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Abstract
Technological progress has enabled the successful application of functional conversion to a variety of biological molecules, such
as nucleotides and proteins. Such studies have revealed the functionally essential elements of these engineered molecules, which
are difficult to characterize at the level of an individual molecule. The functional conversion of biological molecules has also
provided a strategy for their rational and atomistic design. The engineered molecules can be used in studies to improve our
understanding of their biological functions and to develop protein-based tools. In this review, we introduce the functional
conversion of membrane-embedded photoreceptive retinylidene proteins (also called rhodopsins) and discuss these proteins
mainly on the basis of results obtained from our own studies. This information provides insights into the molecular mechanism
of light-induced protein functions and their use in optogenetics, a technology which involves the use of light to control biological
activities.
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Introduction

Recent progress in molecular and structural biological tech-
niques has achieved many functional insights into biomole-
cules, such as nucleotides and proteins. Such information has
allowed the modification, conversion and production of mole-
cules in extensive experimental and theoretical studies (Huang
et al. 2016). One example of this progress is a membrane-
embedded photoactive protein, rhodopsin, which is a member
of the seven-transmembrane (TM) domain protein family that
uses a retinal pigment (a derivative of vitamin A) as a

chromophore. This chromophore is covalently attached to the
apoprotein opsin via a protonated Schiff base linkage with a
perfectly conserved Lys residue, as shown in Fig. 1a (Spudich
and Jung 2005; Ernst et al. 2014). Since 2000, genomic analy-
ses have revealed a large variety of rhodopsin molecules in
nature, and those rhodopsins, including newly discovered ones,
are categorized into two types, namely animal and microbial
rhodopsins (Ernst et al. 2014).Microbial rhodopsins, also called
type-1 rhodopsins, are widely distributed among the microbial
kingdom, including the bacteria, archaea and eukarya, as shown
in Fig. 1b, and they work as light-dependent ion transporters
and photosensors (Hegemann 2008; Ernst et al. 2014; Kurihara
and Sudo 2015; Schneider et al. 2015; Brown and Ernst 2017;
Govorunova et al. 2017). Animal rhodopsins, also called type-2
rhodopsins, are mainly distributed in both vertebrates and in-
vertebrates, and they typically work as visual photoreceptors in
cellular membranes to capture light signals and transfer them to
their cytoplasmic cognate G-proteins in the retina (Shichida and
Imai 1998). In general, light absorption of type-1 and type-2
rhodopsins triggers trans–cis and cis–trans isomerization of the
retinal chromophore, respectively, leading to structural changes
of the protein moiety during the photoreaction for their cognate
biological functions (Ernst et al. 2014). The reaction for type-1
rhodopsins is a cyclic one called the photocycle (Lanyi 2004),
while that for type-2 rhodopsins is unidirectional or bidirection-
al (Shichida and Imai 1998; Koyanagi and Terakita 2008).
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The first microbial type-1 rhodopsin identified, bacteri-
orhodopsin (BR), was isolated from the archaeon
Halobacterium salinarum (formerly halobium) in 1971 as
a light-driven outward H+ pump, and it was thereafter
called H. salinarum BR (HsBR). The H+ pumping function
of HsBR results in the light-dependent generation of an H+

gradient [proton motive force (PMF)] between the inside
and the outside of the plasma membrane (Oesterhelt and
Stoeckenius 1971, 1973). The PMF is used to synthesize
ATP (Racker and Stoeckenius 1974). In addition to its bi-
ological significance, the high stability and high level of
protein expression in native membranes have allowed the
extensive analysis of HsBR as a model of both membrane
proteins and light-activated molecules (Lanyi 2004). Light
absorption by HsBR results in the sequential appearance of
several photointermediates during the photocycle, namely
K590, L550, M410, N560 and O640, followed by a return to
the initial form (Lanyi 2004). The numbers denote wave-
lengths (in nm) of the maximum absorption (λmax) in the
visible region. After the discovery of HsBR, functionally
different types of microbial type-1 rhodopsins were succes-
sively identified in various species: an inward chloride
(Cl−) pump (Matsuno-Yagi and Mukohata 1977; Schobert
and Lanyi 1982), an outward sodium (Na+) pump (Inoue
et al. 2013a), an inward proton (H+) pump (Inoue et al.

2016a), light-gated cation (Nagel et al. 2002; Nagel et al.
2003) and anion channels (Govorunova et al. 2015), pho-
totactic sensors (Bogomolni and Spudich 1982; Takahashi
et al. 1985; Inoue et al. 2013b), a light-induced transcrip-
tional regulator (Jung et al. 2003; Irieda et al. 2012) and
light-dependent enzymes (Luck et al. 2012; Avelar et al.
2014) (Fig. 1b). In spite of both the rich functional differ-
entiation and the variety of amino acid sequences (identity:
11 - 48%, similarity: 43 - 76%), the X-ray crystal structures
determined so far are surprisingly well matched, especially
their TM helices (root-mean-square deviation is less than ~
2 Å), as shown in Fig. 1c. This indicates that their func-
tional differences are regulated by relatively small differ-
ences in their side chains, water molecules and ions. To
reveal the structural and functional correlations and to
identify the key elements determining their functions, we
performed and succeeded in the functional conversion of
microbial rhodopsins by site-specific replacement of their
amino acid residues. In this review, we introduce those
studies and explain the insights which have been obtained
with the aim to gain an understanding of the mechanism of
their biological functions and to utilize them for
optogenetics, a technology which involves the use of light
to control biological activities (Boyden et al. 2005;
Deisseroth 2015).

Fig. 1 Overview of microbial rhodopsins. a Schematic drawing of a
seven-transmembrane microbial rhodopsin, where an all-trans retinyl
chromophore (yellow) is covalently tethered to a specific Lys residue of
the apoprotein opsin via a protonated Schiff base linkage. Numbers on the
retinal represent the cognate carbon atoms. b Phylogenetic tree of micro-
bial rhodopsins constructed by ClustalW software program. Microbial
rhodopsins are widely distributed throughout all domains of organisms,
bacteria (blue), eukarya (green) and archaea (red), with a wide variety of

biological functions (pumps, channels and sensors). See text for the ab-
breviations of the names of microbial rhodopsins. c Superposition of
crystal structures of Halobacterium salinarum bacteriorhodopsin
(purple) (HsBR; PBD ID 1C3W), Natronomonus pharaonis sensory rho-
dopsin II (red) (NpSRII; PBD ID 1JGJ) and chimeric cation
channelrhodopsin (ChR) from Chlamydomonas reinhardtii ChR-1
(CrChR1) and ChR-2 (CrChR2) (orange) (C1C2; PDB ID 3UG9). The
retinal chromophore is colored yellow
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Conversion of outward proton pumps

