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ABSTRACT: Acetabularia rhodopsins are the first microbial
rhodopsins discovered in a marine plant organism, Acetabularia
acetabulum. Previously, we expressed Acetabularia rhodopsin II
(ARII) by a cell-free system from one of two opsin genes in A.
acetabulum cDNA and showed that ARII is a light-driven proton
pump [Wada, T., et al. (2011) J. Mol. Biol. 411, 986−998]. In this
study, the photochemistry of ARII was examined using the flash-
photolysis technique, and data were analyzed using a sequential
irreversible model. Five photochemically defined intermediates (Pi)
were sufficient to simulate the data. Noticeably, both P3 and P4
contain an equilibrium mixture of M, N, and O. Using a transparent indium tin oxide electrode, the photoinduced proton transfer
was measured over a wide pH range. Analysis of the pH-dependent proton transfer allowed estimation of the pKa values of some
amino acid residues. The estimated values were 2.6, 5.9 (or 6.3), 8.4, 9.3, 10.5, and 11.3. These values were assigned as the pK a of
Asp81 (Asp85BR) in the dark, Asp92 (Asp96BR) at N, Glu199 (Glu204BR) at M, Glu199 in the dark, an undetermined proton-
releasing residue at the release, and the pH to start denaturation, respectively. Following this analysis, the proton transfer of ARII
is discussed.

Rhodopsin is a membrane protein in which retinal as a
chromophore binds to the lysine residue of the opsin

(apoprotein) via a Schiff base. There are two types of
rhodopsins.1 One is type 2 rhodopsin, which is found in the
eyes of animals, and the other is type 1 rhodopsin, which is now
also called microbial rhodopsin. Originally, type 1 rhodopsin
was found in haloarchaea in the early 1970s in the form of a
light-driven proton pump, bacteriorhodopsin (BR).2,3 Later,
homologues with different functions were discovered, including
halorhodopsin (HR),4−6 sensory rhodopsin I (SRI),7−9 and
sensory rhodopsin II (SRII, also called phoborhodopsin).10−14

These proteins have similar structural folds composed of seven
helices and retinal binding to the conserved lysine residue of
the last helix, whereas the function is different when essential
amino acid residues are optimized. BR and HR are ion pumps,
and SRI and SRII are photoreceptors. Type 1 rhodopsins have
linear cyclic photochemical reactions called photocycles. The
illumination of the pigment protein leads to the excited state,
which is relaxed thermally to the original pigment via various
photochemical intermediates. The best-studied rhodopsin is
BR. BR at the ground state and intermediates K−O have been
researched with various spectroscopic methods and X-ray

crystallography.2,3 The photocycle comprises stepwise reactions
of the thermal reisomerization of the photoisomerized 13-cis-
retinal to the initial all-trans-retinal, and the proton is
transferred toward the higher-pKa residue accompanied by
pKa changes during the photocycle. Type 1 rhodopsins have
been found not only in archaea but also in eubacteria, fungi,
and algae, and thus, type 1 rhodopsins are classified as
microorganisms belonging to all three biological domains.1

Many type 1 rhodopsins function as either ion pumps with fast
photocycles or photoreceptors with slow photocycles. In
addition, a new type, a photogated ion channel, was added
recently to the family of type 1 rhodopsins on the basis of a
study of Chlamydomonas.15−17 Thus, the world of the type 1
rhodopsin (microbial rhodopsin) continues to expand.1

As early as 1968, Schilde18 reported a fast light-induced
transmembrane voltage change from a giant unicellular marine
alga, Acetabularia acetabulum, and on the basis of these results
suggested that rhodopsin acts as a photoreceptor. In 2004,
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Mandoli and co-workers19 reported a possible opsin-encoding
gene from juvenile Acetabularia. Later, Hegemann and co-
workers20 cloned a full-length opsin cDNA from Acetabularia
and succeeded in expressing the opsin in the Xenopus oocyte.
This rhodopsin is named Acetabularia rhodopsin (AR). They
observed a photoinduced current through the oocyte
membrane in the presence of various ion species and concluded
that AR is a light-driven proton pump. Detailed analysis of the
electric current across the oocyte was conducted using the
analogy of enzymatic analysis.21 However, the photochemistry
has not yet been examined because sufficient amounts of the
AR protein were not available for detailed examination.
We intended to elucidate the photochemistry and structure

of AR. For this purpose, the establishment of a large-scale
expression system is necessary. Some of us (K.-H.J. and S.Y.K.)
recloned an opsin gene from juvenile Acetabularia and obtained
two possible clones [named ARI and ARII (GenBank accession
numbers HM070407 and HM070408, respectively)]. These
clones were somewhat different from that of Tsunoda et al.20

Next, an attempt was made to express these clones in the
Escherichia coli cell membrane, but the amounts expressed were
so small that only the qualitative properties of photochemistry
were obtained.22 On the other hand, Shimono et al. devised a
unique cell-free membrane protein synthesis system.23 The
expression of membrane proteins by the cell-free system is
usually hindered by the problem that the synthesized peptide is
not soluble, which gives rise to denaturation. To circumvent
this problem, they conducted the synthesis in the presence of
both lipids and detergent, and the detergent was gradually
removed during the course of synthesis so that the protein was
incorporated into lipid phases. Sufficient amounts of ARII were
successfully obtained using this expression system. In a previous
paper,24 it was reported that (1) ARII is a light-driven proton
pump, which is the same as AR, (2) the λmax was 533.5 nm, (3)
the chromophore was all-trans-retinal and no light−dark
adaptation occurred, (4) proton uptake occurred first followed
by release at 400 mM NaCl and pH 7.0, and (5) the X-ray
structure was presented at 3.2 Å resolution. In this work, the
photocycle and the proton transfer of ARII are examined over a
wide pH range. From the proton transfer measurements using a
transparent ITO (indium tin oxide) electrode, the pKa values of
several amino acid residues are estimated. Finally, a possible
proton transport mechanism in ARII is discussed.

