planar all-trans
and 11-cis RPSB upon excitation to the S state in the
gas phase. In the case of BR, activity of the vibration-
al mode localized at the C;;=C,s bond becomes signifi-
cantly higher in comparison with the gas phase, while
the valent vibration of the C;;=Cj, bond disappears en-
tirely. On the contrary, in the case of Rh, intensity of the
mode associated with vibrations of the C,;=C,, bond in-
creases significantly, while intensity of the C;=Cj; mode
decreases. Moreover, HOOP at the C;;=Cj, bond in Rh
also become active.

Hence, increase of twisting of the reactive bond
promotes increase of activity of the corresponding va-
lent vibration during photoexcitation. It should be men-
tioned that specificity of the photo-response of RPSB
and activity of the vibrations facilitating photoisomeri-
zation at the certain double bond (in this case valent and
HOOP vibrations) are more characteristic exactly for Rh.
This is in agreement with very high rate of the photo-
chemical reaction in this type II rhodopsin. The possi-
bility of excitation of various type of reactive modes in
the same phase, which promotes coherency of the reac-
tion in Rh, is also an important factor.

Hence, the results of quantum-chemical calcula-
tions provided explanation to the experimentally ob-
served difference in the dynamics of the photoinduced
processes in BR and Rh. The main factor affecting
these processes in both cases is protein environment of
the RPSB. Photoresponse of the chromophore group
in type I and type II rhodopsins becomes highly spe-
cific in comparison with the gas phase already at the
early times of the reaction resulting in excitation of cer-
tain vibrational modes, which facilitate isomerization
of the reactive bond. The 11-cis RPSB chromophore
in Rh is faster and more selective in comparison with
the all-trans RPSB in BR. Moreover, protein environ-
ment in Rh facilitates excitation of not only valent vibra-
tions of the reactive bond, but also of the out-of-plane
vibrations of hydrogen atoms at this bond, which directly

BIOCHEMISTRY (Moscow) Vol. 88 No. 10 2023

1535

leads to the reaction of photoisomerization. It must be
also mentioned that conformation of the B-ionone ring
in the 6-s-cis-11-cis RPSB isomer, most likely, is an im-
portant factor in regulation of photophysical properties
of the chromophore group in type II rhodopsins, which
is associated with the mechanism of spectral tuning.

It could be concluded that, most likely, the evo-
lutionary “younger” type II rhodopsins have more ad-
vanced chromophore center in the opsin and isomeric
form of the chromophore, which allow more efficient
forward photochemical reaction.

Photochromism of type I and type II rhodopsins.
Rhodopsins exhibit photochromic properties [30, 34, 61,
72], i.e., have ability to realize phototransitions from the
intermediate products of the forward photoreaction back
to the initial state. This ability realized in nature in a
number of rhodopsins starting with the nanosecond time
scale serves for performing certain physiological func-
tions in such type I rhodopsins as sensory rhodopsin I
of H. salinarum [73], sensory rhodopsin of cyanobacte-
ria Anabaena sp. [29], and channel rhodopsin of the sin-
gle-cell alga Chlamydomonas reinhardtii [74], and in such
type II rhodopsins as visual rhodopsins of invertebrates
[75-77] and closely related to them melanopsins of ver-
tebrates [78].

Despite the fact that at first stages of rhodopsin
phototransformation reverse phototransitions are practi-
cally not existing in nature, investigation of such ultrafast
photochromism under in vitro conditions could provide
additional information on molecular mechanisms of the
photochemical reaction of these RCPs. In this review
the results of our studies investigating reverse photore-
actions of BR and Rh initiated in femto- and early pico-
second timeframes are presented [39, 41, 42].

