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Microbial rhodopsin is a large family of membrane
proteins having seven transmembrane helices (TM1-7)
with an all-trans retinal (ATR) chromophore that is
covalently bound to Lys in the TM7. The Trp residue in
the middle of TM3, which is homologous to W86 of
bacteriorhodopsin (BR), is highly conserved among
microbial rhodopsins with various light-driven func‐
tions. However, the significance of this Trp for the ion
transport function of microbial rhodopsins has long
remained unknown. Here, we replaced the W163 (BR
W86 counterpart) of a channelrhodopsin (ChR), C1C2/
ChRWR, which is a chimera between ChR1 and 2, with
a smaller aromatic residue, Phe to verify its role in the
ion transport. Under whole-cell patch clamp recordings
from the ND7/23 cells that were transfected with the
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DNA plasmid coding human codon optimized C1C2/
ChRWR (hWR) or its W163F mutant (hWR-W163F),
the photocurrents were evoked by a pulsatile light at
475 nm. The ion-transporting activity of hWR was
strongly altered by the W163F mutation in 3 points: (1)
the H+ leak at positive membrane potential (Vm) and its
light-adaptation, (2) the attenuation of cation channel
activity and (3) the manifestation of outward H+ pump
activity. All of these results strongly suggest that W163
has a role in stabilizing the structure involved in the
gating-on and -off of the cation channel, the role of
“gate keeper”. We can attribute the attenuation of
cation channel activity to the incomplete gating-on and
the H+ leak to the incomplete gating-off.

Key words: microbial rhodopsin, retinal-binding pocket,
cation channel, H+ channel, H+ pump

Introduction
Microbial rhodopsin is a large family of membrane

Since the first report of bacteriorhodopsin in 1971, the family of microbial rhodopsins with various light-driven functions has been expanding.
The tryptophan homologous to Trp 86 of bacteriorhodopsin is highly conserved among microbial rhodopsins and forms a retinal binding pocket
with other amino acids. However, the precise role of this tryptophan in the ion transport function has remained unknown for over 40 years.
Nagasaka et al. revealed for the first time that this tryptophan has a role of “gate keeper” of ion transport in a channelrhodopsin. That is, it
regulates the structure involved in the gating-on and -off of the cation channel.
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proteins with various light-driven functions, such as ion
pumps, ion channels, signal transducers and enzymes [1–3].
Among them, bacteriorhodopsin (BR) was first found in
1971 from Halobacterium salinarum [4] and has 7 trans‐
membrane helices (TM1-7) with an all-trans retinal (ATR)
chromophore that is covalently bound to Lys in the TM7.
Upon light absorption, the ATR photo-isomerizes to the 13-
cis form with the conformational changes of the protein
moiety leading to the activated state [5,6]. Meanwhile, the
subsequent retinal re-isomerization returns the molecule to
the basal state. During this photocycle, one H+ is trans‐
ported unidirectionally through the membrane, even against
its electrochemical potential gradient. Thus, the light energy
is converted to the electrochemical potential gradient of the
ion to be utilized by the cell for such purposes as ATP syn‐
thesis by the F-type H+-ATPase in the bacterial membrane.
Similarly, the Na+ pump rhodopsins such as KR2 from
Krokinobacter eikastus transport a Na+ from inside to out‐
side during a photocycle [7], the Cl– pump rhodopsins such
as NpHR/phR from Natronomonas pharaonis transport a
Cl– from outside to inside [8,9] and the inward H+ pumps
such as PoXeR from Parvularcula oceani transport a H+

from outside to inside [10].
On the other hand, in channelrhodopsins, the ATR pho‐

toisomerization triggers the opening of a channel perme‐
able to either cations or anions, while the re-isomerization
to ATR closes it. Therefore, a certain number of ions are
transported across the membrane along the electrochemical
potential gradient during the photocycle, which consists of
a basal closed state (C), an activated open state (O) and
several intermediate states. For example, channel‐
rhodopsin-1 (ChR1) and -2 (ChR2) were the first channel‐
rhodopsins found from Chlamydomonas reinhardtii [11,12]
which are permeable to cations such as H+, Na+, K+ and
Ca2+, whereas anion channel rhodopsins from Guillardia
theta are permeable to anions such as Cl– [13]. The resultant
changes in the membrane potential and/or the intracellular
ion concentration mediate the light-dependent response of
the cell [14,15]. The artificial expression of ChR2 in an ani‐
mal neuron enabled the light-dependent depolarization of
its membrane potential to trigger action potential firings
[16,17], being followed by optogenetics to regulate the
membrane potentials and other signaling mechanisms of
various cells by light using microbial rhodopsins and other
light-sensitive proteins [18–20].

