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Novel optogenetics tool: Gt_CCR4, a light-gated cation channel
with high reactivity to weak light
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Abstract
Optogenetics is a growing technique which allows manipulation of biological events simply by illumination. The technique is
appreciated especially in the neuroscience field because of its availability in controlling neuronal functions. A light-gated cation
channel, Cr_ChR2 from Chlamydomonas reinhardtii, is the first and mostly applied to optogenetics for activating neuronal
excitability. In addition, the molecular mechanism of Cr_ChR2 has been intensively studied by electrophysiology, spectroscopy,
X-ray structural studies, etc. Novel cation channelrhodopsins from Guillardia theta, namely, Gt_CCR1–4, were discovered in
2016 and 2017. These channelrhodopsins are more homologous to haloarchaeal rhodopsins, particularly the proton pumps. Thus
these cryptophyte-type light-gated cation channels are structurally and mechanistically distinct from chlorophyte
channelrhodopsin such as Cr_ChR2. We here compared the photocurrent properties, cation selectivity, and kinetics between
well-known Cr_ChR2 and Gt_CCR4. The light sensitivity of Gt_CCR4 is significantly higher than that of Cr_ChR2, while the
channel open lifetime is in the same range as that ofCr_ChR2.Gt_CCR4 shows highNa+ selectivity in which the selectivity ratio
for Na+ was 37-fold larger than that for Cr_ChR2, which primarily conducts H+. On the other hand,Gt_CCR4 conducted almost
no H+ and no Ca2+ under physiological conditions. Other unique features and the applicability ofGt_CCR4 for optogenetics were
discussed.
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Introduction

Microbial-type rhodopsins (type I rhodopsins), found in ar-
chaea, bacteria, eukaryota (such as fungi and algae), and vi-
ruses, are consist of seven or eight transmembrane helices
with a covalently bound all-trans retinal as the chromophore
(Ernst et al. 2014; Govorunova et al. 2017). They are physio-
logically responsible for energy production and the phototaxis
reaction in the native organisms. Molecular functions of mi-
crobial rhodopsin involve ion transporters, sensors, and light-
regulated enzymes. The ion-transporting rhodopsins are

categorized into ion pumps and channels. Bacteriorhodopsin
(BR) was the first identified outward-directed proton-
pumping rhodopsin (Oesterhelt and Stoeckenius 1971). The
discovery of a Cl− pump, a Na+ pump, and inward-directed
proton pumps has been reported, even until recently
(Matsuno-Yagi and Mukohata 1977; Inoue et al .
2013)(Inoue et al. 2016; Polovinkin et al. 2017). Structure-
based and spectroscopic studies, when combined with electro-
physiology and molecular dynamics studies, revealed the de-
tailed molecular mechanism of these molecules.

In 2002 and 2003 , l igh t -ga ted ion channels ,
channelrhodopsin-1 and channelrhodopsin-2 (Cr_ChR1 and
Cr_ChR2) have been discovered from green (chlorophyte)
algae Chlamydomonas reinhardtii (Nagel et al. 2002, 2003).
Anion-channel rhodopsins have been discovered in 2015
(Govorunova et al. 2015). New abundant group of
microbial-type rhodopsin, heliorhodopsins, with converted
membrane topology has been reported in 2018 (Pushkarev
et al. 2018). Although their molecular function is still un-
known, they are distributed in archaea, bacteria, eukarya, and
viruses. Thus, the functions of rhodopsins are still spreading.
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Channelrhodopsins and optogenetics

Cation channelrhodopsins, such as Cr_ChR1 and
Cr_ChR2, permeate cations non-selectively for H+, Na+,
K+, Ca2+, etc. Extensive studies by spectroscopy and elec-
trophysiology have been performed on CrCCR2, reveal-
ing the opening/closing dynamics (Schneider et al. 2015).
High-resolution X-ray structures of ChRs revealed details
of their molecular architecture and provided insight into
their photoactivation and ion conduction (Kato et al.
2012; Volkov et al. 2017). Light-induced difference infra-
red spectra revealed that structural changes of ChR are
necessary for its function (Ritter et al. 2008; Lorenz-
Fonfria et al. 2013; Ito et al. 2014).

