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Abstract

The gene of haloopsin (hop) from halobacterial strain shark was cloned and its nucleotide sequence was determined. The deduced
amino acid sequence of shark halorhodopsin (HR) showed that its homology with halobium HR was 62%. The gene product seems to be
HR having several positively charged residues that are conserved in all known HRs. The gene encoding shark hop as well as that
encoding halobium fhop were successfully expressed in Halobacterium salinarium (halobium) by using a plasmid shuttle vector
containing the bacterioopsin (bop) promoter. The expression level of shark HR is almost the same as that for halobium HR with the same
shuttle vector containing the bop promoter. Under the physiological conditions, the anion pumping activity of the shark HR expressed in
H. salinarium was almost the same as that for halobium HR; however, the anion selectivity and half-maximal anion transport were
different. Furthermore, its absorption maximum in the absence of chloride shifted to approx. 596 nm in contrast to that for halobium HR.
The half-lifetimes of HR ,, formation for shark HR and halobium HR were almost the same; however, the half-lifetime of its decay was
approx. 6-times faster for shark HR than it was for halobium HR at a high chloride concentration (1000 mM). Even at a low chloride
concentration (50 mM), HR 5,, and HR ¢, intermediates could be detected for shark HR, and the half-lifetime of HR ¢4, decay was found
to be approx. 25 ms. In the presence of nitrate, the half-lifetime of HR 445 recovery for shark HR was approx. 10-times slower than that
for halobium HR. Some of amino acid substitutions between shark HR and halobium HR may affect the anion selectivity and the
photoreaction of HR.
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1. Introduction ies of the amino acid sequences for the three HRs have
suggested that several positively charged residues are im-
portant for anion transport. Specifically, Arg-52, Arg-38,
and His-95 in the A-B and B-C interhelix loop segments
were conserved in the three HRs, but the bacteriorhodopsin
(BR) family lacks these residues, suggesting that these
residues may be essential only for anion binding [5]. A
hop gene from halobacterial sp. SG1 has recently been
cloned and sequenced, and all of the supposedly positively
charged residues were conserved [6].

Changes in the absorption spectrum with the addition of
anions have been studied by Ogurusu et al. [7]. In physio-

Halorhodopsin (HR) is a member of bacterial thodopsins
which exist in extremely halophilic archaebacteria. The
first HR was found in Halobacterium salinarium
(halobium) by Matuno-Yagi and Mukohata [1}, and the
gene encoding haloopsin (hop) has been cloned and se-
quenced [2]. Second and third HRs have been also isolated
in other halophilic archaebacteria, and their amino acid
sequences have been determined [3-5]. Comparative stud-
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logical conditions (4 M NaCl) the absorption maximum of
halobium HR is known to be around 578 nm. In the
complete absence or at low concentrations of chloride, this
has been found to shift to around 568 nm. In the presence
of nitrate, almost the same shift in the absorption maxi-
mum has been observed. Additions of various anions have
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been found responsible for shifts in absorption, indicating
the presence of a single chloride binding site in halobium
HR. Recently, wavelength regulation and photoreaction
caused by added anions in purified pharaonis HR were
investigated extensively by Scharf and Engelhard [8]. They
have found that in the absence of chloride, the pharaonis
HR showed a shift of the absorption maximum to around
600 nm, and that this shift can be regulated by changes in
the anions added and their concentration. The presence of
an anion binding site in pharaonis HR was suggested by
these results.

The photochemical properties of halobium HR have
been studied by several groups [9-12]. The sequence of
intermediates (HR;;, = HR,, — HR,, & HR,, —
HR ., < HR,,) has been proposed as a photocycle in the
presence of chloride. From resonance raman study, Ames
et al. [11] have suggested that chloride was released during
the HR,, = HR,, transition and taken up in the transi-
tion between HR,, and HR,,. A recent FTIR study by
Braiman et al. [12] indicated that the arginine—halide
interaction is disrupted by photoconversion to HR s,,. These
studies have indicated that HR ,, and HR,, might be the
key intermediates for gaining an understanding of the
mechanism of HR anion pumping. At low chloride concen-
trations or the presence of sodium nitrate, HR,,, has not
been detected, suggesting the presence of chloride dissoci-
ation from a binding site in the HR,, — HR,, transition
[13]. However, a photocycle as it occurs in the absence of
chloride or in the presence of nitrate needs to be further
characterized to elucidate the nitrate pumping process and
the pumping selectivity between chloride and nitrate in
HR, because halobium HR and pharaonis HR both have
nitrate pumping activity [3].

