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1. Introduction: rhodopsins as
a family of photoreceptive membrane

proteins

Convergent evolution of animal and microbial
rhodopsins

Keiichi Kojima @ * and Yuki Sudo ® *

Rhodopsins, a family of photoreceptive membrane proteins, contain retinal as a chromophore and were
firstly identified as reddish pigments from frog retina in 1876. Since then, rhodopsin-like proteins have
been identified mainly from animal eyes. In 1971, a rhodopsin-like pigment was discovered from the
archaeon Halobacterium salinarum and named bacteriorhodopsin. While it was believed that rhodopsin-
and bacteriorhodopsin-like proteins were expressed only in animal eyes and archaea, respectively,
before the 1990s, a variety of rhodopsin-like proteins (called animal rhodopsins or opsins) and
bacteriorhodopsin-like proteins (called microbial rhodopsins) have been progressively identified from
various tissues of animals and microorganisms, respectively. Here, we comprehensively introduce the
research conducted on animal and microbial rhodopsins. Recent analysis has revealed that the two
rhodopsin families have common molecular properties, such as the protein structure (ie., 7-
transmembrane structure), retinal structure (i.e., binding ability to cis- and trans-retinal), color sensitivity
(i.e., UV- and visible-light sensitivities), and photoreaction (i.e., triggering structural changes by light and
heat), more than what was expected at the early stages of rhodopsin research. Contrastingly, their
molecular functions are distinctively different (e.g., G protein-coupled receptors and photoisomerases
for animal rhodopsins and ion transporters and phototaxis sensors for microbial rhodopsins). Therefore,
based on their similarities and dissimilarities, we propose that animal and microbial rhodopsins have
convergently evolved from their distinctive origins as multi-colored retinal-binding membrane proteins
whose activities are regulated by light and heat but independently evolved for different molecular and
physiological functions in the cognate organism.

a wide variety of rhodopsin-like pigments have been discovered
from not only animal's eyes but also from other organs such as
the brain, lung and skin.>”®* The rhodopsin and rhodopsin-like
pigments from metazoans are called animal rhodopsins (or
animal opsins).>”®

Rhodopsins are a family of photoreceptive membrane proteins,
consisting of 7-transmembrane o-helices and a derivative of
vitamin-A, retinal, as a chromophore (Fig. 1)."* Retinal is
covalently bound to a lysine (Lys) residue located in the seventh
helix (called helix VII or helix G) through a Schiff base linkage.
Historically, a rhodopsin molecule was firstly identified as
a visual reddish pigment isolated from the animal eye
(Fig. 1A).** In 1876, Dr Boll recognized that the reddish pigment
in frog retina is photosensitive and bleaches to a yellow color
when exposed to light.® Subsequently, Dr Kithne determined
that the reddish pigment is the protein expressed in the outer
segment of rod photoreceptor cells and named the pigment
“visual purple (rhodopsin).” The word rhodopsin originates
from the Greek words “rhodo (= rose)” and “opsis (= sight)”
based on the bright reddish color of the pigment. Nowadays,
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In 1971, Drs Oesterhelt and Stoeckenius discovered
arhodopsin-like pigment from the purple cellular membrane of
the archaeon Halobacterium salinarum (formerly halobium)
(Fig. 1B).> The purple-colored pigment, named bacteriorho-
dopsin (BR), serves as an outward proton pump. Recently, more
than millions of bacteriorhodopsin-like proteins have been
identified from not only archaea but also bacteria, eukaryotic
microorganisms, and viruses.»'" Bacteriorhodopsin and
bacteriorhodopsin-like proteins are called “microbial rhodop-
sins.” Sequential and phylogenetical analyses revealed that
animal and microbial rhodopsins are nonhomologous and
taxonomically distinct.**** Animal rhodopsins were proposed to
evolve from non-retinylidene cAMP receptors in G protein-
coupled receptors (GPCRs) having 7-transmembrane struc-
ture.”'® On the other hand, it was proposed that microbial
rhodopsins were distantly related to lysosomal cysteine trans-
porters having 7-transmembrane structure and they evolved
from a common ancestor.'*"” Thus, it is strongly suggested that
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Introduction to animal and microbial rhodopsins. (A) Vertebrate visual rhodopsin, a typical animal rhodopsin (animal opsin), is expressed in

the photoreceptor cells of vertebrate retina. The crystal structure of bovine rhodopsin (PDB: 1U19) is shown here. 11-cis retinal is covalently
bound to the apoprotein in the dark state as a chromophore and light triggers its isomerization to the all-trans retinal. (B) Bacteriorhodopsin,
a typical microbial rhodopsin, is expressed in the cellular membrane of the archaeon H. salinarum. The crystal structure of bacteriorhodopsin
(PDB: 1C3W) is shown here. All-trans retinal is covalently bound to the apoprotein in the dark state as a chromophore and light triggers its
isomerization to the 13-cis retinal. Transmembrane helix numbers are indicated in the crystal structures.

animal and microbial rhodopsins emerged from their distinc-
tive origins via convergent evolution despite their structural
similarities,””™* while a few papers proposed that the two
rhodopsins emerged from the same origin.'® Before 2000, a few
classical rhodopsin molecules (e.g., bovine and squid rhodop-
sins as animal rhodopsins and bacteriorhodopsin as microbial
rhodopsins) have been analyzed in detail and their research
indicated that the two rhodopsin families show many distinc-
tive properties. In contrast, recent advances in genomic
research revealed a wide variety of animal and microbial
rhodopsins in nature and their analysis have shown many
similarities in various molecular aspects.”*® Here, we compre-
hensively introduce and compare the research of animal and
microbial rhodopsins from biological, chemical, and physical
perspectives. Furthermore, based on the achievements of the
studies and to discuss the nature of rhodopsin, we have
summarized the similarities and dissimilarities between animal
and microbial rhodopsins.