Chloride pump

Halobacterium salinarum BR first became a focus of interest
as a template for converting it into molecules having different
kinds of functions (Fig. 2). In 1995, our colleague J. Sasaki
succeeded in converting HsBR into a mutant functioning as a
light-driven inward Cl− pump, with Asp85 of HsBR replaced
by Thr or Ser (Fig. 2a) (Sasaki et al. 1995). The critical residue
Asp85 is known to be deprotonated in the unphotolyzed state,
and it works as a counterion of the protonated Schiff base
(Lys216 in HsBR) of the retinal chromophore (Marti et al.
1991). Upon formation of the early photointermediates, the
all-trans retinal chromophore changes to 13-cis, and the stored
energy induces sequential protein conformational changes
(Ernst et al. 2014). Upon formation of the M-intermediate,
the proton of the protonated Schiff base nitrogen is transferred

to the nearby deprotonatedAsp85 (Braiman et al. 1988). In the
natural Cl− pump halorhodopsin (HR), the aspartate is re-
placed by a Thr residue [Thr111 for H. salinarum HR
(HsHR)] and, consequently, the photocycle of HRs lacks the
M-intermediate (Váró et al. 1995a, b; Váró 2000). Thus, the
functional conversion of HsBR into an HsHR-like Cl− pump
revealed that Asp85 is not only a proton acceptor, but also a
determinant of ion selectivity. This also revealed that the es-
sential features of the H+ transport mechanism of HsBR are
commonly conserved in the anion transport mechanism in the
inward Cl− pump HsHR, in spite of the amino acid sequence
differences between HsBR and HsHR (identity = 30%, simi-
larity = 68%).

Proton channel

Ion pumps such as HsBR and HsHR actively transport ions
against the concentration gradient, while ion channels

Fig. 2 Conversion of outward proton pumps with respect to the light-
driven outward proton (H+) pumping rhodopsin HsBR and its homologous
proteins archaerhodopsin-3 (AR3), Haloquadratum walsbyi bacteriorho-
dopsin (HwBR) and Gloeobacter rhodopsin (GR). a–d Structures from
HsBR (PBD ID 1C3W) (a–c) and from the complex of NpSRII (purple)
and halobacterial transducer protein II (HtrII; blue) (PBD ID 1H2S) (d).e
Structure from thermophilic rhodopsin (TR; PBD ID 5AZD). aConversion
of HsBR into a light-driven inward chloride (Cl−) pump by a single amino
acid substitution (D85T or D85S). b Conversion of AR3 into a light-gated

H+ channel by three amino acid substitutions (M126A/G130 V/A225T). c
Conversion of HwBR and AR3 into a blue-shifted H+ pump by three
amino acid substitutions (triple mutants; M126A/S149A/A223T for
HwBR and M128A/S151A/A225T for AR3). d Conversion of HsBR into
a negative phototaxis sensor by three amino acid substitutions (P200T/
V210Y/A215T). e Conversion of GR into a light-dependent G-protein
activator by substitutions of the second and third cytoplasmic loops and a
residue (E132Q). Theword "hv" stands for the light energy. CPCytoplamic
sites, EC extracellular sides
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passively transport ions upon stimulation corresponding to the
concentration gradient (Grote et al. 2014). After 2002, re-
sea rch on a nove l mic rob ia l rhodops in named
channelrhodopsin (ChR) revealed its wide distribution in eu-
karyotic algae and that it functions as a light-gated cation
channel (Hou et al. 2012). The first ChRs reported were
Chlamydomonas reinhardtii ChR-1 (CrChR1) and ChR-2
(CrChR2) (Fig. 1b), which nonspecifically transport several
types of cations (H+, Na+, K+ and Ca2+) (Nagel et al. 2002,
2003). Since then, homologous ChRs have been reported for
various species of algae, such as Volvox carteri (VChR1 and
VChR2), Chlamydomonas augustae (CaChR1) and
Mesostigma viride (MvChR1) (Ernst et al. 2008;
Govorunova et al. 2011; Hou et al. 2012; Ogren et al. 2014).
The X-ray crystallographic structure of a chimeric ChR be-
tween CrChR1 and CrChR2 (named C1C2) was solved in
2012 by the Nureki group (Kato et al. 2012). To investigate
essential differences between pumps and channels, in 2015we
tried to convert an HsBR-like archaeal H+ pump,
archaerhodopsin-3 (AR3; see Fig. 1b), into a ChR-like light-
gated H+ channel (Fig. 2b) (Inoue et al. 2015). In that study,
comparison of the structures of C1C2 and HsBR (Luecke et al.
1999) revealed that the β-ionone ring of the retinal in C1C2
moves slightly to the cytoplasmic side compared to HsBR.We
hypothesized that this structural difference in the retinal chro-
mophore is responsible for the functional differentiation.
Based on a comparison of the amino acid sequences between
pumps and channels, we focused on three residues and mutat-
ed them in AR3 (Fig. 2b). Two of these, M126A and G130 V,
changed the structure of the β-ionone ring by the removal of
steric hindrance in AR3, while the other one, A225T, con-
trolled the hydrophilicity around the Schiff base. As a result,
we succeeded in the functional conversion of AR3 into an H+

channel by three substitutions (Inoue et al. 2015). A similar
strategy for the functional conversion of AR3 could be suc-
cessfully applied to another representative archaeal H+ pump,
Haloquadratum walsbyi BR (HwBR), but not to a eubacterial
H+ pump [Gloeobacter violaceus rhodopsin (GR)], indicating
that functional conversion is evoked only for archaeal H+

pumps (AR3 and HwBR) and not for the eubacterial pump
GR (Fig. 1b) (Inoue et al. 2015). Thus, these successful func-
tional conversions revealed the relationship between pumping
and channeling rhodopsins, in spite of their amino acid se-
quence differences (e.g. identity = 22% and similarity = 67%
between AR3 and C1C2).

Color variant

One of the characteristics of animal and microbial rhodopsins
is the wide variety of their absorption maxima (colors), which
range from ~ 360 to 620 nm and are regulated by interactions
between the apoprotein opsin and the retinyl chromophore
(Katayama et al. 2015). The archaeal proton pumping

rhodopsins, such as HsBR, HwBR and AR3, show absorption
maxima at ~ 560 nm with a purple color (Sudo et al. 2013).
Several mechanisms have been proposed for spectral tuning
(Katayama et al. 2015). Briefly, three key factors are impor-
tant: (1) electrostatic interactions between the chromophore
and its counterion (deprotonated carboxylates or negatively
charged ions such as Cl−); (2) alterations in the polarity and/
or polarizability of the environment of the chromophore-
binding cavity, induced by polar and/or non-polar residues
in the protein moiety; and (3) isomerization of the 6-S bond
(6,7-torsion angle) connecting the polyene chain to the β-
ionone ring, which disrupts the π-conjugation system (see
Fig. 1a). By combining these effects, we succeeded in the
rational control of the absorption maxima (colors) in various
microbial rhodopsins, including HwBR and AR3 (Shimono
et al. 2001, 2003; Suzuki et al. 2009; Sudo et al. 2011b).
However, these studies did not address the biological func-
tions. In 2013, we attempted to produce a blue-shifted H+

