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ABSTRACT: There are two types of membrane-embedded ion
transport machineries in nature. The ion pumps generate electro-
chemical potential by energy-coupled active ion transportation, while
the ion channels produce action potential by stimulus-dependent
passive ion transportation. About 80% of the amino acid residues of the
light-driven proton pump archaerhodopsin-3 (AR3) and the light-gated
cation channel channelrhodopsin (ChR) differ although they share the
close similarity in architecture. Therefore, the question arises: How can
these proteins function differently? The absorption maxima of ion
pumps are red-shifted about 30−100 nm compared with ChRs,
implying a structural difference in the retinal binding cavity. To modify
the cavity, a blue-shifted AR3 named AR3-T was produced by replacing
three residues located around the retinal (i.e., M128A, G132V, and
A225T). AR3-T showed an inward H+

flux across the membrane, raising the possibility that it works as an inward H+ pump or an
H+ channel. Electrophysiological experiments showed that the reverse membrane potential was nearly zero, indicating light-gated
ion channeling activity of AR3-T. Spectroscopic characterization of AR3-T revealed similar photochemical properties to some of
ChRs, including an all-trans retinal configuration, a strong hydrogen bond between the protonated retinal Schiff base and its
counterion, and a slow photocycle. From these results, we concluded that the functional determinant in the H+ transporters is
localized at the center of the membrane-spanning domain, but not in the cytoplasmic and extracellular domains.

■ INTRODUCTION

The activities of organisms are maintained by an electro-
chemical membrane potential which refers to ion gradients
across the cellular membrane. The membrane potential is
generated by energy-coupled ion pumps and transiently
dissipated by stimulus-induced ion channels. Molecular and
evolutionary aspects of both types of ion transporter
machineries are therefore of interest for many researchers.
Microbial rhodopsins are photoreceptive hepta-transmembrane
proteins found in various microorganisms such as eubacteria,
archaea, and fungi.1 Most of them share a common
chromophore, all-trans retinal (ATR), which covalently binds
to a conserved Lys residue on the seventh helix through a Schiff
base linkage, and it isomerizes to the 13-cis form by visible light
absorption. Retinal isomerization evokes subsequent conforma-
tional changes of the protein, and a variety of biological

functions arise during the photochemical reaction. Although the
microbial rhodopsins show seemingly dissimilar functions [e.g.,
outward proton (H+) and sodium ion (Na+) pumps,2−4 inward
chloride (Cl−) pumps,5,6 positive- and negative-phototaxis
sensors,7−9 light-gated cation channels10,11 and regulation of
gene expression12], their basic function is roughly divided into
ion transport and signaling1 (Figure 1a). A light-driven H+

pump bacteriorhodopsin (BR) was discovered from the
halophilic archaeon Halobacterium salinarum in 1971.1 BR
generates H+ gradients across the membrane, resulting in ATP
synthesis by collaborating with an enzyme ATP synthase.
Abundance of protein in the native membrane and its high
stability allowed one to investigate the molecular mechanism of
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ion transport in detail. After 2000, genomic analysis revealed
that BR-like H+ pumps are widely distributed among different
taxa, including members of the domain bacteria and eukaryotes
(Figure 1a), indicating that many organisms generate
biochemical energy ATP from light.16 In addition to the
“pump”, in 2002 and 2003, light-gated passive cation channels
named channelrhodopsin (ChR, channelrhodopsin-1; ChR1
and channelrhodopsin-2; ChR2) were discovered in the
eukaryote Chlamydomonas reinhardtii.10,11 The ChRs are
responsible for changes in motility responses through
membrane depolarization by ion channeling activity upon
photoillumination.17,18 After the discoveries, these ion transport
machineries are biotechnologically utilized as a molecular
switch for controlling the neural activity by light.19 In a new
technology named optogenetics, light-driven H+ and Cl−

pumps are used as optical silencers of neuronal activity,20,21

while ChRs excite the neurons by cation influx upon
photoillumination.19 Various functional improvements as
optogenetic tools were achieved by protein engineering, and
recently functional conversions from the cation channel to the
anion ones have been reported.22,23 Thus, in addition to its
biological significance, ion-transporting rhodopsins have
become a focus of interest in part because of their importance
to rational design and engineering of photoswitchable
molecules.