■ MATERIALS AND METHODS
Cell-Free Expression and Purification. The cDNA

encoding ARII truncated at position 229 was attached by
overlap polymerase chain reaction (PCR) to the T7 promoter
sequence, the ribosome-binding site, the N11 tag, the cleavage
site for tobacco etch virus (TEV) protease, and the T7
terminator sequence.25 The N11 tag was a modified version of
the NHis tag.23,26 The PCR product was cloned into plasmid
pCR2.1-TOPO (Invitrogen, Tokyo, Japan). The expression and
purification system employed here was the same as that
reported previously.23 Cell-free expression was performed in
the continuous exchange mode, using a dialysis membrane with
a cutoff of 15 kDa (Spectrum, Rancho Dominguez, CA) to
separate the reaction solution mixture (RM) from the feed
solution mixture (FM). The components of each mixture have
been described previously.23 The template DNA used 4 μg/mL
plasmid. Phosphatidylcholine from egg yolk (PC, 6.7 mg/mL)
(Sigma, St. Louis, MO) and digitonin (0.4%, w/v) (Wako,
Osaka, Japan) were added to the RM, and 100 μM all-trans-

retinal (Sigma) was added to both the RM and FM solutions.
The RM:FM volume ratio was 1:10. Synthesis reactions were
performed at the 4.5 mL RM scale at 30 °C in a rotary shaker
for 6 h, followed by ultracentrifugation (100000g for 30 min) of
RM to separate ARII as a precipitant. The precipitate was
washed with low-salt buffer [50 mM Tris-HCl (pH 6.8), 10
mM NaCl, and 10 mM EDTA] and then twice with high-salt
buffer [50 mM Tris-HCl (pH 6.8) and 400 mM NaCl]. For
purification, ARII was extracted into a high-salt buffer and 1%
n-dodecyl β-D-maltoside (DDM) (Anatrace, Maumee, OH) at
4 °C for 1 h. After removal of the insoluble fraction by
ultracentrifugation, the supernatant was subjected to nickel
chelating chromatography (1 mL HisTrap HP, GE Healthcare,
Tokyo, Japan). The unbound proteins were removed by
washing the column with 10 column volumes of wash buffer
[50 mM Tris-HCl (pH 6.8), 400 mM NaCl, 10% glycerol, 1
mM dithiothreitol, and 0.05% DDM] containing 20 mM
imidazole. The bound protein was eluted with wash buffer
containing 500 mM imidazole. The yield of ARII was 2.1 mg
from 4.5 mL of the reaction mixture in the cell-free synthesis.
The concentration was determined from the absorbance at 530
nm under an assumed extinction coefficient of 40000.
The 280 nm:532 nm absorbance ratio for this ARII sample

was 1.68. In a previous report,24 a lower ratio of 1.34 was
obtained after purification using an N11 tag followed by gel
filtration chromatography and removal of the tag. This sample
showed one strong band and one faint band on sodium dodecyl
sulfate−polyacrylamide gel electrophoresis. The faint band with
a higher molecular weight was considered to be a dimer,
suggesting that the purity of this sample was high. We should
consider the contribution of the N11 tag to the 280 nm
absorbance and estimated that the absorbance ratio for pure
ARII with the tag was 1.41. Thus, this preparation contains
small contaminants whose 280 nm absorbance may amount to
16%.
Flash Photolysis. The absorption changes of ARII were

monitored after photoexcitation with an Nd:YAG laser pulse
(532 nm, 7 ns) using the apparatus described previously.27 The
absorbance of the ARII samples used was ∼0.5 at 530 nm, and
the temperature was maintained at 20 °C. The medium
consisted of 400 mM NaCl and 0.05% DDM (dodecyl β-D-
maltoside), and the pH was adjusted to the desired values with
MOPS or 6-mix buffer (citrate/MES/MOPS/HEPES/CAPS/
CHES). The number of accumulations was 10. The global
fitting analysis was performed for the data set measured from
320 to 700 nm with a 10 nm interval. The details of the
procedure were reported previously.28 Briefly, the data were
fitted with a multiexponential function simultaneously for a
data set of all wavelengths. The appropriate number of
exponents was determined from the reductions in the standard
deviation of the weighted residuals. Then further analysis
proceeded according to the following irreversible sequential
model: P0 → P1 → P2 → ... → P0, where P0 represents the
unphotolyzed original pigment and Pi represents the ith
photochemically defined state.29 This model contains only
the forward reactions between Pi states. Thus, these Pi states
may contain a few physically defined intermediates such as K−
O when the reverse reactions exist between them. Using the
fitting results, the time constant τ i and the absorption
differences between Pi and P0 (Δε i) were calculated.
Independently, the P0 spectrum was obtained by subtracting
the background scattering (A + B/λ 4; λ in nanometers) from
the measured spectrum of the unphotolyzed state. Finally, the

Biochemistry Article

dx.doi.org/10.1021/bi2009932 |Biochemistry 2011, 50, 8888−88988889



absolute spectra of Pi states were obtained by adding the
spectrum of P0 to the absorption differences, Δε i. For details,
see the paper by Chizhov et al.29 as well as our previous
studies.27,28 The mathematical description was given by Sato et
al.27

Measurements of Photoinduced Proton Transfer with
an ITO Transparent Electrode and Pyranine. The photo-
induced proton transfer was measured with an ITO (indium tin
oxide) (Techno Print Co., Saitama, Japan) transparent
electrode, which acts as a handy time-resolving pH sensor.30