2. Animal rhodopsins
2.1 Basis of animal rhodopsins

Animal rhodopsins are categorized into a family of G protein-
coupled receptors (GPCRs) that act as master regulators of
signal transduction cascades in eukaryotes.>”® At the early
stages of rhodopsin research, animal rhodopsins (e.g., verte-
brate and invertebrate visual rhodopsins and photoisomerase
retinochrome) were identified only from eyes; therefore, the
rhodopsins were thought to be responsible for mainly visual
functions. Subsequently, pinopsin was found in the chicken
pineal organ in 1994,*° and a wide variety of animal rhodop-
sins have been identified from animal photoreceptive (e.g., eye
and pineal organ) and non-photoreceptive organs (e.g., lung,
liver, skin and skeletal muscle) based on the development of
sequencing technology and genomic research.>”® Presently,
animal rhodopsins are classified into several subfamilies
based on their amino acid sequences (Fig. 2A).>” Most of the
animal rhodopsins except for two subfamilies, photo-
isomerases and peropsins, activate cognate heterotrimeric G
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proteins (e.g., Gs, Gq, Gi, Go, and Gt) to trigger the signal
transduction cascades.

Animal rhodopsins commonly consist of 7-transmembrane
helices and an eighth helix (helix VIII) at the intracellular side
and parallel to the membrane.> The chromophore, retinal, is
covalently bound to the apoprotein called opsin through a Lys
residue (Lys296 in bovine rhodopsin) at the seventh helix
(Fig. 1A). While 11-cis retinal is a natural chromophore in the
dark inactive state of GPCR-type rhodopsins under physiolog-
ical conditions, several rhodopsins can bind to 9-cis retinal to
form the blue-shifted dark state (called isorhodopsin).** In
addition, mosquito opsin 3 (Opn3) has been reported to bind to
13-cis retinal in the inactive dark state by exogenous addition as
a unique feature.”® It is proposed that an ancestral rhodopsin
emerged as an all-trans retinal receptor, and then increased the
affinity for inverse agonist cis retinals (mainly 11-cis retinal) to
act as a photoreceptor during the evolutionary process in
GPCRs.”*® From a chemical point of view, 11-cis retinal is suit-
able to allow rhodopsins to exhibit various spectral sensitivities
from UV- to visible-light region since the rotation around the
C6-C7 and C12-C13 single bonds enable the retinal to adopt an
infinite number of conformations.*® We speculate that animal
rhodopsins mainly selected 11-cis retinal as a natural chromo-
phore to achieve various spectral sensitivities together with the
development of the enzymes to supply 11-cis retinal (e.g.,
RPE65). Many animal rhodopsins absorb visible light in the
dark state, while retinal originally absorbs UV light. In visible
light-sensitive rhodopsins, the protonation of the Schiff base
causes delocalization of 7 electrons on the polyene chain of
retinal, which results in a spectral red-shift in retinal absor-
bance (called opsin shift).> The protonated Schiff base is
stabilized by the negatively charged counterion (Glu or Asp),
such as Glu113, in bovine rhodopsin (Fig. 2B).>*2° In contrast to
visible light-sensitive rhodopsins, several types of rhodopsins
(e.g., UV-sensitive cone pigments, opsin 5 (Opn5) and para-
pinopsins) absorb UV light (approx. 350-380 nm) because they
have a deprotonated Schiff base in the inactive dark state.*® As
humans can see visible light by trichromatic vision (red, green,
and blue) using red-, green-, and blue-sensitive cone pigments

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Phylogenetic relationship and the reaction of animal rhodopsins. (A) The phylogenetic tree of animal rhodopsins. Animal rhodopsins are
roughly divided into 8 subfamilies.” (B) Spectral sensitivities of animal rhodopsins, such as vertebrate rhodopsin, human blue-, green-, and red-
sensitive cone pigments and Opn5m (upper panel). The crystal structure of bovine rhodopsin around the retinal (lower panel) (PDB: 1U19). The
key residues for spectral tuning (His181 and Lys184 in human green- and red-sensitive cone pigments and Cys90 in vertebrate UV-sensitive cone
pigments), retinal and Lys296, are highlighted in the structure. (C) The schematics of photoreaction of animal rhodopsins. In monostable
rhodopsins, light irradiation induces isomerization from 11-cis to all-trans, thereby forming the active state. The active state bleaches followed by
the release of retinal. In the bistable rhodopsins, light irradiation triggers interconversion between the inactive and active state containing 11-cis
and all-trans retinal, respectively. Photoisomerases bind to the all-trans retinal exclusively in the dark state. Light irradiation of the dark state
induces isomerization from all-trans to 11-cis. The product 11-cis retinal is delivered to regenerate other GPCR-type rhodopsins. The photocyclic
rhodopsin Opn5L1 binds to all-trans retinal exclusively in the dark state. Light irradiation induces isomerization from all-trans to 11-cis to form the

inactive state that is then thermally reconverted into the active state.

expressed in the retina, rhodopsins exhibit their characteristic
spectral sensitivities (approx. 350-570 nm) (Fig. 2B). Here
absorption maximum (A, is determined by the energy gap
between the ground and excited states of retinal in the protein
moiety. The energy gap is attributed to several factors, such as
the charge distribution of m electrons and planarity of the
polyene chain of the retinal, which is mainly regulated by amino
acid residues around the retinal.***> For example, human red-
and green-sensitive cone pigments have Cl~ binding sites (e.g:,
His181 and Lys184) around the retinal (Fig. 2B).>* The negative
charge of Cl™ affects the delocalization of 7 electrons of the
retinal, leading to a spectral red-shift. Additionally, Cys90 is
responsible for the deprotonation of the Schiff base and ability
of UV-absorbance in vertebrate short wavelength-sensitive cone
pigments.* While various types of rhodopsins absorbing UV
and visible light have been identified, no report on the existence
of infra-red light-sensitive animal rhodopsins exist.