A transformation system for halophilic bacteria was
developed by Cline et al. [14], and BR was subsequently
successfully expressed in H. salinarium forming a crys-
talline lattice identical to purple membrane [15,16]. This
system has been used to make BR mutants. Both HR and
sensory rhodopsin (SR) have been over-expressed in the
same strain, H. salinarium, using the bop promoter system
[17,18], and the production of mutants thereof started. This
system, therefore, should prove a powerful tool in produc-
ing not only mutants of BR, HR and SR from H. salinar-
ium, but also for expressing new kinds of bacterial
rhodopsins from other halophilic bacteria so as to investi-
gate their structure and function.

In this study, we found a new hop gene type in a newly
isolated halobacteria and its gene product was expressed in
H. salinarium to further investigate its function. The de-
duced amino acid sequence was different from those of all
other known HRs. However, almost all the residues near
the retinal Schiff base and the three positively charged
residues (Arg-52, Arg-58 and His-95) in the A-B and B-C
interhelix loop segments were found to be conserved. The
features of its gene product were found to be different
from those of all other known HRs.

2. Materials and methods

2.1. Microbial strains

H. salinarium strains L33 (BR negative) and HN5 (BR
and HR negative), and shuttle-vector plasmid (pEFI191)
were the generous gifts of Dr. Dieter Oesterhelt. Newly
isolated halobacterial strain shark was also a generous gift
from Dr. H. Tomioka. Competent cells of Escherichia coli
JM109 were obtained from Takara Shuzo Co., Japan.

2.2. Cloning and sequencing of the haloopsin gene

Chromosomal DNA from strain shark was isolated and
purified in a process described in the preceding paper [19].
Oligonucleotide primers corresponding to highly-con-
served regions in C-helix and G-helix were designed from
the nucleotide sequences of the fop gene common to those
for strains halobium, pharaonis and mex (Sense primer,
5-TGGGG(C,G)CG(C,G)TA(C, T)ICT(C,G)ACGTGG-3';
Antisense primer, 5-AACGCGAAGA(C,T)GTACT-
TCGCGA(A,C)GA(C,T)GTC-3'). With these two primers,
a DNA fragment of about 400 bp was amplified directly
from the genomic DNA of strain shark, and subsequently
the amplified product was sequenced directly. From the
sequence analysis we concluded that this fragment was the
C-helix to G-helix region (C-G region) of the hop gene.
The flanking regions of the C-G region were cloned by
using the ‘cassette and cassette primer ¢cDNA, genome
walking kit* (Takara Shuzo), which is based on the cas-
sette-ligation-mediated PCR method [20]. The conditions
for PCR amplification were as follows: a 100 ul reaction
mixture containing 20 mM Tris-HCI (pH 8.3), 1.5 mM
MgCl,, 25 mM KCI, 1 mg gelatin, 50 mM each dNTPs, 1
unit of Tag DNA polymerase (Takara Shuzo), and 20 pmol
of each primer. PCR was performed in a programmable
heat block (Thermal Cyclic Reactor, Model TC-100, Houei,
Japan). The PCR products were fractionated by elec-
trophoresis on a 4.0% NuSieve 3:1 Agarose gel (Takara
Shuzo). PCR products were purified from the gel using
GENECLEAN I (Funakoshi Co., Japan). Sequence reac-
tions were performed using the dideoxy chain-termination
method with Sequenase DNA Polymerase Version 2.0 (US
Biochemicals, USA) and the nucleotide sequence of the
PCR products was determined with an automated DNA
sequencing system (SQ-3000, Hitachi, Japan). The oligo-
nucleotide primers used for PCR amplification and for
sequencing were obtained from Sawadei Technology,
Japan.