Purified ARII proteins fused with the N11 tag were
reconstituted into PC at an ARII:PC molar ratio of 1:100
and suspended in distilled water.31 The ARII suspensions of
100 μL with protein concentrations of ∼10−30 μM were
applied to the surface of ITO electrodes for ∼60 min, followed
by the evaporation of water under reduced pressure. By being
sufficiently washed with distilled water, the unbound proteins
were removed from the surface. The actinic light was obtained
from a 300 W xenon lamp through a cold mirror, an IR cut
filter (HA50) (Toshiba, Tokyo, Japan), and cutoff optical filters
(>440 nm, Y44) (Toshiba). The sample was excited with pulse
light using a mechanical shutter (duration of 2 ms). The electric
signals from the ITO electrode were fed to a low-cut filter (0.08
Hz, MEG-1200) (Nihon Koden, Tokyo, Japan) to remove the
fluctuation of the baseline. The buffer consisted of 400 mM
NaCl and 1 mM 6-mix buffer (see Flash Photolysis). The buffer
capacity of this 6-mix buffer was constant over the whole pH
range examined. The ITO electrode deflection was propor-
tional to the amounts of proton transferred by ARII. Details
have been reported elsewhere.30

The proton transfer was also measured with a pH indicator
dye pyranine (100 μM) (Invitrogen, Tokyo, Japan), and the
method was essentially the same as reported previously.30 The
solubilized sample with 0.05% DDM was suspended in 400
mM NaCl buffered with 0.5 mM MOPS (pH 7.0).

■ RESULTS

Structure of the ARII Gene. ARII consists of 247 amino
acid residues, and the levels of sequence identity were 53 and
24% for ARI and BR, respectively. Figure 1 shows the amino
acid alignment of ARII with other typical microbial rhodopsins
such as BR, HR, and SRII. Amino acid residues in BR that are
essential for proton pumping are all conserved in ARII [Asp81
(corresponding to Asp85BR), Asp92 (Asp96BR), Arg78
(Arg82BR), Glu199 (Glu204BR), and Asp207 (Asp212BR)], but
Glu194BR is replaced with Ser, a nondissociable amino acid
residue. In this work, we expressed a truncated ARII (from
residue 1 to 229).
ARII Is a Light-Driven Proton Pump. As described later,

the trace of flash-induced absorbance change at 520 nm
(monitoring the original ARII) returned to the baseline at ∼80
ms at pH 7−7.3 (see Figures 5 and 6). Thus, the photocycling
rate is as fast as that of BR, and ARII is assumed to be a pump.
Actually, a photoinduced electric current through an ARII-
expressed oocyte membrane has been reported.24 In addition,
using an ITO-based, time-resolving detection method for pH
change, light-induced proton uptake and release were observed
(see Figures 5 and 7).
In spite of the identical function, λmax of ARII, which is

located around 530 nm, is largely blue-shifted from the value of
570 nm of BR. This difference might have originated from the
different orientations between Arg78ARII and the corresponding
Arg82BR, because the X-ray crystal structure24 revealed that
Arg78ARII orients to EC. Ren et al. presented a theory based on
quantum mechanics calculations that the blue shift of the
absorbance maximum is caused by the orientation of the Arg
residue corresponding to Arg82BR and concluded that this
orientation is 70% responsible for the blue shift of SRII (λ max ∼
500 nm), in which the corresponding Arg is oriented to EC.32

Because the λmax of ARII is 533.5 nm, which is closer to that of

Figure 1. Comparison of the amino acid sequences of BR (from Halobacterium salinarum, HsBR), SRII (from Natronomonas pharaonis, also called
ppR), HR (from H. salinarum), and ARII. The residue numbers are those of HsBR. The residues in HsBR that are essential for the proton pumping
(at positions 82, 85, 96, 204, and 212 of BR) are all conserved in ARII except for that at position 194. However, other important residues are not
necessarily conserved. Here, a truncated ARII is expressed from residue 1 to 229. The arrow indicates the truncated position.
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BR than that of SRII, this theory may account well for the blue
shift of the present pigment.
Photocycle at pH 7.0, a Physiological pH. The

photocycle of ARII was investigated using the flash-photolysis
technique at pH 7.0, a physiological pH. Figure 2 shows the

light minus dark difference spectra in three time regions. Panel
A shows the spectra from 8 to 57 μs, panel B those from 57 μs
to 2.5 ms, and panel C those from 2.5 to 56 ms. Plots were
started 8 μs after the laser flash because of the disappearance of
the large scattering artifact from the flash. The times of 57 μs
and 2.5 ms were chosen so that the characteristic intermediates
reached the maximum accumulations. The medium contained
400 mM NaCl, 10 mM MOPS buffer (pH 7.0), and 0.05%
DDM. Upon flash excitation, a photoproduct with a longer
peak wavelength (∼590 nm) appeared, followed by a decrease
in this absorption band and a concomitant increase in the 400
nm band (panel A). This 400 nm band reached a maximum
value of 57 μs. Judging from the time range and the location of
the absorption band, the 590 nm band may be assigned to the
K intermediate (abbreviated as K hereafter), although the time
range of its appearance seems later than that of BR. The 400
nm band is the M intermediate (M hereafter). The decrease in
the absorption at ∼530 nm (increase in the magnitude of the
negative band) after the flash (panel A) occurs because K has
absorption in this wavelength region. Over time (panel B), the
absorption of M decreases, but not completely, with a

concomitant increase in the magnitude of another band with
a longer wavelength. This band may be due to the N or O
intermediate (abbreviated as N or O, respectively), which will
be discussed later. O may have absorption around 550 nm,
which extends to 660 nm (this will also be discussed later). At
2.5 ms in this panel (i.e., the last spectrum), the magnitude of
this longer-wavelength band reaches its maximum. Panel C
shows that M and the intermediate consisting of N and/or O
decline completely to return to the original pigment.
To confirm this photocycle scheme, further analysis was