Adequate expression of Cr_ChR2 in neurons allowed
the optical manipulation of the action potential (Boyden
et al. 2005; Ishizuka et al. 2006). This technique, so called
optogenetics, revolutionized the neuroscience research
field. Optical stimulation has been widely applied in cul-
tured neurons, tissues, and even freely moving animals,
while optical inhibition was realized by light-driven ion
pumps such as NpHR (Cl− pump) AR3 (proton pump) or
anion channelrhodopsins (ACRs)(Zhang et al. 2007; Chow
et al. 2010; Govorunova et al. 2015). After ChR2 has be-
come a standard optogenetics tool, the number of variant
molecules has been engineered to improve or to modify the
functionality of ChRs. Simultaneously, homologous ChRs
have been explored in related organisms (Schneider et al.
2015). One of the important aspect was color tuning of
ChRs. Cr_ChR2 displays an action spectrum maximum at
470 nm (Nagel et al. 2003). ChR variants such as C1V1,
wh i ch i s t h e ch ime r i c v e r s i o n o f ChR1 f r om
Chlamydomonas reinhardtii and Volvox carteri, or C1C2
(a green receiver), the chimeric version of Cr_ChR1 and
Cr_ChR2, absorb light at around 530~545 nm (Tsunoda
and Hegemann 2009; Wen et al. 2010; Prigge et al.
2012). Another red-shifted ChR, Chrimson from
Chlamydomonas noctigama, exhibits an absorption maxi-
mum at 590 nm, which allows reliable neuronal stimula-
tion by light exceeding 600 nm (Klapoetke et al. 2014). On
the other hand, TsChR or PsChR absorb a shorter wave-
length, making it possible to excite neurons at 440 nm
(Govorunova et al. 2013). The palette of color-tuned
ChRs covers almost the entire visible range, which enables
to manipulate neuronal excitability by any choice of visible
light.

The lifetime of channel opening can be extended by muta-
tions at C128 and D156 (DC pair) which form a hydrogen
bond bridge in Cr_ChR2. Mutations at C128 slowed the ki-
netics of channel closing up to 1000-fold (Berndt et al. 2009).
Cr_ChR2 C128S/D156A displayed an even stronger effect,
namely, prolonged lifetime of the open channel by as much as
30 min (Yizhar et al. 2011).

DTD channelrhodopsins

The amino acid motive in TM3 is the functional determinant
in microbial rhodopsins. For the intramolecular proton trans-
port, BR has a proton acceptor and donor attached to the
protonated Schiff base, which are D85 and D96 located at
TM3, respectively (Fig. 1b) (Ernst et al. 2014). T89 forms a
hydrogen bond with D85 in BR, and these three residues are
highly conserved among archaeal light-driven proton-
pumping rhodopsins.

Recently, light-driven Na+ and Cl−-pumping rhodopsins
are found from marine bacteria (Inoue et al. 2013;
Yoshizawa et al. 2014), which contain residues of NDQ and
NTQ, at the corresponding position of D85, T89, and D96 in
BR, respectively. Therefore, the DTD, NDQ, and NTQmotifs
are the characteristic of the light-driven archaeal proton pump,
the eubacterial Na+ pump, and the eubacterial Cl− pump, re-
spectively. Eubacterial proton pump proteorhodopsin (PR)
possesses the DTE motif, while archaeal Cl− pump

a
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Fig. 1 a A phylogenetic tree of two families of cation channelrhodopsins
(CCRs) and proton pumps. Chlorophyte CCRs shown are from
Chlamydomonas reinhardtii (Cr_ChR1, Cr_ChR2), Volvox carteri (Vc_
ChR1, Vc_ChR2), Mesostigma viride (Mv_ChR2), and Platymonas
subcordiformis (Ps_ChR). Cryptophyte DTD CCRs are from Guillardia
theta (Gt_CCR1–4). H+ pumps shown are from Gloeobacter violaceus
(GR), Coccomyxa subellipsoidea C-169 (CsR), Halobacterium
salinarum (BR), and Halorubrum sodomense (AR3). b Amino acid
alignments of bacteriorhodopsin (BR), Cr_ChR2, and Gt_CCR4. The
characteristic of amino acids in BR,Cr_ChR2, andGt_CCR4were listed.
In addition, amino acid numbers of each protein and transmembrane helix
(TM) numbers are indicated
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halorhodopsin (HR) possesses the TSAmotif (Kandori 2015).
These motifs substantially characterize the function of ion
pump rhodopsins, namely, the proton pump exhibits DTD or
DTE, where the first and third residues are carboxylates acting
for proton transfer. In contrast, Na+ pump displays NDQ,
where only the second residue is a carboxylate, and Cl− pump
contains only neutral residues such as NTQ and TSA.

