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Abstract

Pharaonis halorhodopsin(phR) is an inward light-driven chloride ion pump fromNatronobacterium pharaonis. In
order to clarify the role of Ser-130 residue which corresponds to Ser-115 forsalinarum hR on the anion-bindingphR shR

affinity, the wild-type and Ser-130 mutants substituted with Thr, Cys and Ala were expressed inE. coli cells and
solubilized with 0.1%n-dodecylb-D-maltopyranoside The absorption maximum(l ) of the S130T mutant indicatedmax

a blue shift from that of the wild type in the absence and presence of chloride. For S130A, a large red shift(12 nm)
in the absence of chloride was observed. The wild-type and all mutants showed the blue-shift ofl upon Clymax

addition, from which the dissociation constants of Cl were determined. The dissociation constants were 5, 89, 153y

and 159 mM for the wild-type, S130A, S130T and S130C, respectively, at pH 7.0 and 258C. Circular dichroic
spectra of the wild-type and the Ser-130 mutants exhibited an oligomerization. The present study revealed that the
Ser-130 ofN. pharaonis halorhodopsin is important for the chloride binding.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Halorhodopsin(hR) has been discovered in the
cytoplasmic membrane ofHalobacterium salina-

Abbreviations: bR, Bacteriorhodopsin; DM,n-dodecyib-
D-maltopyranoside;phR, Halorhodopsin fromNatronobacter-
ium pharaonis; sbR, Bacteriorhodopsin fromHalobacterium
salinarum; shR, Halorhodopsin from Halobacterium
salinarum.
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rum, halophilic archaea, as an inward light-driven
chloride pumpw1–6x, which generates the interior
negative membrane potential on illumination. This
generation of the membrane potential is considered
to assist ATP synthesis done by bacteriorhodopsin
(bR), an outward light-driven proton pump and by
the respiratory chainw1x. Up to now, many hRs
have been identified and reportedw7–9x, but only
those fromH. salinarum w10–17x andNatronobac-
terium pharaonis w18–23x have been extensively
studied. In this paper, hR fromH. salinarum is
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Fig. 1. Structure of the Schiffbase region inshR (PDB code:
1E12) w24x (upper). A number of key residues in the retinal
binding pocket are shown. The membrane normal is approxi-
mately in the vertical direction of these figures. Ret denotes
the all-trans retinylidene chromophore. The dotted line repre-
sents the hydrogen bond. The sequence homologies ofphR and
shR are given in(lower). Partial amino acid residues are shown
only for the helix-C region. Bold and underlined letters indicate
conserved amino acid residues among those ofphR. Squared
letters of phR and shR correspond to Ser-130 and Ser-115,
respectively.

designatedshR and fromN. pharaonis is desig-
nated asphR.

The photocycle ofphR has intermediates anal-
ogous to bR. Spectral and kinetic studies have
clarified the following photocycle ofphR: phR™
KlLlNlOlphR9 w19,22x. In the case ofshR,
the O-intermediate does not accumulate, presum-
ably for kinetic reasonsw14x. The release and
uptake of Cl are associated with the N to O andy

the O to hR9 reaction, respectively. Mutagenesis
studies onshR have revealed that the extracellular
pair R108yT111 plays an important role in theshR

chloride uptake by increasing affinity of the Cly

binding, and that the cytoplasmic pair R200y
T203 was a candidate for the Cl binding siteshR y

concerning the releasew12x. Furthermore, His-
95 , which is located in the extracellular loopshR

between helices B and C, is presumably an impor-
tance residue for the Cl uptakew13x. However,y

the molecular event on the Cl transport mecha-y

nism has not been elucidated.
The X-ray crystal structure ofshR was solved

at 1.8 A resolution, showing that a single Cl iony˚
next to the Schiff base nitrogen is closely associ-
ated with the isomerizable chromophorew24x. Fig.
1 shows the crystal structures ofshR and the
alignment of primary structures ofphR andshR.
Chloride accepts hydrogen bonds only from two-
bound water(3.14 and 3.21 A) and Ser-115shR˚
(3.07 A). Therefore, Ser-115 that is connectedshR˚
with hydrogen bonds to Cl in the ground statey

might be instrumental to keep the chloride solvated
in the internal cavity; i.e. it is anticipated that Ser-
115 plays an important role in the anion bindingshR

and the structure of the bound water.
What residue(s) are important for Cl bindingy

of phR? The X-ray structure ofphR has not been
solved yet and the Cl binding site is not clarified.y