In GPCR-type rhodopsins, light-absorption triggers photo-
isomerization from 11-cis to all-trans retinal, leading to move-
ments in the helix to form the active state.>** In vertebrate visual

© 2023 The Author(s). Published by the Royal Society of Chemistry

rhodopsins, the active state containing all-trans retinal is ther-
mally unstable and results in bleaching followed by the release
of retinal (Fig. 2C). Illumination does not cause the active state
to efficiently convert into the inactive dark state, and thus
vertebrate visual rhodopsins are characterized as “monostable
rhodopsins.”>* Contrastingly, invertebrate visual rhodopsins
(e.g., arthropod and mollusc visual rhodopsins) exhibit the
thermally stable active state that is convertible into the inactive
dark state by illumination (Fig. 2C). This property is observed in
other animal rhodopsins (e.g., melanopsins, Go opsins, and
parapinopsins) and they are characterized as “bistable
rhodopsins.”>* Besides, retinal G protein-coupled receptor
(RGR) opsins and retinochromes contain all-trans retinal in the
dark, and light-absorption triggers photoisomerization from all-
trans to 11-cis retinal (Fig. 2C).>** Subsequently, the retinal
binding proteins shuttle and deliver 11-cis retinal to other
GPCR-type rhodopsins.’” Therefore, RGR opsins and reti-
nochromes are characterized as retinal-photoisomerases.
Although peropsins show similar photochemical properties to
RGR opsins and retinochromes, little experimental evidence

RSC Adv, 2023, 13, 5367-5381 | 5369
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exists that explains peropsins to serve as retinal-photo-
isomerase.*® Thus, the function of peropsins is still controver-
sial. Recently, Opn5L1, a subgroup of opsin 5 (Opn5), was
described as a photocyclic rhodopsin, whereas other subgroups
of Opn5 (i.e., Opn5m and Opn5L2) were described as having
a UV-sensitive bistable property (Fig. 2C).***** Opn5L1 binds
with all-trans retinal, forming the G protein activating state in
the dark. The irradiation induces retinal isomerization from all-
trans to 11-cis, forming the G protein inactivation state, and
subsequently, a covalent adduct between the retinal and Cys188
residue of Opn5L1 is formed to induce the conversion of the
C11=C12 double bond to a single bond in the retinal. Next, the
thermal rotation of the C11-C12 single bond induces the
dissociation of the adduct to regenerate the G protein activating
dark state. More recently, the bovine rhodopsin, a typical
monostable rhodopsin, has been reported to have acquired
photocyclic property upon the introduction of Cys at position
188.* Summarizing the above information, the structural
changes between the inactive and active states containing cis-
and trans-form of retinal, respectively, is triggered by light and
heat in animal rhodopsins.

2.2 Photoactivation of animal rhodopsins

Among various animal rhodopsins, vertebrate rhodopsin
(called rhodopsin or rod visual pigment) expressed in rod
photoreceptor cells is well studied.>® In 2000, the crystal
structure of bovine rhodopsin was reported as the first mole-
cule of GPCRs.* Vertebrate rhodopsin contains 11-cis retinal
in the dark, and light absorption results in cis-trans isomeri-
zation within 200 fs with a high quantum yield (e.g., 0.65 for
bovine rhodopsin).**** The efficient and ultrafast conversion of
photon energy into chemical energy is attributed to a conical
intersection between the potential energy surfaces of the
ground and excited electronic states.***® After photo-
isomerization, rhodopsin forms spectroscopically distinctive
photointermediates, such as the Photo, Batho, Lumi, Metal,
and Metall intermediates (Fig. 3A).>** Metall has the depro-
tonated Schiff base corresponding to the G protein activating
state.’>** In the photoreceptor cells, the photointermediates
finally release retinal and bleach into the retinal-unbound
opsin state to which 11-cis retinal is supplied to form photo-
active pigments. The dark state (i.e., the unphotolyzed state)
contains 11-cis retinal that acts as an inverse agonist, and a salt
bridge between the protonated Schiff base and a negatively
charged counterion (Glu113 in bovine rhodopsin) is present to
suppress the constitutive activity before light absorption
(Fig. 3B).>*>** Additionally, a cytoplasmic hydrogen bonding
network exists between the E(D)RY motif (i.e., Glu134, Arg135,
and Tyr136 in bovine rhodopsin) on helix III and Glu247 and
Glu249 on helix VI in the dark state (Fig. 3B).>> The cytoplasmic
salt bridge, which is termed “ionic-lock,” plays important roles
in the suppression of constitutive activity of the dark state. The
Schiff base is deprotonated by proton transfer reaction to the
counterion (Glu113) during the conversion process from Metal
to Metall, resulting in the disruption of the salt bridge between
the protonated Schiff base and the counterion.*® Subsequently,
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Glu134 in the E(D)RY motif is protonated, resulting in the
cytoplasmic ionic-lock disruption.’>** The accumulated rear-
rangements of the intrahelical hydrogen bonding network lead
to dynamic helix movement, especially the outward movement
of the cytoplasmic side of helix VI in Metall (Fig. 3B).*>*® The
open structure of the cytoplasmic side is capable of G protein
activation. As described above, many studies on vertebrate
rhodopsins (especially bovine rhodopsin) have been conduct-
ed to elucidate the structural changes during the photo-
activation steps.” However, the complete imagination of the
sequential structural changes remains unsolved, especially the
description of how the local structural perturbation around
retinal followed by its photoisomerization induces the overall
structural changes through intramolecular dynamics.
Recently, time-resolved crystallographic techniques using X-
ray free-electron lasers (XFEL) have progressively advanced®
and were applied to bovine rhodopsin. Indeed, the techniques
enable us to uncover the sequential process of structural
changes after photoisomerization.”® Thus, this will provide
a three-dimensional overview of the activation process in
vertebrate rhodopsins, leading to the implicative information
of numerous GPCRs.