pump without loss of pumping activity by substituting three
amino acid residues (M126A/S149A/A223T). Because fac-
tors (1) and (2) are related to the Schiff base region of the
retinal chromophore and are tightly coupled with the biolog-
ical functions via trans-cis isomerization, mutations around
the Schiff base region are expected to negatively affect the
H+ pumping activity. We then focused on factor (3), which
involves the β-ionone ring of the retinal chromophore. The
triple mutant (M126A/S149A/A223T) ultimately showed an
absorption maximum at 454 nm with a robust H+ pumping
activity (Fig. 2c) (Sudo et al. 2013). To investigate the expla-
nation for the large spectral blue shift, we also performed
molecular dynamics (MD) simulations. As expected, the
isomerization of the β-ionone ring was confirmed in that mu-
tant (Sudo et al. 2013). The large spectral shift caused by the
three substitutions (M126A/S149A/A223T) can be success-
fully applied to other microbial rhodopsins, such as HwBR
and C1C2, indicating the universality of our strategy. In addi-
tion, the color variants have been successfully utilized in
optogenetics as both neural silencers and activators in living
cells (Kato et al. 2015b).

Phototaxis sensor

Organisms live in various environments by changing their
motility to migrate toward more favorable habitats, termed
positive taxis, and to avoid harmful ones, termed negative
taxis (Suzuki et al. 2010). Light is one of the most important
external signals that provides critical information to biological
systems, and therefore organisms utilize light not only as an
energy source but also as a signal. Thus, in addition to the ion
transporting rhodopsins, there are microbial rhodopsins func-
tioning as light-signal transducers in nature (Fig. 1b). The first
photosensory rhodopsin, named sensory rhodopsin I (SRI),
was identified in the archaeon H. salinarum in 1982 as a dual
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photoreceptor for two opposite functions, positive and nega-
tive phototaxis (Bogomolni and Spudich 1982). In 1985, a
second photosensory rhodopsin, named sensory rhodopsin II
[SRII, also called phoborhodopsin (pR)], was identified in the
same archaeon H. salinarum as a receptor only for negative
phototaxis (Takahashi et al. 1985). These two sensory rhodop-
sins, H. salinarum SRI (HsSRI) and H. salinarum SRII
(HsSRII), form tight signaling complexes with their cognate
two-TM domain proteins, halobacterial transducer protein I
(HtrI) and II (HtrII), respectively, in the cellular membrane
with a 2:2 stoichiometry (Inoue et al. 2013b). In 2006, we
succeeded in the conversion of HsBR into an SRII-like nega-
tive phototaxis sensor, where three amino acid residues of
HsBR, namely Pro200, Val210 and Ala215, were replaced
by the corresponding residues for SRII from the archaeon
Natronomonas pharaonis (NpSRII), namely Thr, Tyr and
Thr, respectively (Fig. 2d) (Sudo and Spudich 2006). Two of
the substitutions of HsBR, P200Tand V210Y, are essential for
the interaction with HtrII through hydrogen bonds with
Glu43, Ser62 and Thr74 of HtrII (Sudo et al. 2006). The other
substitution, A215T, is a prerequisite for the steric hindrance
in the early K-intermediate between the C14–H group in the
isomerized retinal chromophore and the introduced Thr resi-
due (Sudo et al. 2005a, 2007). The stored energy due to the
steric hindrance induces conformational changes in the M-
intermediate, leading to the activation of HtrII (Klare et al.
2004; Moukhametzianov et al. 2006). The successful func-
tional conversion provides critical information about the
light–signal transduction mechanism in the SRII–HtrII com-
plex and also implies a tight evolutionary relationship between
an H+ pumping rhodopsin and a photosensory rhodopsin, in
spite of the amino acid sequence differences between HsBR
and NpSRII (identity = 27%, similarity = 68%). In 2011, we
characterized a novel rhodopsin named middle rhodopsin
(MR) as an evolutionarily transitional form between HsBR
and NpSRII (Fig. 1b) (Sudo et al. 2011a), in which a critical
Thr residue (T204 in NpSRII) is conserved in MR, but two
residues essential for the interaction with HtrII are not. Based
on these results and those of other studies, we concluded that
the insertion of the critical Thr residue occurred in an early
step of the evolution from HsBR into NpSRII (Sudo et al.
2011a).

G-protein activator

Animal type-2 rhodopsins show no amino acid sequence ho-
mology with microbial type-1 rhodopsins, although both
types of rhodopsins are commonly composed of seven TM
domain helices and the chromophore retinal. In the dark, while
microbial rhodopsins mainly have all-trans retinal as the chro-
mophore, 11-cis retinal is contained in animal rhodopsins.
Upon light absorption, excited animal rhodopsins are convert-
ed to metarhodopsin-II (Meta-II) through several

pho to in te rmedia tes , inc lud ing pho to rhodops in ,
bathorhodopsin, lumirhodopsin and metarhodopsin-I
(Shichida and Imai 1998). The structural rearrangement of
the cytoplasmic halves of TM helices 5 and 6 occurs on
Meta-II; for activation, the exposed residues on the helices
and loops interact with a type of heterotrimeric G-protein,
transducin (Gt) (Ye et al. 2010; Choe et al. 2011), whereby
the guanosine diphosphate–guanosine triphosphate (GDP–
GTP) exchange reaction is induced (Shichida and Imai
1998; Ernst et al. 2014). A similar structural change of TM
helices 5 and 6, referred to as the Bhelix opening,^ is also
observed for microbial type-1 rhodopsins such as HsBR and
NpSRII (Subramaniam et al. 1993; Oka et al. 2000; Wegener
et al. 2001; Shibata et al. 2010). However, little or no G-
protein activation is observed for microbial type-1 rhodopsins,
suggesting the importance of the cytoplasmic loop for G-
protein binding and/or GDP–GTP exchange reaction (Geiser
et al. 2006; Nakatsuma et al. 2011; Sasaki et al. 2014). Animal
type-2 rhodopsins are a member of the G-protein-coupled re-
ceptor (GPCR) family, in which differences in cytoplasmic
loops are important to determine the selectivity for
heterotrimeric G-protein activation (Yamashita et al. 2000).
OptoXRs, the chimeric proteins of bovine rhodopsin (Rh) in
which the cytoplasmic loops are replaced with those of the Gs-
coupled hamster β2-adrenergic receptor (β2AR) and the Gq-
coupled human α1a-adrenergic receptor (α1aAR), showed
light-dependent activation of intracellular Gs and Gq, respec-
tively (Airan et al. 2009). These OptoXRs are new types of
optogenetic tools, and the reward-related behaviors of mice
could be controlled by the optical activation of OptoXR when
they were expressed in accumbens neurons (Airan et al.
2009). However, since the Schiff-base linkage ofMeta-II ther-
mally breaks during the decay process and the retinal is re-
leased from the protein moiety (opsin), multiple photo-
activation of OptoXRs with repeated light illumination is con-
sidered to be difficult.

