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Abstract

The first light-sensing proteins used in
optogenetics were rhodopsins. The word “rho-
dopsin” originates from the Greek words
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the light-gated ion channel, molecular
properties, and several variants are introduced.
As the history has proven, understanding the
molecular mechanism of microbial rhodopsins
is a prerequisite for useful functional design of

“rhodo” and “opsis,” indicating rose and
sight, respectively. Although the -classical
meaning of rhodopsin is the red-colored pig-
ment in our eyes, the modern meaning of rho-
dopsin encompasses photoactive proteins
containing a retinal chromophore in animals
and microbes. Animal and microbial
rhodopsins possess 11-cis and all-trans retinal,
respectively, to capture light in seven trans-
membrane a-helices, and photoisomerizations
into all-frans and 13-cis forms, respectively,
initiate each function. We are able to find
ion-transporting  proteins in  microbial
rhodopsins, such as light-gated channels and
light-driven pumps, which are the main tools
in optogenetics. In this chapter, historical
aspects and molecular properties of rhodopsins
are introduced. In the first part, “what is rho-
dopsin?”, general introduction of rhodopsin is
presented. Then, molecular mechanism of
bacteriorodopsin, a light-driven proton pump
and the best-studied microbial rhodopsin, is
described. In the section of channelrhodopsin,
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optogenetics tools in future.
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Abbreviations

ACR Anion channel rhodopsin

Arch Archaerhodopsin 3

ASR Anabaena sensory rhodopsin

BR Bacteriorhodopsin

ChR Channelrhodopsin

CpP Cytoplasmic

EC Extracellular

GPCR G-protein-coupled receptors

GtCCR4 Cation channel rhodopsin from
Guillardia theta

HeR Heliorhodopsin

HR Halorhodopsin

PoXeR  Rhodopsin from Parvularcula oceani

Rh-GC Light-activated  guanylyl cyclase
rhodopsin
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Rh-PDE Light-activated = phosphodiesterase
rhodopsin

RSB Retinal Schiff base

SRI Sensory rhodopsin I

SRIT Sensory rhodopsin II

1.1 What Is Rhodopsin?

The word “rhodopsin” originates from the Greek
words “rhodo” and “opsis,” which indicate rose
and sight, respectively. Thus, the classical mean-
ing of rhodopsin is the red-colored pigment in the
retinal rods of eyes. The chromophore molecule
that absorbs light is retinal, which is the origin of
red color. Retinal, the aldehyde of vitamin A, is
derived from f-carotene and is bound to the pro-
tein in the shape of 11-cis forms (Fig. 1.1)
(Shichida and Matsuyama 2009; Hofmann et al.
2009; Palczewski 2012; Koyanagi and Terakita
2014; Ernst et al. 2014). Then, similar colored
retinal-binding proteins were found in microbes,
largely expanding the definition of the word rho-
dopsin (Lanyi 2004; Grote et al. 2014; Brown
2014; Ernst et al. 2014; Inoue et al. 2015;
Govorunova et al. 2017). In case of microbial
rhodopsins, all-frans retinal is bound to the pro-
tein (Fig. 1.1). The modern meaning of rhodopsin
encompasses photoactive proteins containing a
retinal chromophore in animals and microbes
(Ernst et al. 2014). Rhodopsins are now found
in all domains of life and are classified into two
groups. While lower organisms utilize the family
of microbial rhodopsins for various functions
including light-driven ion pump and light-gated
ion channel, animals use the photosensory
functions of a different family of rhodopsins (ani-
mal rhodopsin), a specialized subset of G-protein-
coupled receptors (GPCRs). Microbial and ani-
mal rhodopsins share a common architecture of
seven transmembrane o-helices (TM1-7) with the
N- and C-terminus facing outwards from and
inside of the cell, respectively, but have almost
no sequence homology and differ largely in their
functions (Fig. 1.2a) (Ernst et al. 2014). Retinal is
attached by a Schiff base linkage to the e-amino
group of a lysine side chain in the middle of the
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seventh helix, and this retinal Schiff base (RSB) is
protonated (RSBH™) in most cases (Fig. 1.1).

In this chapter, I introduce ion-transporting
rhodopsins as they were first used in
optogenetics. In living cells, the lipid bilayer
effectively repels electrically charged ions that
the cell must transport in order to live. Transport
of ions is carried out by ion-transporting proteins,
which are classified into two types (Fig. 1.2b)
(Kandori et al. 2018). In ion channels, ion trans-
port is bidirectional and dissipates energy, leading
to a decrease in the ion’s electrochemical poten-
tial (free energy). The second type, ion pumps,
gains free energy of the system by ion transport,
for which energy input is a prerequisite. This is
the ion pump. Ion pathways are necessary for
both channels and pumps, and each pathway is
fully connected between both sides of the mem-
brane when the channel is open. The process by
which a channel is opened and closed is referred
to as “gating” in this field of study, and channels
need at least one gate (Fig. 1.2b) (Hille 1984). A
lot of ions are transported upon opening of the
gate. For pumps, in contrast, ion pathways cannot
be fully connected at one time between both sides
of the membrane because the formed ion gradient
will easily collapse. This is an important aspect
when distinguishing pumps from channels. In
other words, pumps require at least two gates,
whose regulated opening requires energy input
(Fig. 1.2b). To explain complex mechanism of
ion pumps, alternating access model and Panama
Canal model are used, where transported ion
(s) are bound in the resting state (Tanford 1983;
Kandori et al. 2018). Only the bound ion(s) are
transported during the activation cycle, and con-
sequently, much less ions can be transported in
pumps than in channels.