Spectrum of photoinduced absorption of BR re-
corded with the delay time of 100 ps after the first pump
pulse with wavelength of 560 nm (pulse /) that consists
of an absorption band of the product Ks¢ and bleach-
ing band of the initial state BRs¢s is presented in Fig. 6
|Fig. 6a (I)]. The second pump pulse with wavelength
of 680 nm (pulse 2) and delay time of 5 ps excites Ksoo
molecules, part of which returns to BRs¢s as a result of
reverse photoreaction (13-cis — all-frans RPSB). In the
process, dark formation of Ks¢y decreases and absorp-
tion of BRses increases [Fig. 6a (2)]. Quantum yield of
the reverse reaction of BRss formation from the prod-
uct Kso is 0.81 [16], which is in agreement with the re-
sults reported by Kim et al. [61] and Balashov et al. [79].
Reverse phototransition could occur not only from the
product Ksoo [Fig. 6a (inset: 3 and 5 ps)], but also from
the product Jes [Fig. 6a (inset: 1 ps)] with approximately
equal efficiency [42].

In the case of Rh action of the pulse 2 (620 nm) that
follows with delay time after pulse / (500 nm) of 0.2-
3.8 ps also induces reverse photoreaction [Fig. 6b] [39,
41, 42, 46]. Depending on the pulse 2 delay the reverse
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Figure is adapted from [41, 42] with permission.

phototransition occurs (all-frans — 11-cis RPSB) from
the Photos; product [Fig. 6b (inset: 0.2-2 ps)] or from
the Bathos;s product [Fig. 6b (inset: 3-3.8 ps)]. Ef-
ficiency of the reverse photoreaction of Rh from the
Photoss;y product depends of the oscillation phase of
the time-resolved absorption signals of this product
[Fig. 6b (inset); Fig. 6d], and time of this photoreaction
is comparable or less than the time of forward photo-
reaction [41]. Quantum vyield of the reverse photore-
action of Rh from the Bathoss;s product is 0.15 [41, 42,
46], which is significantly less than the quantum yield
value (0.5) at 77 K reported previously by Suzuki and
Callender [80].

The reverse photochemical process in BR and Rh
initiated at early stages could be described as a motion of
the wave packet along the right branch of the S; PES of
the product of initial photochemical reaction towards the
CI region of the S;/So PES (Fig. 3, ¢ and d). Theoretical
calculations for Rh demonstrated that this is the same
CI region, which participates in the forward photoreac-
tion [81]. Transition of the molecules from the excited
state S, to the Sy PES via the CI region results in forma-
tion of the same states as in the forward reaction: BRsgs
and Js — in the case of BR; Rhuss and Photos; — in the
case of Rh. While efficiency of the reverse photoreaction
of BR practically does not depend on the delay of the
pulse 2 [Fig. 6a (inset)], for Rh it correlates directly with
the dynamics of the wave packet in the Photos; product
[Fig. 6b (inset); Fig. 6d], which is associated with clearly

pronounced coherence of the forward photoreaction of
Rh. In this case, efficiency of the reverse photoreaction
correlates with the number of molecules of the Photoss
product excited by the pulse 2.

The rate of reverse photochemical reaction in rho-
dopsins is strongly affected by the particular isomeric
form of RPSB. Phototransition from trans- to cis-form
usually is slower than phototransition cis — trans, and
this is true for protein environment, gas phase, as well
as solution [26, 29, 32, 52, 57, 58, 82]. This difference is
due to the structures of Sy, S;, and S, PES, as described
above using BR and Rh as examples [Fig. 3, ¢ and d].
It was shown by Gai et al. [56] that, in the case of BR,
during excitation of the Ksy product the reverse photo-
chemical reaction from 13-cis- to all-trans-form of RPSB
occurs within the time period of ~100 fs, which is sig-
nificantly faster that the time of forward photoreaction
(480 fs). It can be suggested that the reverse dependence
would be observed for Rh. However, as has been shown
experimentally for the Photos; product [41] and theoret-
ically for the Bathoss;s product [81], time of the reverse
phototransition from all-trans- to 11-cis-form RPSB is
comparable with the time of forward phototransition
(60 fs) or less. It could be suggested that the rate (and
selectivity) of the reverse photochemical reaction of BR
and Rh is affected by the significant twist of the reactive
bond in the chromophore in their primary products by
the angle from —39° to —20° and from —36° to —34.8°,
respectively [31, 83]. This allows fast and barrier-less
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transition to the CI region even in the case of frans — cis
isomerization as in the reverse photoreaction of Rh.