Although approximately 74−84% of the amino acid residues
of H+ pumps and ChRs differ,1 they show close similarities in
architecture in terms of helix positions and locations of retinal-
binding cavity (Figure 1b). Here, it is curious to understand
how these proteins function differently. In general, functional
conversion by protein engineering provides critical information
about molecular and evolutionary aspects of biological
molecules. Among retinal proteins, in 1995, the conversion of
an H+ pump BR to a Cl− pump was achieved by only mutating
an aspartate of BR, which is a primary counterion of the retinal
protonated Schiff base, to a serine or a threonine.24 This
implied that the determinant of ion selectivity is localized
around the Schiff base region. In 2006, it was reported that
replacement of three hydrogen-bonding residues converts an
H+ pump BR into a sensory receptor.25 This demonstrated that
evolution accomplished an elegant but simple conversion and
that essential differences between transport proteins and
signaling ones in the rhodopsin family are far less than
previously imagined.
In this study, we attempted to convert a BR-like H+ pump

archaerhodopsin-3 (AR3) into a ChR-like ion channel. As
described above, the tertiary structures of microbial rhodopsins
are very similar (Figure 1b), suggesting that functional
differentiation is achieved by considerably small differences.
Thus, it is expected that functional conversion by mutagenesis
is possible without extensive substitution of amino acid

Figure 1. Light-driven ion pumps versus light-gated ion channels. (a) Phylogenic tree of microbial rhodopsins. The H+ pumps studied here are
indicated by bold characters. (b) Crystal structures of BR (PDB code: 1C3W, purple)13 and a chimeric protein of ChR (C1C2, PDB code: 3UG9,
orange).14 (c) Absorption spectra of AR3 and ChR (C1C2).15 (d) Structure of the retinal binding site of BR (1C3W, purple) and C1C2 (orange).
(e) Absorption spectra of wild-type AR3 (purple) and AR3-T (yellow). Spectra of M128A, G132V, A225T, M128A/A225T, and G132 V/A225T are
shown by dashed black lines. (f) Chromophore configurations extracted from wild-type AR3 and AR3-T. The detection beam was set to 360 nm. Ts,
Ta, 13s, and 13a stand for all-trans-15-syn, all-trans-15-anti, 13-cis-15-syn, and 13-cis-15-anti retinal oxime, respectively. The molar composition of
each retinal isomer was calculated from the areas of the peaks in the HPLC patterns, and the estimated compositions of all-trans configuration are
listed in Table 1.
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residues. A guide for design of the conversion is the notable
differences in the absorption maxima between ion pumps and
ion channels. As shown in Figure 1c, the absorption maxima of
ion pumps are red-shifted about 30−100 nm relative to ion
channels, suggesting a significant structural difference in the
retinal chromophore between them. In fact, the chromophore
structure of the H+ pump BR is significantly different from that
of the chimera of ChR1 and ChR2 (C1C2), especially around
the β-ionone ring (Figure 1d). Compared to BR, the β-ionone
ring of C1C2 moved to the cytoplasmic side (Figure 1d). We
hypothesized that the structural difference of retinal in two
types of ion transport machineries causes functional differ-
entiation, and simultaneously color changes between them. To
verify this, in this study, three mutations were introduced into
AR3. Two of them were expected to induce the movement of
the β-ionone ring toward the cytoplasmic side by introduction
of smaller (M → A) and larger (G → V) residues on the
cytoplasmic and extracellular sides, respectively (Figure 1d).
One mutation is for a hydrophobic residue Ala located in the
vicinity of the Schiff base (A → T), which is a key residue for
color tuning in a variety of microbial rhodopsins such as BR,
sensory rhodopsin I (SRI), sensory rhodopsin II (SRII), and
middle rhodopsin (MR).25−28 The A to T mutation is therefore
expected to alter the chromophore structure as well (Figure
1d). Thus, the mutations on three amino acid residues in AR3
are expected to optimize the structure of the retinal binding
cavity, which can be monitored by measuring absorption
spectra. The atomistically detailed design principle to create the
blue-shifted photoabsorption will be reported elsewhere.

■ MATERIALS AND METHODS
Sample Preparation. The expression plasmids for wild-type AR3,

HwBR, and GR were constructed as described previously.29,30 The
mutant genes were constructed by the QuikChange site-directed
mutagenesis method as described previously.26 All constructed
plasmids were analyzed using an automated sequencer to confirm
the expected nucleotide sequences. The E. coli strains, DH5α and
BL21(DE3), were used as hosts for DNA manipulation and for protein
expression of the histidine-tagged proteins, respectively. The crude
membrane was solubilized by a detergent n-dodecyl-β-D-maltoside
(DDM, Dojindo, Japan), and the solubilized fraction was purified by
Ni2+ affinity column chromatography. Where necessary, samples were
further purified with an anion exchange column.
Ion Transport Activity. E. coli cells were washed and resuspended

