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ABSTRACT: For membrane transporters, substrate uptake and release reactions are major events during their transport cycles. 
Despite the functional importance of these events, it is difficult to identify their relevant structural intermediates because of the 
requirements of the experimental methods, which are to detect the timing of the formation and decay of intermediates and to detect 
the timing of substrate uptake and release. We report successfully achieving this for the light-driven Na+ pump rhodopsin (NaR). 
Here, a Na+-selective membrane, which consists of polyvinyl chloride and a Na+ ionophore, was employed to detect Na+ uptake and 
release. When one side of the membrane was covered by the lipid-reconstituted NaR, continuous illumination induced an increase in 
membrane potential, reflecting Na+ uptake by the photolyzed NaR. By using nanosecond laser pulses, two kinds of data were obtained 
during a single transport cycle: one was the flash-induced absorbance change in NaR in order to detect the formation and decay of 
structural intermediates, and the other was the flash-induced change in membrane potential, which reflects the transient Na+ uptake 
and release reactions. Their comparison clearly indicated that Na+ is captured and released during the formation and decay of the O 
intermediate, the redshifted intermediate which appears in the latter half of the transport cycle. 

INTRODUCTION 
Membrane transport proteins play crucial roles in living cells 

by moving various molecules across the cell membranes. These 
transports are accomplished through multiple steps associated 
with structural intermediates. Among these steps, the substrate 
uptake and release are the major events and involve strategic 
conformational changes as proposed by the alternating access 
model 1. During these events, the transporter is considered to 
alternate between an extracellular- and an intracellular-facing 
intermediate in which the substrate-binding site is accessible to 
only one side of the membrane. Thus, these intermediates 
should be identified and then analyzed to obtain a deeper 
understanding of the transport mechanisms. However, these 
identifications are difficult in most cases due to the necessity of 
measuring two aspects: One is to detect the timing of the 
formation and decay of respective intermediates, and the other 
is to detect the timing of substrate uptake and release. Here, we 
report a direct identification of the intermediates for the Na+-
pump rhodopsin (NaR). 

Rhodopsins are photoactive membrane proteins widely 
spread in all three domains of life 2-3. According to the 
conserved residues, they are classified into two groups. One is 
animal rhodopsin, most of which act as photosensors like visual 
pigments in the eyes. The other is microbial rhodopsin found in 
unicellular microorganisms that performs divergent functions, 
such as light-driven ion pumps, light-signal transductions, light-
gated ion channels, and even light-switchable enzymes. Among 
these, ion-pump rhodopsins are the most abundant and widely 
distributed in the microbial world. NaR was the third discovered 

ion-pump rhodopsin and is considered to function in a 
significantly different manner from the other two ion pumps, the 
H+ pump and Cl- pump, as described below 4. 

All microbial rhodopsins are composed of seven 
transmembrane helices and a chromophore retinal bound to a 
specific Lys residue via Schiff base linkage. Upon illumination, 
retinal isomerizes from an all-trans to a 13-cis configuration, 
distorting the protein conformation. This energized intermediate 
state thermally relaxes to the original state through various 
structural intermediates. During these cyclic reactions called 
photocycles, microbial rhodopsins perform their respective 
functions.  

In the dark states, the Schiff bases are commonly protonated. 
The resultant positive charges are a prerequisite for both visible 
light absorption and the light-induced functions themselves. 
These protonated Schiff bases (PSBs) are also utilized in ion 
pumps. For the H+ pump, the first H+ transfer occurs from PSB 
to a nearby Asp residue upon illumination 5-6. This H+ transfer 
is essential to drive the multiple subsequent H+ transfer 
reactions, which finally accomplish active H+ transport across 
the cell membrane. For the Cl- pump, the substrate Cl- binds in 
the vicinity of a Schiff base NH+, which is oriented toward the 
extracellular (EC) side 7-8. Upon photoinduced isomerization, 
the NH+ turns toward the cytoplasmic (CP) side, which results 
in driving the Cl- into the CP channel. The PSB is a prerequisite 
for Cl- binding and thus essential for Cl- pump function 9. 
Different from Cl-, cations cannot bind near the PSB due to the 
repulsion between the positive charges. Thus, microbial 
rhodopsin has been considered to be unable to pump cations 
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(other than H+) before the discovery of NaR 10-11. Indeed, for the 
nonphotolyzed NaR, the substrate Na+ has not been identified in 
the vicinity of the PSB 11-13. Nevertheless, NaR can pump Na+ 
outward. 