It must be emphasized that while quantum yields of
the forward photoreaction in BR and Rh are practically
the same (=0.65), quantum yields of their reverse photo-
reactions differ significantly (0.81 and 0.15, respectively).
According to the theoretical calculations [31, 81], quan-
tum vyield of the product formation both in the forward
and reverse photoreactions of rhodopsins is determined
by the ratio of phases of HOOP and torsional vibration
modes of RPSB at the moment of the S, = S, transition.
Initial population of the C=C and HOOP vibrational
modes at the reactive bond on excitation also plays an
important role in efficiency of the photoreaction, as was
mentioned above. In methanol solution the 13-cis — all-
trans and all-trans — 11-cis RPSB photoreactions proceed
with very close quantum yields (0.11 and 0.14, respec-
tively) [84]. Based on this, it could be suggested that the
significant difference in the quantum yields of the analo-
gous reverse reactions in BR and Rh is due to the effects
of protein environment at the chromophore center.

It could be mentioned that, from the function-
al point of view, the low quantum yield of the reverse
reaction in Rh in comparison with BR is an advantage
facilitating more reliable realization of the forward re-
action initiating the process of phototransduction. Light
absorption by type I rhodopsins serves primarily the en-
ergy conversion function, as in the case of BR, and re-
verse photoreactions likely cannot significantly affect
their efficiency. However, in the case of type Il rho-
dopsins, which are G-protein-coupled receptors, 11-cis
RPSB acts as an effective ligand antagonist maintain-
ing low thermal “dark” noise of the photoreceptor cell.
On absorption of light, the isomerized all-frans RPSB
becomes a powerful ligand-agonist, and the activated Rh
initiates the process of phototransduction. In this case
the possibility of emergence of the reverse photoreaction
could significantly reduce efficiency of initiation of the
phototransduction process.
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Hence, lower efficiency of the reverse photoreac-
tion of Rh, which increases reliability of the forward
photoreaction, could be considered as one of the ar-
guments in favor of selection in the course of evolution
of the 11-cis-isomer as a chromophore group in type II
rhodopsins. This indicates more advanced structure of
the chromophore center in Rh and evolutionary selec-
tion of such chromophore (11-cis RPSB), which allows
efficient phototransduction process. Obviously, under
real physiological conditions, the probability of the sec-
ond light quantum hitting the so short-lived intermedi-
ate of Rh photolysis as Bathos;s and more so Photoss
is extremely low, however, potential possibility of reduc-
ing the probability of reverse photoreaction in the struc-
ture of Rh chromophore center exists.

At the same time, physiological significance of the
reverse photochemical reactions of type Il rhodopsins
in invertebrate animals from the late intermediate stag-
es of phototransformation is obvious. In the majority
of invertebrate animals this is one of the main ways for
regeneration (photoregeneration) of the visual pigment
[75, 77]. In particular, final product of the forward pho-
toreaction of the octopus rhodopsin is the so-called
acidic metarhodopsin, and of the reverse reaction —
again rhodopsin (Fig. 7a) [76].

In the course of forward photoreaction, several in-
termediates with different absorption spectra are formed,
and in the course of reverse photoreaction — there are
only two states corresponding to conformational chang-
es first in the vicinity of chromophore, and, next, in
the entire protein, which return rhodopsin into initial
state. As we have demonstrated with the detergent ex-
tracts of the octopus rhodopsin, the photoreversible re-
action of type II rhodopsin in invertebrates is extremely
stable, and under in vitro conditions it can be repeated
multiple times for a significantly long period of time
(Fig. 7b) [76].