Since the primary structures of thesalinarum hR
and pharaonis hR are very highly homologous
(66%) w25x, the most plausible candidate is Ser-
130 of phR which corresponds to Ser-l15 . WeshR

expressed histidine-tagged wild-typephR and Ser-
130 point mutants inEscherichia coli cells to
investigate the affinity for Cl . It is concludedy

that Ser-130 in helix C is one of the essentialphR

residues for the chloride binding.

2. Materials and methods

2.1. Construction of expression plasmids of S130
mutants having the histidine-tag

Mutant plasmids for the expression of
Ser130 mutant substituted with Ala(S130A),phR

Cys (S130C) and Thr (S130T) were constructed
with a Quikchange Site-Directed Mutagenesis Kit
(Stratagene Cloning Systems, La Jolla, CA) and
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the modified pET-21c(q) vector to utilize the
histidine-tagged regionw18,26,27x. The sequences
of the primers designated to replace the Ser130
codon with other ammo acid codons were 59-G
ACG TGG GCC CTT GCG(for Ala)yTGC (for
Cys)yACG (for Thr) ACA CCG ATG ATA C-39
and 59-G TAT CAT CGG TGT CGC(for Ala)y
ACG (for Cys)yTGC (for Thr) AAG GGC CCA
CGT C-39. The mutations introduced into the
plasmid were confirmed by DNA sequencing using
a DNA sequencing kit(Applied Biosystems, Fos-
ter City, CA), and each mutated plasmid was
introduced into BL21(DE3) cells. Transformed
cells were selected by their ampicillin resistance.

2.2. Protein expression and purification of phR

The protein expression and purification proce-
dures usingE. coli BL21(DE3) cells harboring the
plasmid were described in detail in a previous
paper w18x. Fractions of the proteins using Ni–
NTA agarose(Qiagen, Hilden, Germany) were
collected by elution(flow rate, 56 mlyh) with
buffer E (50 mM Tris–HCl (pH 7.0), 300 mM
NaCl, 150 mM imidazole and 0.1%n-dodecylb-
D-maltopyranoside (dodecylmaltoside, DM)
(Dojindo Lab, Kumamoto, Japan).

2.3. Preparation of the Cl free speciesy

Anion-depleted red-shifted species of the wild-
type and the mutants were prepared by interchang-
ing with buffer C (10 mM 2-morpholino-
propanesulfonic acid, MOPS(pH 7.0) and 0.1%
DM) by passing over a Sephadex-025 column
(2.5=20 cm; Amersham Pharmacia Biotech, Upp-
sala, Sweden) at a flow rate of 2 mlymin. After
the buffer exchange, the protein concentration was
estimated using an excitation coefficient´ of600

50 000 M cm w28x. The anion-depleted spe-y1 y1

cies of S130A and S130C were used immediately
after the preparation(within 5 h) to avoid
denaturing.

2.4. Absorption and circular dichroic meas-
urements

Circular dichroic(CD) spectra of the wild-type
and the mutants were measured with a Jasco J-725

spectropolarimeter(Jasco, Tokyo, Japan) in the
300–750 nm region at 258C using a scanning
speed of 200 nmymin and two-times accumula-
tions. The measuring medium was buffer C con-
taining various concentrations of NaCl. The protein
concentration was 18mM. The path-length of the
optical cuvette was 10 mm. Absorption spectra
were obtained by converting a photomultiplier
voltage signal of a CD apparatus into the optical
density(log I yI) using a computer.0