Previous studies on NaR showed that the substrate Na+ is 
transiently captured after illumination and then released before 
the end of the photocycle 11. However, these uptake and release 
reactions have not been directly detected. Thus, their timing and 
the relevant intermediates have been suggested from indirect 
observations. The flash-induced absorbance changes reveal 
faster formation of an O intermediate with a higher Na+ 
concentration 11, 14-15. This acceleration suggests the Na+ uptake 
during the O formation. The subsequent intermediate (hereafter 
designated as NaR´) has almost the same absorption spectrum 
as the dark state 16, suggesting that Na+ is already absent in NaR´, 
at least around the retinal. Thus, Na+ is supposed to be captured 
and released during the formation and decay of O. However, 
these assignments seem to be somewhat inconsistent with the 
behavior of O decay reported for an NaR from the eubacterium 
Gillisia limnaea (GLR) 14: Similar to its formation, its O decay 
also becomes faster as the Na+ concentration increases. 
Concerning the Na+ uptake, a different timing was also 
suggested by the QM/MM study, which assigned it to the 
formation of earlier intermediates (K or L) but not to O 
formation 17. On the other hand, the Na+ involvement at O has 
been supported by recent structural analyses, where Na+ was 
identified around the PSB in the structures assigned to O 18-19. 
These structures are in clear contrast to those in the 
nonphotolyzed states, in which Na+ is not identified inside the 
protein 12-13.  

Here, we show direct detection of the Na+-capture and release 
processes. By using a Na+-selective membrane, we detected 
transient Na+ concentration changes associated with Na+ uptake 
and release reactions during a single transport cycle. These 
timings closely match the formation and decay of O, which was 
detected by the flash-induced absorbance changes. 

 
MATERIALS AND METHODS 
Sample preparation. Escherichia coli strain DH5α was used 

for DNA manipulation. Throughout this study, we used a NaR 
called GLR, which was mentioned above. The GLR gene 
(GenBank accession no. EHQ02967) with codons optimized for 
E. coli expression was chemically synthesized (Funakoshi, 
Tokyo, Japan) and inserted into the Nde I/Xho I site of the pET-
21c vector (Merck). This plasmid results in GLR with additional 
amino acids in the C terminus (-LEHHHHHH). Using almost 
the same procedure, a proteorhodopsin (PR) gene was inserted 
into the pET plasmid. The PR gene sequence is identical to that 
in a plasmid reported previously 20. The D116N mutation was 
introduced into GLR using the QuikChange site-directed 
mutagenesis kit (Stratagene, La Jolla, CA, USA). The DNA 
sequences were confirmed by a standard method using an 
automated DNA sequencer (Model 3100; Applied Biosystems, 
Foster City, CA, USA). The protein expression, purification, 
and the lipid reconstitution were performed as previously 
described 21-23. Briefly, the proteins were expressed in the 
presence of 10 μM all-trans retinal into the cell membranes of 
E. coli BL21(DE3) cells. After solubilization with the detergent 
n-dodecyl β-D-maltopyranoside (DDM), the solubilized 
proteins were purified by Ni-NTA chromatography in the 
presence of 0.05–0.1% DDM. The purified proteins were mixed 
with a suspension of phosphatidylcholine (PC) from egg yolk 

(Avanti, Alabaster, AL, USA) at a protein: PC molar ratio of 1: 
30. After incubation for 1 h at room temperature, the detergent 
was removed by gentle stirring overnight (4 ℃) in the presence 
of SM2 Adsorbent Bio-Beads (Bio-Rad, Hercules, CA, USA). 
The reconstituted proteins were separated from the Bio-Beads 
by filtration and then collected by centrifugation. 