Geiser et al. reported that a chimeric HsBR, in which the
third cytoplasmic loop was replaced with that of Rh, showed a
light-dependent Gt activation (Geiser et al. 2006). Since HsBR
shows a photocyclic reaction upon light illumination, this chi-
meric HsBR enables the multiple photo-activation of Gt with-
out any bleaching of protein. However, the activation efficien-
cy of the Gt of the chimera was very small (~ 37,000-fold
lower than that of Rh) (Nakatsuma et al. 2011) and, therefore,
it was difficult to apply it for optogenetics. On the basis of that
background, we reported that NpSRII showed a Gt-activation
function by replacing its third cytoplasmic loop with that of
Rh (Nakatsuma et al. 2011), which had a similar efficiency to
the HsBR/Rh chimera (30,000–14,000-th of Rh). In contrast,
while a higher activation efficiency was achieved for the chi-
mera between the eubacterial H+ pump Gloeobacter rhodop-
sin (GR) and Rh (Fig. 2e) (Sasaki et al. 2014). The activation
efficiency of the GR/Rh chimera was further enhanced by the
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substitution of Glu132 with a glutamine residue (E132Q).
E132Q is known to prolong the lifetime of the O-
intermediate of GR (Miranda et al. 2009), and this was also
shown for the GR/Rh + E132Q chimera by laser flash photol-
ysis (Sasaki et al. 2014). In that study, we showed that there is
a correlation between the Gt activation efficiencies and the
lifetime of the O-intermediate for various types of chimeras,
indicating the importance of the long-lived intermediate state
for G-protein activation (Sasaki et al. 2014). Finally, we de-
veloped a double loop GR/Rh + E132Q chimera with the sec-
ond and third cytoplasmic loops of Rh that showed the highest
activation efficiency (3200-th of Rh and 64-th of Go-coupled
rhodopsin) (Fig. 2e) (Sasaki et al. 2014). Fourier transform
infra-red (FTIR) spectroscopic analysis showed that the
amide-I band of the Gt-activating chimera undergoes a larger
change upon light activation than do the microbial rhodopsins
without Gt activation ability (Sasaki et al. 2014). Since the
outward movement of TM 6 in Meta-II of Rh is essential for
Gt activation (Farrens et al. 1996; Choe et al. 2011), the larger
change of amide-I for the GR/Rh chimera suggests that a
similar conformational change of TM 6 occurs during its ac-
tivation process. Thus, the successful functional conversion
from microbial type-1 rhodopsins into the G-protein activator
revealed the relationship between the two types of rhodopsins,
in spite of their lack of amino acid sequence homology.

Conversion of other ion pumps

Archaeal proton and chloride pumps

The proton acceptor and donor in HsBR are Asp85 and
Asp96, respectively, and they play a critical role in the H+

transport with Thr89. These three residues are called the
BDTD-motif^ (Béjà and Lanyi 2014; Inoue et al. 2014a),
and in HsHR this motif is replaced by the BTSA-motif.^ As
described above, when Asp85 (the first D of the DTD-motif)
of HsBR is mutated to Thr, the D85T mutant is able to pump
Cl− inwardly, as does HsHR (Figs. 2a, 3a) (Sasaki et al. 1995;
Tittor et al. 1997). This observation implies that HsBR and
HsHR share a common transport mechanism and that their ion
selectivity is determined at the position of the primary proton
acceptor (Asp85 in HsBR). While this was a clear-cut result,
the reverse substitution (i.e. Thr→ Asp) did not convert
HsHR into an H+ pump (Havelka et al. 1995; Váró et al.
1996). Nine additional substitutions of a homologous protein
of HsHR, Natronomonas pharaonis HR (NpHR), also did not
convert it to a H+ pump, indicating that the direction of func-
tional conversion between H+ and Cl− pumps is asymmetric
(Fig. 3a) (Muroda et al. 2012). FTIR spectroscopic analysis
suggested that protein-bound water molecules may be related
to the asymmetric functional conversion (Muroda et al. 2012).

Eubacterial proton, sodium and chloride pumps

In 2000, a new class of outward H+ pump was found in an
uncultured marine bacterium and was named proteorhodopsin
(PR) (Fig. 1b) (Béjà et al. 2000). In this new outward H+ pump
the proton donor of HsBR (Asp96) is replaced with a Glu
residue. Thus, PR has a DTE-motif instead of the DTD-
motif of HsBR in helix C. Many homologous DTE-type H+

pumping microbial rhodopsins have since been found in var-
ious eubacterial species, including xanthorhodopsin (XR),
which binds an antennae carotenoid (salinixanthin) on the
outer side of the TM region of helices E, F and G (Balashov
and Lanyi 2007),Gloeobacter rhodopsin (GR) (Miranda et al.
2009) and thermophilic rhodopsin (TR) from the extreme ther-
mophile Thermus thermophilus (Fig. 1b) (Tsukamoto et al.
2013). In addition, the eubacterial light-driven Na+ and Cl−

pumps Krokinobacter eikastus rhodopsin 2 (KR2) and
Fulvimarina rhodopsin (FR), respectively, were discovered
in 2013 and 2014, respectively (Inoue et al. 2013a, 2014b;
Yoshizawa et al. 2014), and they form new phylogenetic
clades (Fig. 1b). KR2 and FR have an NDQ-motif (Asn,
Asp and Gln) and an NTQ-motif (Asn, Thr and Gln) at posi-
tions homologous to the DTD-motif and the DTE-motif of
HsBR and PR, respectively (Inoue et al. 2014a). These three
types of eubacterial ion pumping rhodopsins (H+, Na+ and
Cl−) provided the possibility of six functional conversions
among them (i.e. H+⇔ Cl−, H+⇔ Na+, Na+⇔ Cl−) (Fig. 3b).
As the motifs of eubacterial rhodopsins are likely to determine
their functions, we examined these functional conversions by
altering them for GR (H+ pump), KR2 (Na+ pump) and FR
(Cl− pump). Among those six potential functional conver-
sions, only one conversion was actually functional, from a
Na+ to a H+ pump (Inoue et al. 2016b). This may be consistent
with the fact that KR2 transports H+ in the absence of Na+

(Inoue et al. 2013a), which suggests that KR2 retains the mo-
lecular machinery of a H+ pump in its structure. However, the
H+ transport efficiency of the DTE mutant of KR2 (N112D/
D116T/Q123E) was less than the efficiency of the natural H+

pumping rhodopsins, especially in solutions containing NaCl,
but it was enhanced in solutions containing CsCl, which im-
plies that Na+ inhibits H+ transport in the DTEmutant of KR2.
As the Asp102 of KR2, which is characteristic of Na+ pumps,
constitutes the Na+ binding site in the crystal structure
(Gushchin et al. 2015; Kato et al. 2015a), we replaced that
residue with the neutral residue Asn. The DTE/D102Nmutant
of KR2 exhibited high H+ pumping activities even in solutions
containing NaCl. Thus, the functional conversion of the
Na+→H+ pump was achieved by four mutations (top panel
in Fig. 3b). In contrast, the reverse motif mutation in GR from
DTE to NDQ was not enough to produce a Na+ pumping
rhodopsin even if all six mutations were introduced (top
panel in Fig. 3b), implying that additional substitutions are
required to make this functional conversion successful.