Microbial rhodopsins were first found in the
Archaea (Halobacterium salinarum) (Oesterhelt
and Stoeckenius 1971) and were therefore
initially termed archaeal rhodopsins.
H. salinarum  contains  bacteriorhodopsin
(BR) (Oesterhelt and Stoeckenius 1971) and
halorhodopsin ~ (HR)  (Matsuno-Yagi  and
Mukohata 1977) that act as a light-driven outward
proton pump or an inward CI™ ion pump, respec-
tively. BR and HR contribute to the formation of
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Microbial rhodopsin

Fig. 1.1 Chromophore molecules of microbial (left) and
animal (right) rhodopsins. -Carotene (top) is the source of
the chromophore, and all-frans and 11-cis retinal are

a membrane potential and thus function in light-
energy conversion. The two other H. salinarum
rhodopsins are sensory rhodopsins I and IT (SRI
and SRII) (Spudich and Bogomolni 1984; Jung
et al. 2003), which act as positive and negative
phototaxis sensors, respectively. For the first
30 years since the early 1970s, microbial
rhodopsins were epitomized by haloarchaeal
proteins, the first-discovered and best-studied
light-driven proton pump BR and its close
relatives (HR, SRI, and SRII). However, over
the past 15 years, thousands of related
photoactive proteins with similar or different
functions were identified in Archaea, Eubacteria,
and Eukaryota (Brown 2014; Govorunova et al.
2017). Since the original discovery of BR in
H. salinarum, similar rhodopsins have been
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Animal rhodopsin

bound to protein to form microbial and animal rhodopsins,
respectively

found in Eubacteria and lower Eukaryota, and
they are now called microbial rhodopsins.
Channelrhodopsins (ChRs), another group of
microbial rhodopsins, were discovered in green
algae where they function as light-gated cation
channels within the algal eye to depolarize the
plasma membrane upon light absorption
(Fig. 1.2) (Nagel et al. 2002, 2003). Thus, ChRs
naturally function as signaling photoreceptors as
well. Discovery of ChR led to the emergence of a
new field, optogenetics (Miesenbock 2011), in
which light-gated ion channels and light-driven
ion pumps are used to depolarize and hyperpolar-
ize selected cells of neuronal networks. This new
method is highly expected to understand the cir-
cuitry of the brain (Deisseroth 2011; Diester et al.
2011).



H. Kandori

ouT

Fig. 1.2 (a) Architecture of rhodopsins. In the rhodopsin
field, by convention the cytoplasmic and extracellular
sides are drawn at the upper and lower sides of figure,
respectively, which is opposite to the conventional

It should be noted that microbial rhodopsins
are used in optogenetics in which animal brain
functions are studied by incorporating microbial
rhodopsins, but not animal rhodopsins, into the
animal brain. There are three reasons for this. One
is the isomeric structure of the chromophore. An
11-cis retinal (Fig. 1.1), the chromophore mole-
cule of animal rhodopsins, is not generally abun-
dant in animal cells. In contrast, endogenous
all-trans retinal, the chromophore molecule of
microbial  rhodopsins, is  sufficient for
optogenetics in animal cells. The second reason
is “bleaching.” Upon light absorption, animal and
microbial rhodopsins exhibit retinal isomerization
from the 11-cis to all-trans, and all-trans to 13-cis
forms, respectively (Fig. 1.3). While the isomeri-
zation reaction initiates each function, the end of
the photoreaction differs between animal and
microbial rhodopsins. The isomerized all-trans
retinal is released in our visual pigments and
does not return to the 11-cis form, and is thus
called “photobleaching” (Fig. 1.3) (Ernst et al.
2014). This is not a problem in human visual
cells because enzymatically isomerized 11-cis ret-
inal is newly supplied, but this is not the case in
other animal cells. In contrast, the 13-cis form is
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drawing of membrane proteins such as G-protein-coupled
receptors and transporters. (b) Ion transports of ion pump
and channel are unidirectional and bidirectional,
respectively

thermally isomerized into the all-trans form, and
the spontaneous return is termed the “photocycle”
in microbial rhodopsins (Fig. 1.3). The third rea-
son is that ion-transporting properties of light-
gated ion channels and light-driven ion pumps
enable the direct manipulation of membrane
potentials of selected cells in neuronal networks
without additional elements. Due to the existence
of naturally abundant all-frans retinal and its
photocycle feature, ion-transporting microbial
rhodopsins have become a tool in optogenetics.