Measurements with a Na+-selective membrane. A 
polyvinyl chloride (PVC)-based membrane was prepared using 
bis(12-crown-4) (Dojindo Lab, Kumamoto, Japan) and o-
nitrophenyloctylether (NPOE) for the Na+ ionophore and the 
plasticizer, respectively. PVC (average polymerization degree, 
1050) was purchased from Wako Chemicals (Osaka, Japan) and 
used without further purification. The PVC (80 mg), Bis(12-
crown-4) (8 mg) and NPOE (160 mg) were dissolved in 
tetrahydrofuran (2.4 ml). The solution was poured into a Petri 
dish (5.9 cm2 in area), and the solvent was evaporated at room 
temperature. The resulting membrane was transparent and 
approximately 0.1-0.2 mm thick.  

 

Figure 1. Schematic description of the photochemical cell used in 
this study (A) and the Na+-concentration responses of the bare Na+-
selective membrane (B). 

 
The schematic illustration of the electrochemical cell is 

shown in Fig. 1A. This cell consists of two Teflon chambers 
with holes (5 mm in diameter), which were the same as those 
described by Muneyuki et al. 24. A disk 10 mm diameter was cut 
from the PVC membrane and inserted in the holes between the 
chambers. The "sample" chamber has another hole for the light-
activation experiments. For the experiments using proteins, the 
assembled cell was first placed on its side so that the lipid-
reconstituted proteins could be deposited horizontally onto the 
PVC membrane. For deposition, the reconstituted proteins were 
suspended in distilled water with a protein concentration of 10 
μM, where we assumed a molar extinction coefficient of 45,000 
M-1 cm-1 at the respective λmax. The suspensions of 50 μL were 
applied on the surface of the PVC membrane, followed by the 
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evaporation of water under reduced pressure to produce a dried 
film. This procedure was performed in duplicate. As a result, 
approximately 1.0 nmol of proteins were deposited on the PVC 
membrane. These proteins were tightly bound to the membrane, 
and their detachment was negligible during the following 
experiments. 

The basal buffer solution for the membrane potential 
measurements was 50 mM Tris-HCl, pH 8.5. Before all 
measurements, both chambers were filled with a buffer 
containing 1 M NaCl and incubated for 1 h for the conditioning 
of the PVC membrane. Then, the buffer solution in the sample 
chamber was replaced with a buffer containing the appropriate 
concentration of NaCl, which was made by mixing the 100 mM 
NaCl and 100 mM KCl buffers so that the ionic strength was 
kept constant. After any replacements of the buffers, the 
samples were left for 5 min to equilibrate. All measurements 
were performed at room temperature (~25 ℃). 

For activation of the proteins, two light sources were used. 
The source for 1 sec illumination was a 150 W Xenon arc lamp 
in combination with three glass filters (IRA-25S, KL-53 and Y-
46; Toshiba, Tokyo, Japan), which provided green light with a 
maximum intensity at approximately 530 nm. The light duration 
was controlled by a mechanical shutter. The source for a 5 nsec 
flash (532 nm, 1.2 mJ/pulse) was a second harmonic of a Q-
switched Nd:YAG laser (Minilite I, Continuum, San Jose, CA, 
USA). In both cases, the light-induced potential changes were 
measured by using a homemade amplifier (response time ~ 9 
μsec), which was equipped with a 0.033 Hz low cut filter for the 
elimination of the baseline drift. For the calculations of the 
light-induced potential changes, the data before illumination 
were adopted as baselines. To improve the S/N ratio, the signals 
were averaged over 10 times for 1 sec illumination and 100 
times for a 5 nsec flash, respectively.  