2.3 Signal transduction by animal rhodopsins

Upon illumination, GPCR-rhodopsins activate G proteins to
trigger signal transduction cascades in cells for visual and non-
visual physiological responses. Vertebrate retina has two types
of photoreceptor cells that are morphologically different, rods
and cones for scotopic and photopic vision, respectively.’**
Rods and cones contain different types of vertebrate visual
rhodopsins, rhodopsin (also called rod visual pigment) and
cone visual pigments, respectively. In general, vertebrates have
several types of cone pigments with different spectral sensitiv-
ities (e.g., red-, green-, and blue-sensitive cone pigments for
humans) for color discrimination in photopic vision.* Verte-
brate visual rhodopsins activate Gt (transducin), leading to the
hydrolysis of ¢cGMP through phosphodiesterase (PDE) activa-
tion in the photoreceptor cells. The decrease in cGMP concen-
tration closes cyclic nucleotide-gated (CNG) channels to induce
hyperpolarization of the photoreceptor cells as visual signals
(Fig. 3C).>»>** After activating the signaling cascades, vertebrate
rhodopsins are rapidly inactivated in <100 ms by the cyto-
plasmic adaptor protein arrestin followed by the phosphoryla-
tion of Ser and Thr residues on their C-terminus with G protein
receptor kinases (GRKs).*® While the signal transduction
cascades in the photoreceptor cells have been analyzed mainly
using electrophysiological and biochemical techniques,*** the
complex structures of vertebrate rhodopsins with G protein,
GRK, and arrestin have recently been explored using femto-
second X-ray laser crystallography and cryo-electron
microscopy.®** These complex structures enable us to visually
imagine the snapshots in signal transduction -cascades
(Fig. 3C). Furthermore, to directly detect the molecular
components of the cascade in real-time and within native rod
photoreceptor environment, mass spectroscopy has been
established.®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Activation and signal transduction cascades of animal rhodopsins. (A) Schematics of photoreaction and regeneration process of verte-
brate visual rhodopsins. The absorption maxima of the intermediates and time constants of the transition are shown here.*® (B) Structural
superposition of inactive (PDB: 1U19, denoted in green) and active state of bovine rhodopsin (PDB: 3PXO, denoted in orange). The key residues
for the activation process, such as Glul13, Glul34, Arg135, Tyrl36, and Lys296 are highlighted in the structure. (Inset) A close-up of E(D)RY motif

of inactive state of bovine rhodopsin. The hydrogen-bonds are shown as

black dashed lines. (C) The schematics of signal transduction cascades

of vertebrate photoreceptor cells. Visual rhodopsins absorb a photon to form the active state, which binds to and activates Gt. The activated Gt
binds to and activates PDE, and the PDE then hydrolyses cGMP. The decrease in the concentration of cGMP induces the closure of CNG
channels, leading to the hyperpolarization responses of photoreceptor cells. After activating the signaling cascades, vertebrate rhodopsins are
rapidly phosphorylated by GRK and then inactivated by arrestin. (Inset) Schematics of the photoresponses in invertebrate rhabdomeric

photoreceptor cells and ipRGCs. The structural changes of opsins and

overall signal transduction cascades in various visual and non-visual

photoreceptive cells will be analysed using the time-resolved techniques.

In contrast to the vertebrate visual signal transduction
cascade, arthropod and mollusc visual rhodopsins activate Gq
by GDP-GTP exchange reaction in rhabdomeric photore-
ceptor cells.** The a subunit of the activated Gq binds to and
activates phospholipase C (PLC) that hydrolyzes phosphati-
dylinositol 4,5-bisphosphatase (PIP,) to 1,4,5-triphosphate
(InsP;) and diacylglycerol (DAG). After the activation of PLC-
mediated cascades, the transient receptor potential (TRP)
channels are finally opened to induce depolarization as visual
signals.®* The components and reaction schemes of inverte-
brate visual signal transduction cascade have been revealed;
however, the activation factor of TRP channels remains
controversial.®%®

© 2023 The Author(s). Published by the Royal Society of Chemistry

As non-visual phototransduction cascades, melanopsin
induces a parallel cascade to the invertebrate visual signal
transduction cascade in the intrinsically photosensitive retinal
ganglion cells (ipRGCs) of the retina for inducing pupillary light
responses and photoentraining circadian rhythm in
mammals.®>*” Further analysis using the time-resolved tech-
niques will enable us to capture the sequential overview of the
overall signal transduction cascades in various visual and non-
visual photoreceptive cells (Fig. 3C, Inset).

2.4 The evolution of animal rhodopsins

As described, visible light-sensitive rhodopsins have a proton-
ated Schiff base that is stabilized by the negatively charged

RSC Adv, 2023, 13, 5367-5381 | 5371
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counterion.” In bovine rhodopsin, the counterion is Glu113
located in helix II1.>>*” Glu113 is thought to act as a counterion
in vertebrate visual rhodopsins as they are conserved in them. It
also accepts proton from the protonated Schiff base during the
process of Metall formation,” implying the dual important
roles of the counterion in visible light-absorption and G protein-
activation.”® Most of the other animal rhodopsins except verte-
brate visual rhodopsins (e.g., invertebrate visual rhodopsins, Go
opsins, photoisomerase opsins, and peropsins) do not have Glu
residue at position 113. Drs Terakita and Shichida demon-
strated that Glu181 acts as a counterion in Go opsin, photo-
isomerase opsins, and peropsins by the comprehensive
mutational analysis, which suggests that Glu181 has been an
ancestral counterion in vertebrate visual rhodopsins.*®?*®
Furthermore, G protein activation efficiency of Go opsin was
approx. 50-fold lower than those of vertebrate visual rhodop-
sins. The differences in G protein activation efficiencies (i.e.,
high versus low) and in the photoreaction property (i.e., mono-
stable versus bistable) are consistent with the differences in the
counterion position (i.e., Glu113 versus Glu181). Based on the
various experimental observation and phylogenetical relation-
ships, vertebrate visual rhodopsins have been proposed to have
acquired Glu113 counterion by its replacement from the
ancestral position at 181 to increase G protein activation effi-
ciency and to obtain monostable nature during evolutionary
process (Fig. 4A).***® This counterion displacement is also
supported by a previous report that describes an ascidian opsin
(Ci-opsin1) showing synergistic counterions of Glu113 and
Glu181 and an intermediate property of G protein activation
efficiency and photoreaction between monostable and bistable
rhodopsins (Fig. 4A).*° Since the efficient G protein activation of
vertebrate visual rhodopsins results in the high signal-to-noise
ratio in the visual signal transduction cascades, the coun-
terion displacement from Glu181 to Glu113 is thought to be the
molecular basis for developing highly functional vertebrate
eyes.®® Although the evolutionary scenario is established as
described above, understanding the molecular determinant of
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Bistable opsin

(e.g., JSR-1)

Glu113

Intermediate
(e.g., Ci-opsin1)

Monostable opsin
(e.g., bovine rhodopsin)

G protein activation efficiency

Fig. 4 Counterion displacement process in animal rhodopsins during
molecular evolution. Monostable (e.g., vertebrate visual rhodopsins)
and bistable opsins (e.g., invertebrate visual rhodopsins and Go opsins)
have Glu113 and Glul81 as a counterion, respectively. Vertebrate visual
rhodopsins acquired Glull3 as a counterion by replacement from the
ancestral position at 181 to increase G protein activation efficiency and
to obtain a monostable nature. Ci-opsinl shows synergistic counter-
ions of Glul13 and Glul81 and is likely to be an intermediate state of
the counterion displacement process.