1.2 Bacteriorhodopsin, the First

lon Transport by Light

BR from H. salinarum, the first-discovered
microbial rhodopsin in 1971 (Oesterhelt and
Stoeckenius 1971), is the first membrane protein
whose structure was found to be composed of
seven helices by electron microscopy (Henderson
and Unwin 1975), and was also the first mem-
brane protein to have its amino acid sequence
determined (Khorana et al. 1979). As the best-
studied microbial rhodopsin, it serves as a para-
digm of a light-driven retinal-binding ion pump
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Fig. 1.3 Photoreactions in animal (a) and microbial (b)
rhodopsins. Photoisomerizations from the 11-cis to the
all-trans form and from the all-trans to the 13-cis form

and aids in studies of novel rhodopsins (Lanyi
2004; Ernst et al. 2014). Archaerhodopsin
3 (Arch), a homologous proton-pump protein, is
the best used in optogenetics as a neural silencer
(Chow et al. 2010), sharing 58% amino acid
identity with BR. Similar molecular mechanisms
were assumed for the light-dependent ion trans-
port function between Arch and BR.

Figure 1.4 illustrates the overall structure of
BR, highlighting the conserved aromatic amino
acids with an important function. The retinal-
binding pocket is the most conserved common
element of the structure. Strongly conserved
Trp86 and Trpl82 constitute an important part
of the chromophore binding site by sandwiching
all-trans-retinal vertically (Fig. 1.4). The pres-
ence of these bulky groups possibly determines
the isomerization pathway from the all-frans to
the 13-cis form (Gozem et al. 2017). Moreover,
the interaction of photoisomerized retinal with
Trp182 may serve as the mechanical transducer
for passing the energy stored in retinal deforma-
tion into the functionally important changes of the
helical tilts necessary for function (Weidlich et al.
1996). Another important position occupied by
aromatic amino acids in the retinal-binding
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are the primary reactions in animal and microbial
rhodopsins, respectively

pocket is that of Tyr185 in BR (Fig. 1.4), which
participates in hydrogen-bonding stabilization of
the Schiff base counterion for many rhodopsins.
This is replaced by a Phe in ChRs, suggesting
that the lack of a hydrogen-bonding interaction
at this position is important for channel
function.

In addition to the aromatic sidechain rings,
electrostatic and hydrogen-bonding interactions
in the proximal part of retinal are crucial in defin-
ing the functionality of microbial rhodopsins
(Lanyi 2004; Ernst et al. 2014). The sidechain of
BR Lys216 (or its homologs in other microbial
rhodopsins) forms a covalent bond with the reti-
nal molecule through the Schiff base (Fig. 1.1).
Since the Schiff base is usually protonated,
Lys216 and super-conserved Arg82 of helix C
in BR provide two positive charges within the
protein (Fig. 1.5), which requires two negative
charges for electrostatic stabilization. This
dictates the most common configuration of the
Schiff base counterions made by two carboxylic
acids (Asp85 and Asp212 in BR), which are
perfectly conserved for proton-pumping micro-
bial rhodopsins (Fig. 1.5) (Ernst et al. 2014;
Kandori 2015).
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Fig. 1.4 Structure of bacteriorhodopsin (BR) with
conserved aromatic residues (PDB: 1QMS8). Tyr83,
Trp86, and Trp182 are strongly conserved among micro-
bial rhodopsins (orange). Aromatic residues are strongly
conserved at the Tyr185, Trp189, and Phe219 positions
(yellow). In BR, Trp86, Trp182, Tyrl85, and Trp189
constitute the chromophore binding pocket for all-trans
retinal (red)

The proton pathway across the membrane
from the cytoplasmic to the extracellular side in
BR is shown in Fig. 1.6, together with
protonatable groups and the order of respective
proton transfers (Kandori 2015; Gerwert et al.
2014). A summary of the photocycle is shown
in Fig. 1.7, which illustrates key intermediate
states for most microbial rhodopsins. Although
the photocycle of BR contains six intermediates,
namely J, K, L, M, N, and O states that are named
alphabetically, only three states (K, M, and N) are
shown in Fig. 1.7 to show the mechanism clearly.
After light absorption, photoisomerization occurs
from the all-trans- to 13-cis-form in 107" s

(Ernst et al. 2014; Gozem et al. 2017). The ultra-
fast retinal isomerization yields the formation of
red-shifted J and K intermediates in which J is the
precursor of the K state. As the protein cavity,
which accommodates retinal, cannot change its
shape promptly, the K intermediate contains
twisted 13-cis retinal and an altered hydrogen-
bonding network in the Schiff base region,
which yield higher free energy in K than in the
original state. This leads to subsequent protein
structural changes that accompany relaxation.

In the case of BR, relaxation of the K interme-
diate leads to the formation of the blue-shifted L.
intermediate. For proton-pumping (and some of
the photosensory) rhodopsins, the L intermediate
serves as the precursor of the proton transfer
reaction from the Schiff base to its primary car-
boxylic proton acceptor, by which the M interme-
diate is formed. This is a key step in proton
transport. Since the M intermediate has a
deprotonated 13-cis chromophore, it exhibits a
characteristically strong blue-shifted absorption
(Amax at 360-410 nm), and is well isolated from
other intermediates. In BR, the proton acceptor
(X~ in Fig. 1.7) is Asp85 so that the primary
proton transfer takes place from the Schiff base
to Asp85. In the case of chloride pump HR, the
Schiff base does not deprotonate during the
photocycle because Asp85 in BR is replaced by
Thr. In HR, X in Fig. 1.7 is a chloride ion, which
is directly translocated upon decay of the L
intermediate.