2.3. Construction of plasmid vectors and transformation of
Halobacterium salinarium

A fusion gene for shark HR expression, which con-
tained sequences of the first thirteen amino acids of BR,
plus upstream sequences of the putative bop promoter was
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constructed using the recombinant PCR method. The bop
promoter region was amplified by the sense primer having
a BamHI site, 5-CCGCCTGCAGGATCCGACGTGAA-
GATG-3' (~ 400 bp upstream from the ATG codon of
bop) and by the antisense primer having the sequence of
the junction region of the first thirteen amino acids of BR
and shark HR, 5-GTAGTACTGACAGCTGTCATCGA-
TACCCCCTCCACTGC-3. The structural gene of shark
hop containing the terminator region was also amplified by
the sense primer having the sequence of the same junction
region, 5-GCAGTGGAGGGGGTATCGATGA-
CAGCTGTCAGTACTAC-3 and the antisense primer, 5'-
ACCGAGTGCAACATACCG-3 (approx. 200 bp down-
stream from the stop codon of shark hop). In the first step
PCR, a approx. 400 bp DNA fragment having the bop
promoter plus the first thirteen amino acids of BR, and a
approx. 900 bp DNA fragment having the entire shark hop
gene plus its terminator region were amplified. In the
secondary PCR, the mixture of first PCR DNA products
was used as the template to amplify a recombinant DNA
fragment with a length of approx. 1300 bp. The recombi-
nant gene was first cloned into pT7Blue T-Vector, which
is used for the simple cloning of PCR product, to introduce
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a new Hindlll site at the end of the termination region.
The BamHI-HindIIl-digested fusion gene was then ligated
into in the BamHI-HindIll-digested pEF191 plasmid vec-
tor to yield the shuttle vector pEJsHR.

H. salinarium strain HN5 was transformed with the
plasmid pEJsHR using the method described previously
[16]. Transformants were plated on 1.5% agar plates of a
complex support medium containing 25 uM Mevinolin
and incubated at 40°C for 2 weeks. Transformants express-
ing shark HR were detected by color. 10-20% of Mevino-
lin-resistant transformants were blue, and three of these
transformants were analyzed. The plasmid DNA was in-
serted into the genome at the homologous bop promoter
locus in the three analyzed transformants. The transfor-
mant over-expressing the halobium HR (JO17) was also
obtained using the same strategy, and was used as a
control for wild-type HR (halobium HR).

2.4. Preparation and characterization of cell-envelope
vesicles from HR over-expressing strains

The transformant cells were grown in a peptone medium
prepared as described by Oesterhelt and Stoeckenius [21].
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Fig. 1. The nucleotide and deduced amino acid sequences of the hop gene and its flanking regions from the shark strain. This gene was cloned by the
cassette-ligation-mediated PCR method and the amplified fragments were directly sequenced. (We have also determined the nucleotide sequence of the
hop gene from the port strain. The deduced amino acid sequence of port HR showed five amino acid substitutions between shark HR and port HR. These
nucleotide sequence data have also submitted to the GSDB, DDBJ, EMBL and NCBI nucleotide sequence database, with access number D43766).
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35 ml of precultured cells were inoculated into 1.5 L of the
same medium in a 3.0 L erlenmeyer. After 6—8 days of
cultivation at 40°C, the cells were collected by centrifuga-
tion and resuspended in a P-buffer (4 M NaCl, 25 mM
pipes/NaOH at pH 7.0) containing DNase. Cell-envelope
vesicles were prepared by the freeze-thaw method de-
scribed by Otomo et al. [19]. The Lowry method, with
BSA as a standard, was used for the determination of
protein concentration in the cell-envelope vesicles. Light-
induced ion pump activity was observed by measuring pH
changes using a glass pH electrode (Radiometer GK2321C,
USA). A projector lamp (300 W) was used as a light
source. The apparatus was almost the same as that de-
scribed in [19]. Absorption spectra were recorded on a
Hitachi U-3210 spectrophotometer. Kinetic flash-spectro-
scopic measurements were performed with a flash-spectro-
scopic apparatus (Model USP-500, Unisoku Scientific In-
struments Corp., Japan). The monitoring beam provided by
a 12 V 100 W tungsten-halogen lamp was passed through
a monochromator. The monitoring beam was guided to the
sample by glass-fiber cable. After passing though the
sample and an additional monochromator, the beam was
focused onto a photomultiplier. The photomultiplier output
was fed into a current-voltage converter, digitized by an
A /D converter and transferred to a microcomputer. The
actinic flash was delivered at 90° to the monitoring beam
as a Xenon flash passed though a orange filter (0-57) for
A>570 nm light. All measurements were performed at
20°C.