5372 | RSC Adv, 2023, 13, 5367-538I

View Article Online

Review

the differences in G protein activation efficiency and photore-
action in monostable and bistable rhodopsins from a structural
aspect remains challenging. The crystal structure of the dark
state of the jumping spider rhodopsin-1 (JSR-1) as a bistable
rhodopsin containing Glu181 counterion has been resolved,
implying a structural difference around the Schiff base and
counterion with the bovine rhodopsin (a monostable rhodopsin
containing Glu113).”%”* Further structural analysis using time-
resolved techniques (e.g., crystallographic techniques, NMR,
and spin label electron paramagnetic resonance (EPR)) would
be required to investigate the activation process in bistable and
monostable rhodopsins.

In addition to the counterion displacement process, several
evolutionary processes of animal rhodopsins, such as the
process of color tuning and adaptation of thermal isomeriza-
tion rates, have been progressively studied.**”>”> We expect that
further studies on the evolution of animal rhodopsins would
reveal their divergence and adaptation and their roles in

physiology.

3. Microbial rhodopsins
3.1 Basis of microbial rhodopsins

Historically, research on microbial rhodopsins began with the
discovery of BR from H. salinarum in 1971.° BR works as an
outward proton pump that produces a proton concentration
gradient between the cellular membranes in the native
organism. After the discovery of BR, three microbial rhodopsins
were identified from the same archaeon H. salinarum and were
named halorhodopsin (HR), sensory rhodopsin-I (SRI), and
sensory rhodopsin-Il (SRII, also called phoborhodopsin
(pR)).”*7® While HR serves as an inward chloride pump, SRI and
SRII work as negative/positive and negative phototaxis sensors,
respectively. Until 1999, no microbial rhodopsin genes were
identified in bacteria and eukaryotic microorganisms, whereas
many microbial rhodopsin genes were identified in archaea.
Therefore, it was formerly believed that microbial rhodopsins
are possessed only by archaea. In 1999, microbial rhodopsin
genes were found in the eukaryotic fungus Neurospora
crassa.”®® Since then, more than millions of microbial
rhodopsins have been identified from not only archaea but also
bacteria, eukaryotic microorganisms, and viruses with a variety
of distinct molecular functions,»'>'* such as outward proton

81-84 85-87 88-90

pumps, inward proton pumps, cation channels,
anion channels,”** inward chloride pumps,®® outward
sodium pumps,®°®® a sulfate transporter,” transcriptional

regulators,®®® and enzymes (e.g., histidine kinase and adenylyl/
guanylyl cyclases)*** (Fig. 5A). The molecular functions of
microbial rhodopsins are highly diversified rather than those of
animal rhodopsins. In 2018, a rhodopsin family named helio-
rhodopsin, which shapes a genetically distant group from the
classical microbial rhodopsins, was identified by meta-
genomics.'” The unique feature of heliorhodopsin is that the N-
terminus is located on the intracellular side. In other words, the
orientation of heliorhodopsin is opposite to that of the animal
and classical microbial rhodopsins. The molecular diversity of

microbial rhodopsins is still expanding. Other novel

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) The phylogenetic tree of microbial rhodopsins. Rhodopsins from

archaea, bacteria, eukarya, and viruses are indicated by filled circles colored red, green, blue, and brown, respectively. (B) Spectral sensitivities of
microbial rhodopsins, such as BR, SRI, SRIl and NeoR (upper panel). Crystal structure of BR around the retinal (lower panel) (PDB: 1C3W). The key
residues for spectral tuning (His131, Alal36, and Ala200 in SRI from S. ruber, SrSRI), retinal, Lys216, and the pentagonal cluster (water molecules
(blue dots), Asp85 and Asp212), are highlighted in the structure. The hydrogen-bonds of the pentagonal cluster are shown as black dashed lines.
(C) The schematics of photoreaction of microbial rhodopsins. In the photocyclic rhodopsins, light irradiation induces isomerization from all-trans
to 13-cis to form the signaling and ion-conducting states. The 13-cis retinal-binding form thermally returns to the initial all-trans retinal-binding
form. Bistable rhodopsins show the thermally stable 13-cis retinal-binding form that is convertible to the initial all-trans retinal-binding form by

illumination.

rhodopsins beyond expectation are expected to be identified by
further analysis.

The microbial and animal rhodopsins are similar such that
they share the similar 7-transmembrane a-helical structure and
contain a retinal molecule as a chromophore (Fig. 1C)."** The
enzyme rhodopsins exceptionally consist of 8-transmembrane
helices in which the extra helix (named helix 0) and the C-
terminal enzyme domain are present at the N-terminus of the
transmembrane domain and at the intracellular side, respec-
tively. Furthermore, rhodopsin-bestrophin fusion proteins
have been identified in which one rhodopsin domain of 8-
transmembrane helices or two rhodopsin domains in tandem
are C-terminally fused to a calcium-activated chloride channel
(bestrophin).'® Therefore, the molecular structures of apopro-
teins are highly diversified in microbial rhodopsins compared
with animal rhodopsins. In general, microbial rhodopsins
contain all-trans retinal through the protonated Schiff base
linkage with a Lys residue (Lys216 in BR) located at helix G in
the dark state to absorb visible light (approx. 420-600 nm)
(Fig. 5B).»'*'* The binding ability to all-trans retinal is reason-
able since the isomer is the most thermally stable.'**'* The
protonated Schiff base is generally stabilized by the negatively
charged counterion. In BR, two counterion residues (Asp85 and
Asp212) and water molecules form the hydrogen-bonding
network (called pentagonal cluster) with the protonated Schiff
base.! Similar to animal rhodopsins, the A, of microbial
rhodopsins is determined by the energy gap between the
ground and excited states of the retinal in the protein moiety.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Like human red- and green-sensitive cone pigments, SRI (Ayax =
~560 nm) has a Cl~ binding site composed of a conserved His
residue (i.e., His135, His135, and His131 in SRI from H. sali-
narum, SRI from Haloarcula vallismortis, and SRI from Salini-
bacter ruber, respectively) and Ala residues (Ala136 and Ala200
in SRI from S. ruber) around the retinal (Fig. 5B)."**'” The
negative charge of CI™ induces the delocalization of 7 electrons
of the retinal, leading to the spectral red-shift. In 2020,
a microbial rhodopsin from the fungus Rhizoclosmatium globo-
sum (NeoR) was shown to exhibit near-infrared light-
sensitivities (Amax = ~690 nm) (Fig. 5B)."*® While there is no
report of the existence of UV-sensitive microbial rhodopsins in
the dark state containing all-trans retinal, several molecules
show a UV-sensitive thermally stable form with 13-cis
retinal.'***®