If the Schiff base of M is reprotonated from
Asp85 in BR, no proton transport occurs. In real-
ity, the Schiff base is reprotonated from Asp96 in
the cytoplasmic region (Fig. 1.6), by which the N
intermediate is formed. The molecular mecha-
nism of unidirectional transport of protons in
BR has attracted the attention of many
researchers, and it is believed that the primary
proton transfer from the Schiff base to Asp85
and the subsequent proton transfer from Asp96
to the Schiff base determine the unidirectionality
from the cytoplasmic to the extracellular region.
The crystal structure of BR exhibits an asymmet-
ric pattern of hydration, while seven internal
water molecules are found in the extracellular
half, only two are observed in the cytoplasmic
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Fig. 1.5 Structure of the
Schiff base region in
bacteriorhodopsin (BR).
This is the side view of the
Protein Data Bank structure
1C3W, which has a
resolution of 1.55 A
(Luecke et al. 1999). The
membrane normal is
approximately in the
vertical direction of this
figure. Hydrogen atoms and
hydrogen bonds (dashed
lines) are supposed from the
structure, while the
numbers indicate hydrogen-
bonding distances in A.
Arg, Asp, and Lys at
positions 82, 212, and

216, respectively, are fully
conserved in ChR and HR,
while Asp85, Thr89, and
Tyr185 in BR are replaced
in ChR and HR, as shown
in the figure

Thr/Ser
Thr89

half (Fig. 1.6). Such asymmetry makes sense in
view of BR’s function, as the water molecules
build a hydrogen-bonding network on the extra-
cellular side for fast proton release while
the cytoplasmic side is likely inaccessible in the
dark and allows proton uptake only after the light-
induced accessibility switch (Ernst et al. 2014).
Such asymmetric access (EC open and CP closed)
is not only the case for the unphotolyzed state but
also the case for the K and M intermediates, as
shown in Fig. 1.7.

To make proton conduction in the cytoplasmic
region possible (CP open), an additional confor-
mational change allowing the entrance of water
into the vicinity of Asp96 should take place. Such
a conformational alteration is realized mainly by
changes in helical tilts (especially of the cytoplas-
mic half of helix F), and the N intermediate is
often characterized by the largest changes in the
protein backbone conformation, most notably,
outward tilts of the cytoplasmic end of helix
F. Such helical motions are functionally

Lys216 /'

ChR/HR
BR

retinal
\

Phe/Tyr

significant both for ion transport and interactions
with transducers of sensory rhodopsins. The
photocycle usually ends with another red-shifted
intermediate, known as the O intermediate,
serving as a last step in resetting the original
unphotolyzed conformation.

In the chloride-pumping HR, the negatively
charged Asp85 in BR is replaced by Thr
(Fig. 1.5), and the lack of a negative charge is
compensated by the binding of Cl™ near the
Schiff base region. Consequently, Cl1™ stabilizes
the protonated Schiff base as the counterion (X~
in Fig. 1.7). During the photocycle of HR, pro-
tonation of the Schiff base is maintained and C1™
is translocated, unlike H"-pumping BR (Kandori
2015). This is also the case in eubacterial light-
driven C1~ pumps. Resemblance of light-driven
H* and ClI” pumps has been demonstrated by
functional conversion by mutation. In 1995, BR
was successfully converted into a CI™ pump by
replacement of a single amino acid (Asp85 to
Thr) (Sasaki et al. 1995). In contrast, HR was
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Fig. 1.6 Proton transport pathway in bacteriorhodopsin
(BR). Arrows indicate each proton transfer, and the num-
bers indicate a temporal order; (1) Schiff base to Asp85,
(2) proton release, (3) Asp96 to Schiff base, (4) uptake,
and (5) Asp85 to the proton release group

not converted into a H" pump by mutation, where
protein-bound water molecules play crucial role
(Muroda et al. 2012). In case of eubacterial
pumps, CI~ pump was converted into H" pump
(Hasemi et al. 2016; Inoue et al. 2016a), but H*
pump could not be converted into CI~ pump
(Inoue et al. 2016a). Asymmetric functional con-
version was observed for both archaeal and
eubacterial light-driven pumps, whereas the
direction of successful conversion was opposite
between them.