in 100 mM NaCl solution. The light-induced pH change was
monitored by a pH electrode. The light of wavelengths <20 nm
shorter than λmax was removed by a long-pass filter. To obtain action
spectra, interference filters (fwhm = 10−15 nm) were used to obtain
light at specific wavelengths by filtering the output of the same Xe arc
lamp. The photon-flux of light was measured by a calibrated
multichannel detector (IRRAD-C2000+, Ocean Optics), and the
initial slopes at a specific wavelength were scaled by fluxes to obtain an
action spectrum. Electrophysiological experiments in Xenopus laevis
oocytes were performed using the two-electrode voltage-clamp
technique described previously.31 Briefly, the amplified cDNA was
heterologously expressed in oocytes by cRNA injection. The oocytes
were used for electrophysiological studies 3−5 days after cRNA
injection. Then they were superfused with perfusion buffer (96 mM
NaCl, 2 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM HEPES, and 6
mM Tris, pH 7.5). The current−voltage (I−V) relationship was
analyzed before and at 1 min after illumination with cyan light (peak
wavelength, 505 nm) generated from a light-emitting diode (Luxeon V
Star LXHL-LE5C, Lumileds Lighting Co., San Jose, CA). The
measurements at different membrane potentials (−150 mV to +50 mV
in 20-mV increments) were made using short pulses (100 ms).

Spectroscopic Analysis. Retinal composition was determined by
HPLC as described previously.32 Each sample was dark-adapted for
several days before analysis. The pH titration experiments were
performed using essentially the same method described previously.30

In short, the absorbance of samples was approximately 0.5 optical
densities at each absorption maximum. The samples were initially
suspended in 50 mM Tris-HCl buffer (pH 7.0) containing 1 M NaCl
and 0.05% DDM. Then, the pH was adjusted to the desired values by
the addition of HCl and NaOH. Data showing the reversibility of
spectral changes were used. For the data analysis, peaks of the
difference spectra at 624 nm for the wild-type AR3 and 524 nm for
AR3-T were plotted against pH and fitted by the Henderson−
Hasselbalch equation with a single pKa.

Transient absorption spectra were obtained by a flash photolysis
system, using a multichannel detector (Hamamatsu Photonics K. K.,
Japan) as described previously.4 Because purified AR3-T in DDM
micelles significantly lost its color upon illumination, the E. coli
membrane containing wild-type AR3 or AR3-T was used for the
measurements. The cells were washed in a 1 M NaCl, 50 mM Tris-
HCl (pH 7.0) solution and disrupted by sonication. Upon measure-
ment, the sample was excited with a beam from an OPO system (LT-
2214, LOTIS TII, Minsk, Republic of Belarus) produced by the third
harmonics of a nanosecond pulsed Nd3+-YAG laser (λ = 355 nm, LS-
2134UTF, LOTIS TII, Minsk, Republic of Belarus). The laser power
was 3 mJ per pulse.

The interval between laser pulses was 500 ms and 6 s for wild-type
AR3 and AR3-T, respectively, which is sufficiently slower than their
photocycles. Intensities of the transmitted probe light from a Xe lamp
(L8004, Hamamatsu Photonics K. K.) were measured before and after
sample excitation and transient absorption spectra were obtained by
calculating the ratio between them. There were 100 spectra averaged
to improve the signal-to-noise ratio.

Low-temperature Fourier transform infrared (FTIR) spectroscopy
at 77 K was performed as described previously.33−35 After hydration
with H2O or D2O, samples reconstituted into L-α-phosphatidylcholine
lipids (AR3: PC molar ratio of 1:50) were placed in a cell in a cryostat
(DN-1704, Oxford Instruments, U.K.) mounted in an FTIR
spectrometer (FTS-40, Agilent Technology). The cryostat was
connected to a temperature controller (ITC-4, Oxford Instruments),
and temperature was regulated with 0.1 K precision. For wild-type
AR3, illumination with 500 nm light (KL-52, Toshiba, Tokyo, Japan)
from a 1 kW halogen tungsten lamp at 77 K for 2 min converted AR3
to the K-intermediate, and subsequent illumination with >610 nm light
(R-63, Toshiba, Tokyo, Japan) for 1 min reverted K back to AR3, as
evidenced by the identical (but inverted) spectral shape. For AR3-T,
the sample was illuminated with 440 nm light (KL-44, Toshiba,
Tokyo, Japan) for 2 min, converting AR3-T to the K-intermediate.
Then, K was reconverted to the initial state upon illumination with
>520 nm light (O-54, Toshiba) for 1 min. The difference spectrum
was calculated from the two spectra constructed from 128 interfero-
grams taken before and after illumination. The 128 difference spectra,
both obtained in this way, were averaged to produce each K minus
AR3 spectrum.