In microbial rhodopsins, light absorption generally triggers
the isomerization from all-trans to 13-cis retinal and the pho-
toisomerization induces a sequence of structural changes,
resulting in light-dependent molecular functions. Many
microbial rhodopsins exhibit the cyclic reaction (called photo-
cycle) in which the 13-cis retinal-binding form thermally returns
to the initial all-trans retinal-binding form (Fig. 5C).* Several
microbial rhodopsins (e.g., histidine-kinase rhodopsins and
enzyme rhodopsins) exist as bistable rhodopsins, where the
thermally stable 13-cis retinal-binding form is convertible into
the initial all-trans retinal-binding form by illumination
(Fig. 5C).**"' Thus, similar to animal rhodopsins, the struc-
tural changes between the states containing cis- and trans-form
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of retinal is triggered by light and heat in microbial rhodopsins.
From the viewpoint of retinal composition, the conversion
between all-trans and 13-cis is observed in most microbial
rhodopsins. 13-cis retinal is more thermally stable as compared
with other cis isomers (i.e., 7-cis, 9-cis and 11-cis isomers), which
implies the low energy barrier of the isomerization from all-
trans to 13-cis retinal.'**'* Therefore, we speculate that micro-
bial rhodopsins mainly use C13=C14 double bond isomeriza-
tion to absorb light due to its low energy barrier. In 2011,
a microbial rhodopsin named middle rhodopsin (MR), which is
phylogenetically located at the intermediate between BR and
SRII, was found in the archaeon Haloquadratum walshyi.** MR
uniquely shows the binding ability to 11-cis retinal like animal
rhodopsins. More recently, rhodopsin-bestrophin fusion
proteins have been reported to show photoisomerization
property from all-trans to 11-cis retinal.® Thus, similar to
animal rhodopsins, microbial rhodopsins can bind to various
retinal isomers (all-trans, 11-cis, and 13-cis retinal).

3.2 Photoactivation of microbial rhodopsins

Among the various microbial rhodopsins, BR has been exten-
sively studied so far. The light absorption of BR results in the
isomerization from all-trans to 13-cis retinal within 500 fs and

View Article Online
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the quantum yield is estimated to be 0.64."'°"** The ultrafast
retinal isomerization occurs through the conical intersection in
BR as well as bovine rhodopsin."*'** After photoisomerization,
BR forms a variety of photointermediates, such as the J-, K-, L-,
M-, N-, and O-intermediates, and subsequently returns to the
initial dark state within 10 ms (Fig. 6A).' During the photocycle,
the conformational changes of the protein moiety and contin-
uous pK, changes of charged amino acids, including the
protonated Schiff base and its counterion, occur to induce the
molecular function (Fig. 6B). The combination of various
methods (e.g., UV-visible spectroscopy, vibrational spectros-
copy, and X-ray crystallography) elucidates the proton pump
mechanism of BR as follows (Fig. 6B).""'*'” (i) The light
absorption triggers the isomerization of the retinal from all-
trans to 13-cis form, leading to the K-intermediate formation. (ii)
During the transition from the K- to L-intermediate, a proton of
the Schiff base is transferred to the primary counterion Asp85,
leading to M-intermediate formation. Simultaneously, a proton
is released from the extracellular proton releasing group, con-
sisting of Glu194 and Glu204, to the extracellular side. (iii) A
proton of Asp96 is transferred to the Schiff base, leading to the
Schiff base re-protonation and N-intermediate formation. (iv) A
proton is taken up from the intracellular bulk solution to Asp96,
leading to Asp96 re-protonation during the transition from N- to
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Fig. 6 The activation and signal transduction cascades of microbial rhodopsins. (A) Schematics of photoreaction process of bacteriorhodopsin
(BR). The absorption maxima of the intermediates and time constants of the transition are shown here.* (B) Proton transport pathway of BR (PDB:
1C3W). The key residues for proton transport (Asp85, Asp96, Glu194, Glu204, and Asp212), retinal and Lys216, are highlighted in the structure. (C)
The schematics of ATP synthesis and signal transduction cascades of H. salinarum. Using light, BR outwardly transports proton to produce the
proton gradient across the cellular membrane. ATP synthase uses the proton motive force to produce ATP. SRII activates Htrll and the kinase
CheA. Subsequently, CheA activates the response regulator CheY that binds to the flagellar motor, leading to the negative phototaxis of the cell.
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O-intermediate. Simultaneously, the retinal is re-isomerized to
the all-trans form. (v) Finally, during the transition of the O-
intermediate to the initial state, a proton is transferred from
the counterion Asp85 to Glu194 of the proton releasing group.
Thus, during the single photocycle step, BR vectorially transfers
a proton from the intracellular to the extracellular side. As
described above, animal rhodopsins show the light-induced
movement of helix VI to form the cytoplasmic interaction site
with G protein.*»*® A similar helix opening movement (helix F
movement) has been observed previously during the N-
intermediate formation process in BR."*® The helix movement
is speculated to increase the cavity to facilitate the proton
transfer reaction during the decay process of M-intermediate.
Similar helix F movement is also observed in SRII from Natro-
nomonas pharaonis (NpSRII) that plays important roles in signal
transduction to the transducer protein HtrII.*** Thus, animal
and microbial rhodopsins commonly show similar helical
movements accompanied with the protonation and deproto-
nation of the charged residues after light absorption.