performed. Figure 2D shows (double) difference spectra. The
spectra in panel A are redrawn with the spectrum at 8 μs after
the flash as a new baseline, which shows clearly that the
intermediate with a longer λmax (possibly K) converts to M
with an isosbestic point on the baseline and that this
photoproduct has a relatively wide absorption from 670 nm
to at least 440 nm. The spectrum shape seems not to follow a
Gaussian or skewed Gaussian distribution, which may be due to
the presence of a putative L (see below). Figure 2E shows the
set of the (double) difference spectrum where the spectrum at
57 μs in panel B is taken as a baseline, showing the decrease in
M and a concomitant increase in the magnitude of a broad
band with a longer wavelength, which may be assigned as N
and/or O. The absorption in this band extends to as long as
∼660 nm. Thus, it is assumed that this product contains O,
which is the intermediate with the longest wavelength
maximum among intermediates of the latter half of the BR
photocycle. Figure 2F shows the set of (double) difference
spectra, where the spectrum at 2.5 ms in panel C is taken as a
baseline, showing that the disappearance of both M and the
photoproduct with a longer wavelength (possibly O) occurs
with an increase at 530 nm (recovery to the original ARII),
which results in the completion of the photocycle. Note that it
appears that M and O decay with almost the same time
constant because there are two isosbestic points on the x-axis.
Next, a global fitting (see Materials and Methods) was

performed. The standard deviation between the simulated and
observed values became almost unity for a fitting equation of a
sum of five exponential terms, indicating the existence of five
photochemically defined states. Using the sequential irrever-
sible model, we calculated the spectra of these states, which we
designated as P1−P5. In this model, the photocycle can be
represented by several irreversible, kinetically defined states
(Pi), and Pi is assumed to decay by first-order kinetics. Pi
contains a few physically defined intermediates such as K−O.
The calculated spectra of these P species are shown in Figure 3,
where P0 denotes the spectrum of the original ARII. P1 has a
λmax at 560 nm, which may be assigned as K, as described
earlier. P2 contains M and the absorption band with a longer
wavelength (λmax ∼ 570 nm). Note the hollow at ∼620 nm in
Figure 2D. The identification of this longer-wavelength
intermediate is not clear, but according to the sequence of
intermediates observed in most of the microbial rhodopsins
examined so far, it might be the L intermediate. However,
ordinary L has its λmax at a shorter wavelength. Thus, further
study is needed. The spectra of P1 and P2 cross each other at
∼440 nm, which is equal to the isosbestic point in Figure 2D,
suggesting that the spectrum change shown in panels A and D
(Figure 2) is the result of the exact conversion of P1 to P2 (with
a time constant of 15 μs). During the P2 to P3 conversion (with
a time constant of 0.1 ms), the decay of M is small and the λmax
of the photoproduct with a longer wavelength shifts to the
shorter wavelength, indicating the appearance of new

Figure 2. Flash-induced light minus dark difference spectra. Panels A−
C show data for time ranges from 8 to 57 μs, from 57 μs to 2.5 ms, and
from 2.5 to 56 ms, respectively. The upward arrow indicates the
increase in the absorbance with time, while the downward arrow
indicates its decrease. The times after the flash were 8.0, 13.0, 21.5,
35.5, and 57.4 μs for panel A; 57.4, 122, 262, and 548 μs and 1.17 and
2.51 ms for panel B; and 2.51, 4.16, 7.06, 11.7, 19.9, 33.8, and 56.1 ms
for panel C. ARII (A530 ∼ 0.5) solubilized with 0.05% DDM was
suspended in 400 mM NaCl at pH 7, adjusted with 10 mM MOPS
buffer. The temperature was 20 °C. Panel D is a difference spectrum
that was redrawn with the spectrum at 8 μs in panel A as a new
baseline. Panels E and F were similarly made from panels B and C with
the spectrum at 57.4 μs and 2.51 ms as the new baselines, respectively.
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intermediates. Next, P3 is converted to P4 with a time constant
of 0.77 ms. In comparing the λmax of the absorption bands at
longer wavelengths (around 560−570 nm) between P3 and P4,
we can see that the λmax of P4 is longer than that of P3. This
may imply the existence of both N and O in different ratios and
that O has a longer λmax. P4 may contain a larger amount of O
than P3. P4 is converted to P5 with a time constant of 8 ms. The
spectrum of P5 is almost the same as that of ARII, and thus, P5
is called ARII′. A similar intermediate was found in SRII.33

Finally, P5 decays to the original ARII with a time constant of
21 ms. Figure 4 shows the photocycle of ARII at 400 mM NaCl

(pH 7.0) in the presence of 0.05% DDM at 20 °C. As described
above and shown in Figure 4, M remains in the latter half of the

photocycle, and P4 has both M and O (Figures 3 and 4), which
may be interpreted as the existence of a reverse-directed change
from O to M and the forward reaction, assuming that the rates
of the reverse changes may be larger than or comparable to
those of the forward reaction.
Figure 5 shows the flash-induced pyranine absorbance

change (indicating a pH change) and the absorbance changes

of three typical wavelengths (400, 610, and 520 nm) that
monitor mainly M, O, and the original pigment, respectively.
The pH was 7.0. The 610 nm absorbance changes reflect
mainly the change in O, as described below. This figure reveals
that the proton uptake occurs first, followed by release, and the
proton transfer completely matches the 610 nm absorbance
change. Obviously, the 400 nm absorbance change monitors
only the change in M, and Figure 5 reveals that the proton
uptake never occurs during the decay or formation of M.
Furthermore, the proton release may not occur during ARII′
decay because this intermediate is very similar to the original
ARII. Therefore, the 610 nm absorbance change can be
regarded as the change of O, and thus, the photocycle and the
proton transfer of ARII (at pH 7.0) are as shown in Scheme 1.