866 Biophys Rev (2017) 9:861–876



Next, we examined the functional conversion between Na+

and Cl− pumps using KR2 and FR. As the simple motif re-
placement for the Na+ pumpKR2 (NDQ→NTQ, i.e. D116T)
resulted in an unsuccessful Na+→ Cl− pump conversion, we
suspected that the negatively charged Na+ binding site in KR2
(Inoue et al. 2013a; Gushchin et al. 2015; Kato et al. 2015a)
prevents inward Cl− pumping. That is indeed the case, as the
D116T(NTQ)/D102Nmutant of KR2 exhibited a robust light-
induced Cl− transport activity (middle panel in Fig. 3b).
Furthermore, we focused on Phe72 in helix B of KR2 because
that residue is located near the Schiff base region and is highly
conserved among the Cl− pumps. The D116T(NTQ)/F72G/
D102N mutant of KR2 showed a larger light-induced Cl−

pumping activity than did the D116T(NTQ)/D102N mutant
(Inoue et al. 2016b). We then examined a reverse Cl−→ Na+

pump conversion, but the simple motif replacement for the
Cl− pump FR (NTQ→NDQ, i.e. T114D) resulted in an un-
successful conversion. To make that conversion possible, we
constructed a variety of additional mutants, including V60S
and S225G (middle panel of Fig. 3b), but none of these mu-
tants showed any ion transport activity. Thus, while the

Na+→ Cl− pump conversion was successful, the reverse
Cl−→ Na+ pump conversion can not yet be achieved, show-
ing an asymmetric interconversion (middle panel in Fig. 3b).

For the H+⇔ Cl− interconversion between GR and FR, the
motif replacement mutations (DTE ⇔ NTQ) were not suffi-
cient for functional conversions. Therefore, we introduced an
additional four mutations to the GR NTQ mutant (GR NTQ/
I83S/H87S/D115N/F265S) to make a Cl− pump (Fig. 3b).
However, that mutant did not show any Cl− pumping function.
The Cl− ion commonly binds near the Schiff base nitrogen as a
counterion of Cl− pumps, such as HsHR, NpHR, FR and a Cl−

pumping KR2 mutant (KR2 NTQ/F72G/D102N), but the GR
mutant does not bind Cl−. Therefore, we consider that a proper
structure required for Cl− binding site is not achieved by these
mutations and that this is the main reasonwhy we observed no
Cl− transport activity for the GR mutant. We then tried to
optimize the functional conversion from Cl− to H+ pumps.
Gly263 of Na+ pump KR2 is a key residue for Na+ uptake
(Gushchin et al. 2015; Kato et al. 2015a). The corresponding
amino acids are Ser and Phe for FR and GR, respectively,
which may be important for the ion specificity of each pump.

Fig. 3 Schematics of conversion among ion pumps. a Asymmetric
functional conversion of the archaeal light-driven ion pumps HsBR (H+

pump) and Natronomonas pharaonis halorhodopsin (NpHR; PDB ID
347K; Cl− pump) (Kouyama et al. 2010). b Asymmetric functional con-
version of eubacterial light-driven ion pumps GR (H+ pump),
Krokinobacter eikastus rhodopsin 2 (KR2; Na+ pump) and Fulvimarina
rhodopsin (FR; Cl− pump). The structures of GR, KR2 and FR are illus-
trated by reference to the crystal structures of XR (PDB ID 3DDL, a
homologous protein of GR), KR2 (PDB ID 3X3C) and NmClR (PDB

ID 5B2N, a homologous protein of FR) (Hosaka et al. 2016), respectively.
c Phylogenetic tree of eubacterial light-driven ion pumps and the asym-
metric results of functional conversions among them. d Creations of new
classes of light-driven ion pumps through the modification of the residues
of eubacterial light-driven Na+ pump KR2. The structure of KR2 is illus-
trated by reference to its crystal structure (PDB ID 3X3B). For all panels,
the membrane is roughly in the vertical plane of these images, and the top
and bottom regions correspond to the cytoplasmic and extracellular sides,
respectively
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Indeed, the results showed that the FR DTE/S255F mutant
functions as an outward H+ pump. We thus conclude that the
functional interconversion for the H+⇔Cl− pair is asymmetric
as well (bottom panel in Fig. 3b).

Figure 3c shows a phylogenetic tree of eubacterial ion
pumping rhodopsins and the asymmetric results of functional
conversions. Of note, only one functional conversion in each
pair of proteins was possible, whereas the reverse conversions
did not work. Here we discuss the asymmetric interconver-
sions from the evolutionary viewpoint. Based on the con-
served helix C motif, eubacterial rhodopsins can be classified
into DTX (H+ pumps; X is mostly E), NTQ (Cl− pumps) and
NDQ (Na+ pumps) rhodopsins, which are distinct from
haloarchaeal DTD (H+ pumps) and TSA (Cl− pumps) rhodop-
sins. This phylogenetic relationship strongly suggests that the
ancestor of eubacterial ion pump rhodopsins is an H+ pump,
from which Cl− pumps emerged, followed by the appearance
of Na+ pumps (Fig. 3C). Successful functional conversions
are attained exclusively when the mutagenesis attempts to
reverse the course of evolution, but not when it follows the
evolutionary direction (Inoue et al. 2016b). Dependence of the
observed functional conversions on the direction of evolution
strongly suggests that the essential elements of an ancestral
function are retained even after the gain of a new function,
while the gain of a new function needs the accumulation of
multiple mutations, which may not be easily reproduced by
limited mutagenesis in vitro.

It should be noted that the asymmetric functional intercon-
version between eubacterial H+ and Cl− pumps (GR and FR)
is opposite that between archaeal H+ and Cl− pumps, where
the H+→ Cl− pump conversion was achieved by a single
amino acid substitution (Sasaki et al. 1995; Tittor et al.
1997), but the reverse conversion was unsuccessful
(Havelka et al. 1995; Váró et al. 1996; Muroda et al. 2012).
If the success of functional conversion of ion-pumping rho-
dopsins depends on the direction of evolution, how can the
results of the archaeal H+ and Cl− pumps be explained? The
phylogenetical analysis of archaeal ion pumps is less hierar-
chical than that for eubacterial pumps, with much older
branching. Thus, a different molecular mechanism, such as
the hydrogen-bonding strength of protein-bound water mole-
cules (Muroda et al. 2012) underlies the asymmetric function-
al conversion in archaeal H+ and Cl− pumps. Recently, a new
class of Cl− pump, which has a TSD-motif, was reported from
cyanobacterium Mastigocladopsis repens (MrHR) (Hasemi
et al. 2016) and Synechocystis sp. PCC 7509 (SyHR) (Niho
et al. 2017). This pump retains the aspartic acid homologous
to the H+ donor of archeal H+ pumps (Asp96 in HsBR). The
mutation of Thr74 to Asp in MrHR (i.e. changing the motif
from TSD to DTD) converted the function to a H+ pump
(Hasemi et al. 2016). Although the phylogenetical distance
between MrHR and HsBR is similar to that between HRs
(HsHR and NpHR) and HsBR (Fig. 1b), for which the

conversion of a Cl− pump to a H+ pump was impossible
(Muroda et al. 2012), the functional conversion by a single
amino acid substitution suggests that structural and functional
elements required for the H+ pump are conserved in MrHR,
but not in archeal HRs.

