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► The thermodynamic parameters of an-
ion binding to halorhodopsin were de-
termined.

► The dilution heat was minimalized by
considering water activities.

► Kd values were almost equal to those
determined by the conventional spec-
troscopy.

► The protonated Schiff base was essen-
tial for the anion binding.
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Halorhodopsin (HR), an inwardly directed, light-driven anion pump, is a membrane protein in halobacterial cells
that contains the chromophore retinal, which binds to a specific lysine residue forming the Schiff base. An anion
binds to the extracellular binding site near the Schiff base, and illumination makes this anion go to the intracellular
channel, followed by its release from the protein and re-uptake from the opposite side. The thermodynamic prop-
erties of the anion binding in the dark, which have not been previously estimated, are determined using isothermal
titration calorimetry (ITC). For Cl− as a typical substrate of HR from Natronomonas pharaonis, ΔG=−RT
ln(1/Kd)=−15.9 kJ/mol,ΔH=−21.3 kJ/mol and TΔS=−5.4 kJ/mol at 35 °C, where Kd represents the dis-
sociation constant. In the dark, Kd values have been determined by the usual spectroscopic methods and are in
agreementwith the values estimated by ITC here. Opsin showed no Cl− binding ability, and the deprotonated Schiff
base showed weak binding affinity, suggesting the importance of the positively charged protonated Schiff base for
the anion binding.

© 2013 Elsevier B.V. All rights reserved.
sin; NpHR, halorhodopsin fromNatronomonas pharaonis; HsHR, halorhodopsin fromHalobacterium salinarum; λmax, absorption
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r channel; CP, cytoplasmic channel.
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1. Introduction

Halorhodopsin (HR) is an inwardly directed light-driven Cl−-pump in
halobacterial cell membranes [1–5]. The transfer of negative charges
across the membrane by HR induces the inside-negative membrane
potential that increases the proton-motive force created by bacteriorho-
dopsin (BR), an outwardly directed light-driven proton-pump in the
same halobacterial membranes [6–8]. Like the well-known BR, HR is a
seven-helixmembrane protein, and retinal binds to a specific lysine res-
idue in the 7th (G) helix via the protonated Schiff base [9]. Since retinal
works as a chromophore, this binding affords the visible light absorption
whose absorption maximum (λmax) is ~580 nm. Absorption of a photon
initiates the photocycle in which the excited HR relaxes to the original
ground state via a series of various photo-intermediates referred to as K,
L, N and O [4,10–13]. During the transition from N to O intermediate,
one Cl− is released to the intracellular space, and during the transition
fromO toHR, another Cl− enters from the opposite side, i.e., the extracel-
lular space [14–17]. Thus, by the completion of the photocycle, one Cl−

transfers from the outside to the inside of cells.
In the unphotolyzed state, Cl− binds to the binding site located near

the positively charged protonated Schiff base in the extracellular channel
[18,19]. This binding affinity has been estimated from the spectrum shift
of Cl− titration. For instance, the Cl− binding to the Cl−-free form of HR
from Natronomonas pharaonis gives rise to the blue shift of λmax from
~600 (anion-free form) to 580 nm (the bound form) [12,20]. This shift
is interpreted to be the stabilization of the ground state energy level
due to the electrostatic interaction between the positively charged pro-
tonated Schiff base and the negatively charged anion. Analysis of this
spectrum shift gives a value of several mM for the dissociation constant,
Kd, of HR.