Measurements of flash-induced absorbance changes. The 
suspensions of the reconstituted proteins were activated by a 7 
nsec laser pulse (532 nm, 5 mJ), and the subsequent absorbance 
changes were recorded with a single wavelength kinetic system. 
The details of the apparatus are described elsewhere 25. To 
improve the S/N ratio, 30 laser pulses were used at each 
measurement wavelength. The buffer solutions were the same 
as those for the membrane potential measurements. All data 
were obtained at 25 ℃.  

 
RESULTS AND DISCUSSION 
Application of the Na+-selective membrane for the Na+-

transfer reactions. For H+-pump rhodopsins, the timing of H+ 
release and uptake have been conventionally detected by a pH 
indicator dye pyranine 26-28. During a single photocycle, the H+ 
pump induces a H+ concentration change due to the time 
difference between H+ release at the EC side and the H+ uptake 
at the CP side. This change in H+ concentration is ordinarily 
0.1–1 μM, which is near to or larger than the dissociation 
constant of pyranine for H+ (~0.05 μM) 29. Thus, pyranine 
causes a detectable absorbance change in response to the H+ 
release and uptake reactions. For Na+, indicator dyes are also 
commercially available. However, their dissociation constants 
(4–200 mM) are significantly higher than that of pyranine 29. 
Thus, the detection of the Na+ concentration change is difficult 
unless we can concentrate NaR to an unusually high level and 
can photoactivate it with high efficiency. Instead of these 
indicator dyes, we herein employed the Na+-selective 
membrane, which is a PVC membrane involving the Na+ 

ionophore. When two solutions are separated with this 
membrane as shown in Fig. 1A, the partitioning of Na+ occurs 
at two solution/membrane interfaces, which lead to the 
respective phase-boundary potentials. Within the membrane, 
the Na+-ionophore complex distributes equally, and so the 
potential difference does not exist. As a result, the membrane 
potential (Ψ) is governed by the sum of two phase-boundary 
potentials and thus described by the Nernst equation 30: 

Ψ (mV) = −59.2 log [Na+]/[Na+]ref    (at 25.0 ℃)  (1) 
where Ψ stands for the electric potential of the sample 

medium with respect to that of the reference medium, and [Na+] 
and [Na+]ref represent the Na+ concentrations in these mediums, 
respectively. For the detection of Na+ transfer reactions, we 
deposited the lipid-reconstituted NaR on one side of the 
membrane so that the illumination induces a large change in Na+ 
concentration near the PVC membrane. In response to the Na+ 
concentration change, the phase-boundary potential also 
changes at this side, which in turn causes the change of 
membrane potential. The change of phase-boundary potential 
occurs very rapidly. Thus, the membrane potential can follow 
the light-induced change in the Na+ concentration. 

For the lipid reconstitution, we employed a high protein to 
lipid ratio (NaR: lipid = 1: 30). Thus, NaR was incorporated into 
the lipid membrane fragment, not into the spherical liposome. 
As a result, the light-induced change in Na+ concentration 
should reflect the order of Na+ uptake and release during the 
transport cycle. If the uptake occurs first followed by release, 
the Na+ concentration should decrease under illumination. On 
the other hand, if the release occurs first followed by uptake, the 
Na+ concentration should increase. 

Many microbial rhodopsins are known to adopt oligomeric 
states in the cell membranes. Concerning the lipid-reconstituted 
NaR, the high-speed AFM imaging proved its pentameric state 
31, whose assembly was essentially the same with that observed 
in the crystal structure 13. Thus, NaR used in this study probably 
takes pentameric state.  