Non-natural ion pump

In addition to the functional conversion between ion pumps
existing in nature, new classes of ion pumps have been created
by modifying the residues of the Na+ pump KR2. The crystal
structure of KR2 has an intramolecular hydrophilic cavity
(Bintracellular vestibule^ or Bion uptake cavity^) on the cyto-
plasmic side (Gushchin et al. 2015; Kato et al. 2015a). This
cavity has a bottle-neck-like structure in the middle part of the
TM region and is composed of several amino acid residues,
including Asn61 and Gly263. We have shown that the mutant
of KR2 for these residues (N61P/G263W named BKR2K+^)
shows K+ transport activity (Fig. 3d) (Kato et al. 2015a).
Furthermore, by screening the 12 types of mutations, we ob-
tained a Cs+-transporting KR2 (N61L/G263F named
BKR2Cs+^) (Fig. 3d) (Konno et al. 2016). Thus, it is now
possible to produce artificial ion pumps by atomistic design
of the mutation.

Conversion of cation channels

In native cells, ChRs work as sensors for phototaxis behavior
via changes in motility mediated through their light-gated cat-
ion channeling function (Sineshchekov et al. 2002). These
ChRs not only have biological significance, but when they
are heterologously expressed in animal neurons they evoke
an action potential upon light illumination. This property en-
ables the temporally and spatially precise control of neural
activation to be used as a genetically encoded tool for
optogenetics (Boyden et al. 2005; Deisseroth 2015), with
CrChR2 being one of the most widely used optogenetic tools.
Thus, from the biological and technological points of view, the
ion-transporting mechanisms of ChRs have been extensively
studied by various biophysical methods (Ritter et al. 2008;
Radu et al. 2009; Eisenhauer et al. 2012; Lórenz-Fonfría
et al. 2013; Ito et al. 2014; Lórenz-Fonfría et al. 2014;
Muders et al. 2014). For most ChRs, a glutamic acid at the
homologous position of Asp85 of HsBR is conserved as the
counterion, whereas an acidic residue at the position of Asp96
of HsBR, a proton donor of the deprotonated Schiff base for
proton pumps, is not conserved. On the basis of that back-
ground and the crystallographic structure of C1C2, two re-
search groups successfully produced anion-conducting rho-
dopsins by mutating several residues of ChRs (Fig. 4)
(Berndt et al. 2014; Wietek et al. 2014). Based on theoretical
studies one group predicted that the replacement of Glu90 in
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CrChR2 (corresponding to Ala53 in HsBR) by lysine or argi-
nine would show permeation of Cl− ions inside the protein
(Wietek et al. 2014). Actually, the E90R mutant of CrChR2
in combination with T159C (named ChloC) showed a signif-
icant Cl−-channeling function (Fig. 4a) (Wietek et al. 2014).
Furthermore, bymutating Asp156 of the mutant (ChloC) to an
asparagine (ChR2 E90R/D156N/T159C, slowChloC), the
lifetime of the channel opening was strongly enhanced and a
large photocurrent even with a shorter light pulse was obtain-
ed (Fig. 4b). The other research group designed another type
of anion-conducting ChR by site-directed mutations of C1C2.
A multiple mutant of C1C2 (named iC1C2, Fig. 4c) was
shown to have a sufficiently large photocurrent, representing
anion conductance (Berndt et al. 2016). The conductance
(photocurrent) of iC1C2 was increased by optimizing the mu-
tation sites and replacing the C-terminus with that of CrChR2
(iC++; Fig. 4d) (Berndt et al. 2016). The time of channel
closing in the mutant (iC++) was decelerated by 9500-fold

by mutating Cys128 to an alanine. This mutant (named
SwiChR++) showed a step-function type photocurrent, where
it is opened by a blue light pulse and is immediately closed by
a red light pulse (Fig. 4e) (Berndt et al. 2016). These artificial
anion channels are expected to be useful in optogenetics as a
neural silencer. Thus, the successful functional conversion by
substitutions of multiple amino acids revealed that the essen-
tial differences between cation and anion channels are far less
than previously imagined. Recently, the Spudich group report-
ed a new class of natural anion-conducting ChRs (ACRs)
from the eukaryotic alga Guillardia theta (Govorunova et al.
2015). Among the three ACR genes existing in the genome of
G. theta (GtACR1, 2 and 3), two (GtACR1 and GtACR2)
showed anion transport activity in transfected human embry-
onic kidney (HEK293) cells (Govorunova et al. 2015) (Fig.
1b). While the maximum wavelength of the action spectrum
of GtACR1 is located around 515 nm (green absorbing),
GtACR2 showed a blue-shifted maximum at 470 nm (blue

Fig. 4 Conversion of the
channelrhodopsin (ChR) light-
gated cation channels. a, b
Conversion of a light-gated cation
channel (CrChR2) into light-
gated anion channels (ChloC and
slowChlo) by two and three ami-
no acid substitutions, respective-
ly. c, d Conversion of a light-
gated cation channel (C1C2) into
light-gated anion channels
(iC1C2 and iC++) by nine and ten
amino acid substitutions and re-
placing the C-terminus with that
of CrChR2, respectively. e
Conversion of a light-gated cation
channel (C1C2) into a bistable
light-gated anion channel
(SwiChR++) that can open and
close the ion transport pathway
when exposed to blue and red
light pulses, respectively. The
structures for all panels are con-
structed on the basis of the crystal
structure of C1C2 (PDB ID
3UG9). The membrane normally
is roughly in the vertical plane of
these images, and the top and
bottom regions correspond to the
cytoplasmic and extracellular
sides, respectively
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absorbing). Natural ACRs showed a larger (several nA) pho-
tocurrent and a stronger inhibition of the generation of action
potential by light than those of ChR-based anion channels
(Govorunova et al. 2015). We recently demonstrated that the
ion transport activity of GtACR2 is strongly (10-fold) en-
hanced by a mutation of the conserved Arg residue (R84E)
located on a loop (the B-C loop) between TM helix 2 and TM
helix 3, when it is expressed in Escherichia coli cells as a
recombinant protein (Doi et al. 2017). In the future, further
modification(s) will be applied to natural ACRs to obtain ef-
ficient neural silencers.