Comparison of mechanisms of phototransformation
of type I and type II rhodopsins. Comparison of the
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primary photoreactions of BR and Rh reveals both com-
mon and distinguishing features. Model kinetic schemes
(Fig. 3, a and b) have much in common, and reflect the
suggestion that heterogeneity of the excited states of the
investigated rhodopsins is associated with heterogeneity
of their initial states. In the course of BR and Rh reac-
tions intermediates are formed that have similar proper-
ties: 1460, J625, ngo, and Rh;lo, Ph0t057o, Bath0535, respec-
tively. Elementary act of isomerization of RPSB proceeds
via transition through the CI of the S;/Sy PES, and time
of this transition is in femtosecond time scale. The first
products of photoinduced transformations of BR and Rh
with isomerized RPSB (Jes and Photosy, respectively)
are formed in the ground (Sy) state, and are vibrational-
ly excited precursors of the following products (Ksq and
Bathosss, respectively) formed in the timeframe of sev-
eral picoseconds. At this stage isomerization of RPSB is
completed, and part of the light quantum energy is pre-
served in the strained structures of the products Ks¢ and
Bathos;s. Quantum yields of the forward photoreaction
of BR and Rh are practically the same (~0.65). Reaction
of photoisomerization of RPSB in BR and Rh, same as
in other rhodopsins, as well as in solution, is coherent
due to the inherent properties of the chromophore.

Dynamics and efficiency of the RPSB photoreac-
tion in rhodopsins depends on its isomeric form (through
the length of conjugated m-bonds) and on interactions
with the protein environment, which results not only in
the additional twisting of the chromophore, but also in
the strong electrostatic interactions with the counteri-
on. These factors affect the structure of the Sy, Si, and
S, PES of the chromophore, by, for example, decreas-
ing barrier in the S; PES of type I rhodopsins, which
significantly affects rate and coherence of the reaction.
Activity of certain vibrational modes also changes during
electronic transition Sy — S;. Selective and simultaneous
excitation of the vibrational modes associated with the
reactive modes of the non-radiative transition S;— S
into the reaction products leads at the early stages of
photoinduced dynamics to high speed and high quantum
yield of the reaction of photoisomerization.

a

M% BR,, *
, m/Om {C\M fs
¢'=036
N560 I

460
AL

Mt p

412 625

130 ps /.S ps
M!

412

K590
\ Lsso '/Z“

50 ps

480 fs
9=0.64

OSTROVSKY et al.

It can be concluded that interaction of RPSB with
opsin significantly increases the rate and quantum yield
of the photoreaction in comparison with the parameters
observed in gas phase and in solution, and selectivity of
the reaction reaches 100%. The finest regulation of these
parameter is achieved in type II rhodopsins, in which
the reaction has more pronounced coherence. The chro-
mophore—protein interactions also could be the cause
of heterogeneity of the initial state of RCPs, because
it is not observed in the gas phase [32].

Decrease of the length of m-conjugation in the
6-s-cis—11-cis RPSB in comparison with the all-trans-
isomer also leads to the shift of absorption maximum
of rhodopsin towards blue region of the spectrum and,
which is very important, to increase of the barrier of
thermal 11-cis — trans isomerization [26]. The first ef-
fect is actively used by type II rhodopsins as one of the
factors of spectral tuning. The second factor is crucial
for reduction of the ‘dark’ noise of the photoreceptor
cell, which is also much facilitated by the limited volume
of the chromophore center [85]. At the same time, in
the case of BR and some other type I rhodopsins, the
chromophore center is rather spacious and does not pre-
vent thermal frans — 13-cis isomerization occurring in
the dark.

All abovementioned features of the 11-cis RPSB are
extremely important for functioning of type Il rhodop-
sins that perform photo-information function. This is,
likely, the reason why the 11-cis RPSB was select-
ed in the course of evolution as a chromophore group
of visual rhodopsins in both invertebrate and verte-
brate animals.