Despite the differences in ion transport functions, the
channelrhodopsins are structurally similar to the pump
rhodopsins with homologous amino acid sequences.
Among them two Trp, one in the middle of TM3 (BR W86
counterpart) and another in the middle of TM6 (BR W182
counterpart), are well conserved amino acids among micro‐
bial rhodopsins [3,21,22]. In BR, one of them, W182 is
suggested to interact with the retinal to mediate coupling
between ATR photoisomerization and the H+ transport [23].
This Trp is also suggested to be involved in the cation chan‐

nel gating of channelrhodopsins because the photocurrent
activity of C1C2/ChRWR, which is a chimera between
ChR1 and 2, was completely abolished by the mutation of
W262 (BR W182 counterpart) by Ala [24]. However, the
significance of another Trp in TM3 in the ion transport
function of microbial rhodopsins has remained unknown
for over 40 years. Crystallographic structural analysis of
C1C2/ChRWR revealed that this Trp (W163) is one of the
aromatic amino acid residues forming the retinal-binding
pocket around the ATR [25] like W86 of BR[26], W127 of
NpHR/phR [27], W113 of KR2 [28], W124 of ChR2 [29]
and W98 of GtACR1 [30,31]. In the present study, we
replaced W163 of C1C2/ChRWR with the smaller aromatic
residue, Phe to verify its role in the ion transport. This
mutation strongly attenuated the passive transport of
cations with the manifestation of outward H+ pump activity.
It is suggested that W163 plays a role in the “gate keeper”
that regulates the structure involved in channel gating at the
optimal position.

Material and methods
Cell culture and molecular biology

C1C2/ChRWR is a chimeric protein that consists of the
TM1-5 of ChR1 and the TM6-7 of ChR2. Human codon
optimized C1C2/ChRWR (hWR) gene was inserted into
pVenus-N1, as described previously [32]. Point mutations
were introduced using a KOD-Plus-Mutagenesis Kit
(TOYOBO, Osaka, Japan). All constructs were verified by
sequencing.
The electrophysiological assays of hWR were carried out

using ND7/23 cells, lined hybrid cells derived from neona‐
tal rat dorsal root ganglion neurons fused with the mouse
neuroblastoma [33]. The ND7/23 cells were grown in
Dulbecco’s modified Eagle’s medium (FUJIFILM Wako
Pure Chemical Co., Osaka, Japan) supplemented with 5%
fetal bovine serum under a 5% CO2 atmosphere at 37°C.
Twenty-four hours before the transfection, the cells were
dissociated and re-plated onto collagen-coated coverslips
(4912-010, AGC Techono Glass Co., Yoshida-Shizuoka,
Japan), and the medium was replaced by Opti-MEM
medium (Thermo Fisher Scientific Inc., Waltham, MA)
containing 15% KnockOutTM Serum Replacement (Thermo
Fisher Scientific Inc.), 50 ng/mL nerve growth factor-7S
(Sigma-Aldrich, St. Louis, MO), and 1 mM N6,2'-O-
dibutyryladenosine-3',5'-cyclic monophosphate sodium salt
(Nacalai tesque, Kyoto, Japan), as previously described
[34]. The expression plasmids were transiently transfected
in ND7/23 cells using LipofectamineTM 2000 transfection
reagent (Thermo Fisher Scientific Inc.) according to the
manufacturer’s instructions. Electrophysiological record‐
ings were then conducted at 1–2 weeks after the transfec‐
tion. The transfected cells were identified by the presence of
Venus fluorescence.
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Imaging
Venus fluorescence in the ND7/23 cells expressing naïve

hWR or hWR-W163F were imaged under a confocal laser
scanning microscopy (FV1000, Olympus, Tokyo, Japan).
Images were taken at 512×512 pixels (4.0323 pixels/μm)
using an Ar laser at 488 nm through a water immersion
objective lens (XLUMPLFLN, Olympus, 20×, NA 1.00).
All images for figures were processed with ImageJ software
(ImageJ 1.52p; NIH, USA).

Electrophysiology
All experiments were carried out at room temperature

(20–22°C). Currents were recorded using an EPC-8
amplifier (HEKA Electronic, Lambrecht, Germany) under a
whole-cell patch clamp configuration. The data were
filtered at 1 kHz, sampled at 50 kHz (Digidata1440 A/D,
Molecular Devices Co., Sunnyvale, CA) and stored in a
computer (pClamp10.3, Molecular Devices). The pipette
resistance was adjusted to 4–8 MΩ (6.5±0.2, n=28) with a
series resistance of 6–22 MΩ (13.4±0.8, n=28) and a cell
capacitance of 29–100 pF (58±3, n=28) with the standard
extracellular/intracellular solution.
The standard internal pipette solutions for the whole-cell