Conversion of photosensors

Proton pump

Microbial phototaxis receptors, such as HsSRI and HsSRII,
form complexes with cognate transducer proteins HtrI and
HtrII on cellular membranes (Inoue et al. 2013b). HsSRI and
HsSRII induce conformational changes upon illumination,
and they transmit signals to HtrI and HtrII, respectively. HtrI
and HtrII then relay the signals to downstreammolecules such
as CheA and CheY (Hoff et al. 1997). Eventually, the phos-
phorylated CheY binds to the flagellar motor and changes its
rotation pattern, resulting in phototaxis responses (Fig. 5)
(Hoff et al. 1997). HsSRI has an absorption maximum at
587 nm, and it therefore absorbs orange light. Light illumina-
tion of HsSRI triggers trans–cis isomerization of the retinal
chromophore, leading to the sequential appearance of several
intermediates during the photocycle, such as K-, L- and M-
intermediates, where the M-intermediate is an active form for
the positive phototaxis responses (Swartz et al. 2000). The M-
intermediate shows an absorption maximum at 373 nm and
absorbs blue light. When the M-intermediate receives blue
light, it is converted into P520, an active form for negative
phototaxis responses (Spudich and Bogomolni 1984). Thus,
HsSRI is responsible for both negative and positive phototaxis
in collaboration with HtrI. On the other hand, HsSRII and its
homologous protein from the archaeon N. pharaonis
(NpSRII) have absorption maxima at 487 and 498 nm, respec-
tively, and they work as negative phototaxis sensors for blue
light (Takahashi et al. 1990; Imamoto et al. 1992).
Illumination of HsSRII and NpSRII with blue light leads to
the appearance of several intermediates (K-, L-, M- and O-
intermediates) during the photocycle (Imamoto et al. 1992),
where the long-lived M- and O-intermediates are considered
to be active forms for negative phototaxis (Yan et al. 1991).
Those signals are relayed to HtrII through both the membrane-
spanning and the cytoplasmic domains of SRII (Sudo et al.
2005b; Moukhametzianov et al. 2006).

Although the identities of amino acid residues between SRs
and HsBR are low (HsBR–HsSRI: 26%, HsBR–HsSRII:

30%, HsBR–NpSRII: 27%), the blue-shifted M-intermediate
is commonly formed during the photocycle of HsSRI, HsSRII
and NpSRII. In the case of HsBR, a proton of the protonated
Schiff base is transferred to its counterion Asp85 upon forma-
tion of the M-intermediate, and the proton transfer reaction is
crucial for the H+ pump function of HsBR (Mogi et al. 1988).
By analogy, it is expected that SRs have a potential to show
proton pumping activity. However, when HsSRI, HsSRII and
NpSRII are functionally co-expressed with their cognate
transducer proteins, they form tight complexes in the mem-
brane, and no net proton transport pumping activity is ob-
served (Bogomolni et al. 1994; Sasaki and Spudich 1999;
Sudo et al. 2001a). In contrast, HtrI-free HsSRI and HtrII-
free NpSRII have robust proton pumping activities (Fig. 5a)
(Bogomolni et al. 1994; Sudo et al. 2001b), implying that the
proton pumping mechanism of HsBR is conserved in sensory
rhodopsins, HsSRI and NpSRII. Thus, these results reveal an
evolutionary relationship between ion pumping rhodopsins

Fig. 5 Conversion of photosensory rhodopsins. a Conversion of the
phototaxis sensory rhodopsins (SR) HsSRI and NpSRII into light-
driven outward proton pumps by the removal of cognate transducer pro-
teins, HtrI and HtrII. b Conversion of the phototaxis sensory rhodopsin
HsSRI into an inverted phototaxis sensor by a single amino acid substi-
tution (D201N). c Conversion of the phototaxis sensory rhodopsin SrSRI
into a blue-shifted one by three amino acid substitutions (H131F/A136Y/
A200T). The structures for all panels are from the complex of NpSRII
(purple) and HtrII (blue) (PDB ID 1H2S)
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and photosensory rhodopsins, in spite of their amino acid
sequence differences.

Functional inversion

The active center of the proton pump HsBR is composed of
deprotonated Asp85, deprotonated Asp212, protonated Arg82
and water molecules and their hydrogen bonds (Lanyi 2004).
Asp212 is called the secondary counterion and stabilizes the
protonated Schiff base with the primary counterion Asp85. As
well as Asp85, Asp212 is essential for the H+ pumping func-
tion of HsBR (Mogi et al. 1988). In 1995, it was reported that
the substitution of Asp201 of HsSRI (Asp212 of HsBR) with
the neutral residue Asn (D201N) converted the attractant sig-
naling function to a repellent signaling one (Fig. 5b) (Olson
et al. 1995). D201N exhibited a greatly altered photocycle in
which Schiff base deprotonation (i.e. M-intermediate forma-
tion) is greatly reduced, indicating the importance of Asp201
not only for proton pumping, but also for the photosensing.
Because the M-intermediate of HsSRI produces the P520 in-
termediate necessary for negative phototaxis upon UV-light
illumination (Spudich and Bogomolni 1984), it is likely that
the structure of the unphotolyzed state of the D201Nmutant is
similar to that of theM-intermediate of HsSRI. On the basis of
these results and other findings, Spudich et al. proposed an
opposite conformational two-state model for the attractant and
repellent signaling behavior of the SR–Htr complexes, in
which the Schiff base connectivity is switched from/to in-
ward/outward to from outward/inward (Sineshchekov et al.
2008). Thus, the successful functional conversion of HsSRI
by a single amino acid substitution revealed that essential
differences between positive and negative phototaxis sensors
are far less than imagined.

Color variant

Although both SRI and SRII work as phototaxis receptors,
their respective absorption maxima differ considerably. For
example, the absorption maxima of HsSRI and NpSRII are
located at 587 and 498 nm, respectively. To analyze the color
tuning mechanisms in SRs, we attempted to produce a blue-
shifted SRI (Sudo et al. 2011b). Because HsSRI is unstable,
especially in the detergent-solubilized state without NaCl, we
employed a homologous protein from the eubacterium
Salinibacter ruber (SrSRI) (Fig. 1b), which is much more
stable and could be expressed as a recombinant protein in
Escherichia coli cells (Kitajima-Ihara et al. 2008). By com-
paring amino acid sequences of SRs, we found several candi-
date residues for color tuning, and they are mutated in SrSRI.
Finally, the triple mutant of SrSRI (H131F/A136Y/A200T)
exhibited a large spectral blue-shift from 557 to 525 nm
(Fig. 5c) (Sudo et al. 2011b). We also confirmed that the
inverse mutant of NpSRII shows a large spectral red-shift in