■ RESULTS

Color Tuning. The absorption spectra of purified wild-type
AR3 and its mutants are shown in Figure 1e. The absorption
maxima (λmax) are blue-shifted in a mutation-dependent
manner. As expected, the AR3 triple mutant (M128A/G132
V/A225T; abbreviated as AR3-T hereafter) showed a large
blue-shifted λmax of 454 nm, which is close to that of C1C2
(∼472 nm) (see Figure 1c), suggesting that the chromophore
structure of AR3-T is similar to that of C1C2. To investigate
this, the composition of the retinal isomers of AR3-T was
determined by high performance liquid chromatography
(HPLC) experiments. It has been reported that archaeal H+

pumps, including BR and AR3, possess approximately 50%
ATR as a chromophore, while ChRs possess approximately
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70% ATR (see Table 1).29,36−38 As shown in Figure 1f, the
fraction of ATR in AR3-T was estimated to be 65%, which is
similar to that in ChRs. Thus, the basic photochemical
properties, absorption and retinal configuration, of AR3-T in
the dark state were close to those of ChRs in the dark. The
obtained λmax and the retinal composition are summarized in
Table 1 and Supporting Information Table S1. The quantities
for the M128A/G132V mutant could not be measured because
of difficulty in sample preparation due to its instability. Except
for the M128A/G132V mutant, all mutations did not affect the
levels of protein expression, as judged both by the color of cells
and the amount of purified proteins.

Ion Transport Activities of the Color-Tuned AR3. Next
we investigated the ion transport activity of wild-type AR3 and
the mutants by monitoring the light-induced pH change of the
suspension of E. coli cells expressing the corresponding
proteins. In this experimental condition, the internal and
external pH of the cells was kept at ∼7.4 and ∼6.9, respectively,
by controlling the medium composition (Figure 2a). Therefore,
in the case of wild-type AR3 representing outward H+ pumping,
the proton is transported to the external solvent and the pH of
the solvent is expected to decrease upon light illumination. In
fact, the wild-type AR3 and some of the mutants showed light-
induced acidification of the external medium (Figure 2b). The

Table 1. Photochemical and Structural Properties of Bacteriorhodopsin (BR), Wild-Type AR3, AR3-T, ChR1, ChR2, and Its
Chimera (C1C2)

opsin type λmax [nm] ion flux pKa of the counterion ATR [%] CN stretch (cm−1) photocycling rate [s]

BR 570 pump 2.7a ∼47b 1641 (Δ13 cm−1) ∼0.01
AR3 552 pump 3.0 53 ± 2c 1642 (Δ15 cm−1) ∼0.05
AR3-T (M128A/G132V/A225T) 454 channel 3.9 65 ± 3 1662 (Δ30 cm−1) ∼30
ChR1 519d channel ∼9d 71e 1646e (Δ23 cm−1) 25f

ChR2 465 channel n.d.j 70g 1657 (Δ28 cm−1) ∼20h

C1C2 472 channel 5.8i n.d. 1665 (Δ29 cm−1) n.d.
aFrom Brown et al. Biophys. J. 1993.42 bFrom Petti et al. Biochemistry 1977. cFrom Sudo et al. J. Biol. Chem. 2013. dFrom Li et al. Biophys. J. 2014.
eMuders et al. FEBS Lett. 2014.36 fFrom Loŕenz-Fonfriá et al. J. Chem. Phys. 2014. gNack et al. FEBS Lett. 2009.37 hFrom Loŕenz -Fonfriá et al. Proc.
Natl. Acad. Sci. U.S.A. 2013. iFrom Kato et al. Nature 2012.14 For ChR1 and ChR2, the values determined for ChR1 from C. augustae (CaCR1) and
ChR2 from C. reinhardtii (CrChR2) are shown, respectively. jn.d.: not determined.

Figure 2. Ion transport activity of wild-type AR3 and its mutants. (a) Schematics of the experimental condition to measure the ion transport activity
of the cells expressing proton pumps (left) and proton channels (right). (b−d) Light-induced pH change of wild-type AR3 and M128A, A225T (b),
G132V, M128A/A225T and G132V/A225T (c), AR3-T, AR3-T plus D95N and AR3-T plus D222N (d). (e) Action spectra of the initial slopes of
wild-type AR3 and AR3-T. Values are normalized at the peak values of each spectrum. (f) Photoinduced currents at −50 mV clamp voltage (left) and
its I−V curves of oocytes expressing wild-type AR3 (black) and AR3-T (red).
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signal intensity decreased in the presence of an H+-selective
ionophore, CCCP, because the proton motive force collapsed
(Figure 2b). These results suggest that wild-type AR3 and some
of the mutants work as light-driven H+ pumps across the
cellular membrane.
On the other hand, only a small signal was observed for the