In this paper, we intended to obtain Kd values of the anion binding
with anothermethod such as isothermal titration calorimeter (ITC).How-
ever, two problems arise. Thefirst problem is that for the precise determi-
nation of binding constants (Kb=1/Kd) with the manufacturer's analysis
software, the c value,which is defined as c=Kb⋅Mtot⋅n, whereMtot and n
represent the sample concentration and the stoichiometry number, re-
spectively, should be in the range of 1–1000. Because, as described
above, Kb~1/5 mM−1,Mtot should be in the range of 5 mM–5 M (assum-
ing n=1). The preparation of such a high concentration of protein solu-
tions, however, is impossible. Obviously, this problem is due to the
fundamentally weak interactions, as manifested in the large values of
Kd. The other problem is the production of the dilution heat. Due to the
large Kd values, a high concentration of Cl− is required for the injection
solution, which yields appreciable dilution heat at the titration. We
found amethod to avoid these problems and succeeded in the estimation
of Kd values and thermodynamic parameters. Values of Kd estimated by
this method were similar to those determined from the λmax-shift. Sug-
gestions on the existence of the other binding sites have been reported
[21,22] which may not affect the absorption of HR, and then analysis in
this paper was carried out on assumption that there are strong and
weak binding sites. The thermodynamic parameters associated with
anion binding to HR (strong binding) were first reported in this paper.
It is noteworthy that anionsdonot bind to opsin, a protein part of rhodop-
sin only without retinal, showing the important role of the positively
charged protonated Schiff base in anion binding. This finding was not
obtained by the spectroscopic method and was first obtained here by
the ITC method.

2. Materials and methods

2.1. Preparation of NpHR

Previous investigation of HR has been performed using two sources.
One source is Halobacterium salinarum, and the other is Natronomonas
pharaonis (abbreviated as NpHR). NpHR was used in this study because
the expression system using Escherichia coli has been established
[23,24]. Expression of the (6×) histidine-tagged protein and purifica-
tion procedures using E. coli BL21(DE3) cells harboring the appropriate
plasmid were performed as described elsewhere [24,25]. The binding
was measured not only for the wild-type but also for various mutants.
Given that charged or hydrophilic amino acid residues may play an im-
portant role, we made mutants of Arg123, Thr126 and Ser130, which
are all located near the binding site in the extracellular channel. In addi-
tion, mutants of Lys215 and Thr218 in the cytoplasmic channel were
prepared. The construction of these mutants was described in Sato et al.
[26–28] and Kubo et al. [29]. The opsin (with a 6× his-tag) was prepared
without an addition of retinal at the induction and purified as usual. The
protein was solubilized with 0.1% n-dodecyl-β-D-maltoside (DDM, from
Dojindo, Kumamoto, Japan). The protein concentration was determined
using the extinction coefficient of 54,000 at 578 nm in the presence of
Cl− and 50,000 in the absence of Cl−[20]. For opsin, a large enough
amount of retinalwas added after the experiment to estimate the concen-
tration by the absorption.

2.2. Reconstitution of NpHR with phospholipids

The sample was reconstituted with phospholipids to increase the
stability of NpHR and to make buffer exchange easier. The protein solu-
bilizedwith 0.1% DDM and L-α-phosphatidylcholine (PC) from egg york
(Funakoshi, Tokyo, Japan) wasmixed at amolar ratio of 1:50. DDMwas
removedwith biobeads SM2 (1 g for 1 ml of 1% DDM, BIO-RAD, Tokyo)
under a nitrogen atmosphere at 4 °C. Details are described elsewhere
[30,31].

2.3. ITC measurements

A VP-ITC (MicroCalorimeter, MicroCal, Northampton, MA) was used.
PC-reconstituted NpHR solutions of 30–50 μM were added into the
lower cell chamber (1.45 mL), and the injection syringe contained a con-
centrated salt solution whose compositions are shown below. The NpHR
sample in the lower cell was suspended in 500 mM 2-(N-morpholino)
ethanesulfonic acid (MES) adjusted to a pH of 6.0. The dissociation of
the protonated Schiff base of the Cl−-freeNpHRwas observed in alkali so-
lutions, and experiments were carried out at pH 6. The solution composi-
tions of the injection syringe were dependent on the salt used. These
compositionsweredeterminedby a trial-and-errormethod so that thedi-
lution heat became minimal. Compositions used were as follows:

NaCl; 150 mM NaCl;475 mMMES;pH 6:0

NaBr; 150 mM NaBr;450 mMMES;pH 6:0

NaI; 150 mM NaI;490 mMMES;pH 6:0

NaNO3 150 mM NaNO3;420 mMMES;pH 6:0

NaSCN 150 mM NaSCN;475 mMMES;pH 6:0

The reason of variations of MES concentrations on anion species is
not clear. As described above, these titration solutions having these
MES concentrations yielded the smallest dilution heat. Since as de-
scribed below, the volumes added from the syringe are at most 250 μL
(5 μL×50 times) and the lower cell contained 1.45 mL of 500 mM of
MES, the ionic strength variations in the cell depending on anion species
used were small.