Here, the respective rate constants of conversions among M,
N, and O could not be determined, but those of Pi to Pi+1 were
determined. Their values at pH 7.0 are shown in Figure 4.
Photocycle at Varying pH Values. The photocycle at

varying pH values was examined, and the results are shown in
Figure 6. Here, the three typical wavelengths of monitoring
light were employed (400, 610, and 520 nm). First, the change
in the 400 nm absorbance (monitoring M) was observed. In
acidic media (pH 4.1), the decay of M is so fast that it
disappears as early as 0.1 ms, and this rate is ∼10-fold faster
than that of BR.2,3 The decay seems to follow a single
component, suggesting that the equilibrium between M and N

Figure 3. Spectra of photochemically defined photointermediates
(P1−P5) calculated by a global fitting using an irreversible sequential
model containing five successive intermediates (for details, see the
text). The calculation was conducted for the difference spectra shown
in Figure 2. P0 denotes the spectrum of ARII, which was calculated by
removing the scattering from the spectrum of ARII measured with a
spectrophotometer (UV-1800) (Shimadzu, Kyoto, Japan).

Figure 4. Proposed photocycle of ARII in 400 mM NaCl at pH 7 and
20 °C. Each Pi contains physically defined intermediates such as K−O,
whose nomenclature followed that of BR. ARII′ is an intermediate
whose structure is considered to be similar to that of the original ARII.
Note that P4, the latter part of the intermediate, contains both M and
O, suggesting the existence of the O → M reverse reaction via N. The
difference between P3 and P4 is due to the content of O in P4 being
larger than that of P3.

Figure 5. Proton uptake and release coincide with the formation and
decay of O. Flash-induced absorbance changes at 400, 520, and 610
nm monitor the change in M, the original ARII with N, and O,
respectively. The pyranine absorbance change indicates the pH
change, and the 13-fold magnified signal is overlaid on the 610 nm
change monitoring O. The pyranine concentration was 100 μM. The
experimental conditions were the same as those described in the
legend of Figure 2 except for the dilute buffer concentration (0.5 mM).

Scheme 1. Proposed Photocycle of ARII at 400 mM NaCl,
pH 7, and 20 °C
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(see Scheme 1) is not prominent because of the first decay of
N. With an increase in pH, the decay becomes slower and
follows a multicomponent decay (a biphasic decay at pH 5.5−
6.7 and a triphasic decay at pH 7.3−10.1). Note that, around
pH 5.5, the manner of decay changes from mono- to biphasic,
suggesting that the pKa of a certain amino acid residue is at pH
∼6, which controls the decay of a certain photointermediate.
The delay of M decay does not necessarily mean that of M
decay itself because, as shown above, the intermediates are
connected to each other by the forward and backward
reactions. Under the alkaline conditions, the decay of M
becomes triphasic, which may be due to the existence of three
intermediates. The earliest decay of M seems to be pH-
independent (∼0.1 ms), suggesting the existence of pH-
independent M decay. In an alkaline solution, the N → O
process may be very slow because of the low proton

concentration in media, so that we may observe only the
equilibrium complex of M and N, whose decay follows the
decay constant of the N → O process (very slow). In fact, this
figure reveals the quasi-steady state at pH >9.4.
Next, the 610 nm change that monitors mainly O was

observed. In acidic solutions (pH 4.1−6.1), M decay seems to
match O formation, and furthermore, its decay seems to match
the recovery of the original pigment. On the other hand, in
neutral or weakly alkaline solutions, late M and O seem to
decay simultaneously, which coincides with the recovery of the
original pigment. In more alkaline solutions (pH 8.8−10.1), O
does not appear. The rise and decay of the 610 nm band in a
very early time range (approximately several tenths of
microseconds) are not due to O but K. The fact that the
formation of O is not observed may be due to the slow decay of
its precursor, N. These observations suggest that (1) there are
M ← N and N ← O reverse reactions and (2) there are pH-
dependent processes.
The global fitting was also done for pH 5.0 and 8.6 as well as

pH 7.0. Five intermediates were sufficient to simulate the flash-
photolysis data, and the spectra of these intermediates (data not
shown) were similar to those in Figure 3. However, the
following observations were also made. (1) In acidic solutions,
there was no M in the later intermediates of P3 and P4 because
of the rapid decay of M, as shown in Figure 6. (2) Even in
acidic solutions, N appeared, which may have been because of
the rapid reverse reaction from O to N. (3) On the other hand,
in alkaline solutions, the spectra of the 600−700 nm regions in
P3 and P4 were diminished, implying that O did not appear,
which was consistent with Figure 6. The values for the lifetime
evaluation are listed in Table 1. Those of P1 and P2 were

essentially pH-independent. On the other hand, with an
increase in pH, the values for the lifetimes of P3−P5 increased
appreciably. The increase in the lifetimes of P3 and P4

(especially P4) may have been due to the slow proton uptake
at N (see Discussion). Note that P3 and P4 contain N. The
reason for the pH dependence of P5 (ARII′) was not clear, but
it suggested the H+ association of some amino acid(s) during
the conversion of ARII′ to the original ARII.
Proton Transfer during the Photocycle: ITO Signal

versus pH of the Medium. Figure 6 indicates that some pH-
dependent transitions of intermediates occurred. In addition,
ARII is a light-driven proton pump. Then the next problem is
to determine which process is coincident with the uptake and
release of protons. The time-dependent proton transfer was
measured using an ITO method.30 Figure 7 shows traces of the
time-dependent voltage changes of the ITO electrode
(ΔVoltage) at varying pH values. The ΔVoltage values are
proportional to the pH changes, and under the conditions in
which the pH changes are small and the buffer capacity is

Figure 6. Flash-induced absorbance changes at selected wavelengths
(400, 520, and 610 nm) at varying pH values. The intermediates
monitored by these wavelengths are named in Figure 5. The buffer
used was 2 mM 6-mix buffer (citrate/MES/MOPS/HEPES/CAPS/
CHES). The other experimental conditions were the same as those
described in the legend of Figure 2.