Compared to ion pumps, the motif is more diverged for
channelrhodopsins (ChRs). In fact, ChR1 (CrCCR1) and 2
(CrCCR2) from Chlamydomonas reinhardtii possess an
ETH motif, while ChR1 from Chlamydomonas augustae
(CaCCR1) and Mesostigma viride (MvCCR1) contain ECH
and ETA motifs, respectively (Nagel et al. 2002; Hou et al.
2012; Watanabe et al. 2016). Anion channelrhodopsin 1
(Gt_ACR1) and 2 (Gt_ACR2) from Guillardia theta contain
STL and STQ motifs, respectively (Govorunova et al. 2015).
A novel cation channelrhodopsin was reported in 2016 and
2017 from Guillardia theta , namely, Gt_CCR1–4
(Govorunova et al. 2016; Yamauchi et al. 2017), though
DTD has been unique to light-driven archaeal proton pumps.
Guillardia theta, a cryptophyte, encodes more than 40 micro-
bial rhodopsins, including anion channels, Gt_ACR1 and
Gt_ACR2 (Curtis et al. 2012). Patch-clamp measurements
showed that three DTD rhodopsins from G. theta
(Gt_CCR1, Gt_CCR2, Gt_CCR3, and Gt_CCR4) function
as cation channels, suggesting that channel function in rho-
dopsins has evolved via multiple routes. Amino acid se-
quences of these cation channelrhodopsins (CCRs) are more
homologous to haloarchaeal rhodopsins, such as BR, than to
chlorophyte CCRs including Cr_ChR2. In fact, the phyloge-
netic tree in Fig. 1a shows thatGt_CCR1–4 are well separated
from the cluster of chlorophyte CCR and that they are closer to
H+-pumping rhodopsins. Gt_CCRs conserve the characteris-
tic amino-acid residues involved in unidirectional proton
transfer, including the proton acceptor D85 and the proton
donor D96 in BR, while D96 in BR is replaced with a posi-
tively charged histidine residue (H134 inCr_ChR2) (Fig. 1b).

On the other hand, a characteristic glutamic acid in TM2
(E90 in Cr_ChR2) which is crucial for channel gating and ion
selectivity in Cr_ChR2 is not conserved in Gt_CCRs (Asn in
Gt_CCR4) (Sugiyama et al . 2009; Wietek et al .
2014)(Fig. 1b). Cr_ChR2 possesses a so-called D-C pair
(C128 and D156 in Cr_ChR2), which is responsible for the
channel open lifetime (Berndt et al. 2009; Nack et al. 2010;
Dawydow et al. 2014). But such pair is not found in
Gt_CCRs. Thus, overall sequence patterns separate these
cryptophyte CCRs form chlorophyte channels. The molecular
mechanisms, such as the channel gating mechanism and ion
selectivity, might be distinct in chlorophyte CCRs. It was al-
ready revealed that the retinal Schiff base (SB) in Gt_CCR2
rapidly deprotonates to the D85 homolog, as in BR, upon
photoisomerization. Channel opening requires deprotonation
of the D96 homolog (Sineshchekov et al. 2017).

Reprotonation of SB was achieved by the direct return of a
proton from the D85 homolog. This step (M decay) corre-
sponds to the ion channel closing, implicating tight coupling
between retinal dynamics and channel function.

However, the M decay of Cr_ChR2 does not functionally
correspond to the channel closing. For the reprotonation of
SB, E156 in TM4 provides the proton in Cr_ChR2 (Lorenz-
Fonfria et al. 2013). It has been also reported that the second-
ary structural change in the primary reaction inGt_CCR4 was
much smaller than in Cr_ChR2 (Yamauchi et al. 2017). These
differences in the molecular mechanism place the cryptophyte
CCR in a new family of channelrhodopsins, which we de-
scribed as “DTD channelrhodopsins” or “BR-like cation
channelrhodopsins”(Govorunova et al. 2016; Yamauchi
et al. 2017; Shigemura et al. 2019). After the emergence of
the DTD ChR, its molecular properties are intriguing in com-
parison with other ChRs. In the following chapter, we com-
pare ion channel properties of Gt_CCR4 and Cr_ChR2.

Electrophysiological properties
of channelrhodopsins, Gt_CCR4 and Cr_ChR2

Light-induced ion conductance (photocurrents) has been char-
acterized by electrical recordings from ChR-expressing cells
mainly under a voltage-clamp configuration. Figures 2 a and b
show representative photocurrents of Gt_CCR4 and
Cr_ChR2 measured in ND7/23 cells (Shigemura et al.
2019). Upon illumination with a bright continuous light
(530 nm, 6.8 mW/mm2), large photocurrent was observed
from the Gt_CCR4-expressing cells (Fig. 2a). As shown on
the I-V plot in Fig. 2b, the current amplitude depends on the
applied voltage. At negative membrane voltage, Gt_CCR4
exhibits inward-directed photocurrent carried by cations. The
photocurrent reached − 2 nA at − 60 mV (Fig. 2a). Around
0~+ 20 mV, the current direction is reversed from negative to
positive direction, indicating outward-directed cation flux. As
for the current shape, it reaches its peak within a few millisec-
onds upon illumination, followed by a slight decay into a
steady-state level. The current amplitude of the steady state
still retained about 80% of the transient peak component.
After shutting off light, the photocurrent decayed into zero
level with a time constant of 20–30 ms (Fig. 2d).