Prior to ITC measurements, both the sample protein and injection
solutions were de-gassed with ThermoVac Sample Degassing and Ther-
mostat (MicroCal, Northampton, MA). The temperature was set to
35 °C. The protein solution in the cell was stirred at 300 rpm. The dura-
tion and spacing of injectionwere 10 s and 240 s, respectively. The num-
bers of injections were either 30 or 50. The first injection volume was
2.5 μL, and the volume increased to 5.0 μL due to the second injection.
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The accumulation of the heat-flow was calculated with a custom algo-
rithm using Excel (Microsoft, Seattle).

2.4. Estimation of the Kd by the spectroscopic titration method

Spectroscopic titration was performed to obtain Kd values of NpHR
in themedium used here and for comparisonwith the values estimated
by the ITC method. For this procedure, DDM-solubilized samples in
500 mM MES (pH 6.0) containing 0.05% DDM were used instead of
the lipid-reconstituted sample, which showed excessive scattering
that prevented spectroscopic measurements. The spectrophotometer
used was the Hitachi U-3310 (Tokyo, Japan). The temperature used
(35 °C) was the same as that used for ITC. The analysis was performed
via the following equation:

ΔA ¼ ΔAmax
Anion½ �

Kd þ Anion½ �

where ΔA and ΔAmax represent the absorbance changes due to the anion
binding and the maximum absorbance changes, respectively. As de-
scribed above, the anion binding to the anion-free NpHR results in a
blue-shift of the spectra, resulting in a decrease in the absorbance at lon-
gerwavelengths.ΔA in the above equationwasmeasured at 633 nm for
Cl−, 635 nm for Br−, 634 nm for I−, 622 nm for NO3

− and 627 nm for
SCN−. The dilution caused by the addition of anion solutions was
corrected.

Váró et al. [14] measured flash-induced absorbance changes of NpHR
at 500, 590 and 640 nm. In the absence of Cl−, they observed small absor-
bance changes at 500 nm (due to the L-intermediate) whose amplitudes
were increased with an increase in Cl− concentration. In addition, the
flash-induced Cl−-dependent absorbance changes (absolute values)
of these three wavelengths were almost the same, and these changes
accorded with the spectrum change of unphotolyzed NpHR. The
media contained various ratios of NaCl and Na2SO4 to keep the ionic
strength constant. We confirmed these (data not shown). Hence we es-
timated the Kd value from the L-yields by flash photolysis in varying Cl−

concentrations when the basic media contained 500 mM MES (pH 6).
The apparatus and procedure for the flash-photolysis were the same
as that reported previously [25].

3. Results and discussion

3.1. Selection of media for ITC experiments

Because the Kd value is several mM, the concentration of the injection
salt solution was high. We employed 150 mM injection solutions, which
resulted in final concentrations of 15 mM or 24 mM after 30 or 50 injec-
tions, respectively. The problem was to prevent the heat production due
to the dilutionwith injection. As anticipated, non-negligible heat produc-
tion was observed when the protein solution dissolved in an ordinary
buffer was titrated by the high concentration salt solution. After prelimi-
nary experiments, we noticed that equal activities of water in the protein
solution and the injection solution may be crucial because water is the
major component. Because the injection solution contained a high salt
concentration, the protein solution in the lower cell also required a high
salt concentration. This necessity of a high ionic concentration favored
the stability of NpHR. The first injection solution tried was sodium sul-
fate. Sulfate is known as an anion that does not bind to the binding
site near the Schiff base, and thus, this anion does not induce the spec-
trum shift. A sulfate anion may bind to another binding site of HR
from Halobacterium salinarum (HsHR), but this binding does not in-
duce the spectrum shift, potentially because this site is far from the
chromophore [32]. To avoid the possible interaction of NpHR with a
sulfate anion, we employed MES solutions. Such a large anion may not
interact with HR. The anion concentration in the injection syringe was
as high as 150 mM sodium solution. Therefore, as described above, to
equalize the water activities as much as possible in both the solutions
of the cell and injector syringe, a high concentration of MES (500 mM)
was employed. After several trial-and-error examinations, it was possible
to determine the best compositions of the injection solutions, which are
described in Materials and methods (also see the legend to Fig. 1). It is
noted that the MES concentrations are dependent on the anions used.