Table 1. Lifetimes of Pi Intermediates at Varying pH Valuesa

pH 5.0b pH 7.0 pH 8.6b

P1 0.014 0.015 0.014
P2 0.072 0.097 0.053
P3 0.76 0.77 3.13
P4 2.50 7.96 26.3
P5 17.2 20.9 115.4

aUnits of milliseconds. bFor pH 5.0 and 8.6, 10 mM 6-mix buffer was
used, and the other experimental conditions were the same as those for
pH 7.0 (Figure 2).
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constant for all pH values (these are fulfilled in this
experiment), the changes are proportional to the numbers of
proton moved by the photoinduced transfer. Contrary to the
pyranine changes in Figure 5, the downward shift indicates
proton uptake and the upward shift indicates proton release. In
Figure 8, the peak values of Figure 7 are plotted versus pH,

where the negative values indicate the first proton uptake and
the positive values indicate the first proton release. These
figures show that, below pH 7, proton uptake occurs first,
followed by release. On the other hand, above pH 7, the
sequence of the proton movement is reversed. This behavior is
very similar to that of BR (see Figure 7 of ref 30) except for two
points. (1) The pH at which proton uptake converts to release
is ∼7 for ARII and ∼5 for BR. (2) There is a peak at pH 11 for
ARII, while that of BR is a monotonous decrease.

■ DISCUSSION

Photocycle and Proton Transfer. As described above,
the photocycle at pH 7.0 was examined in detail (Figure 2).
Intermediates K−O and ARII′ were found, similar to BR. On
the other hand, formation of M and O occurred in less than 0.1
and 2 ms, respectively, much faster than the corresponding

formations for BR (Figure 5).3,34 In addition, there were
pronounced N → M and O → N reverse reactions. Although
the reverse reactions are present in BR,3,34 these rates of ARII
seem much larger than those of BR. Thus, P4, interestingly, was
composed of a mixture of M−O (Figure 4). The existence of
the equilibrium mixture of intermediates was predicted by
Hegemann and colleagues20 from the kinetic analysis of the
flash-induced electric current through an oocyte membrane
with AR that was homologous to but different from the present
ARII. Chizhov et al.29 analyzed the photocycle of BR using the
irreversible sequential model, which was the same as that used
here, and their analysis did not involve a photochemically
defined intermediate with the copresence of M and O; P3 and
P4 of ARII contain both M and O in addition to N. The
copresence of M and O may be due to the reverse reaction
from O to M.
The rapid reverse reaction might be disadvantageous for ion

pumping. However, it may be possible because the photo-
cycling rate is as fast as that of BR at neutral pH. For example,
formation of O of ARII was very fast, as described above
(Figure 6). In addition, the presence of the one-way
(irreversible) conversion of O to ARII′ and of ARII′ to the
original pigment may serve to promote the one-way reaction.
For BR, there are at least two M intermediates, at one of which
(M1) BR is open to the extracellular (EC) and at the other of
which (M2) BR is open to the cytoplasmic (CP) channel.3,34

The switch from M1 to M2 is indispensable for pumping.3

Then a question for a future investigation is whether M1 and
M2 exist in ARII.
The rates of the forward and reverse reactions may be

dependent on pH because the formation and/or decay of a
certain intermediate may be associated with proton transfer.
Here, the transfer was measured with a transparent ITO
electrode.30 According to Figure 8, the pH range is divided into
six regions for the discussion of the plausible mechanism of
proton transfer in each region.

pH Region between pH 2.5 and 4.0. In this pH region,
proton uptake occurs first, followed by release. The amounts of
uptake increase with an increase in pH. The counterion of the
Schiff base (Asp81ARII) should receive a proton from the
protonated Schiff base upon illumination, which leads to M. In
acidic solutions (pH 1 or 2), Asp81ARII may be protonated in
the dark and this form cannot accept the proton, and thus,
proton transfer is not initiated. Thus, the curve in this region is
considered to be reflected by the pKa of Asp81

ARII in the dark
[2.6 (see below)]. The amounts of flash-induced M also
increased with an increase in this pH range (data not shown).
During the formation of M, the proton on the Schiff base is
transferred to the deprotonated Asp81ARII while the Schiff base
is deprotonated. The deprotonated Schiff base regains a proton
from Asp92ARII, a proton donor residue corresponding to
Asp96BR, which leads to N. In low-pH media, deprotonated
Asp92ARII becomes protonated by the entry of a proton from
the outside medium (which leads to O). This process is faster
because of the low pH than that of release of a proton from the
protonated Asp81ARII (O decay).

pH Region between pH 4.0 and 7.0. A comparison
between Figures 6 and 7B indicates that the proton release
matches the 610 nm (O) decay of the flash-photolysis data well.
Because of the low fidelity of the time resolution of ITO in the
time range of several milliseconds, the matching between the
610 nm (O) rise and ITO data is not good. Figure 5, however,
shows that uptake and release of protons occur during the

Figure 7. Proton transfer measured with a transparent ITO electrode.
The downward (negative) deflection indicates the alkalization in the
medium, i.e., uptake of a proton by ARII, while the upward shift
indicates proton release. The medium was 400 mM NaCl buffered
with 1 mM 6-mix buffer. Details are given in the text.

Figure 8. Peak values in Figure 7 plotted vs pH. The discussion in the
text separated the pH values into six regions. These were the pH
ranges of (1) 2.5−4, (2) 4−7, (3) 7−9, (4) 9−10, (5) 10−11, and (6)
>11. The solid line shows the curves simulated using an equation in
the text. The estimated pKa values are shown in the figure.
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formation and decay of O, respectively, at pH 7.0. In this pH
region, the magnitudes of the rate of uptake decrease with an
increase in pH, but uptake occurs first. This behavior is similar
to that of BR (see Figure 7 of ref 30). This behavior of BR is
interpreted as an initiation of the release of a proton from the
proton-releasing complex during the formation of O.30,34 The
proton-releasing residue of our ARII may be Glu199ARII, which
corresponds to Glu204BR, although the residue corresponding
to Glu194BR, one of the members of the proton-releasing
complex, is SerARII, a nondissociable residue (Figure 1). For
proton release, the necessity of the simultaneous existence of
two dissociable residues at these positions does not hold
because Asp193NpSRII (ppR) is a proton-releasing residue31 in
spite of the fact that the counterpart of Glu194BR is Pro, a
nondissociable residue (Figure 1). To check whether a proton
is released from Glu199ARII in this pH region, the proton
transfer of the E199Q mutant was examined and was found to
exhibit almost the same behavior below pH 7 (data not shown
and manuscript in preparation), although a pH decrease of
∼0.5 was observed. Thus, the decrease in the rate of the first
proton uptake with an increase in pH (Figure 8) was not due to
the initiation of the release of a proton from E199ARII at O.
Careful inspection of Figure 7B indicates that, with an