The photocurrent from Cr_ChR2 showed a large peak
component which reached about − 2 nA at − 60 mV
(Fig. 2b). However, the current shape is obviously different
from that of Gt_CCR4. The initial peak decayed into a lower
level by about 50%. This means that Cr_ChR2 exhibits a
markedly large inactivation compared to Gt_CCR4. Figure 2
c depicts the current-voltage relationship of photocurrent (I-V
plot) from Gt_CCR4 and Cr_ChR2. Both peak component
(Ip) and steady-state current (Iss) are plotted. The reversal po-
tentials of two channels are around + 10 mV. The shape of the
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I-V plot from Gt_CCR4 indicates strong inward rectification.
Iss of Cr_ChR2 displayed similarly inward rectification, while
Ip was weakly rectified, in which a markedly outward-directed
current was observed at positive membrane voltages (Fig. 2a
and b).

Kinetics of the photocurrent decay after shutting off the
light is shown in Fig. 2d. The time constant of Gt_CCR4 is
about 25–35 ms under a membrane voltage between − 100
and 80 mV, while Cr_ChR2 showed faster kinetics by about
10–20 ms. Light sensitivity in the photocurrent of two chan-
nels are compared (Figs. 2e and 2f). The photocurrent ampli-
tude from Cr_ChR2 grows as a typical sigmoidal curve for
both the initial peak and the steady-state components (Fig. 2f).
EC50 was determined as 0.8 mW/mm2 for Ip and 0.35 mW/
mm2 for Iss. On the other hand, the Gt_CCR4 current showed
unique growth in terms of light dependency with two apparent
phases in which the current first saturated at 0.1 mW/mm2 at

about 50% of full activation, followed by the second phase of
growth from 1 to 10 mW/mm2 (Fig. 2e). The EC50 was deter-
mined as 0.13 mW/mm2 for Ip and 0.18 mW/mm2 for Iss.
Thus, Gt_CCR4 is more sensitive to light with respect to
channel activation.

Ion selectivity

In electrophysiological studies, ion selectivity is usually inves-
tigated by reversal potential shift (Hille 2001). Cr_ChR2 con-
ducts not only protons but also monovalent cations such as
Na+ and K+ and divalent cations such as Ca2+ (Kleinlogel
et al. 2011). On the other hand, Gt_CCR1-4 are highly selec-
tive for monovalent cation such as Na+ and K+ and less selec-
tive for H+(Govorunova et al. 2016; Shigemura et al. 2019).
Actually, H+ permeability for Cr_ChR2 is about 1 × 106

a b

c d
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Fig. 2 Basic ion channel
properties of Gt_CCR4 and Cr_
ChR2. a and b Typical
photocurrent of two CCRs under
voltage clamp configuration.
Each cation channelrhodopsin
expressed in ND7/23 cells was
stimulated by green (530 nm) or
blue (470 nm) light. Membrane
potentials were clamped from −
60 mV to + 60 mV in + 20 mV
steps. c Current-voltage relation-
ship (I-V plot) ofGt_CCR4 (filled
symbol) and Cr_ChR2 (empty
symbol). Current peak compo-
nent (square) and steady-state
amplitude (circle) of two channels
are depicted. d Current-decay ki-
netics of Gt_CCR4 and
Cr_ChR2. τoff is plotted as a
function of membrane voltage.
Filled circle, Gt_CCR4; empty
circle, Cr_ChR2. e and f Light
power dependency of photocur-
rents from Gt_CCR4 to Cr_
ChR2. Each channel was stimu-
lated by 530 nm (Gt_CCR4) and
470 nm (Cr_ChR2). Current peak
component (filled circle) and
steady-state amplitude (empty
circle) are depicted. For experi-
mental details, refer Shigemura
et al. 2019
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(Nagel et al. 2003), while that for Gt_CCR4 is 2.1 × 104, in-
dicating about 37-fold less permeability for H+ in Gt_CCR4
(Shigemura et al. 2019).