3.2. Analysis of ITC data: Estimation of the dissociation constant Kd and
thermodynamic parameters of the anion binding

Typical data are shown in Fig. 1 in which the heat-flow of 2 in the
upper panel is Cl− titration data showing an exothermic binding, while
the heat-flow of 1 is the data obtained without the protein, revealing
the negligibly small dilution heat. Analysis of the titration data is based
on a very simple idea in which the accumulation of the time integration
of the heat-flow should yield a binding isotherm. Panel b in Fig. 1
shows the binding isotherm calculated from this integration. The heat
production without NpHR (heat-flow 1) in Fig. 1 was subtracted from
those of heat-flow 2 to calculate the net heat production by the binding.
Because the injection volume was 5 μL per injection and the cell volume
was 1.45 mL, the 50- or 30-time titration resulted in a final volume in-
crease of 17.2% or 10.3%, respectively. This increase in the volumewas ig-
nored. Panel b in Fig. 1 suggests that the binding does not follow a single
binding equation and more likely demonstrates the existence of a weak
binding site, as is described in introduction. Thus,we assumed the follow-
ing equation for fitting, where the NpHR concentration of the anion-
bound form, Cb, should be:

Cb ¼ Cb ;s þ Cb ;w

where the subscripts s and w signify the strong and weak binding, re-
spectively. As to the strong binding, the following equation holds:

Kd ¼ freeHRbinding site½ � freeanion½ �
boundsite½ � ¼

n⋅CP−Cb;s

� �
Canion;f

Cb;s

where n,Cp and Canion,f signify the number of binding sites per molecule
of NpHR, the NpHR concentration and the concentration of free anion,
respectively. Rearrangement of this equation yields the following famil-
iar equation:

Cb;s ¼
nCp⋅Canion;f

Kd þ Canion;f

For the present system, the binding is weak (Kd~2 mM) and the
NpHR concentration is ca. 30–50 μM. Therefore, the concentration of the
bound anion is negligible in comparison with the total anion concentra-
tion in the cell. Fortunately, this led to the simple equation where Canion,f
is approximately equal to the total concentration of anion, Canion. Thus,
the above equation is rewritten as:

Cb;s ¼
nCp⋅Canion

Kd þ Canion

The values of Canion were calculated from the total added volume due
to injection. For theweakbinding component,we assumed linear binding,
which reduced thenumber of unknownparameters. Thus, using a as a lin-
ear binding coefficient,

Cb;w ¼ a⋅Cp⋅Canion



Fig. 1. Isothermal titration calorimetry data of the binding of chloride to NpHR. Panel
a); Raw ITC data. Heat-flow 2 shows heat flow data of NpHR. Lipid-reconstituted
NpHR (47.4 μM) was suspended in 500 mM MES (pH 6.0), 1.45 mL of which was
used as sample solution in the lower chamber. The injection buffer was composed of
150 mM NaCl and 475 mM MES (pH 6.0). The titration was carried out by stepwise
30-count additions of 5 μL (except for 2.5 μL for the first injection). The time interval
between successive injections was 240 s. The temperature was 35 °C. Heat-flow
1 shows only a small heat production due to the mixing of two buffers. Panel b); One data
analysis example. The heat-flow (generation) was calculated by (heat-flow 2)−(heat-flow
1) in panel a), integrated, and this integrated value was accumulated. The accumulated
heat-flows are plotted against the concentration of Cl− in the cell that was increased by
the injections. The data points thus obtainedwere fit by Eq. (1) with a non-linear regression.
The thick line is the resulting curve fit, expressed by Eq. (2). Curve 1 represents the first term
in the right-hand side of Eq. (2) (tight binding), and Curve 2 represents the second term
(non-specific binding).
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Therefore, we obtained the following equation of the accumulated
heat produced, ΔQ:

ΔQ ¼ ΔHs⋅Cb;s þ ΔHw⋅Cb;w

� �
⋅Vc

¼ ΔHs⋅
nCp⋅Canion

Kd þ Canion
þ ΔHw⋅a⋅Cp⋅Canion

� �
⋅Vc 1

where Vc means the volume of the cell (1.45 mL).
Fitting Eq. (1) to the data shown in Panel b of Fig. 1 gave

ΔQ ¼ −350 μcalð Þ⋅CCl

2:0 mMð Þ þ CCl
−5:96 μcalð Þ⋅CCl 2

In Panel b, curve 1 represents the first term on the right-hand side
of Eq. (2), and curve 2 represents the second term.
Assuming that n=1 in Eq. (1) (see below), from Eq. (2), we obtained

ΔHs ¼
−350 μcalð Þ

Cp⋅Vc
¼ − 350 μcalð Þ

47:4 μMð Þ⋅1:45 mLð Þ ¼ −5:09 kcal=mol

¼ −21:3 kJ=mol:

Because Kd=2.0 mM (see Eq. (2)), the Gibbs energy change, ΔGs,
and the entropy change, ΔSs, are calculated as follows:

ΔGs ¼ −RT ln
1

2:0� 10−3 ¼ −15:9 kJ=mol:

ΔSs ¼
ΔH−ΔG

T
¼ −21:3− −15:9ð Þ

308
¼ −17:5 J= K⋅molð Þ

The ITC experiment was performed at varying protein concentrations
(30–50 μM), but the values obtainedwere independent of this concentra-
tion. Moreover, similar values were obtained for 0.1% DDM-solubilized
samples.

Thus, the binding is enthalpy-driven. The large negative value of ΔSs
may come from conversion of two molecules (NpHR and Cl−) into one
molecule. In addition, this large negative value might suggest a decrease
in the flexibility of amino acid residues, especially in the vicinity of the
Cl− binding site, as X-ray structures of NpHR and HsHR showed an inter-
action of Cl− with amino acid residues due to the formation of hydrogen
bonds [18,19]. These interactions may cause the negative change in the
enthalpy value. Replacing MES in the sample and injection solutions
with glycerol 2-phosphate or BisTris (methane) did not appreciably
change the values of ΔH. This finding may indicate that no proton
movement occurs during the Cl− binding because if proton movement
occurs, the neutralization reaction may also occur, which is manifested
in the differences in the observed ΔH values as a function of the buffer
composition.

In the above calculation, we assumed n=1 based on the X-ray
structure of NpHR where one Cl− anion binds to the binding site near
the Schiff base [19]. The anion bound in this position is considered to be
transported. In addition, another bound Cl− anion was shown in the
X-ray structure of NpHR [19]. NpHR forms a trimer structure, and this
binding site is located between two adjacent NpHR molecules. Near the
chloride ion, bacterioruberin squeezes into the NpHR molecules to
make space for Cl−. Because no bacterioruberin was present in the cur-
rent experimental conditions, this binding site might not be produced.
Therefore, it is probable that the weak binding in the second term of
the right side of Eq. (1), expressed by the subscript w, is due to non-
specific binding, although the possibility of binding at the second binding
site is suggested [21,22].

As described above, the binding of anions to HR (both NpHR and
HsHR) is usually determined by spectrum changes [11,12,20]. Fig. 2b
shows the difference spectra induced by Cl− titration. This figure indi-
cates the largest changes at 633 nm; the absorbance changes at this
wavelength are plotted against the Cl− concentration. A Kd value of
1.6 mM was determined from this plot using the Langmuir isotherm.
The same valuewas estimated to be 1.7 mM from theflash photolysis ex-
periment (see panel d of Fig. 2). These values are very close to the value
determined by ITC (2 mM).