3. Results

The genes homologous to the halobium hop gene had
been detected in the genomic DNA from the newly iso-
lated halobacterial strain shark by using Southern blot
hybridization analysis [19]. The DNA fragment encoding
the C-G region of the hop gene was directly amplified
from the shark strain by using PCR. We cloned the entire
shark hop structural gene with the flanking regions by
using the cassette-ligation-mediated PCR method [20], and
its nucleotide sequence was determined (Fig. 1). This
sequence showed that shark HR consists of 276 amino
acids having 62% homology to halobium HR. The amino
acid sequence homologies of shark HR to all other known
HRs were less than 70%. Fig. 2 shows an amino acid
sequence comparison of HR from the strains halobium,
SG1, pharaonis, mex and shark. Almost all the charged
residues in the helix regions, and three supposedly posi-
tively charged residues in A-B and B-C interhelix loop
segments (Arg-52, Arg-58, and His-95; numbered as in
halobium HR [2]) were conserved in the same way as for
all known HRs. However, one series of six amino acids
(EMPAGH) in the B-C interhelix loop segment, which was
conserved in all known HRs, was replaced by QMPPGH
for shark HR.

Transformation of strain HNS5 with plasmid pEJsHR
produced several transformant colonies purple-blue in coi-
oration. This color clearly suggested that these transfor-
mants produced shark HR. The PCR analysis of the ge-

strain N-term helix A A-B Interhelix
halobium MSITSVPGVVDAGVLGAQSAAAVRENALL SSSLWVNVALAGIAILVFVYM GRTIRPGRPR
SG1 MIETAAADILAGGMVPLEMTQTQIFEAVQSDTLL ASSLWINIALAGLSILLFVYM GRNVEDPRAQ
pharaonis MTETLPPVTESAVALQAEVTQRELFEFVLNDPLL ASSLYINIALAGLSILLFVFM TRGLDDPRAK
mex ???0TEIFQFIQDNTLL SSSLWVNIALAGLSILLFVYM GRNVEDPRAQ
shark MTAVSTTATTVLQATQSDVLQEIQSNFLL NSSIWVNIALAGVVILLFVAM GRDLESPRAK
helix B B-C Interhelix helix C
halobium LIWGATLMIPLVSISSYLGLLS GLTVGMIEMPAGHALAG. . ........ EMVRSQ WGRYLTWALSTPMILLALGLLA DVDLGS
SG1 LIFVATLMVPLVSISSYTGLVS GLTVSFLEMPAGHALAG.......... QEVLTP WGRYLTWALSTPMILIAVGLLA GSNTTK
pharaonis LIAVSTILVPVVSIASYTGLAS GLTISVLEMPAGHFAEGSSVMLGGEEVDGVVTM WGRYLTWALSTPMILLALGLLA GSNATK
mex LIFVATLMVPLVSISSYTGLVS GLTVGFLEMPAGHALAG. . . . MGAGPEGGVFTP WGRYLTWAFSTPMILIALGLLA GSNMSK
shark LIWVATMLVPLVSISSYAGLAS GLTVGFLOMPPGHALAG. . ... ..... QEVLSP WGRYLTWTFSTPMILLALGLLA DTDIAS
helix D helix E
halobium LFTVIAADIGMCVTGLAAAM TTSALLF RWAFYAISCAFFVVVLSALVTDWA ASASSAG
SG1 LFTAVVADIGMCVTGLAAAL TTSSYLL RWVWYAISCAFFVVVLYILLAEWA EDAEIAG
pharaonis LFTAITFDIAMCVTGLAAAL TTSSHLM RWFWYAISCACFLVVLYILLVEWA QDAKAAG
mex LFTAVVADVGMCITGLAAAL TTSSYLL RWVWYGISCAFFVVVLYILLAEWA KDAEVAG
shark LFTAITMDIGMCVTGLAAAL ITSSHLL RWVFYGISCAFFVAVLYVLLVQWP ADAEAAG
helix F helix G C-term
halobium TAEIFDTLRVLTVVLWLGYPIVWAVGV EGLALVQSVG VTSWAYSVLDVFAKYVFAFILLRWV ANNERTVAVAGQTLGTMSSDD
5G1 TADIFNTLKVLTVVLWLGYPIFWALGA EGLAVL.DVA ITSWAYSGMDIVAKYLFAFLLLRWV VNNERTVADVASGLGSGSRGGAAPADD
pharaonis TADMFNTLKLLTVVMWLGYPIVWALGV EGIAVL. PVG VTSWGYSFLDIVAKY IFAFLLLNYL TSNESVVSGSILDVPSASGTPADD
mex TADIFNTLKVLTVVLWLGYPIFWALGA EGLAVL.DIA ITSWAYSGMD??AKY??A?222727?°?
shark TSEIFGTLKILTVVLWLGYPILWALGS EGVALL.SVG VTSWGYSGLDILAKYVFAFLLLRWV AANEGTVSGSGMG IGSGGAAPADD