1.3 Channelrhodopsin,
the Light-Gated lon Channel

by Light

The molecular mechanism of the light-driven pro-
ton pump in BR is well established although the

H. Kandori

detailed directionality remains uncertain. In
pumps, the transport pathways between the two
sides of the membrane cannot be fully connected
because the gradient formed by active transport
will collapse. This view is clearly explained in the
case of BR. This is an important aspect when
distinguishing pumps from channels. The former
needs energy input, which ensures the unidirec-
tionality of transport across the membrane. The
protein architecture of BR in Figs. 1.4 and 1.6
effectively explains the unidirectional transport in
which the extracellular side contains many water
molecules while the cytoplasmic side has no path-
way (EC open and CP closed in Fig. 1.7). There-
fore, an alternative pump-specific conformation
must work, in which the protein releases a proton
first on one side, and takes up a proton from the
other side (EC closed and CP open in Fig. 1.7). In
contrast, a channel needs a fully connected ion
pathway for passive transport of ions upon open-
ing (EC and CP open). From the structure of BR
(Figs. 1.4 and 1.6), the channel function is most
likely impossible for microbial rhodopsins.

In 2002-2003, three groups independently
identified novel DNA sequences that encode
microbial-type rhodopsins in Chlamydomonas
(Nagel et al. 2002; Sineshchekov et al. 2002;
Suzuki et al. 2003). Furthermore, a light-gated
ion channel function was proved for two proteins,
channelrhodopsin-1 (ChR1) and
channelrhodopsin-2 (ChR2), in Xenopus oocytes
using two electrode voltage clamp measurements
(Nagel et al. 2002, 2003). ChR2 was also shown
to be expressed and used to depolarize mamma-
lian cells in response to light (Boyden et al. 2005;
Ishizuka et al. 2006). Then, several groups began
to work with ChRs, primarily with a truncated
version of ChR2 that expressed better than the
full-length protein and much better than ChR1
(Ernst et al. 2014; Deisseroth 2011). This was
the dawn of optogenetics. Surprisingly, the mam-
malian brain contains sufficient retinoid levels to
allow wild-type ChR2 to function without the
addition of exogenous retinoid cofactors.

ChR is a light-gated ion channel, implying that
the channel is closed in the dark, and opens upon
light absorption. Initially, researchers suspected
that the channel pathway lay inside the seven
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unphotolyzed
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CP closed

4) thermal retinal
isomerization

1) light-induced retinal
isomerization
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Functional Cycle
MNH' . of Microbial MNH* )
\_/— ¥ \_/_ ys
EC op/cl XH Rhodopsins ECopen X
CP closed

3) helix opening for ion
transport in the CP side

EC open

Fig. 1.7 Typical photocycle of microbial rhodopsins
showing isomeric and protonation state of retinal. Names
of the photocycle intermediates are for BR, while those in
parenthesis are for ChR. X~ represents the Schiff base
counterion, and Asp85 in BR also acts as the proton
acceptor from the Schiff base. X~ is Glul23 in ChR2,
whereas the proton acceptor of the Schiff base is not well
established. In the chloride pump HR, X™ is a chloride ion
so that the M intermediate is not formed because the Schiff
base is not deprotonated. Instead, the chloride ion is
transported upwards (in this figure) in HR. CP and EC

transmembrane helices as well as the proton path-
way in BR (Fig. 1.6). Instead, it is more likely that
ChR forms a dimer and that the intra-dimer cavity
constitutes the ion conduction pathway. How-
ever, mutation studies of ChR suggested that the
ion conduction pathway lay inside the seven
transmembrane helices (Ernst et al. 2014). In
addition, X-ray crystallography of a chimeric pro-
tein of ChR1 and ChR2 showed the presence of
the channel cavity at the extracellular domain,
strongly suggesting that the ion conduction

cananl

2) proton transfer
from the Schiff base

XH
M (P,)

indicate cytoplasmic and extracellular domains, respec-
tively. In the unphotolyzed state of microbial rhodopsins,
the EC side is open through a hydrogen-bonding network,
but the CP side is closed. While this is persistent in the K
(P1) and M (P2) states, the CP side is open in the N
(P3) state. When the EC side is closed (black), the CP
side is open, as is the case for an ion pump, as occurs in the
N intermediate of BR. When the EC side is open (red), the
CP side is open, as is the case for an ion channel, as occurs
for the P3 intermediate of ChR

pathway lay inside the seven transmembrane heli-
ces (Kato et al. 2012). It is now believed that a
monomer is the functional unit of ChR. The crys-
tal structure of ChR showed that the protein archi-
tecture is common to all microbial rhodopsins
(Kato et al. 2012; Volkov et al. 2017), but that
some structural modification must be linked to
their unique function. For instance, in all micro-
bial rhodopsins, the hydrogen-bonding acceptor
of the Schiff base is a water molecule (Fig. 1.5),
whereas crystal structure and FTIR spectroscopy



12

revealed the direct interaction of the Schiff base
with the counterion (Glu at the position of Asp85
in BR; Fig. 1.5) (Kato et al. 2012; Ito et al. 2014).