Na+-concentration response of the bare Na+-selective 
membrane. First, we tested the response of a bare Na+-selective 
membrane. In Fig. 1B, the membrane potential is plotted against 
the Na+ concentrations in the sample medium while keeping the 
Na+ concentration at 1 M for the reference medium. This figure 
shows a slope of −50.0 mV/decade, which is close to the ideal 
Nernstian slope of −59.2 mV/decade. The reason for the slight 
difference is not known. However, the slope is almost constant 
over a wide Na+ concentration range, indicating that the PVC 
membrane actually senses the Na+ concentration. 

Na+-concentration change due to the Na+-transfer 
reactions. Next, we examined the effect of a continuous 
illumination on the membrane potential. For the bare membrane, 
no changes were observed (data not shown). However, as shown 
in Fig. 2A, a positive potential change was observed for the 
membrane covered with NaR. Here, the NaR was deposited on 
the membrane surface facing the sample medium, indicating 
that the photolyzed NaR induces a decrease in Na+ 
concentration. Therefore, NaR surely captures Na+ after 
photoactivation. The potential change has a shape weakly 
differentiated, reflecting a weak low cut filter (0.033 Hz) 
involved in the amplifier. This differentiated shape is close to 
the output when we input the square wave voltage into the 
amplifier (Fig. S1). Thus, the "true" change in Na+ concentration 
should also be close to the square shape. The potential changes  
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Figure 2. Potential change of Na+-selective membrane under continuous illumination. The membrane surfaces were covered with the lipid-
reconstituted NaR (A and B), its D116N mutant (C), and PR (D), respectively. The green bar indicates the period of illumination and the Na+ 
concentrations in the sample mediums are indicated in the panels. 

 
at various Na+ concentrations are shown in Fig. S2. With 
increasing Na+ concentration, the potential change became 
larger, reflecting the increase of NaR molecules undergoing the 
Na+-pumping photocycle. However, the potential change began 
to decrease with further increases in Na+ concentration and 
finally disappeared at 100 mM Na+ (Fig. 2B and Fig. S2). This 
behavior reflects that the potential change (ΔΨ) depends on not 
only the light-induced change in Na+ concentration (Δ[Na+]) but 
also the Na+ concentration in the bulk solution ([Na+]). This 
relationship is theoretically described by Eq. 2,  

ΔΨ (mV) = −50.0 log (1 + Δ[Na+]/[Na+])   (2) 
where the coefficient of "−50.0" represents the slope in Fig. 

1B. At a high Na+ concentration ([Na+]), the value of 
Δ[Na+]/[Na+] is almost zero, and thus the ΔΨ becomes 
negligible (ΔΨ = −50.0 log (1) = 0).  

During the NaR deposition, NaR might orient in a specific 
direction. If this is the case, the electrogenicity might be induced 
under illumination and then might contribute to the potential 
change. However, this potential change should remain even at a 
high Na+ concentration. Thus, a negligible potential change at a 
high Na+ concentration (Fig. 2B) reflects that the PVC 
membrane senses only the change in Na+ concentration. This 
consideration was further confirmed by using D116N NaR and 
the H+ pump PR. As shown in Fig. 2C and D, no potential 
changes were observed in both cases. The D116 residue is 
located near PSB (Fig. S3A) and its replacement by Asn is 
known to remove the Na+-pump activity 11. The data for PR (Fig. 
2D) indicates no sensitivity of the PVC membrane against the 
local pH change. NaR is called a "hybrid pump", because NaR 
pumps H+ if the medium contains neither Na+ nor Li+ 11. As 
shown in Fig. S4, this feature is also preserved in the GLR used 
in this study. Thus, at a lower Na+ concentration, most GLR acts 
as a H+ pump. Even in this condition, the membrane potential 

reflects only the change in Na+ concentration evoked by the 
GLR undergoing a Na+-pump cycle. 

Intermediates associated with the Na+ uptake and release 
reactions. For the identification of the intermediates, two kinds 
of data were obtained using nanosecond laser pulses: One is the 
flash-induced transient absorbance change, and the other is the 
flash-induced membrane potential change. 