Fig. 2. Alignment of amino acid sequences for HR from strains halobium (Blanck and Oesterhelt [2]), SGI (Soppa et al. [6]), pharaonis (Lanyi et al. [4]),
mex (Otomo et al. [S]) and shark (this work). The single-letter amino acid code is used. Two Arg residues in A-B loop and a His residue in B-C loop,
which are suggested to be anion binding sites, are shown in bold letters. The underlined amino acid corresponds to the series of six amino acids in B-C

toop.
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Fig. 3. SDS-PAGE analysis of total membrane fractions of strain HN5
(lane 2), L33 (lane 3), JO17 (lane 4) and JOSS (lane 5). 10 g of the
total membrane protein was loaded. Lane 1 is marker proteins. The arrow
corresponds to Halorhodopsin.

nomic DNA from one of these purple-blue transformants
(JOS5) showed that the plasmid pEJsHR was integrated
into the bop promoter locus (data not shown). A transfor-
mant JO17, over-expressing halobium HR, was also ob-
tained by the same way.

Cell-envelope vesicles from strains HN5 (BR™, HR"),
L33 (BR ™, HR ™), JOS5 (shark HR**) and JO17 (halobium
HR™*) were prepared and total membrane proteins were
monitored via SDS-PAGE analysis (Fig. 3). The vesicles
from strains JOSS and JO17 were deep purple-blue, almost
the same as that for BR over-producing strain S9. As
shown in Fig. 3, HR was the main product in total
membrane proteins both for shark HR and halobium HR
unlike the HR production in the strain L33, indicating that
shark and halobium HRs were over-expressed in strain

JOSS5 (shark HR)
800 T T
o
600 o chloride 4
3
£ °
E 400 T
& o o
E ¢ * nitrate
200 E L N
b
0 ' 1 i
0 0.1 0.2 0.3

anion concentration (M)

HNS using the expression-vector plasmid carrying the bop
promoter. The SDS-PAGE showed that the densities of the
HR bands of shark and halobium were almost the same.
The expression level of shark HR was also estimated from
the absorbance at 580 nm as ~ 10 mg per 1 L culture.
This level was almost the same as that for halobium HR
under the same culture conditions.