Like BR, the ChR photocycle has been studied
by various methods, and it is now established that
ChR has a photocycle similar to other microbial
rhodopsins (Ernst et al. 2014; Lérenz-Fonfria and
Heberle 2014; Schneider et al. 2015). After the
absorption of light, photoisomerization occurs
from the all-trans- to the 13-cis-form very rap-
idly, and forms the red-shifted K-like intermedi-
ate (P1 in Fig. 1.7). As the protein cavity, which
accommodates retinal, cannot respond promptly,
the P1 intermediate contains twisted 13-cis retinal
and an altered hydrogen-bonding network in the
Schiff base region, which possesses higher free
energy than in the original state. This yields
subsequent protein structural changes that accom-
pany relaxation as well as the case in BR. Then,
the proton is transferred from the Schiff base,
forming the M-like P2 intermediate. The P2 inter-
mediate has a deprotonated 13-cis chromophore
whose absorption is strongly blue-shifted (4.« at
380 nm). The N-like P3 intermediate is formed by
reprotonation of the Schiff base, and it is believed
to be the ion-conducting state. It is reasonable to
assume that the N-like state exhibits the largest
conformational changes in microbial rhodopsins.
When the CP side is open, the EC side must also
be open in ChR so that a transient ion conduction
pathway is created. Therefore, in Fig. 1.7, pumps
and channels show the N-like intermediate in CP
open/EC closed and CP open/EC open
conformations, respectively.

The channel property of ChR is important for
optogenetic applications. In particular, absorption
color, ion selectivity, and open/close dynamics
should be taken into account. Thus far, various
mutants have been shown to improve the
properties of ChR. How then were these variants
designed before structural determination? Knowl-
edge of BR has contributed significantly to the
design of mutants. For instance, two important
Asp in BR, Asp85 and Asp96, correspond to
Glul23 and His134 in ChR2, respectively, to
which mutations were attempted. In the case of
E123T/A, channel closure is faster than that of the
wild type, allowing for a 10-times higher
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repetition rate (200 Hz) than the wild type in
optogenetics (Fig. 1.8) (Gunaydin et al. 2010).
The E123T/A mutant also shows red-shifted
absorption, caused by neutralization of the Schiff
base counterion (Glul23; X~ in Fig. 1.7) (Ernst
et al. 2014). In the case of H134R, channel clo-
sure is slower than that of the wild type, improv-
ing conductivity and changing ion selectivity
(Nagel et al. 2005). Asp96 and His134 in BR
and ChR2, respectively, are located at important
positions of the cytoplasmic domain (Figs. 1.6
and 1.8), presumably influencing ion transport.
In BR, Thr90, Aspl15, and Metl18 (Cys128,
Aspl56, and Thr159 in ChR2, respectively) are
located near the retinal chromophore (Fig. 1.8).
DI56A/C128S exhibits an extremely slow
photocycle, leading to a permanently open chan-
nel that can be photoconverted to the original
state by orange light (Berndt et al. 2011). Since
ion conductance was increased for T159C, it was
used under weak light conditions (Berndt et al.
2009). These examples show how specific
variants of ChR2 have been applied in
optogenetics (Zhang et al. 2011).

Despite the creation of useful ChR2 variants,
there are still many requirements for channel
function. Limited conductance of ChR2 needs to
be improved. However, unlike other channel
proteins, ion pathway is not straight as ions are
conducted inside seven transmembrane helices in
ChR2. This is the substantial limitation of low
conductance of ChR2, and creation of wider
pores through molecular engineering may be a
challenge. Ion selectivity of ChR2 is much higher
for H than for Na* (the permeability ratio, Py/
Pra, is about 10°) (Nagel et al. 2003), indicating
that ChR2 should be recognized as a light-gated
H* channel rather than an Na* channel, and if pH
differs between inside and outside of cells, ChR2
acts as a proton channel. ChR2 has some perme-
ability of Ca*. No conduction or increased con-
duction of Ca®* is highly demanded, and Ca®*-
permeable channelrhodopsin CatCh (L132C
ChR2) was reported, though it does not remark-
ably increase Ca®* permeability (Kleinlogel et al.
2011). Absorbing color is another problem of
ChR2, which absorbs blue light maximally
(470-480 nm). Blue light is harmful to organisms
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Fig. 1.8 Key amino acids for ChR2 channel activity
based on the BR structure, which is modified from
Hegemann and Moglich (2011). Red and black characters
correspond to the residue numbers in BR and ChR2,
respectively, and stick drawings represent the residues in
ChR2. The residues conserved or different in ChR1 and
ChR2 from Chlamydomonas reinhardtii and Volvox

and also penetrates them less than red light.
Therefore, red-absorbing ChRs have been
reported such as ReaChR and Chrimson (Zhang
et al. 2008; Lin et al. 2013; Klapoetke et al. 2014).

While ChR2 was used for neural excitation by
depolarizing cells, neural silencing tools were
highly demanded from the beginning. Light-
driven ion pumps such as a light-driven H*-
pump BR and a light-driven CI™-pump HR were
the candidates as they can hyperpolarize cells by
light. However, at that time, I was skeptical about
the practical usage of these pumps because of
efficiency. In light-driven pumps, a single ion is
translocated by a single photocycle (Figs. 1.4 and
1.5), while multiple ions can be transported when
light-gated ion channel is activated by a single
photocycle. Nevertheless, a light-driven CI™
pump HR was successfully used for neural silenc-
ing by hyperpolarizing cells (Zhang et al. 2007).

and kinetics”

carteri are colored blue or gray, respectively. Mutations
of these residues substantially influence absorption, con-
ductance, kinetics, and ion selectivity, as indicated for
each residue. In particular, four mutations, E123T,
H134R, DI56A/C128S, and T159C, described in the
text, are highlighted by green circles

Optogenetics was actually established by neural
excitation and silencing, using ChR2 and HR,
respectively, in 2007. Then, various light-driven
H* pumps were tested as a tool of neural silenc-
ing, among which Arch has been best used (Chow
et al. 2010).