G132V, M128A/A225T, and G132V/A225T mutants, indicat-
ing their weak H+ transport activity (Figure 2c). This weak
activity might be caused by a change(s) of some photochemical
properties such as an abnormal pKa change during the
photoreaction cycle (photocycle). In contrast, light-induced
alkalization of the external medium was observed for AR3-T
(Figure 2d). The positive signal also disappeared in the
presence of CCCP, suggesting inward H+ transport. Thus,
AR3-T produced a sufficiently robust response to permit the
measurement of its action spectrum. For this, excitation light
was monochromated by using interference filters with various
center wavelengths, and the initial slope, representing the
“proton transporting activity”, was plotted against excitation
wavelength (Figure 2e). The action spectrum of AR3-T blue-
shifted by about 100 nm compared to that of wild-type AR3,
and matches well with the shift in absorption between AR3-T
and wild-type AR3 (dotted lines in Figure 2e). The good
agreement between the action spectra and absorption ones
confirms the fidelity of our quantification of proton trans-
porting activity.
The inward H+-transport of AR3-T raises two possibilities, a

“light-driven inward H+ pump” and a “light-gated H+-permeable
channel”. The former actively transports H+ at any membrane
potential, while the latter passively transports H+ and should be
tightly coupled with membrane potential. To reveal whether
AR3-T is an inward H+ pump or an H+-permeable channel, we

expressed wild-type AR3 and AR3-T in oocyte cells and
measured the photocurrent under different membrane
potentials. Here we employed a cyan LED light source
(∼505 nm) because it can activate both wild-type AR3 and
AR3-T with approximately similar efficiency (see Figure 2e). At
a physiologically negative membrane potential (clamped
voltage of −50 mV), a light-induced outward current was
observed for wild-type AR3 while AR3-T showed a light-
induced inward current (Figure 2f, left panel). These results are
consistent with the H+ transport assay experiments with E. coli
cells (Figure 2b,d). The membrane potential was then changed
to obtain I−V curves (Figure 2f, right panel). Wild-type AR3
showed a light-induced outward current over a wide range of
membrane potentials, from −90 to +50 mV, indicating active
ion transportation. In contrast, the direction of the light-
induced current was inverted for AR3-T at a membrane
potential of near 0 mV, and an outward current was observed at
a positive membrane potential. These results clearly indicate
that AR3-T works as a light-gated H+ channel.

Photochemical and Structural Properties of the AR3
Variant Converted into a Channel. AR3-T provides an
opportunity to identify photochemical and structural properties
necessary to transport ions for ion channels by comparing with
those of wild-type AR3, ChR, and BR. It is well-known that the
salt bridge between the Schiff base lysine (Lys226 for AR3) and
two aspartate residues (Asp95 and Asp222 for AR3) is essential
for biological functions. In fact, neutralization of the residue
disrupts ion transport activity both of ion pumps and ion
channels.1,39−41 To confirm this, an additional mutation was
introduced into AR3-T. As shown in Figure 2d, light-induced
ion transporting activity was not observed for the quadruple
mutants having a replacement of D95N or D222N, indicating

Figure 3. Photochemical and structural properties of wild-type AR3 and AR3-T. (a) pH-induced absorbance change of wild-type AR3 (○) and AR3-
T (■). Solid lines are the fitted curves with the Henderson−Hasselbalch function; the pKa values are listed in Table 1. (b) Difference FTIR spectra
of wild-type AR3 (upper), AR3-T (middle), and the chimeric ChR (C1C2) (lower, reproduced from ref 15) at 77 K in the 1760−1580 cm−1 region.
The solid and dotted lines are the spectra of the films hydrated with H2O and D2O, respectively. The underlined peaks correspond to CN
stretching vibrations of the Schiff base. (c, d) Time-evolution of transient absorption change of wild-type AR3 (c) and AR3-T (d) at specific
wavelengths. The smooth lines are the fitting curves with a multiexponential function for the results (noisy lines). (e) Models for photocycles
determined by flash photolysis experiments (c, d) for wild-type AR3 (upper) and AR3-T (lower). The lifetimes were determined by multiexponential
fitting. Subscribed numbers indicate the absorption maxima of each state. The wavelengths of M and O intermediates were obtained from the spectra
in Supporting Information Figure S3. The absorption spectrum of AR3′ is identical with the initial state, and the absorption maxima of K-
intermediates were evaluated as explained in Supporting Information (Figure S2).
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the functional importance of the counterions. In order to
further investigate the property of the Schiff base region, pH-
titration of the proteins was carried out to estimate the pKa of
the primary counterion Asp95 in AR3. The pKa values were
estimated by analysis with a single Henderson−Hasselbalch
equation and resulted in a value of 3.0 for wild-type AR3 and a
value of 3.9 for AR3-T (Figure 3a). The pKa values for BR and
C1C2 are 2.7 and 5.8, respectively.14,42 These results suggest
that the environment around the Schiff base in AR3-T becomes
more hydrophobic than that of archaeal ion pumps which
would be important for ion channel activity.
The structure of wild-type AR3 and AR3-T and their