In contrast to animal rhodopsins, three-dimensional struc-
tures of many kinds of microbial rhodopsin molecules have
been solved, which provides valuable insights into the molec-
ular mechanism of the activation of microbial rhodopsins, such
as HR and SRII, a cation channel rhodopsin from the algae
Chlamydomonas reinhardtii, and an outward sodium pump
rhodopsin from Krokinobacter eikastus (KR2).»** Recently, time-
resolved crystallographic techniques using XFEL was applied to
several types of microbial rhodopsins.**™*** This technique
allows us to imagine the structural changes of microbial
rhodopsins on timescales from fs to ms. In fact, the structures
of early photointermediates (e.g., K-, L-, and M-intermediate in
BR and K- and L-intermediate in KR2) were trapped.****> The
accumulation of structural information in various types of
microbial rhodopsins reveals essential elements that determine
the molecular functions, providing an approach to rational
functional conversion and engineering new rhodopsin mole-
cules that are not identified from nature (e.g., Ca®>" and phos-
phate transporters).

3.3 Signal transduction by microbial rhodopsins

BR and its homologous proteins are abundantly expressed in
the halophile archaea such as H. salinarum and outwardly
transport a proton to produce the proton concentration
gradient between the cellular membrane in a light-dependent
manner. The ATP synthase uses the proton motive force to
produce adenosine triphosphate (ATP) in the halophile archaea
(Fig. 6C). Since the free-energy of hydrolysis of ATP is used as
energy source in living organisms, the halophile archaea
convert green light into their biological energy source. This
similar system composed of outward proton pump rhodopsins
such as proteorhodopsins (PRs) is observed in various marine
bacteria.®* Genetic and ecological analyses have revealed that
the amounts of energy produced by PRs are comparable to those
produced by chlorophyll-based photosynthesis, implying the
importance of rhodopsin-associated energy production in the
survival of marine bacteria.'**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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To efficiently absorb green light for the energy production
initiated by BR, the halophilic archaea show attractive response
to green light (called positive phototaxis) and avoidance
response to harmful blue light (called negative phototaxis)
using the green-light sensitive microbial rhodopsin SRI and
blue-light sensitive microbial rhodopsin SRII, respectively.'** In
the archaeal cells, SRII binds to the cognate transducer protein
Htrll with a 2:2 stoichiometry.**® The crystal structure of the
SRII and HtrlIl complex from N. pharaonis (NpSRII and NpHtrII)
revealed that NpSRII interact through its helices F and G with
NpHtrIL."*” After photon absorption, hydrogen bonding between
Tyr174 and Thr204 (in NpSRII) located in helices F and G,
respectively is altered, resulting in the outward tilting of helix
F.»?»#12 The outward tilting of SRII induces the second helix
(TM2) of Htrll to rotate clockwise and the HAMP domain of
HtrII from SRII to dissociate, leading to the activation (phos-
phorylation) of the kinase CheA through the adaptor protein
CheW (Fig. 6C)."***** Finally, CheA activates (phosphorylates)
the response regulator CheY, which regulates the rotational
direction of the flagellar motor, resulting in the negative
phototaxis of the halophilic archaea. The structural changes of
the protein and signal transduction cascades after photon
absorption of SRII have been analyzed mainly by biochemical
and biophysical techniques.****** Using the similar strategy with
animal rhodopsins,®* we expect that the complex structures
during signal transduction after light absorption will be visu-
alized by femtosecond X-ray laser crystallography and cryo-
electron microscopy. Furthermore, mass spectroscopy tech-
nique can be a powerful tool to directly detect the molecular
components of the cascade in real-time and within native
archaeal and bacterial cells like the previous study using native
rod photoreceptor cells.®® In contrast to animal rhodopsins,
physiological roles and signal transduction cascades of most
microbial rhodopsins (e.g., outward sodium pumps and inward
proton pumps) in host organisms are unexplored. The detailed
physiological and transcriptome analysis of transgenic animals
has revealed the physiological roles and signal transduction
cascades of animal rhodopsins.®”'**"** We expect that a similar
strategy of microbial rhodopsins will be conducted in the future
to reveal their physiological roles.

3.4 The evolution of microbial rhodopsins

As described in previous sections, the archaeon H. salinarum is
attracted to green light for activating BR and avoids shorter
wavelength containing harmful blue and near-UV light.">* SRII
mediates negative phototaxis and has an approximately 60 nm
blue-shifted absorption spectrum (A, = 498 nm in NpSRII) as
compared with BR."** Phylogenetic analysis suggests that SRII
evolved from BR."™*"*¢ This evolutionary scenario is supported
by the residual outward proton pump function of SRII in the
absence of HtrIl.**”**® Moreover, BR can be converted into
a SRII-like negative phototaxis sensor by the mutation of only
three residues, which strongly suggests the evolutionary rela-
tionship between SRII and BR."*® The relationship suggests that
SRII acquired the blue-shifted spectral sensitivity and the
phototaxis function during the evolutionary process from BR.
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Fig. 7 Model of the evolutionary process from a proton pump
rhodopsin to a phototaxis sensor. Ancestral phototaxis sensor
acquired a blue-light sensitivity and lost the proton pump function
because of mutations on several residues (e.g., Tyrl74 and Thr204 in
the NpSRIl numbering system), like middle rhodopsin (MR). Then, the
additional mutations of key residues resulted in the acquisition of
phototaxis functions to interact with Htrll (e.g., Thrl89 and Tyr199 in
the NpSRIl numbering system).