increase in pH, (1) the proton uptake rate (especially above pH
6) becomes slower and (2) the peaks shift gradually to the
right. These observations indicate that the pKa of Asp92ARII

during N decay may range from pH ∼6 to ∼6.5, which would
result in the slower proton uptake in the pH region above this
pKa, because the proton uptake during N decay may proceed
via the protonation of Asp92ARII. The slower decay of M with
an increase in pH [>6.0 (Figure 6)] may support this
hypothesis, as well, because the presence of the N → M
reaction implies that the slow decay of N results in the slow
decay of M. On the other hand, the rate of decay of O may be
relatively pH-independent, as is assumed from the flash-
photolysis data in this pH range (Figure 6), which is consistent
with the relatively pH-independent proton release shown in
Figure 7B. Therefore, N decay (O rise) becomes slow above a
pH of the pKa of Asp92

ARII. At pH values above this pKa, the
observed rate of proton uptake, which is a summation from all
molecules, becomes smaller in magnitude and lasts for a longer
time, obeying a time constant of N decay. As described above,
O decay is relatively pH-independent, which indicates pH-
independent proton release. Then the overall signal of the
proton uptake becomes small with an increase in pH, which is
an interpretation of the proton transfer in this pH region. The
presence of two kinds of molecules with different proton
transfer timing is clearly shown in the ITO trace at pH 7.5
(Figure 7). The amounts of O decrease as the pH increases
(Figure 6), but the pH dependence of the decrease seems small
in comparison with that of pH 4−7 of the ITO signal (Figure
8). This may be due to the existence of M−O complexes and
the slow decays of P3 and P4 in an alkaline solution (Table 1),
although O disappeared in more alkaline solutions.
Analysis of the proton uptake kinetics in panel B in Figure 7

using the Henderson−Hasselbalch equation gave a pKa of 6.3
(data not shown), although the fidelity of the time response of
the ITO electrode in this time range (several milliseconds) is
not good.30 However, this value is reasonable and supportive of
the mechanism described above because the fitting of the curve
in Figure 8 gave a pKa of 5.9 (see below). Thus, a pKa of 6.3 or
5.9 may be assumed for Asp92ARII. The corresponding value of
Asp96BR is ∼7.8.30,34 The lower value of ARII suggests the

hydrophilic nature in the CP during N decay. On the other
hand, the pKa of Asp92

ARII, a proton donor in the dark, is very
high because the presence of a very fast M decay component
(∼0.1 ms) for the whole pH region (Figure 6) suggests the
capacity for donation of protons to the deprotonated Schiff
base even at pH 10.

pH Region from pH 7.0 to 9.0. In this pH region, proton
release occurs first, followed by proton uptake. During M
decay, the deprotonated Schiff base receives a proton from
Asp92ARII, and N is formed. Because the pKa of Asp92

ARII at N
is 6.3 or 5.9 (see above), the lifetime of N in this pH range
should be very long, which may give rise to a very long 400 nm
decay (Figure 6) and suggests the formation of the mixture of
M and N. Consequently, a small 610 nm component (O
intermediate) is found (Figure 6).
The question to be addressed is the residue from which the

proton is first released. The most probable residue is Glu199ARII

(corresponding to Glu204BR), as described above. Hence,
experiments were performed using the E199QARII mutant. The
peak located from pH 7 to 10 in Figure 8 disappeared
completely (manuscript in preparation), revealing clearly that
the proton is released first from Glu199ARII. The pKa of this
residue upon release of the proton is located in this pH region
and was determined to be 8.4 (see below). Hegemann and co-
workers20 proposed that the pKa of the proton-releasing residue
is ∼9 based on the oocyte experiments with an AR that was
homologous but not identical to our ARII. As the pH increases,
the fraction of the fast proton-releasable molecule increases.
The other molecules show the first proton uptake as in the
lower-pH region. Then the time to start the upward shift
(proton release) becomes earlier with an increase in pH (Figure
7C).
Although the ITO electrode does not respond as quickly as

0.1 ms,30 these data may not indicate that the proton is released
during the formation of M as is the case for BR.3,34 In Figure
7D, the faster proton release occurs at the higher pH, revealing
that the proton release in this pH range is slow. The correlation
between the formation of M and proton release should be
investigated in the future. If proton release does not occur with
the formation of M, why is proton release slow in comparison
with that of BR? According to the X-ray crystal structure,24

Arg78ARII (corresponding to Arg82BR) in the dark orients to
EC, suggesting that there is no flip-flop motion like that seen
for BR. However, this cannot be the sole reason, because
phospholipid-reconstituted NpSRII (ppR) showed proton
release prior to M decay and because Arg72NpSRII [correspond-
ing to Arg78ARII and Arg82BR (see Figure 1)] also orients to EC
in the dark.35−37 The pKa of the proton-releasing residue at the
ground state in NpSRII differs from that in ARII, although the
orientations of the Arg side chains are similar to each other.
One possible reason for this is that a water molecule such as
that which interacts with Asp193NpSRII and Arg72NpSRII may not
exist around Glu199 and Arg78 in ARII.24 We surmised
previously that this may disrupt the formation of the low-barrier
hydrogen bond at Glu199, resulting in “late proton release”.24