Figure 3A, B, and C show the flash-induced absorbance 
changes measured at typical three wavelengths. Here, eight 
traces with 0–30 mM Na+ are plotted simultaneously. Due to the 
fast decay, the earliest intermediate K was not observed by our 
apparatus. Instead, the blueshifted intermediates, which were 
previously assigned to L and the subsequent M, were first 
observed at 410 nm (Fig. 3A). With concomitant decay of their 
equilibrium, the redshifted O appears at 590 nm (Fig. 3B). 
Another absorbance change at 510 nm reflects the depletion and 
recovery of the dark state through the last intermediate NaR´ 
(Fig. 3C). This photocycle scheme is summarized in Fig. S3B. 
As described above, O has been considered to involve Na+ 
inside the protein. By elevating the Na+ concentration, the 
accumulation of O becomes prominent, and the peak position 
shifts to an earlier time (Fig. 3B). Thus, the next concern is 
whether the changes in membrane potential match with the 
accumulation of O at any Na+ concentration in terms of both 
amplitude and timing. 

As shown in Fig. 3B, even at 0 mM Na+, the O-like 
intermediate appears at 590 nm. This "pseudo" O is the 
intermediate appearing in the H+ pumping cycle. As the Na+ 
concentration increases, the contribution of another O, which 
appears in the Na+-pumping cycle, becomes dominant. For the 
comparison with the membrane potential signals, we removed 
the contributions of the "pseudo" O from the measured 
absorbance changes as described below. Compared to the  
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Figure 3. Flash-induced absorbance changes of NaR. In Panels A-C, the time-dependent changes at the typical three wavelengths are plotted. 
The Na+ concentrations are 0, 0.01, 0.03, 0.1, 0.3, 1, 3, 10, and 30 mM, respectively. Panel D shows the calculated absorbance changes 
reflecting only the accumulation of O in the Na+-pumping cycle. These calculations used the fitting results in Panel E, where the absorbance 
changes at 2 sec in Panel B were plotted against Na+ concentration. The smooth line is the best fitted result with Eq. 3. For details, see the 
text. 

 

 

Figure 4. Flash-induced potential changes of the Na+-selective membrane. The membrane surfaces were covered with the lipid-reconstituted 
NaR (A), its D116N mutant (B), and PR (C), respectively. Panel D shows the remaining potential changes for wild-type NaR after subtraction 
of trace at 100 mM Na+. The peak values in this panel were picked up and then used for the calculations of the corresponding Na+-
concentration changes (Δ[Na+]max). The calculated values were plotted in Panel E (open circles) together with the peak values of the traces 
in Fig. 3D (ΔA590,O,max, filled circles). For details, see the text. 
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"pseudo" O, the other O has a faster decay rate. Thus, the 
positive absorbance changes in the late time region (> 1 sec) 
reflect only the accumulations of the "pseudo" O. In Fig. 3E, the 
absorbance changes at 2 sec (ΔA590, 2 sec) are plotted against the 
Na+ concentration. Here, the smooth line is the best fitting result 
with the equation: 

ΔA590, 2 sec = ΔA0 × fO-like = ΔA0 / (1 + [Na+]n / K0.5
n)   (3) 

where ΔA0 and n represent the ΔA590, 2 sec at 0 mM Na+ and 
Hill coefficient, and K0.5 stands for the Na+ concentration at 
which the photocycle branching is at its midpoint, respectively. 
These determined values are ΔA0 = 3.24 mABS, n = 0.78 and 
K0.5 = 0.32 mM. In Eq. 3, fO-like represents the mole fraction of 
"pseudo" O. By using the fO-like values, the absorbance changes 
reflecting only O (ΔA590, O (t)) were estimated by: 

ΔA590, O (t) = ΔA590 (t) – fO-like × ΔA590, 0 mM (t) (4) 
where ΔA590 (t) and ΔA590, 0 mM (t) represent the raw data at 

590 nm measured at the corresponding Na+ concentration and at 
0 mM Na+, respectively. The calculated ΔA590, O (t) are plotted 
in Fig. 3D. 