MR, which is phylogenetically located at the intermediate
between BR and SRII, has several key residues responsible for
the outward proton pump function (e.g., Asp85, Asp96, Asp212,
and Glu204 in BR) and phototaxis function (e.g., Tyr174 and
Thr204 in NpSRII), which suggests that MR is like an interme-
diate state during the evolutionary process from BR to SRIL.'*
MR shows neither the proton pump function nor phototaxis
function, which suggests that MR has lost the proton pump
function but has not been fully optimized for the phototaxis
function. In fact, a mutant of MR (i.e., A201T/M211Y), having
two key residues (Thr189 and Tyr199 in NpSRII) that are
responsible for the interaction with Htrll, exhibits phototaxis
function similar to that of SRIIL. In contrast, MR shows blue-
light sensitivity (Amax = 485 nm) like SRII, suggesting that MR
has blue-shifted spectral sensitivity. Based on the chimeric
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properties of MR, SRII has been proposed to firstly have blue-
shifted its spectral sensitivity and to have lost the outward
proton pump function and subsequently acquired the photo-
taxis function during the evolutionary process from BR
(Fig. 7).**>*** While recent advances in genomics have revealed
that microbial rhodopsins are highly diversified (Fig. 5A),
evolutionary relationships in most microbial rhodopsins are
unexplored. Further molecular analysis focusing on the phylo-
genetic relationship and evolutionary intermediates will be
needed to elucidate how molecular properties of microbial
rhodopsins have diversified during the evolutionary process.

4. Similarities and dissimilarities
between animal and microbial
rhodopsins

Based on previous studies, the molecular properties of animal
and microbial rhodopsins have been summarized as shown in
Fig. 8. Before 2000, only a few classical rhodopsin molecules
(e.g., vertebrate and invertebrate visual rhodopsins, reti-
nochromes and pinopsin for animal rhodopsins; and BR, HR,
SRI, and SRII for microbial rhodopsins) have been identified
and analyzed. The common properties between animal and
microbial rhodopsins are only a few, such as the 7-trans-
membrane structure, binding ability to all-trans retinal and
visible light sensitivity, whereas any other properties (e.g., the
binding ability to 11-cis retinal and bistable photoreaction in
animal rhodopsins and the binding ability to 13-cis retinal and
cyclic photoreaction nature in microbial rhodopsins) were
believed to be their characteristic features. However, a recent
comprehensive analysis revealed the high diversity of molecular

At present
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Fig. 8 Comparison of the molecular properties of animal and microbial rhodopsins. The molecular properties, such as the protein structure,
retinal composition, color sensitivity, photoreaction, and molecular function are listed here. The common and uncommon features between

animal and microbial rhodopsins are colored blue and red, respectively.
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properties among animal and microbial rhodopsins and that
many properties, such as the protein structure, retinal compo-
sition, color sensitivity, and photoreaction are common
between the two rhodopsins. Firstly, both rhodopsins have 7-
transmembrane structures with the eighth helix (helix VIII) at
the intracellular side for animal rhodopsins and the extra helix
(helix 0) for enzymatic microbial rhodopsins. Secondly, both
rhodopsins commonly bind to various isomers of retinal (i.e.,
11-cis, 13-cis, and all-trans forms) with various spectral sensi-
tivities from UV- to visible-light region. Thirdly, structural
changes between the inactive and active states (i.e., G-protein
activating, signaling, and ion conducting states) are triggered
by light and heat in both rhodopsins. Based on these similari-
ties, we propose that rhodopsin is defined as the multi-colored
retinal-binding membrane proteins whose activities are regu-
lated by light and heat. Since the above three properties (i.e.,
retinal structure, color sensitivity, and photoreaction) are
directly determined by the chemical features of the chromo-
phore, retinal, both rhodopsins are speculated to have diversi-
fied their properties through the tuning of the retinal structures
by amino-acid substitution mainly around the retinal. There-
fore, we expect that the molecular mechanism to regulate the
above chemical features in animal rhodopsins can be applied to
microbial rhodopsins and vice versa for the production of new
rhodopsin molecules with characteristic features.

In contrast, molecular functions of animal and microbial
rhodopsins are distinctively different (Fig. 8). In general,
protein functions are achieved by rationally optimized protein
structures and sequences that have been acquired during the
long-term evolutionary process for 3.8 billion years on the Earth
(Fig. 4 and 7). In fact, animal and microbial rhodopsins have the
characteristic important residues that are responsible for indi-
vidual functions (e.g., cytoplasmic surfaces to interact with G
protein in animal rhodopsins and carboxylates to transport the
substrate proton in proton pump microbial rhodopsins), and
the residues are not common between the two rhodopsins.
However, microbial rhodopsins exhibit similar helical opening
movement like animal rhodopsins during the photoactivation
process, suggesting that both the rhodopsins show a similarity
in the global structural changes after photon absorption.
Therefore, we speculate that the local structural differences
around the functionally important residues are key elements in
determining the individual functions that finally leads to the
dissimilarity in the functions of the two rhodopsins. Further-
more, protein functions are located at the higher level in the
biological hierarchy rather than other molecular properties
(e.g., structure, retinal configuration and color sensitivity), and
selected for the maintenance of life in host organisms.**° At the
moment, the functional diversification imposed by the higher
hierarchy disappears in the bottom-up diversification noise.
Therefore, it is proposed that the functional diversity of animal
and microbial rhodopsins (e.g., GPCRs and photoisomerases for
animal rhodopsins versus ion transporters and phototaxis
sensors for microbial rhodopsins) have been limited during the
evolutionary process, which leads to the dissimilarity in
molecular functions (Fig. 8). Based on the similarities and
dissimilarities of animal and microbial rhodopsins, we propose

© 2023 The Author(s). Published by the Royal Society of Chemistry
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that the two rhodopsins have convergently evolved from their
distinctive origins as multi-colored retinal-binding membrane
proteins whose activities are regulated by light and heat but
independently evolved for different molecular and physiological
functions in animals and microorganisms. We expect that the
understanding of the essential elements related to the indi-
vidual functions (e.g., GPCRs and photoisomerases for animal
rhodopsins versus ion transporters and phototaxis sensors for
microbial rhodopsins) using state-of-the-art techniques (e.g.,
time-resolved mass spectroscopy, cryo-electron microscopy, and
XFEL) will enable us to rationally convert the molecular func-
tions across the existing functional dissimilarity among animal
and microbial rhodopsins.
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