voltage clamp recordings from the ND7/23 cells contained
(in mM) 121.2 NaOH, 90.9 glutamate, 5 Na2EGTA, 49.2
HEPES, 2.53 MgCl2, 2.5 MgATP, 0.0025 ATR (pH 7.4
adjusted with HCl). The standard extracellular Tyrode’s
solution contained (in mM): 138 NaCl, 3 KCl, 2.5 CaCl2,
1 MgCl2, 10 HEPES, 4 NaOH, and 11 glucose (pH 7.4
adjusted with HCl). The liquid junction potential (LJP) was
experimentally measured and determined to be 6.1 mV. All
voltage readings were corrected for by this value.
The low Na+, low Cl– external solution was made by

replacing these ions with N-methyl-d-glucamine (NMG)
and HEPES; 73 NMG, 219 HEPES, 2.5 CaCl2, 1 MgCl2
and 11 glucose (mM, pH 7.4 adjusted with NMG). The low
Na+, low Cl– pipette solution contained (in mM) 131.2
NMG, 90.9 glutamate, 5 EGTA, 50.1 HEPES, 2.53 MgSO4,
2.5 MgATP, 0.0025 ATR (pH 7.4 adjusted with H2SO4). All
voltage readings were corrected for using the LJP, which
was directly measured to be –0.3 mV.

Upon turning-off the light pulse, the hWR photocurrent
generally returns to the baseline with complex kinetics such
as a short lag phase and a small slow phase. However, the
transition phase between 90 and 10% of the maximum
approximately followed a single exponential function for
naïve hWR [35]. Therefore, using software (Clampfit 10.7,
Molecular Devices), the turning-off kinetics of each
photocurrent was evaluated by fitting to the transition phase
between 90 and 10% of the amplitude at the end of light
pulse to a single-exponential function. Indeed, no obvious
deviation was observed between the raw data and the fitted
curve. However, samples were not included in the statistics
if their transients deviated from the single exponential
function.

Optics
To investigate the photocurrent amplitude and kinetics,

two 100 ms pulse illuminations at 475±28 (nm, >90% of
the maximum) with a 200 ms dark gap were given at
0.1 Hz using a SpectraX light engine (Lumencor Inc.,
Beaverton, OR) controlled by computer software
(pCLAMP 10.3, Molecular Devices). The power of the
light was directly measured under a microscope using a
visible light-sensing thermopile (MIR-101Q, SSC Co.,
Ltd., Kuwana City, Japan) and was 1.21 mW·mm–2. The
action spectrum was studied at a holding potential of 80
mV at wavelengths (nm, >90% of the maximum) with
equivalent power density (mW·mm–2): 390±18 (0.23),
438±24 (0.25), 475±28 (0.28), 513±17 (0.30), 549±15
(0.32), 575±25 (0.30) and 632±22 (0.30). Each action was
estimated by the maximal amplitude of the photocurrent
scaled by the light power density under the assumption of a
linear relationship. Then, action maxima were estimated by
fitting to a Gaussian distribution for the light frequency.

Statistical analysis
Every measured current was expressed as an effective

value after being divided by the whole-cell capacitance,
which is proportional to the surface area of the cell. The
current-voltage (I-V) relationship was experimentally fitted
with a cubic polynomial function to estimate the reversal/
zero-current potential (V0), the currents at –80 and 80 mV
by the extrapolation. We calculated the effective inward
conductance (gin) by the slope between V0 –60 and V0 –40
mV, and the effective outward conductance (gout) by the
slope between V0 +40 and V0 +60 mV. The rectification
index (RI) was defined as RI=gout/gin [35]. That is, the I-V
relationship was inwardly rectified when RI<1, but out‐
wardly rectified when RI>1.

All data in the text and figures were expressed as mean
±standard error of the mean (SEM) with the number of
samples (n) and were assessed for statistical significance
using the Wilcoxon signed rank test for paired data or the
Mann-Whitney U-test for unpaired data unless otherwise
noted. It was judged as statistically insignificant when
p>0.05.

Results
Photocurrent of Trp136 mutant

C1C2/ChRWR (hereafter abbreviated as hWR) consists
of 1–245 amino acids (TM1-5) from ChR1 and 207–315
amino acids (TM6-7) from ChR2 [32]. The alignment of
TM3 showed that W163 of ChR1 (and that of hWR) is well
conserved in ChR2 and other microbial rhodopsins of
various ion transport activities (Fig. 1A). Both the naïve
hWR and its variant (hWR-W163F), in which W163 is
replaced by the smaller aromatic amino acid, Phe, were
tagged with a green fluorescent protein derivative, Venus,
at their C-terminal ends and expressed in ND7/23 cells
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(Fig. 1B). The distribution of Venus fluorescence in an
hWR-W163F-expressing ND7/23 cell was quite similar to
that of naïve hWR, in which the fluorescence was preferen‐
tially localized to the plasma membrane. In either case, the
membrane expression was stable even more than 2 weeks
after transfection.