The photocurrent amplitude of Gt_CCR4 and Cr_ChR2 at
− 60 mVunder each condition is summarized in Fig. 3a and b.
The current amplitude of Gt_CCR4 was significantly large in
the presence of Na+ and K+, close to – 100 pA/pF, and in the
presence of Cs+ at about – 40 pA/pF. In contrast, only a neg-
ligible current was observed at low pH or in the presence of
Ca2+ or Mg2+. This supports the notion thatGt_CCR4 is more
selective for monovalent metal cations and less selective for
H+ and divalent cations. Interestingly, photocurrents by
Gt_CCR4 were suppressed at a higher Ca2+ concentration
(Shigemura et al. 2019). This implies that cation flow is
blocked by Ca2+. In contrast, photocurrent amplitudes from
Cr_ChR2 in various ionic conditions do not show such dra-
matic change, which is due to low ion selectivity in Cr_ChR2
(Fig. 3b).

Summary

In this review, we aimed to elucidate the ion channel proper-
ties of a recently discovered light-gated cation channel
Gt_CCR4 from a cryptophyte and compare it to the well-
known Cr_ChR2 from Chlamydomonas reinhardtii. In
ND7/23 cells, Gt_CCR4 showed a large current density
(Fig. 2c). Inactivation of the photocurrent obtained from
Gt_CCR4 was smaller than in Cr_ChR2. In other words, a
large current was observed under constant light (Fig. 2a and
b). These characteristics promise stable and reproducible stim-
ulation of neuronal excitability by Gt_CCR4.

The light sensitivity of Gt_CCR4 is higher than that of
Cr_ChR2, with a particular steady-state component (Iss)
(Fig. 2e and f). ChR variants with high light sensitivity have
already been developed (Berndt et al. 2009; Yizhar et al. 2011;
Dawydow et al. 2014). However, those have a long channel
life time with at least two orders of magnitude or even much

longer. Therefore, these are inappropriate for high-frequency
light stimulation. In contrast, Gt_CCR4 has a short open life
time of 25–30ms, which is about the same range asCr_ChR2,
i.e., 10–15 ms (Fig. 1d). Together, Gt_CCR4 is light sensitive
and useful as an optogenetics tool with high time resolution.
Optical irradiation causes heat and elevates temperature by
0.2~2 °C, especially in cranial nerve experiments (Owen
et al. 2019). Moreover, it has been demonstrated that the rise
in temperature suppressed neuronal spiking in multiple brain
regions, serving as a warning of the use of strong light for
neuronal stimulation. Such an undesirable artifact has to be
avoided by lowering light intensity or reducing duration of
illumination, while effective depolarization has to be stably
maintained. Gt_CCR4 has the potential for overcoming this
problem.

H+ permeability is high for Cr_ChR2 (Nagel et al.
2003). Not only for monovalent cations such as Na+ and
K+, permeability for Ca2+ has been reported (Nagel et al.
2003; Kleinlogel et al. 2011). On the other hand, Gt_CCR4
showed high selectivity in monovalent metal cations and
low H+ permeability (Fig. 3c). The permeability of a diva-
lent cation such as Ca2+ seems to be very low or negligible.
The position that is important to ion selectivity has already
been identified in Cr_ChR2. E90 in the central gate is
crucial for cation/anion selection (Wietek et al. 2014).
The outer gate in Chrimson (E139) on the extracellular side
is important for Na+ extrusion (Vierock et al. 2017). Both
glutamic acids are not conserved in Gt_CCR4, implying
that a different ion selection property resides in DTD chan-
nels. It would be necessary to study selectivity based on
variant analysis and structural information in the future.
Considering its application in optogenetics, Gt_CCR4
would not cause a significant change to pH in the cell
membrane because of its very low H+ permeability, which
could be advantageous when an unknown effect by pH
needs to be prevented. To enable optical stimulation with-
out improper calcium signaling, Gt_CCR4 might work bet-
ter than Cr_ChR2.

a b c

Fig. 3 Ion selectivity of Gt_CCR4 and Cr_ChR2. a and b Comparison of photocurrent density in the presence of various cations at − 60 mV.
Experimental details were described in Shigemura et al. 2019. c Schematic image of ion conductance of Gt_CCR4 and Cr_ChR2

Biophys Rev (2020) 12:453–459 457



In conclusion, Gt_CCR4 shows characteristic channel
properties, such as high conductance and high cation selectiv-
ity without significant inactivation, which would be an appro-
priate set of features for optogenetics applications. We are
currently assessing the feasibility of Gt_CCR4 as an optical
stimulator in cultured neurons.
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