structural changes upon formation of the early intermediate
(K) were investigated by FTIR spectroscopy (Figure 3b).
Formation of the K-intermediate was confirmed by vibrational
frequencies of CC and CC stretching (abbreviated as str
hereafter) modes. The difference FTIR spectrum of wild-type
AR3 was almost identical to that reported thus far43 (Figure 3b
and Supporting Information Figure S1). For AR3-T, trans−cis
photoisomerization was confirmed by a spectral shift of the
CC str vibration of the retinal chromophore from 1199(−)
to 1191(+) cm−1 (Supporting Information Figure S1). The
CC str vibrational bands for wild-type AR3 and AR3-T
appeared at 1532(−)/1523(+) cm−1 and 1570(−)/1539(+)
cm−1, respectively. This is consistent with a well-known
correlation between the frequency of the CC str band and
λmax of the pigment (Supporting Information Figure S2).44 The
hydrogen out-of-plane (HOOP) modes of AR3-T resemble
those of C1C2 rather than wild-type AR3, indicating similar
structural changes between AR3-T and C1C2 (Supporting
Information Figure S1). In the >1700 cm−1 region, where C
O str vibrations of the protonated-carboxylic acid appear, a
1741(−)/1734(+)-cm−1 band was observed for wild-type AR3;
a similar band was also observed for AR3-T at 1739(−)/
1731(+) cm−1 (Figure 3b). Since the 1740(−)/1733(+) cm−1

band was assigned to Asp115 for BR,39 these results suggest
that the hydrogen bonding of Asp125, corresponding to
Asp115 of BR, strengthens upon formation of the K-
intermediate both in wild-type AR3 and AR3-T. In contrast,
it weakens in C1C2 (1736(−)/1742(+) cm−1), suggesting that
the alteration in hydrogen bonding of the Asp residue is not
essential for functional differentiation. In the 1600−1700 cm−1

region where the CN str of the Schiff base appears, a large
difference was observed between wild-type AR3 and AR3-T.
The bands that shifted between H2O and D2O were assigned to
retinal CN str vibrations (underlined peaks in Figure 3b). It
is well-known that the difference in frequency (ΔνCN)
between H2O and D2O is positively correlated with the
strength of the hydrogen bond of the Schiff base nitrogen. The
ΔνCN of the unphotolyzed state of wild-type AR3 was 15
cm−1 which is similar to BR (ΔνCN = 13 cm−1). In contrast, it
was 30 cm−1 for AR3-T which is similar to those of ChRs (23−
29 cm−1, Table 1). As shown in Table 1, ion pumps and ion
channels show relatively small and large isotope effects of the
CN stretching vibration, respectively, indicating that a strong
hydrogen bond between the protonated retinal Schiff base and
its counterion are important for the ion channels.
We also studied the photocycles by flash photolysis

experiments. As shown in Figure 3c, wild-type AR3 showed
only the M-intermediate in the time region of t > 100 μs in the
current conditions (1 M NaCl, 50 mM Tris-Cl (pH 7)) and
could be recovered to the initial state with the process being
well-reproduced by a double-exponential function (τ = 2.2 and