Photocurrents were evoked by two 100-ms light pulses
of blue light successively illuminated with a 200 ms dark
gap under a whole-cell voltage clamp of an ND7/23 cell
expressing either naïve hWR or hWR-W163F. In Figure
2A, each trace shows a series of photocurrents of naïve
hWR at each membrane potential (Vm) from –106.1 to 73.9
mV (holding potential, from –100 to 80 mV) at 20 mV
step. At every membrane potential, the photocurrent was
activated with a time constant of 2–3 ms, peaked at 30–40
ms and partially inactivated with a time constant of about
40 ms, as previously described [32,36]. For the first
photocurrent, we measured the peak (Ipeak) and the average
currents of the pulse-end 10 ms (Iend) when the inactivation
proceeded to over 90% of its maximum, and plotted as a

Figure 1 A highly conserved helix-3 tryptophan and its mutation
in C1C2/ChRWR. (A) Amino acid sequence alignment of the third
transmembrane domain (TM3) from microbial rhodopsins with
various ion transport activities. The highly conserved and moderately
conserved residues are highlighted in red and orange, respectively.
The residue numbers of BR are shown on top of the alignment. (B) A
typical confocal image (a single slice) of transfected C1C2/ChRWR
(hWR) with W163F mutation (hWR-W163F) in ND7/23 cells (13
days after transfection). Inset, a zoom image of another sample. Note
the membrane-delimited expression of Venus fluorescence the inten‐
sity of which was scaled by the arbitrary fluorescent unit (afu) and
expressed in pseudocolor ratings.

function of Vm (blue symbols, Fig. 2B and 2C). In sum‐
mary, Ipeak and Iend reversed their signs at 9.5±0.9 mV and
9.8±0.8 mV, respectively (n=12). The turning-off kinetics of
each photocurrent was approximated by a single exponen‐
tial function, the time constant of which is a function of Vm
(blue symbols, Fig. 2D). Similar results were obtained from
the second photocurrents (red symbols).

On the other hand, the hWR-W163F photocurrent was
quite different. For the first photocurrent, a transient out‐
ward current with a peak time of 2–5 ms was observed at
every Vm from –66.1 to 73.9 mV, but not at –86.1 and
–106.1 mV (Fig. 3A). After exposure to the 100-ms blue
light pulse, the holding current became smaller than that
before the light-on at positive Vm although not at negative
Vm. On the other hand, the second 100-ms blue light evoked
a transient outward current and a steady outward/inward
current, but with negligible change of the holding current.
Therefore, the holding current before light contains the leak
current which is sensitive to blue light. The leak current
was attenuated maximally during a 100-ms light exposure
since the attenuation by the second 100-ms light pulse was
negligible. As shown in Figure 3B, the Ipeak was positive at
every Vm from –66.1 to 73.9 mV for the first photocurrent
and from –46.1 to 73.9 mV for the second one. The
photocurrent amplitude at the end of the light pulse (Iend')
was measured in reference to the holding current 200 ms
after the light pulse and plotted as a function of Vm (Fig. 
3C). For the first photocurrents, Iend' reversed its sign at
5.2±1.5 mV (n=11), whereas Ipeak was extrapolated to be 0
at –86.6±2.9 mV (n=11). The turning-off kinetics of each
photocurrent was approximated by a bi-exponential func‐
tion except between Vm=–26.1 and 13.9 mV. As shown in
Figure 3D, the wavelength sensitivity was evaluated at 73.9
mV (holding potential, 80 mV) for the Ipeak and compared
with that of naïve hWR. The estimated action maxima were
449±1 nm (n=6) for the naïve hWR whereas it was 463±2
nm (n=7) for the hWR-W163F with a significant red shift
by 14 nm (p=0.001166, Mann-Whitney U-test).