14 Novel lon-Transporting
Rhodopsins
as Optogenetics Tools

A light-gated channel was discovered in 2002,
and optogenetics began in 2005 by using ChR2
as a neural excitation tool. Optogenetic was fully
established a few years later by using light-driven
H* and ClI” pumps as neural silencing tools,
which were discovered in 1970s. During this
decade, new microbial rhodopsins have been
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Fig. 1.9 Function of rhodopsins; light-driven C1™ pump,
light-driven H* pump, light-driven Na* pump, light-driven
inward H" pump, light-gated cation channel, light-gated
anion channel, light sensor with transmembrane transducer
and soluble transducer, and light-activated enzyme. Purple

discovered and actively applied to optogenetics.
They are summarized in Figs. 1.9 and 1.10, and
briefly introduced below.

Existence of Na"-pumping rhodopsin was a
surprise in the field. In active transporter, sub-
strate is bound to the resting state, and the
transporting mechanism is described by
alternating access model or Panama Canal
model (Kandori et al. 2018). In rhodopsins, posi-
tively charged protonated Schiff base is a key
element for the usage of light, and light-driven
H* and CI~ pumps bind the substrates H* and
CI, respectively, in this region (Figs. 1.5 and
1.7). In contrast, we believed Na'-binding
unlikely because of electrostatic repulsion with
the protonated Schiff base. However, nature cre-
ated light-driven Na* pump rhodopsin (Fig. 1.9)
(Inoue et al. 2013). Interestingly, this protein does
not need Na* to be bound to the resting state,
indicating that light-driven Na* pumps are a
unique active transporter. Unidirectional trans-
port of Na* is controlled by passive diffusion of
Na* from the cytoplasmic side. Ion selectivity
filter is located at the intracellular surface,
whose modification led to the creation of light-
driven pumps of K*, Rb*, and Cs* (Kato et al.
2015; Konno et al. 2016). Light-driven Na*
pumps are also used as neural silencing tools in

channel

H. Kandori

O

anion
channel

cation sensor enzyme

or orange arrows indicate unidirectional or bidirectional
transport of ions in pumps or channels, respectively. On
the other hand, pale orange arrows show the signal trans-
duction from rhodopsins to either soluble or transmem-
brane transducer proteins

optogenetics (Fig. 1.10) (Tsunoda et al. 2017;
Grimm et al. 2018).

Existence of light-driven inward H" pump was
another surprise because inward H' transport
competes with ATP synthase function. In 2009,
we successfully created inward H” transport using
a mutant of a photochromic sensor, Anabaena
sensory rthodopsin (D217E ASR) (Kawanabe
et al. 2009). While this was an example of
engineering success, we reported that nature also
created an inward H" pump in 2016 (Fig. 1.9)
(Inoue et al. 2016b). A rhodopsin from
Parvularcula oceani (PoXeR) is in the same fam-
ily of ASR, and the mechanistic analyses revealed
that small differences in interactions at the active
center determine the direction of primary H*
transfer between outward and inward H" pumps,
even though the retinal chromophore structure
and primary photoisomerization are identical
(Inoue et al. 2016b; Shevchenko et al. 2017). In
view of optogenetics, inward H" pump functions
for depolarizing cells (Fig. 1.10), but cation
channels are more superior as pump transports
one proton per one photon. On the other hand,
inward H" pump is more beneficial for intracellu-
lar organelle optogenetics. While intracellular
organelle can be acidified by light-driven H*
pump, alkalization tool of intracellular organelle
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Fig. 1.10 Role of photoreceptive proteins in
optogenetics. Channels and pumps perform passive and
active transports of ions, respectively. At the beginning of
optogenetics,  light-gated cation channel (ChR2)
depolarizes neural cells by influx of Na*, leading to gener-
ation of action potential (neural excitation), while light-
driven CI” pump (HR) hyperpolarizes neural cells by
influx of CI™, leading to inhibition of action potential

has been demanded. In fact, D217E ASR was
used to alkalize AMPA-type glutamate receptor
endocytosis in the study of long-term depression
of AMPA-type glutamate receptor (AMPA
receptor)-mediated synaptic transmission for
learning and memory (Kakegawa et al. 2018).
Cellular inside is negatively charged
(=70 mV), but CI™ ions are uptaken upon open-
ing of anion channel because concentration of
CI" is much higher in extracellular side than in
cytoplasm (Fig. 1.10). In general, channels are
more efficient tool than pumps because of multi-
ple ion permeation. Thus, light-gated anion
channels have been strongly required in
optogenetics, and in fact, they were engineered
from cation channels (Wietek et al. 2014; Berndt
et al. 2014). On the other hand, natural anion
channel rhodopsin (ACR) was discovered from