3. Results and discussion

3.1. Expression and purification of the wild-type
and mutant proteins

The wild-type phR and Ser-130 mutants
(S130A, S130C and S130T) were expressed het-
erologously inE. coli. All mutants were solubilized
with DM and purified with NTA resins. The yield
of S130T was nearly equal to that of the wild-type
phR, but the yields of S130A and S130C were
very low compared with that of the wild-type
(30% for S130A and 50% for S130C), if extinction
coefficients for the mutants were assumed identical
to that of the wild-type. As shown in Fig. 2, the
CD spectra show the small positive band near 400
nm for S130A and S130C which may come from
another conformation, but the wild-type and S130T
have little at 400 nm. Similar additional absorption
at 390 nm (Fig. 3) of the S130A and S130C
mutants was observed. In addition, S130A and
S130C lost their color gradually over 1 week when
stored even in cool. Removal of Cl by the buffery

exchange(for composition, see Section 2) facili-
tated the bleaching. The buffer composition did
not contain a high concentration of salt, and then
the bleaching was checked in 1 M Na SO . The2 4

high salt concentration did not rescue the bleach-
ing. On the other hand, the wild-type and S130T
did not lose their color in the presence or absence
of CT as well as in a dilute salt solution. These
findings suggest the importance of an OH-residue
of Ser or Thr at this position for the maintenance
of the structure. The binding of Cl might partiallyy

strengthen the structure. Hence, the experiments
were performed as quickly as possible, as was
mentioned in the experimental section.
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Fig. 2. Circular dichroic spectra of the wild-typephR and Ser-
130 mutants at various Cl concentrations. The pigment pro-y

tein of 18mm was suspended in 10 mM MOPS(pH 7.0) and
0.1% DM. NaCl was added at a concentration of 0–1 M; these
concentrations are indicated in the abscissa in Fig. 4. The vol-
ume changes due to the addition of the concentrated NaCl solu-
tions were corrected. The measurement was carried out at 25
8C.

3.2. Titration of the wild-type and mutants with
chloride on visible CD and absorption spectra

The Cl -free blue forms of the wild-type andy

Ser-130 mutants were titrated with NaCl. EachphR

circular dichroic (CD) spectrum in the visible
region(450–700 nm) exhibited a bilobe(see Fig.
2) as well as previous reportsw18,28x. Here the
CF concentration ranged from 0 to 1 M. From CD
spectroscopic studies of bR, a bilobe in the visible
region is interpreted as a superposition of the
following two components:(1) symmetrical posi-
tive and negative bands arising from the excitonic
interaction between chromophores of neighboring
molecules(exciton band); and(2) a positive band
originated from the retinal pocket with its own
asymmetric protein environmentw29–31x. There-
fore, this figure indicates that the Ser-130phR

mutants have the excitonic interaction between
chromophores of neighboring molecules as well as
the wild-type. In the case of the Cl -free condi-y

tion, the exciton band of the CD spectrum of the
wild-type is symmetrical with respect to the cross-
over point of the bilobe, but Ser-130 mutants,
particularly S130C, are asymmetrical. The negative
band of S130C is very small compared with that
of the other samples. In the case of the wild-type
and S130A, crossover points are blue-shifted and
the positive exciton bands are gradually increased
with increasing Cl concentration, and S130Ty

showed similar tendency with small changes. On
the other hand, only in S130C, the blue shift of
the bilobe was observed, and no increase in the
positive band was observed with increasing chlo-
ride concentration. The reason for this finding is
not clear, but it might be associated with the
lowest affinity of the chloride ion(Table 1).

Fig. 3 shows absorption spectra in the range of
300–750 nm when titrated with Cl from 0 to 1y

M at pH 7.0. In the absence of Cl , S130C hady

the same absorption maximum,l , as the wild-max

type, whereas the replacement by Ala and Thr
caused the red and blue shifts of 11–12 nm,
respectively(Table 1). The absorption maxima of
all mutants were blue-shifted with an increase in
the Cl concentration(Fig. 3). S130A showed ay

large shift by 30 nm, whereas S130T showed a
small shift by 16 nm. The isosbestic point of the
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Fig. 3. Absorption spectrum changes caused by the reaction
from the Cl -free form to Cl -bound form. The experimentaly y

conditions are the same as in Fig. 2. Arrows indicate the
increasing Cl concentration.y

wild-type and S130C were 590 nm, but those of
S130A and S130T were 604 and 583 nm,
respectively.