H+ transport activity
The above difference in the reversal/zero-current poten‐

tial strongly suggests that the Ipeak of the hWR-W163F is
generated by the pump activity, which drives electron
inwardly across the membrane irrespective of the electro‐
chemical gradient, whereas Iend' is generated by the channel
activity. To verify this, the photocurrents were measured
under reducing all ions (Na+ and Cl–) except Ca2+, Mg2+ and
H+ by replacing them with N-methyl-d-glucamine ion
(NMG+) and HEPES+/–, both of which are large in molecu‐
lar size and generally unable to penetrate small-sized chan‐
nels, in the intracellular and extracellular milieu (low Na+/
Cl– milieu, pH 7.4). As a control, the photocurrent of naïve
hWR was investigated under the identical condition (Fig. 
4A). Although a significantly large photocurrent remained
at every Vm, it was different from that recorded under the
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Figure 2 The membrane current response of naïve hWR in a standard extracellular/intracellular milieu. (A) Each sample trace was a current
response to the double light pulses at the membrane potential (Vm) indicated on the depth axis. The symbols indicate the Ipeak/Iend of the first
responses (blue filled/open diamonds) and the Ipeak/Iend of the second responses (red filled/open diamonds), respectively. (B) Current-voltage (I-V)
relations of the peak response (Ipeak); the first responses (blue symbols) and the second responses (red symbols). (C) I-V relations of the response
at pulse end (Iend); the first responses (blue symbols) and the second responses (red symbols). (D) The off-current time constant (τoff) as a function
of Vm; the first responses (blue symbols) and the second responses (red symbols behind blue ones).

Figure 3 The membrane current response of hWR-W163F in a standard extracellular/intracellular milieu. (A) Each sample trace was a cur‐
rent response to the double light pulses at each Vm. The symbols indicate the Ipeak/Iend of the first responses (blue filled/open diamonds) and the
Ipeak/Iend of the second responses (red filled/open diamonds), respectively. Note the holding-current shift to the negative direction after the first light
pulse (arrow). (B) I-V relations of the Ipeak; the first responses (blue symbols) and the second responses (red symbols). (C) The Iend was corrected
for the change in the holding current (Iend') and expressed as a function of Vm; the first responses (blue symbols) and the second responses (red
symbols). (D) Comparison of the action spectrum of the average light-pulse response at 73.9 mV with SEM bars; naïve hWR (blue, n=6) vs
hWR-W163F (red, n=7). Each arrow indicates the action maxima (nm): 449 (blue) and 463 (red) for naïve hWR vs hWR-W163F, respectively.
Each line was drawn according to a Gaussian distribution for the light frequency.
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Figure 4 The membrane current response of naïve hWR in a low Na+/Cl– milieu. (A) Each sample trace was the current response to the dou‐
ble light pulses at each Vm. The symbols indicate the Ipeak/Iend of the first responses (blue filled/open diamonds) and the Ipeak/Iend of the second
responses (red filled/open diamonds), respectively. (B) I-V relations of the Ipeak; the first responses (blue symbols) and the second responses (red
symbols). (C) I-V relations of the Iend; the first responses (blue symbols) and the second responses (red symbols).

Figure 5 The membrane current response of hWR-W163F in a low Na+/Cl– milieu. (A) Each sample trace was a current response to the dou‐
ble light pulses at each Vm. The symbols indicate the Ipeak/Iend of the first responses (blue filled/open diamonds) and the Ipeak/Iend of the second
responses (red filled/open diamonds), respectively. Note the holding-current shift to the negative direction after the first light pulse (arrow). (B)
I-V relations of the Ipeak; the first responses (blue symbols) and the second responses (red symbols). (C) I-V relations of the Iend'; the first responses
(blue symbols) and the second responses (red symbols). (D) The change in the holding current at 200 ms after light-off (Ishift) as a function of Vm;
the first responses (blue symbols) and the second responses (red symbols).
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standard inside/outside solutions containing Na+; the nega‐
tive shift of the I-V relationship and the slight outward rec‐
tification or reduced inward rectification for both the Ipeak
and Iend (Fig. 4B and 4C). Indeed, the Ipeak and Iend reversed
their sign at –8.6±1.2 mV and –8.1±1.3 mV (n=9), respec‐
tively with a significant difference from the reversal poten‐
tials under the standard inside/outside conditions containing
Na+ (p=6.8E–6, Mann-Whitney U-test). For the Ipeak the RI
was 1.08±0.03 (>1 in 7 of 9 experiments) under a low Na
+/Cl– condition with significant difference from the value
under the standard condition (0.70±0.04, <1 in all 12 exper‐
iments) (p=6.8E–6, Mann-Whitney U-test). For the Iend the
RI was 0.97±0.02 (>1 in 2 of 9 experiments) under low Na
+/Cl– condition with significant difference from the value
under the standard condition (0.60±0.04, <1 in all 12 exper‐
iments) (p=6.8E–6, Mann-Whitney U-test).