contrast to SrSRI (Sudo et al. 2011b). One of the substitutions
of SrSRI, H131F, is related to the Cl− binding near the β-
ionone ring of the retinal chromophore. We previously report-
ed that Cl− binding is widely conserved among the SRI protein
family (Suzuki et al. 2009; Yagasaki et al. 2010). In the elec-
tronic ground state of rhodopsins, a positive charge of the
retinal chromophore is localized mainly on the Schiff base
nitrogen, and it shifts toward the β-ionone ring upon excita-
tion (Katayama et al. 2015). Similarly, a positive charge locat-
ed on the Schiff base nitrogen is likely to move to the β-
ionone ring by Cl− binding to His131 of SrSRI by electrical
interaction, leading to the spectral blue-shift. One of the mu-
tated residues of SrSRI, Ala136, is also located near the retinal
β-ionone ring, while another of them, Ala200, is located near
the Schiff base region. The changes in charge distribution of
the retinal chromophore and/or steric hindrance by these mu-
tations would cause changes in factors (1), (2) and/or (3)
discussed in subsection Color variant of section Conversion
of the outward proton pump section.

Future directions

Microbial rhodopsins have been extensively studied from
1971 to the present, and the basic knowledge obtained has
allowed researchers to convert the biological functions of var-
ious microbial rhodopsins. Successful functional conversion
provides information on functionally essential elements that
has difficult to obtain using only individual rhodopsin mole-
cules (Fig. 6a). Such information has resulted in microbial
rhodopsins becoming one of the frontrunners of research on
both photoactive proteins and membrane-embedded proteins.
Some of the mutated residues for the functional conversion of
microbial rhodopsins are located around the retinal chromo-
phore (< 5 Å), indicating that the active center is composed of
the retinal chromophore and nearby amino acid residues, wa-
ter molecules and ions (Fig. 6a). The retinal-binding cavity in
microbial rhodopsins is regarded as a substrate-binding cavity
in other receptor proteins and, therefore, functional conversion
is a useful strategy to gain an understanding of the active
center of biological molecules. Noteworthy, some of the resi-
dues necessary for the functional conversion of microbial rho-
dopsins are located at a region far from the retinal chromo-
phore (> 5 Å) (Fig. 6a). For ion transporters, including some
of the microbial rhodopsins, the alternating access model is
thought to be a fundamental mechanism (Slotboom 2014;
Drew and Boudker 2016). In this model, protein structures
are altered from the inward or outward facing states to the
outward or inward facing states upon stimulation with chang-
es in the affinity of the cognate ions. Therefore, mutated res-
idues far from the retinal chromophore are thought to be com-
posed of the ion transport pathway (Figs. 3b, d, 4). For sen-
sors, however, interaction sites for the cognate transducer
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proteins, such as Htrs and G-proteins, are located on the pro-
tein surface and are essential for signal transduction (Fig. 2d,
e). Therefore it is reasonable to conclude that the mutated
residues are far from the retinal chromophore, which is located
at the middle of the TM helices. Thus, in addition to the active
center, functional conversion also identifies regions involved
in the biological functions on the protein surface (Fig. 6a).
This conclusion can also be extrapolated not only to other
photoactive proteins and membrane-embedded proteins, but
also to many other biological molecules.

Of note, in addition to changes in biological activities (i.e.
ion transport and signal transduction), functionally converted
mutant proteins also had changes induced in their molecular
properties, such as absorption maximum, efficiency, kinetics
and stability (Fig. 6b). The native rhodopsins have been opti-
mized by nature for a long time. Therefore, in addition to the
functionally essential region, modifications to other regions to
maintain and/or alter such molecular properties have occurred
during the evolutionary process. Actually, there is a wide va-
riety of amino acid sequences among microbial rhodopsins
(identity: 11 ~ 48%, similarity: 43 ~ 76%). Thus, the function-
ally converted mutant proteins should be further modified to
fully understand the biological functions of microbial rhodop-
sins (Fig. 6b). For these modifications, research on rhodopsins
showing a variety of such properties (absorption maxima, ef-
ficiency, kinetics and stability) would be useful. As a repre-
sentative example, we recently identified a few rhodopsins
with extremely high thermal stability (Tsukamoto et al.
2013; Honda et al. 2017; Kanehara et al. 2017) and solved
one of their crystal structures (Tsukamoto et al. 2016).
Combining experimental results with molecular simulations,
some regions responsible for the high stability were estimated,
and we are planning to insert that region into thermally

unstable rhodopsins, such as HsSRI, to make them more sta-
ble. We expect that the stabilization mechanism of microbial
rhodopsins can be applied to other membrane-embedded pro-
teins, such as G-protein-coupled receptors, which are often
unstable, especially in the detergent-solubilized state. Thus,
microbial rhodopsins should be further investigated in detail
not only to understand their molecular properties but also to
utilize them as models for both photoactive proteins and
membrane-embedded proteins.

In addition to the biological aspect of microbial rhodopsins,
these molecules have received increased attention as a tool for
optogenetics (Fig. 6c). Indeed, cation ChRs, such as CrChR2,
and anion ChRs, such as GtACR1, are widely utilized as light-
dependent neural activators and silencers, respectively, even
in living animals (Boyden et al. 2005; Govorunova et al.
2015). As described above, on the basis of knowledge of the
color tuning mechanism, we successfully produced blue-
shifted color variants of rhodopsins without any loss of bio-
logical activity (Sudo et al. 2013; Kato et al. 2015b). Similarly,
producing rationally designed rhodopsins with changes in ab-
sorption maximum, high efficiency, fast kinetics and high sta-
bility would also be useful for optogenetics. As an example,
some research groups have attempted to make a red-shifted
color variant, although the ion transport activity was not suf-
ficient (Prigge et al. 2012; Lin et al. 2013). Both CrChR2 and
GtACR1 absorb blue light (Nagel et al. 2003; Govorunova
et al. 2015), which shows less tissue permeability due to the
scattering and absorption of some molecules. Therefore, the
optical fiber has to be inserted deeply in the brain. If a rho-
dopsin shows an absorption maximum above 800 nm, it
would be possible to regulate rhodopsin function by light
without insertion of the optical fiber (Fig. 6c). To this end, in
addition to combinations of mutations, other strategies, such

Fig. 6 Future directions of
microbial rhodopsin research. a
Conversion among microbial
rhodopsins provides critical
information about functionally
essential elements located near
the retinal chromophore (< 5 Å)
and far from the retinal
chromophore (> 5 Å). b
Functional conversion also affects
other molecular properties, such
as color, efficiency, kinetics and
stability, which will be further
investigated in the future to make
rationally designed molecules. c
Knowledge obtained from a and
b will allow the development of
novel optogenetic tools
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as replacement of the retinal chromophore and addition of a
secondary chromophore to use a two-photon process, would
be useful.

In conclusion, the functional conversion of microbial rho-
dopsins provides a suitable approach not only for basic re-
search but also for the development of next generation
optogenetic tools.
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