It should be emphasized that although the reaction
of photoisomerization is common for both type I and
type II rhodopsins, the final stages of the photoactivat-
ed processes differ significantly. In type I rhodopsins,
the 13-cis RPSB is subjected at one of the final stages
to thermal isomerization into the all-trans-form thus
closing the photoactivated processes into a photocy-
cle (Fig. 8a). In type II rhodopsins of the majority of
invertebrates, absorption of the second light quantum
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by one of the long-lived intermediate products of pho-
totransformation is required to close the cycle. The cy-
cle is not closed in type II rhodopsins of the vertebrates,
and the isomerized all-frans-retinal is released from the
chromophore center of the opsin, which is called pho-
tobleaching or rhodopsin photolysis (Fig. 8b). In other
words, type Il rhodopsin molecule of vertebrate ani-
mals — is a single-use molecule. For further function-
ing — rhodopsin regeneration — a new retinal molecule
in 11-cis conformation should be delivered to the chro-
mophore center (see details in the review by Ostrovsky
and Feldman [20]).

General similarities of the primary photochem-
ical reactions of typel and type Il rhodopsins and
their significant differences in the following stages of
phototransformation have been manifested clearly in
their photoelectric reactions. In the end of 1970s and
beginning of 1980s using the method developed by
L. A. Drachev [86], we in collaborations with Drachev
and the Skulachev group compared in detail genera-
tion of photopotential for Rh on a photoreceptor disk
membrane from rods and for BR on a purple membrane
of haloarchaea [87-89]. As expected, both transition
all-trans - 13-cis in BR, and transition 11-cis — all-trans
in Rh were accompanied by the emergence of fast pho-
toelectric response. However, there was a significant
difference: while potential generation on the purple
membrane was accompanied also by the proton trans-
fer, which is essential for the photoenergetic function
of BR, in the case of Rh such transfer was absent. It is
exactly the moment when physiological pathways of
type I and type II rhodopsins diverge. Absence of the
proton transfer across the photoreceptor disk mem-
brane was demonstrated experimentally in our later
study [90].

In the case of Rh, conformational changes in the
protein part of the molecule occur simultaneously with
the charge separation, which first results, at the me-
tarhodopsin II stage, in rapid deprotonation of RPSB
followed by slow release of the proton into external me-
dium [91]. As a result of these conformational rearrange-
ments, Rh at the stage of metarhodopsin II acquires abil-
ity to interact with G-protein (transducin) and to initiate
the process of phototransduction [24, 92]. Based on its
characteristic times and polarity, the rapid component of
the Rh photoresponse is, in essence, the so-called early
receptor potential, which is observed during regular elec-
trophysiological separation from the retina [93].

While in the case of BR, with its photoactivated
processes connected into a cycle, stable electric po-
tential is generated on the purple membrane during
all period of illumination, in the case of Rh, which is
undergoing photolysis, rapid photoelectric response
irreversibly drops long before the light is switched
off, and there is no response to the repeated illu-
mination [88, 89].
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CONCLUSIONS

Hence, it can be concluded that the similarities of
type I and type II rhodopsins are associated with the
nature of their common chromophore group, retinal,
which, to a large extent, determines the mechanism
of photoreaction as a key stage of RCP functioning.
And the observed differences in the nature of photore-
actions of type I and type II rhodopsins most likely are
explained by the different isomeric form of the chromo-
phore selected in the course of evolution in accordance
with their functions. It can be suggested in the frame-
work of convergent evolution of type I and type II rho-
dopsins that the similar and at the same time plastic
7-a-helical protein structures of these two types evolved
independently driven by the need to optimize electronic
properties of their chromophore groups in the all-trans
and 11-cis isomeric forms.

Similarity of the structure and mechanism of ac-
tions of such complex molecular system as retinal-con-
taining transmembrane light-sensitive proteins is due
to the pressure of natural selection with (must be em-
phasized) certain physicochemical limitations. The se-
lection itself was pursuing the most efficient function of
each type of rhodopsins.

It is absolutely clear that the mechanisms of evo-
lution of all three currently known types of RCPs [mi-
crobial (type I), animal (type II), and recently discov-
ered heliorhodopsins (type 11I)] require further detailed
investigation.
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