When the hWR-W163F photocurrent was measured
under the above low Na+/Cl– milieu, Ipeak was always posi‐
tive at every Vm from –99.7 to 80.3 mV while Iend' was rela‐
tively attenuated (Fig. 5A–C). Indeed, the extrapolated
zero-current potential was significantly negative-shifted to

–119.9±2.7 mV (n=11) for Ipeak vs. 1.2±2.0 mV (n=11) for
Iend' (p=0.0009766, Wilcoxon signed rank test).
The light-dependent negative shift of the holding current

(Ishift) was still observed under the low Na+/Cl– milieu. It
was evaluated at 200 ms after light-off and plotted against
Vm (Fig. 5D), and was negatively related to Vm at Vm>0, but
was negligible at Vm<0. Since H+ is the main permeable ion
in this condition, the negative Vm dependence could be
attributed to the presence of a steady leak of H+ in the dark‐
ness, which is attenuated by blue light. Indeed, as shown in
Figure 5A and 5B, the additional Ishift was negligible at any
positive Vm by the second light pulse after the 200 ms dark
gap. Therefore, this leak attenuation could be attributed to
the light-adaptation of the molecule. The light-adapted state
slowly recovered to the dark-adapted state since the H+ leak
recovered in the darkness with a time constant of 1–2 s.
One of the events associated with the light-adaptation of
ChR2 is the deprotonation of E90 in the middle of TM2
[37,38], of which counterpart is E129 in the hWR-W163F.
To determine whether this residue is involved in the H+

leak, we measured the photocurrents of double mutant

Figure 6 The membrane current response of hWR-E129A-W163F in a low Na+/Cl– milieu. (A) Each sample trace was a current response to
the double light pulses at each Vm. The symbols indicate the Ipeak/Iend of the first responses (blue filled/open diamonds) and the Ipeak/Iend of the
second responses (red filled/open diamonds), respectively. Note the absence of the holding-current shift (arrow). (B) The same responses were
magnified to show the early response to light-on -off (overlay of responses at every Vm). Note the sag waveforn (blue arrow) upon light-on and the
hump waveform (red arrow) upon light-off. (C) I-V relations of the Ipeak; the first responses (blue symbols) and the second responses (red sym‐
bols). (D) I-V relations of the Iend'; the first responses (blue symbols) and the second responses (red symbols).
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Figure 7 Summary of the ion dependency and E129A mutation of hWR-W163F. (A) Comparison of the extrapolated Ipeak zero-current poten‐
tial among hWR-W163F in a standard milieu (Control), in a low Na+/Cl– milieu (NMG) and that of hWR-E129A-W163F in a low Na+/Cl– milieu
(E129A). Box and whisker graphs for the first responses (blue symbols) and the second responses (red symbols). (B) Similar to A, but comparison
of the Iend' reversal potential. (C) Similar to A, but comparison of Re/p, the amplitude ratio of Iend'(–80)/Ipeak(80). (D) Similar to A, but comparison
of Rs/p, the amplitude ratio of Ishift(80)/Ipeak(80). * and **, p<0.05 and p<0.005, Mann-Whitney U-test. † and ††, p<0.05 and p<0.005, Wilcoxon
signed rank test.

Figure 8 H+ transfer from the retinal-Schiff-base (RSBH+) at the gating-on of ion transport. (A) In the case of BR, the primary H+ acceptor is
D85. Modified from [39]. (B) In the case of hWR, E162 (BR D85 counterpart) and D292 (BR D212 counterpart), both of which are assumed to
form a hydrogen-bond network with the indole-N group of W163, are candidates of the primary H+ acceptors. Modified from [25].
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hWR-E129A-W163F under the low Na+/Cl– milieu (Fig. 
6A). At hyperpolarized Vm, the outward currents stood up
with a sag waveform (blue arrow) upon the light-on and the
inward currents were accompanied by a hump waveform
(red arrow) upon the light-off (Fig. 6B). The hWR-E129A-
W163F photocurrent consisted of an early peak and late
plateau components similar to those of the hWR-W163F,
but with negligible Ishift at any positive Vm. As shown in
Figure 6A and 6C, Ipeak was always positive at every Vm
between –99.7 and 80.3 mV with an extrapolated zero-
current potential of –127.6±11.0 mV (n=9). On the other
hand, as shown in Figure 6A and 6D, Iend' reversed its sign
at –8.7±2.3 mV (n=9).