Previously, Balashov et al. also determined the K0.5 value for 
GLR with similar procedure 14. Their determined value is 60 μM 
and thus significantly lower than our value (0.32 mM). This 
difference might originate from the different buffer conditions. 
They varied Na+ concentration without the ionic strength 
adjustment. On the other hand, we kept the ionic strength at the 
constant value equivalent to 100 mM NaCl by adding the KCl 
salt. Indeed, when we did not add KCl salt, the K0.5 value 
became very small ~ 90 μM (data not shown). Thus, the ionic 
strength and/or K+ ion might affect the Na+ concentration for the 
photocycle branching. 

Figure 4A shows the flash-induced potential changes in the 
Na+-selective membrane covered by wild-type NaR. At 
approximately 10–100 msec, relatively large peaks appeared. 
As shown in Fig. 3D, O accumulation also reaches its maximum 
in the same time region. Thus, Na+ is probably involved at O. 
As the Na+ concentration increases, the peak magnitude first 
increased and then decreased. Finally, the peak disappeared at 
100 mM Na+, indicating that this potential change surely 
originates from the Na+ concentration change. In Fig. 4A, 
another small peak also appeared at approximately 0.1 msec. At 
any Na+ concentration, this peak appeared with the same shape 
and the same amplitude. Similar peaks were also observed for 
D116N NaR and PR (Fig. 4B and C). Thus, these peaks are not 
associated with the Na+-pumping reaction. Microbial 
rhodopsins and visual rhodopsin are known to show light-
induced charge displacements by only their conformational 
changes, even though these conformational changes do not 
involve ion transfer reactions 32. These simple charge 
displacements might induce potential changes of the PVC 
membrane, if the proteins are oriented in a specific direction. 
This type of potential change should remain even at high Na+ 
concentration as similar to the peaks at approximately 0.1 msec. 
However, if the NaR is indeed oriented, the latter peak at 10-
100 msec should also remain due to its electrogenicity, because 
the latter peak surely originates from the Na+-transfer reactions. 
Thus, at present, the origin of the first peak is not known. 
Although this uncertainty, the first peak does not relate with the 
Na+ uptake and release reactions. Thus, we subtracted the first 
peak from the potential change for the comparison with the 
flash-induced absorbance change. The calculated potential 
changes (designated as ΔΨNa+) are shown in Fig. 4D, where the 

potential change at 100 mM Na+ was subtracted from the 
potential changes at other Na+ concentrations. 

If O is the intermediate involving Na+ inside the protein, its 
amount of accumulation should be proportional to the decreased 
Na+ concentration (Δ[Na+]). Thus, we compared these values in 
Fig. 4E. The filled circles represent the maximum absorbance 
changes in Fig. 3D (ΔA590,O,max), which indicate the maximum 
accumulations of O at respective Na+ concentrations. The open 
circles represent the magnitude of the maximum decreases of 
Na+ concentration (−Δ[Na+]max), which was calculated by the 
following equation: 

Δ[Na+]max = [Na+]· (10–ΔΨmax/50.0
 – 1)  (5) 

This equation was derived from Eq. 2 and the ΔΨmax 
represents the maximum potential changes of ΔΨNa+ (Fig. 4D) 
at respective Na+ concentration. As shown in Fig. 4E, these two 
values show almost the same Na+ dependency, indicating that O 
surely contains Na+ inside the protein. 

Next, we compared the time courses of O accumulation and 
the Na+ concentration change. Each panel in Fig. 5 contains two 
time traces: They are the absorption changes in Fig. 3D 
(ΔA590,O) and the membrane potential changes in Fig. 4D 
(ΔΨNa+), respectively. As shown here, two traces overlapped 
well in all panels, even though the peak positions gradually 
shifted depending on the Na+ concentration. These results also 
emphasized that Na+ is captured and released during the 
formation and decay of the O intermediate. 