(neural silencing). More optogenetics tools are now at
hand. Light-driven inward H* pumps depolarize cells,
while light-driven (outward) H* and Na* pumps and
light-gated anion channels hyperpolarize cells. Recently
discovered enzyme rhodopsins, one family of microbial
rhodopsins, are used to control concentrations of cAMP
and cGMP. In addition, animal rhodopsins are also used
for optogenetics

a cryptophyte Guillardia theta in 2015 (Fig. 1.9)
(Govorunova et al. 2015). Conduction of ACR is
more than cation channel rhodopsins, and natural
ACR is considered better neural silencing tools
than light-driven ion pumps. Structures of ACR
and engineered anion-channel rhodopsin were
determined (Kim et al. 2018; Kato et al. 2018),
and knowledge of structure and mechanism of
ACR will be used for the improvement of tools,
and contributes to neural silencing (Wiegert et al.
2017), as was the case for ChR2.

Guillardia theta possesses more than 40 genes
of rhodopsins, and light-gated cation channels
from Guillardia theta are also noted. A light-
driven H" pump BR contains a DTD motif at
positions 85, 89, and 96, which is unique to
archaeal H" pumps. Recently, two groups inde-
pendently reported that the DTD rhodopsins from
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Guillardia theta are light-gated cation channel,
not pump (Govorunova et al. 2016; Yamauchi
et al. 2017). One of these proteins, GtCCR4,
permeates little protons and Ca®* (Shigemura
et al. 2019), which is a remarkable contrast to
those of ChR2. If influx of Ca’* is problematic
in optogenetic experiments, GtCCR4 is a suitable
tool. A recently reported new cation channel,
named ChRmine (Marshel et al. 2019), is in the
same family of the DTD cation channels.

1.5  Conclusion and Perspectives
The original meaning of rhodopsin is the
red-colored pigment for vision, but similar col-
ored retinal proteins were found in microbes.
Consequently the definition of the word rhodop-
sin is largely expanded, and the modern meaning
of rhodopsin encompasses photoactive proteins
containing a retinal chromophore in animals and
microbes. While the meaning of rhodopsin has
been altered in history, it is also the case on the
word “optogenetics.” Optogenetics is originally
the combination of “optics” and “genetics,”
which describes optical control of neural activity
by use of ion-transporting microbial rhodopsins
such as channelrhodopsin and light-driven Cl™
pump (Fig. 1.10). This allows rapid temporal
response, which was required in the brain func-
tion researches. On the other hand, extensive
studies largely expanded the definition of the
word optogenetics.

Function of no ion-transporting rhodopsins
was recognized as light sensor, such as SRI and
SRII, which activate membrane-bound transducer
proteins. In case of a photochromic sensor ASR,
its transducer is a soluble protein. Animal
rhodopsins are G-protein-coupled receptors,
whose transducers are also soluble (heterotrimeric
G-protein) that are anchored to the membrane. As
various signaling processes in mammalian cells
are regulated by GPCR, animal rhodopsins are
potential candidate in optogenetics, where
photobleaching property has to be improved. In
this sense, bistable pigments of animal rhodopsin,
such as melanopsin (Ye et al. 2011) and opn3
(Koyanagi et al. 2013), are useful, and microbial

H. Kandori

rhodopsin can be used as a template for light
activation of G-protein (Sasaki et al. 2014). To
control intracellular second messengers, enzyme
rhodopsins should be noted, which are composed
of a membrane-embedded rhodopsin domain and
a C-terminal cytoplasmic enzyme domain that are
activated when light is absorbed by the all-trans-
retinal chromophore (Fig. 1.9). A fungal light-
activated guanylyl cyclase (Rh-GC) and light-
activated phosphodiesterase (Rh-PDE) from a
unicellular and colonial single flagellate eukary-
ote were reported in 2014 and 2017, respectively
(Avelar et al. 2014; Yoshida et al. 2017). Rh-GC
increases centration of cGMP by light, while
Rh-PDE decreases the concentrations of cGMP
and cAMP by light. As cAMP and cGMP are
known to be the second messengers in intracellu-
lar signaling, they are new optogenetic tools to
control concentration of the second messengers
(Fig. 1.10). I introduced various rhodopsins in
this chapter, and heliorhodopsin (HeR) should
be finally noted. It has been believed that micro-
bial rhodopsin (also called type-1 rhodopsin) and
animal rhodopsin (also called type-2 rhodopsin)
are the only rhodopsins. Nevertheless, a previ-
ously unrecognized diverse family,
heliorhodopsins (HeRs), was recently discovered
through the use of functional metagenomics
(Pushkarev et al. 2018). HeRs have inverted
membrane topology compared to other retinal
proteins (Shihoya et al. 2019), have no
ion-transport activity, and their slow photocycle
suggests a light-sensor function. Therefore, HeRs
will be a new optogenetics tool in future.
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