The binding of other anions was also examined, and the results
obtained are listed in Table 1. This table indicates the good agreement
of the Kd values between the two methods (spectroscopy and ITC) ex-
cept for when using NO3

−. The reason for the difference with the nitrate
anion relative to the other options is not known. In addition, the small
TΔS (absolute) and ΔH (absolute) values of the NO3 anion are notable.
It is known that D85T and D85S mutants of BR work as a light-driven
anion pump similar to HR [33–35]. The guanidium of Arg82 of the
anion-free D85S mutant orients to the EC (extracellular channel) side
in the dark, while that of the Br-bound form orients to the Schiff base,
i.e., to the opposite side [36,37]. Thus, rotation of the guanidium occurs,
and the bound Br anion is sandwiched between the protonated Schiff



Fig. 2. Estimation of the Kd value of Cl− binding based on the shift of the absorption maximum and the yield of the flash-induced L-intermediate formation. Panel a); 7.1 μM NpHR was
suspended in 500 mM MES at 35 °C. The absorption spectra were measured under varying concentrations of Cl−, showing the blue shift with an increase in the Cl− concentration. Panel
b); the difference spectra between the spectra shown in Panel a) and the spectrum of the Cl−-free form used as a reference. The largest changes in the difference spectra were obtained at
633 nm. Panel c); the absorbance differences at 633 nm of Panel b) are plotted against the Cl− concentration. The absolute values are negative (ΔA decreases with an increase in Cl− concen-
tration). Closed circle symbols are those at pH 6, and open circle symbols are at pH 12. Panel d); the yields of laser-flash-induced L-intermediate formation (absorbance changes at 500 nm) are
plotted against the Cl− concentration. From this plot, the Kd value was estimated to be 1.7 mM.
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base and the guanidium. On the other hand, the binding of NO3
− does

not change the orientation relative to that of the anion-free form, and
the distance between the guanidium and the anion is larger with bind-
ing [38]. Thus, the electrostatic interaction of the positively charged
guanidium with the bound NO3

− anion may be smaller than that in-
teractionwhen using Br−. If the same situation occurs for the present
NpHR-NO3

−, it may explain the small ΔH, although the difference in
the Kd values between the two methods is not clear. In addition the
relatively large ion size of NO3

− and the distribution of negative
charge within NO3

− molecule may be taken into consideration.
The importance of the Arg123 residue of NpHR and that of the corre-

sponding residue of HsHR for the transport function has been reported
[28,29,39,40]. In addition, other residues (Thr126 and Ser130) were
reported to be important for the anion binding, as determined by the
spectroscopic method [26,27]. Thus, the ITC experiments were carried
out for mutants of these residues, and the results are shown in Fig. 3. All
Table 1
Kd values of anion binding to NpHR and their thermodynamic values.

Anion Kd
1)

(mM)
Kd
2)

(mM)
ΔG3)

(kJ/mol)
ΔH
(kJ/mol)

−TΔS
(kJ/mol)

Cl− 1.6 2.0 −15.9 −21.3 5.4
Br− 1.0 1.6 −16.5 −17.4 0.9
I− 4.1 4.0 −14.1 −15.8 1.7
NO3

− 14.5 5.8 −13.2
−10.84)

−12.6 −0.6
1.84)

SCN− 6.7 7.0 −12.7 −38.8 26.1

Kd
1) is estimated from the difference spectra. Kd

2) is from ITC. ΔG3) is the Gibbs free
energy change calculated from Kd

2). The ΔG and -TΔS followed by the superscript 4)
are the corresponding values calculated from Kd

1).
mutants showed smaller exothermic changes relative to the wild-type,
whichmay be caused byweak interaction of NpHRmutants with Cl−. In-
terestingly, a previous paper reported no Cl−-induced spectral changes
for R123Q and R123H [28,29], while heat production was obtained for
R123Q in the present ITC experiment. This suggests that there is a rela-
tively strong Cl− binding/interaction site in R123Q (not in R123H and
R123K) other than the site near Schiff base. According to the crystal struc-
ture of NpHR [19], there are two Cl− binding sites: One is proximity of
Schiff base which affects the spectrum change, while the other is located
at the interface of molecules within the trimer. The latter, however, may
not exist because of the absence of bacterioruberin (see above) in the
present experiments. Moverat-Kaplan [22] suggested the presence of
the binding site (Kd ~100 mM) located on the EC (extracellular) channel
where R123 residue is also located. Thus, there is a possibility that in
R123Q, this binding site become stronger. Another point to be paid at-
tention is that why the binding is weak for R123K although Lys bears
positive charge as Arg. These are the subject for further investigation.
In spite of these unsolved problems, the present results confirm that
Arg123, Thr126 and Ser130 are important residues for the binding of
anions to NpHR. Arg123 may contribute to the binding via electrostatic
interaction, while Thr126 and Ser130 may contribute via hydrogen
bonding.