46 ms) (Figure 3c,e). The K intermediate is expected to be
present ahead of M as in other microbial rhodopsins. As
expected, the FTIR measurement indicates the accumulation of
a red-shifted intermediate assignable to K intermediate at 77 K
(Figure 3b). Furthermore, the O intermediate should
sequentially appear after M. However, its decay was faster
than the decay of M, and the amount of accumulation was
kinetically negligible (Supporting Information Figure S3). The
photocycle of wild-type AR3 is summarized in Figure 3e. On
the other hand, recovery of the initial state of AR3-T was much
slower than wild-type AR3 (Figure 3d,e). In addition, a
significant amount of O-accumulation was observed for AR3-T
at t > 10 ms and around λ = 535 nm (Supportying Information
Figure S3). Decay of the K-intermediate was observed for AR3-
T (which is clear as a positive peak at 550 nm at t = 40 μs in
Figure 3d that disappears at t = 770 μs), and the lifetime was
estimated to be 0.18 ms. Then, following the decay of M (τ =
10 ms), the O intermediate, equilibrated with a trace amount of
M, accumulated and decayed with a lifetime of 0.58 s. However,
the photoinduced current of AR3-T remained for ∼1 min after
light is turned off (Figure 2f). This indicates that channel
closing is not coupled with the recovery of absorption of the
retinal chromophore and that the channel continues to open
for ∼1 min after the recovery of the change in absorption. We
refer to this state as AR3′. The overall photocycle of AR3-T is
depicted in Figure 3e. In general, ion pumps and ion channels
show a relatively rapid and slow photocycling rate, respectively
(see Table 1). Ion pumps have been optimized by nature to be
furnished with fast photocycles because one ion is transported
during a single photocycle. On the other hand, ChRs show
slower photocycle compared to ion pumps.45,46 The slower
photocycle of AR3-T seems to somewhat resemble to that of
ChR. However, the channel closing of ChR (e.g., 10 ms for
CrChR245) is much faster than that of AR3-T (∼1 min). Of
note, some variants of ChR with long-lived open-state were
reported to date.22,47,48 For instance, C128T mutant of ChR2
shows 200-times long-lived open state.47 In this case, the
disruption of hydrogen bond between Cys128 and Asp156
leads to the long-lived open state. Because the cysteine residue
is not conserved in AR3 and replaced by a Thr residue
(Thr100), long-lived opening of AR3-T indicates the similarity
of opening mechanism with the ChR2 C128T mutant. Thus,
three substitutions around the retinal chromophore that alter
the temporal behavior of the photocycle as well as the structure
around the chromophore converted a light-driven H+ pump
into an light-gated H+ channel. However, it is obvious that the
transport efficiency of AR3-T is much lower than that of ChRs.
In the case of the ChRs, hundreds of ions are transported upon
the opening of one ChR molecule.11,17 In contrast, the
photoinduced current of AR3-T is comparable to or slightly
lower than that of wild-type AR3 over a wide range of
membrane potentials (Figure 2f). Because H+ pumping
rhodopsins transport one H+ upon single photoexcitation, it
is roughly estimated that nearly one H+ is transported by single
AR3-T upon single cycle event. Thus, although the
modification of the retinal binding pocket made it possible to
produce a light-gated H+ channel, the efficiency is still much
lower than that of natural channel rhodopsins.

■ DISCUSSION
In this study, we succeeded in the functional conversion of an
H+ pump AR3 to an H+ channel by replacing only three amino
acid residues. Is this applicable to other H+ pump rhodopsins?
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Phylogenic analysis indicates that H+-pumping rhodopsins are
categorized into two major groups, archaeal and eubacterial
rhodopsins (Figure 1a). We applied similar substitutions to
another representative archaeal H+ pump, BR from Haloqua-
dratum walsbyi (HwBR)29 and a eubacterial H+ pump
(Gloeobacter rhodopsin from Gloeobacter violaceus, GR).49

The triple mutants of HwBR (M126A/G130V/A225T) and
GR (M158A/G162V/A256T) showed large spectral blue-shifts
(80 and 66 nm from wild-type, respectively), although the shifts
were slightly smaller than that of AR3 (98 nm) (Supporting
Information Tables S2 and S3 and Figure S4). The triple
mutants of HwBR and GR were expressed in E. coli cells, and
H+-transport activities were assayed (Supporting Information
Figure S4c,d). The triple mutant of HwBR showed small but
significant inward H+-transport activity, similar to AR3-T
(Supporting Information Figure S4c), while the GR triple
mutant retained its outward H+ pumping activity (Supporting
Information Figure S4d). These results suggest that while the
spectral blue-shifts were achieved by triple substitutions around
retinal for both archaeal and eubacterial H+ pumps, functional
conversion can be evoked only for the archaeal H+ pump (AR3
and HwBR) and not for the eubacterial pump GR. Although
their functions are similar, the sequential identities of amino
acids are low (∼20%) between archaeal and eubacterial
rhodopsins.1 We assumed that common structural element(s)
for functional differentiation conserved between archaeal H+-
pumping rhodopsins and channel rhodopsins are lost in
eubacterial rhodopsins, and further modification(s) are required
to convert the eubacterial H+ pump into an H+ channel. Thus,
we speculate that the ion channels evolved from archaeal H+

pumps.
So far, functional conversions from a H+ to a Cl− pump,24

from cation to anion channels22,23 and from pump to sensor,25

were achieved by the replacement of 1−3 amino acid(s) in
microbial rhodopsin family proteins. The present study is the
first demonstration of the conversion from a light-driven H+

pump into a light-gated H+ channel. Figure 4 shows schematic
models for the ion pumping mechanism in wild-type AR3 (left)
and the H+ channeling mechanism in AR3-T (right). The
position of the β-ionone ring of C1C2 retinal is located toward
the cytoplasmic side more than the H+ pump (Figure 1d).13,14