 

 

Figure 5. Comparisons of time courses of O accumulations and Na+ 
concentration changes. The traces in Fig. 3D and Fig. 4D were 
plotted together with the adjusted y-axis. The two traces show 
almost the same time course at all Na+ concentrations. The vertical 
broken lines indicate the peak positions for the clarity of their time 
shifts depending on the Na+ concentration. 
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At low Na+ concentrations (0.1 – 1 mM), two traces in Fig. 5 
do not perfectly match, where the Na+ uptakes (red traces) are 
slower than the formations of O (black traces). These 
differences might be caused by the contaminations of "pseudo" 
O in the black traces. As shown in Fig. 3B, the raw data of 
ΔA590(t) at 0 mM, which involves only the "pseudo" O, has two 
peaks around 1-10 msec and 10-100 msec, respectively. On the 
other hand, at lower Na+ concentrations, the black traces in Fig. 
5 have shoulders around 1-10 msec, which is similar to the first 
peak of "pseudo" O. For the calculations of the black traces, we 
assumed that the time course of "pseudo" O does not change 
even varying the concentrations of Na+ and/or K+. This 
assumption might not be correct. If the magnitude of the first 
peak is altered, this peak is not completely removed by the 
subtraction. The remaining peaks might form the shoulders at 
lower Na+ concentrations and then apparently enlarge the 
differences from the red traces. 

Na+ uptake reactions. As mentioned above, D116N NaR 
completely loses its Na+-pumping activity 11. This Asp residue 
is a counter ion of the PSB (Fig. S3A) and acts as a H+ acceptor 
from the PSB. The resultant loss of the positive charge is 
considered to be essential for Na+ passage over the Schiff base 
region and to allow the arrival of Na+ at the putative binding site 
between N112 and D251 (Fig. S3A) 4, 19, 33. In addition to this 
gating role, the D116 residue is also considered to directly 
interact with Na+ before the movement over the Schiff base 
region 17-18. Thus, this residue seems to be crucial for Na+ 
binding inside the protein. Our observation in Fig. 2C and 4B 
proved this hypothesis. As shown here, no potential change was 
observed for D116N NaR, indicating that this mutant even lacks 
the Na+ uptake ability. The D116 residue is located deep inside 
the protein and is approximately 18 Å away from the protein 
surface (Fig. S3A). Despite this long distance, the Na+ seems to 
come around D116 by a single step movement during the O 
formation. The pathway in the CP channel should be narrow and 
highly hydrophobic 12-13. Thus, NaR seems to have a mechanism 
to facilitate the Na+ movement. One possibility is a transient 
hydration of the CP channel. Significant hydrations were indeed 
reported for other ion pump rhodopsins 34-36.  

 
CONCLUSION 
In this study, we detected small Na+ concentration changes 

associated with the uptake and release reactions of NaR during 
its single transport cycle. The detected changes in Na+ 
concentration closely matched with the O intermediate 
accumulations in terms of both amplitude and timing. Thus, we 
proved that Na+ is captured and released during the formation 
and decay of O. As mentioned above, the transporters should 
assume different conformations for substrate uptake and the 
release. Thus, there seems to exist at least two O intermediates. 
We previously reported that the Na+-pumping cycle contains 
two subsequent redshifted intermediates and named them O1 
and O2, respectively 16. Thus, detailed characterizations of these 
intermediates should be performed in future investigation. Here, 
we employed an ion-selective membrane for the identification 
of the intermediate associated with the ion uptake and release 
reactions. This membrane is also a powerful tool for further 
analyses of ion transporters because we can probe the roles of 
individual amino acids in more detail. For example, if we find a 
mutant preserving the ion uptake ability but lacking the ion 
transport activity, the mutated residue clearly plays an essential 

role in a process after the ion uptake. For NaR, analyses using 
various mutants are currently underway in our laboratory. 
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