Some amino acid residues in the CP (cytoplasmic channel) known to
be important for function are Lys215 and Thr218 [28]. Their importance
was examined through the use of the K215Q, K215R and T218Vmutants.
The results obtained were almost the same as the results with the wild-
type (data not shown), indicating that amino acid residues in the CP do
not affect anion binding in the dark.

It is probable that the positively charged protonated Schiff basemay
contribute significantly to the anion binding because the anion binding

image of Fig.�2


Fig. 3. ITC results of varying mutants of Arg123, Thr126 and Ser130. The accumulated
heat-flows (production) are plotted against the Cl− concentration. Each value was normal-
ized by the amount of protein. The plots of mutants at the positions of Arg123, Thr126 and
Ser130 are shown in red (R123Q;●, R123K;○, R123H;■), green (T126V;●) and blue
(S130T;●, S130A;○, S130C;■), respectively, whereas those of WT are shown in black for
comparison. The binding of mutant proteins was so weak that the analysis was not
performed. This figure indicates the importance of Arg123, Thr126 and Ser130 for anion
binding to NpHR and transport.
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site is very close to the protonated Schiff base (3.46 Å) [19]. The exper-
iment to examine whether the NpHR opsin can bind Cl− was performed.
Opsin is an only protein part of rhodopsinwithout retinal and then it does
not contain Schiff base. The opsin concentration was 37.4 μMand the ex-
perimental procedures were the same in Fig. 1. Result (data not shown)
indicates that either no binding occurred or that the Kd is much larger
than the Cl− concentration used in this experiment (up to 15.5 mM of
Cl−). This finding may indicate that the positively charged Arg123 is not
sufficient for the Cl− binding. It is noted that the examination of opsin
binding should not be performed by the spectroscopicmethod but is pos-
sible by ITC. The next question is to examine the possibility of the binding
to the deprotonated, neutral form of the Schiff base. The pKa value of the
Schiff basewas determined to be 11.7 in the presence of a high concentra-
tion of Cl− (1 M) and 9.2 in the absence of Cl− (data not shown). This
value of 11.7 agreeswith that of a reported value, but 9.2 is larger by near-
ly one unit than the value [41]. The difference may come from the differ-
ence in themedia used. Therefore, at pH 12, the Schiff base of the Cl−-free
NpHR is deprotonated (neutral form). The open circles in Fig. 2-c show
the absorbance change at 633 nm when Cl− titration was carried out at
pH 12. This figure reveals no Cl− binding until 100 mM Cl− and absor-
bance changes occurs above 100 mM Cl−, suggesting that NpHR with a
deprotonated (neutral) Schiff base has weak affinity for anion binding.
When negatively-charged Cl− binds to the binding site near Schiff base,
Schiff base will be forced to be the protonated form (positively charged)
due to the electrical interaction, which results in the blue shift of absor-
bance. Since the pKa of Schiff base of the Cl−-bound form is 11.7, the pro-
tonated form can be present at pH 12 with amounts being about half.
These observations suggest the importance of the positive charge of the
protonated Schiff base. It is noted that the orientation change of the
N→H+ dipole moment associated with the isomerization of retinal
may be one of the driving forces behind the Cl− movement from the EC
binding site to the CP.

In conclusion the thermodynamic parameters of ΔH and ΔS due
to anion binding to NpHR were first obtained experimentally. The
ΔG's were calculated using Kd values determined by ITC data, which
were almost equal to those determined by the widely-used spectrosco-
py method. In addition, some amino acid residues were confirmed via
mutational analysis to play an important role in anion binding, and
the importance of the positively charged Schiff base was suggested.
Azide converts NpHR into a light-driven proton pump [41], and then
the binding/interaction of azide with NpHR is an interesting subject,
which will be a further investigation.
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