In summary, the extrapolated zero-current potential of
Ipeak was significantly shifted to the negative by the Na+/Cl–

reduction at the first light responses (Fig. 7A). That at the
second light response was usually less negative than the
first because of the inactivation of Ipeak. However, a further
negative shift was induced by the additional E129A muta‐
tion. Although the reversal potential of Iend' was insignifi‐
cantly changed by the Na+/Cl– reduction at the first
response, that at the second response was significantly
shifted to the negative. The additional E129A mutation fur‐
ther shifted it to the negative at both the first and second
responses (Fig. 7B). Therefore, the Ipeak is assumed to be
generated by the outward transport of H+. On the other
hand, the Iend' is primarily dependent on the channel activity
permeable to cations such as Na+ and H+ as the Cl– equilib‐
rium potential is far more negative from 0 mV. The E129A
mutation should thus selectively retard the channel activity.
This hypothesis was also tested by comparing the amplitude
ratio of Iend'(–80)/Ipeak(80), which is termed Re/p (Fig. 7C).
For the first response of hWR-W163F, Re/p was –0.71±0.02
(n=11) under standard internal/external milieu, but was sig‐
nificantly increased by the Na+/Cl– reduction. It was further
increased with the additional E129A mutation. Although
similar traits were observed for the second response, Re/p
became smaller than that of the first response because of
the inactivation of the Ipeak. To verify the ionic mechanisms
underlying the Ishift, it was measured at 200 ms after light-
off and normalized by the Ipeak. The extrapolated value at
Vm=80 mV of this ratio was termed as Rs/p and evaluated
statistically (Fig. 7D). For the first response of hWR-
W163F, Rs/p was –0.16±0.02 (n=11) and –0.17±0.02 (n=9)
under standard internal/external milieu and by the Na+/Cl–

reduction, respectively. It significantly increased to around
0 or even positive for the second response. The additional
E129A mutation almost completely eliminated Ishift since
Rs/p was usually positive after either the first or second
response.

Discussion
The crystal structures of ChR2 and hWR suggest that Trp

in the middle of TM3 (W124 and W163, respectively) is

one of the amino acid residues forming the retinal-binding
pocket, which is the most common structural motif among
microbial rhodopsins [25,29]. Both this Trp (BR W86
counterpart) and another Trp in the middle of TM6 (BR
W182 counterpart) are highly conserved so as to sandwich
ATR and are the possible determinants of ATR isomeriza‐
tion [3]. However, the precise roles of W86 and its counter‐
part have not been revealed previously. In the present study,
for the first time, we characterized its role using site-
directed mutagenesis of hWR by replacing W163 with
another aromatic amino acid, Phe. This W163F mutation
appeared not to interfere with the correct folding of the
molecule for two reasons. Firstly, the hWR-W163F was
well expressed in the membrane of an ND7/23 cell in a
manner similar to the naïve hWR. Secondly, robust
photocurrent responses were generated in the hWR-
W163F-expressing cell, although red-shifted in the action
spectrum. However, the ion-transporting activity of hWR
was strongly altered by the W163F mutation in 3 points: (1)
the H+ leak at positive Vm and its light-adaptation, (2) the
attenuation of cation channel activity and (3) the manifesta‐
tion of outward H+ pump activity. All of these observations
strongly suggest that W163 should play a role in stabilizing
the structure involved in the gating-on and -off of the cation
channel, the role of “gate keeper”. We could attribute the
attenuation of the cation channel activity to the incomplete
gating-on and the H+ leak to the incomplete gating-off.

Upon retinal photoisomerization from the all-trans to the
13-cis form, the gating-on of a cation channel is assumed to
be triggered by the deprotonation of retinal-Schiff-base
(RSBH+). In the case of BR the H+ transfer from RSBH+ to
D85 in TM3 is known to be the earliest process of H+

transport [39] (Fig. 8A). This H+ was then released in the
extracellular water cavity via the H+-releasing complex
near it. Meanwhile, the deprotonated RSB is reprotonated
from the primary H+ donor D96, which is protonated at the
basal state. As deprotonated D96 accepts H+ from the intra‐
cellular water cavity and the reprotonation of RSB is fol‐
lowed by the 13-cis to all-trans re-isomerization, one H+ is
transported from an intracellular to extracellular direction
as a net during a photocycle [3,40]. At the basal state D85
forms a hydrogen bond network with RSBH+ and a water
molecule between them. On the other hand, in the case of
ChR2, the carboxyl group at D253 in TM7 (BR D212
counterpart) can accept a H+ primarily from the RSBH+

during a photocycle as shown by the FTIR studies [41].
However, the protonation of E123 in TM3 (BR D85 coun‐
terpart) also accompanied by RSBH+ deprotonation [42].
Probably, the H+ is transferred from RSBH+ to either D253
or E123 with different probability; the higher probability to
D253 and the lower probability to E123. Indeed, the ChR2
crystallography showed that E123 and D253 lie close to the
RSBH+ to form the central gate with hydrogen-bonds [29].
However, the replacement of E123 with other amino acids
(Gln, Ala, Thr) only partially attenuated the photocurrent
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with acceleration of photocycle [43–45], whereas the
replacement of D253 with Thr almost abolished the channel
activity [41]. It is assumed that the H+ acceptance by D253
and the disruption of hydrogen bond between E123 and
RSB trigger the conformational change to open the channel
gate and stabilize the open state by rearrangements of the
hydrogen-bond network, although both E123 and D253 are
potential H+ acceptors having flexible interaction with
RSBH+ [46].