We hypothesized that the position of the wild-type AR3 ring
can be moved to a similar position to C1C2 by optimizing the
size of the residues in upper (M128A) and lower (G132V)
sides of the ring. Consequently, AR3-T became an H+ channel
with a blue-shifted absorption maximum by three substitutions.
This supports our prediction that the position of the β-ionone
ring is important both for function and color of ion transport
machineries.
In a previous study, we replaced Ser151 on helix E to an

alanine in addition to M128A and A225T for AR3 (M128A/
S151A/A225T). In this case, although a 52 nm blue-shift was
observed, the H+ pump function was still maintained.29

Quantum chemical calculations suggested that a β-ionone
ring rotation occurred in the mutant. For the rotation of the
ring, a structural perturbation of the retinal chromophore was
mainly restricted in the ring region, but not in the polyene
chain and the Schiff base region. On the other hand, the G132V
mutant used in this study is expected to cause steric hindrance
between the mutated residue and the ring region, resulting in
alteration of the polyene chain and the Schiff base region. In
fact, the larger pKa of AR3-T suggests that the Schiff base
region becomes more hydrophobic than wild-type AR3

(Figures 3a and 4). Furthermore, structural differences are
also suggested from the increase in strength of the hydrogen
bond of both the Schiff base and the fraction of ATR
configuration. These structural alterations produce a water-
accessible channel from the extracellular side, and this half
channel would be connected to the cytoplasmic side upon
activation by light (Figure 4, right lower panel). Thus, we
speculate that H+ transport occurs by the opening of this
transient hydrophilic channel in which the direction of
transport is determined according to the membrane potential
and H+ gradient. In ChRs the ion permeation pathway is
estimated to be located between helices A−C and G, differently
from the path for proton/ion pump in microbial rhodopsins
including AR3.14 Where proton permeation occurs is not clear
in AR3-T, but the low currents (Figure 2f) suggest that proton
permeation could be caused by a leak in the normal proton-
pumping pathway (i.e., helices C, D, F, and G), as shown before
for Gloeobacter rhodopsin in the acidic conditions.50 From the
results of current study together with other findings, we
concluded that the functional determinant in ion channeling
retinal proteins is localized at the center of the membrane-
spanning domain, but not on the cytoplasmic and extracellular
domains.
In addition to its biological significance, functional

conversion will create a new way of rational design and
engineering of retinal proteins that can be applied to
optogenetics. Ion pumps and ion channels are utilized for

Figure 4. Schematic drawing of ion transport mechanism of wild-type
AR3 and AR3-T. For wild-type AR3, H+ is released from a carboxylic
residue upon photoillumination, and then H+ is taken up from the
cytoplasmic side through a proton-donating residue. The H+ pumping
activity is facilitated by a fast photocycling rate (∼50 ms) because one
proton is transported to the extracellular side during a single
photocycle. On the other hand, for AR3-T, the chromophore structure
is modified by replacement of three amino acid residues (M128A,
G132V, and A225T). The modifications lead to alteration both of the
β-ionone ring region and the Schiff base one, resulting in an increase in
hydrophilicity of the ion transport pathway. The H+ channeling
activity is facilitated by a slow photocycling rate (∼1 min) because the
protons are transported in the photointermediate(s).
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neural silencing and activation, respectively. Therefore, AR3-T
could be applied to neural activation as well as ChRs. The
different absorption of AR3-T from that of the neural silencer
wild-type AR3 makes it possible to control neural silencing and
activation with different colors of light. Because AR3-T is easily
expressed in E. coli cells, further modifications by a combination
of intended and random mutagenesis are easier than for ChRs.
It is known that ChR2 shows a reduction in the photocurrent
after the maximum current immediately appears after light
illumination, which is called desensitization. Of note, no
desensitization was observed for the AR3-T mutant during
illumination (Figure 2f). This would be suitable for the
constant depolarization of cells to control neurons. However,
the property of AR3-T is not sufficiently ideal for optogenetic
application. It shows relatively slow off-function dynamics (∼1
min) (Figure 2f), and blue-light excitation sometimes causes
toxicity for the optical manipulation of cells and tissues.51 To
solve these problems, further engineering to develop variants
similar to many optimized ones designed in the case of
ChR252,53 might be required for AR3-T as well.
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