Further study of this phenomenon is necessary.
The corresponding value of BR is 6.1,30,34 while that of ARII

is 8.4. In addition, the value of the BR-like protein from a salt
lake in Tibet was reported to be 8.3.38 The molecular factor for
determining this pKa value should be studied in the future.

pH Region from pH 9.0 to 10. In this region, the magnitude
of the ITO signal deceases with an increase in pH (Figure 8).
As described above, the fast proton transfer is associated with
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Glu199ARII. This decrease may be ascribed to the deprotonation
of Glu199ARII in the dark. When this residue has no dissociable
proton in the dark, it can no longer release protons during the
photocycle. As described below, the pKa was estimated to be
9.3, which was assigned to the pKa of Glu199

ARII in the dark.
The fraction of the proton-release-disabled molecule (having
deprotonated Glu199ARII in the dark) increases with an increase
in pH, and the magnitude of the first proton release decreases.
For the proton-release-disabled molecule, proton release might
occur from the counterion of Asp81ARII during O decay, before
which proton uptake might occur during the very slow N decay.

pH Region from pH 10 to 11. Surprisingly, the magnitude
of proton release again increases with an increase in pH (Figure
8). The exact mechanism is not known at present. However, it
is feasible that a residue (abbreviated as H-X) may work as a
proton-releasing residue that is different from Glu199ARII and
Asp81ARII. The fast release of a proton from Asp81ARII is
difficult to assume because M formation was observed. A
similar phenomenon was observed for proteorhodopsin.30 A
candidate of this residue may be either Arg78ARII or the Schiff
base itself. The identification of H-X is a subject for a future
investigation. The proton uptake process is very slow (Figure
7D), and the amount of M remains almost constant for a long
time with no appearance of O, which suggests the very slow
decay of an equilibrium complex of M and N.

pH Region above pH 11. Denaturation of ARII occurred.
Once the sample was subjected to this condition, the signals of
both flash photolysis and ITO diminished (data not shown).
Thus, the pKa value in this region is pKm, indicating that its
meaning is different from that of the normal pKa.
Estimation of pKa Values. On the basis of the discussion

above, the fitting equation for the ITO data (Figure 8) should
be as follows:

where A, B, and C are constants determining the magnitude of
the deflection and pKai (i = 1−5) and pKm represent the pKa
value of the ith phase and the pH giving half of the
denaturation in Figure 8, respectively. Because the counterion
of the Schiff base, Asp81ARII, should be deprotonated in the
dark so that protons can be accepted from the Schiff base, the
second and third terms should contain this factor of pKa1.
However, in the pH range of 2−6 in Figure 8, this condition
should be automatically fulfilled because the pKa1 is 2.6. The
simulated curve is drawn with a solid line in Figure 8. The
estimated pKai (i = 1−5) values and pKm are 2.6, 5.9, 8.4, 9.3,
10.5, and 11.3, respectively.
The accuracy of the estimated pKa values should be

discussed. The peak values of Figure 7 were plotted and
analyzed. The peak time and its magnitude were dependent on
both of the on- and off-time constants. Therefore, the pKa
values estimated by this method may contain some error,
because the decay or rise process was not analyzed solely.
However, the values for the BR estimated previously30 were
approximately equal to those reported by different spectro-
scopic methods. In addition, Wu et al.38 estimated the pKa value

of the proton-releasing residues of BR and BR-like rhodopsin
from Tibet using ITO. They derived a rigorous theoretical
equation for the estimation and obtained 5.6 ± 0.1 as the pKa of
the proton-releasing complex. This method gave a value of
6.1.30 Other investigators reported a value of ∼5.8 (see ref 33
and the references cited therein). Wu et al.38 employed our
peak method for the determination of the pKa of the D96NBR

mutant and obtained a value of 5.82, which is similar to that
obtained with the rigorous treatment. Therefore, in consid-
eration of their convenience, simplicity, and accuracy, the ITO
method and the analysis approach presented herein can be
considered powerful and effective tools.

■ CONCLUSIONS
In this paper, the appreciably fast reverse reactions in ARII are
shown, such that the photochemically defined photointermedi-
ates have an equilibrium mixture of physically defined
intermediates such as M−O. The X-ray structure24 showed
that Arg78ARII orients to EC in the dark, in contrast to BR.
However, this orientation is not responsible for the existence of
the fast reverse reaction because the corresponding Arg of
NpSRII also orients to EC,35−37 but the reverse reactions of
NpSRII are negligible.14 The large reverse reaction in BR was
reported in a mutant.39 The molecular interpretation of the
existence of such fast backward reactions should be a topic of
further research. The pKa values for some amino acids were
estimated by the ITO method.30 The pKa value of the proton-
releasing residue at M (8.4) was larger than that of BR (6.1) by
2.3 units.30,40 In addition, residue H-X, which releases protons
under highly alkaline conditions, should be identified. For
elucidation of the proton-pumping mechanism, a higher-
resolution X-ray crystal structure that can reveal the location
of water molecules is needed. Improvement of the crystal of
ARII is now underway.
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AR, Acetabularia rhodopsin; BR, bacteriorhodopsin; CAPS, N-
cyclohexyl-3-aminopropanesulfonic acid; CHES, N-cyclohexyl-
2-aminoethanesulfonic acid; CP, cytoplasmic channel; DDM,
dodecyl β-D-maltoside; EC, extracellular channel; HsSRII,
sensory rhodopsin II from H. salinarum (also phoborhodop-
sin); HR, halorhodopsin; HEPES, 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid; ITO, indium tin oxide; MES, 2-(N-
morpholino)ethanesulfonic acid; MOPS, 3-(N-morpholino)-
propanesulfonic acid; NpSRII, sensory rhodopsin II from N.
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pharaonis (also ppR); SRI, sensory rhodopsin I; SRII, sensory
rhodopsin II.
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