Among the carboxylic groups near the RSB+ E162 in
TM3 (BR D85 counterpart) and D292 in TM7 (BR D212
counterpart) are also candidates of the primary H+ acceptors
for hWR (Fig. 8B). Indeed, these carboxyl groups are
located close to the RSBH+ in the crystallographic structure
of hWR: a distance of 3.4 and 3.0 Å, respectively [25]. The
FTIR spectral change partially originated from D195 proto‐
nation but the protonation of E162 or D292 is possibly also
involved in [47]. The MD simulation of the closed state
implies that the carboxyl groups of E162 and D292 may
compete for the RSB-derived H+ [48]. Indeed, either
E162A or D292A mutation significantly attenuated the
hWR photocurrent. The indole-N group of W163 possibly
forms a hydrogen-bond network with E162 and D292 like
its counterpart of ChR2, W124, which does so with both
E123 and D253 through water molecules [29]. Therefore,
the W163F mutation probably changed the central gate
structure consisting of RSBH+, E162 and D292 through
rearrangement of hydrogen-bond networks around it. As a
result, the chance of E162 to accept the RSB-derived H+

may be potentiated [48]. We found a significant outward H+

leak at the dark state of hWR-W163F. This could be
attributed to a change in the hydrogen-bond network in
the central gate, enabling to transfer an H+ from the intra‐
cellular to the extracellular water cavities, probably via
E129 (ChR2 E90 counterpart), D292 and water molecules.
The fact that this H+ leak was attenuated by the light-
adaptation or by the E129A mutation suggests that the pro‐
tonated E129 may be critical for this H+ leak [24,37,49].
The protonated E129 should also be involved in the passive
transport of H+ as Re/p was attenuated by the E129A muta‐
tion. It is assumed that the retinal isomerization from all-
trans, C=N-anti to 13-cis, C=N-syn is accompanied by the
light-adaptation like ChR2 [38], although the 13-cis, C=N-
syn isomer could be less stable than that of ChR2 [50].
Therefore, the possibility that the retinal isomerization
might break the hydrogen bond network involved in the H+

leak in the light-adapted closed-channel state also has to be
taken into consideration.
The W163F mutation strongly attenuated the passive

transport of cations with the manifestation of outward H+

pump activity. Therefore, the channel and the pump activi‐
ties are independent, although hWR may behave as a leaky
H+ pump like ChR2 [51]. The complex photocurrent of
hWR-W163F kinetics such as the sag and hump waveforms
as well as the bi-exponential off time course implies that

the photocycle branches in two ways by chance after ATR
photoisomerization; one, in the direction of channel activity
and another, in the direction of pump activity although
more studies are needed to establish the photocycle model.
One hypothesis is that the pump activity may be initiated
by the H+ transfer from RSBH+ to E162. Since E162 is one
of negatively charged residues aligned to form the extra‐
cellular water cavity [25], the H+ should be transferred in
the extracellular direction. The deprotonation/reprotonation
of E129 may be involved in this process because the light-
dependent inactivation of the H+ pump activity was attenu‐
ated by the E129A mutation. Subsequently, the RSB would
be reprotonated by the H+ transfer from somewhere in the
intracellular region, although the counterpart of BR H+

donor D96 is H173, which forms a hydrogen bond with
E122 in TM2 in the hWR [25]. Probably, the opening of the
intracellular water cavity is accompanied by the breakdown
of hydrogen bonds between E122 and H173, enabling the
H+ transfer from E122 and water molecules. Consequently,
the vectorial movement of a single H+ from an intracellular
to an extracellular direction might be established during a
photocycle. On the other hand, the H+ transfer to D292 may
initiate the channel activity, probably through enlarging the
pore diameter and helping cations to pass through it [25].
The W163F mutation probably affected the interaction
between RSBH+ and D292, thereby decreasing the proba‐
bility of RSBH+-D292 H+ transfer.

In conclusion, the present study revealed for the first time
the contribution of W163 to the ion transport. Not only
forming the hydrophobic retinal-binding pocket with other
amino acids, based on the 14-nm red shift of the action
spectrum by the W163F mutation, it also has strong π-π
interaction with ATR. This Trp may have a role in locating
the structure involved in channel/pump gating at the optimal
position and transducing the signal of retinal photoisomer‐
ization to the protein moiety by regulating the H+ transfer
from RSBH+. The above hypothesis should be verified in the
future through the mutations of amino acids involved in H+

transfer, FTIR spectroscopy, structure biological analyses
and computational simulation in combination.
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