Fig. 4 shows the shift of the wavelength in the
absorption maximum(Dl ) as a function ofmax

Cl -concentration at pH 7.0. Upon addition of CFy

to Ser-130 mutants, the shifts followed sigmoidal
curves with saturation similar to the wild-type.
The values ofDl were normalized by themax

saturation level. This shift comes from the Cly

binding near the Schiff basew28x. The apparent
half-maximal binding concentration increased in
the order of the wild type-S130A-S130C and
S130T. These saturation curves were fitted with
the following equation:

n n nw x w xDl s chloride y(K q chloride ),max d

whereK and n are the dissociation constant andd

Hill coefficient, respectively. The results are listed
in Table 1. Values ofK for the wild-type, S130A,d

S130C and S130T were 6, 89, 159 and 153 mM,
respectively. The Hill coefficient for the wild-type
was approximately 1, but those for the Ser-130
mutants were much larger than unity. The differ-
ence of Hill coefficient between the wild-type and
mutants might originate from the induced structur-
al change. Another possibility might be the pres-
ence of several Cl binding sites with weaky

affinities in the mutants.
Absorbance changes(not the l shift as inmax

Fig. 4) at respective wavelengths(635, 646, 633
and 624 nm for the wild-type, S130A, S130C and
S130T, respectively), were analyzed with the Hill-
equation, where the wavelengths were chosen so
as to obtain the largest values. The selected wave-
length was different for the wild-type and mutants
because theirl ’s differ from one another. Themax

data, unfortunately, failed to fit well, but the order
of the affinity for the Cl binding was the samey

as listed in Table 1. Therefore, aside from the
quantitative estimation, the order of the binding
affinity is certainly as follows: wild-type)S130)
S130C, S130T. Replacing Asp-85 , which corre-bR

sponds to Thr-111 , with Thr converting bR fromshR

a proton pump into a chloride ion pumpw32x. The
dissociation constant of the D85T mutant meas-bR

ured in 50 mM citrate(pH 5) was reported to be
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Table 1
Dissociation constants(K ), Hill coefficients (n), absorption maxima(l ) and opsin shifts(Dn) of the Cl -free and Cl -boundy y

d max

forms of variousphR mutants at pH 7.0 and 258C

Opsin type K ymMd n NaCl-free 1 M NaCl

l ynmmax Dnycmy1 l ymnmax Dnycmy1

Wild-type 5 1.0 599 – 577 –
S130A 89 1.7 611 y328 583 y119
S130C 159 1.9 600 y28 577 0
S130T 153 2.0 588 312 572 151

The dissociation constant and Hill coefficient were determined from the equation shown in text by least-square fits.Dn is the
opsin shift value from wild-typephR.

Fig. 4. The absorption maximum changes vs. salt concentra-
tions during the reaction from the Cl -free form to the Cl -y y

bound form. The ordinate value was reduced by the maximum
absorption changes of the respective protein,d,wild-type; �,
S130A; m, S130C;%, S130T. The samples of the Cl -freey

form (18 mM) were solubilized in 10 mM MOPS(pH 7.0)
and 0.1% DM, followed by the addition of chloride. The solid
lines are the best-fitted results using the equation described in
Section 3.

221 mM by Paula et al.w33x. In the present study,
the Cl affinities observed for S130T might bey

allowed to be considered as equal to that for the
D85T mutant(note that D85T has a sequencebR bR

of T WLFT while the corresponding sequence is85

TWALT for S130T phR mutant). This coinci-130

dence might suggest that thephR mutants, S130T
have similar environments to D85T in the chro-bR

mophore region. Further detailed studies are need-
ed on the characteristic relationship between the

visible absorption and molecular structure ofphR
in the presence and absence of Cl .y

4. Conclusions

The wild-type phR and the Ser-130 mutants
substituted by Thr, Cys and Ala showed differing
levels of chloride accessibility. Replacement of
Ser-130 reduces greatly the Cl -binding affinity.y

The results obtained here indicated that the Ser
residue at position 130 ofphR is one of the
essential residues for the chloride binding. As is
the same asshR, this Ser residue may contact the
chloride ion in the retinal pocket. The direct
evidence may be obtained from the X-ray structure
that might be obtained in future.
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