Anion pumping activity was monitored using the light-
induced passive proton uptake of the cell-envelope vesicles
in the presence of 50 uM CCCP. In 3 M NaCl, proton
uptake into the vesicles was detected for the strain JOSS,
showing that the shark HR expressed in strain HNS had
fight—induced chloride pumping activity. Pumping rates of
shark HR and halobium HR in 3 M NaCl are approx. 850
nmol /min and approx. 810 nmol /min, respectively {(data
not shown). That is, both HRs have almost the same
chloride pumping activity at high chloride concentrations.
The anton pumping activity of the cell-envelope vesicles
for both strains JOSS and JO17 were further investigated
in terms of their dependence on chloride and nitrate con-
centrations. In the 1.5 M sodium sulfate solution, light-in-
duced proton uptake was not detected (data not shown).
This showed that shark HR did not have sulfate pumping
ability; this is the same as was the case for the halobium
HR. Fig. 4 shows light-induced passive proton uptake
(anion pumping activity) of the vesicles for shark HR and
halobium HR, measured as a function of the concentrations
of added chloride and nitrate. Although at high anion
concentrations the pumping activities of shark HR and
halobium HR were almost the same, at low concentrations
the activity for shark HR is higher. The half-maximal
anion transport for shark HR was observed at chloride
concentrations less than 20 mM; for halobium HR the
half-maximal anion transport was reached at chloride con-
centrations greater than 50 mM. In addition, the JOSS5
cell-envelope vesicles showed approx. 2-times higher
pumping activity for chloride than that for nitrate. A 3-fold
greater specificity in favor of chloride was also detected

JO17 (haloblum HR)
600 T T
chioride
g 400 | o 1
£
[+
£
E 200 |- ° nitrate 1
o [ ]
o L ]
L J
®
e
0

anion concentration (M)

Fig. 4. Anion specificity of light-induced transport by the cell-envelope vesicles from strains JOS5 (shark HR) and JO17 (halobium HR). The rate of the
light-driven anions (chloride and nitrate) was plotted as a function of added chloride and nitrate concentrations. The rate was determined by calculating the
initial slope of pH change during illumination. The sample (I mg protein/ml) was suspended in 1.5 M sodium sulfate, 1 mM Pipes (pH 7.0), 50 uM
CCCP. A projector lamp (300 W) was used as a light source. The light was passed through a heat-absorbing water bath, an infrared-cut filter and an orange

filter (O54).
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wavelength (nm)

Fig. 5. Absorption spectra of the total membrane fraction from strain
JOS5 containing shark HR. The sample containing 2.5 mg/ml total
membrane protein was suspended in 20 mM Pipes (pH 7.0). Spectra were
measured immediately after illumination with orange light for 1 min
(light-adapted). Spectra were measured with various salts at a final
concentration of 1000 mM: no sait (1); sodium chloride (2); sodium
nitrate (3); sodium sulfate (4). The absorption maxima are as follows: no
salt (596 nm); sodium chloride (580 nm); sodium nitrate (570 nm);
sodium sulfate (596 nm).

for the JO17 cell-envelope vesicles; this is the same as that
for the L33 strain containing wild-type halobium HR.
Therefore, the selectivity between chloride and nitrate of
the anion transport for shark HR is lower than that for
halobium HR.

After dialysis of the solution containing cell-envelope
vesicles for JOSS against the chloride free solution (20
mM Pipes /NaOH, pH 7.0), membrane fractions contain-
ing shark HR were obtained. The suspensions of these
membrane fractions were clear blue, almost the same as
the blue form of purple membrane. Fig. 5 shows absorp-
tion spectra of shark HR membrane fractions with various
salts at a concentration of 1000 mM. The absorption
maximum without salt was approx. 596 nm, in contrast to
that for halobium HR whose absorption maximum was
known to be approx. 565 nm. As shown in Fig. 5, the

i?r!;l: clonstams of the HR 5, intermediate for shark HR and halobium HR
HR Half-lifetime (ms)
formation decay
Shark 0.347 0.513
Halobium 0.358 342

addition of chloride or nitrate at a concentration of 1000
mM led to a shift in its absorption maximum. This was not
true for sulfate. In addition, changes in their extinction
coefficients also accompanied addition of salts. Membrane
fractions containing halobium HR were also prepared and
their absorption spectra with various salts were measured
in the same way. In halobium HR from the strain JOI17,
the shifts with various salts were almost the same as those
for wild-type halobium HR from the strain .33 (data not
shown). The shift in absorption maxima for shark HR with
the various salts were quite similar to those found by
Scharf and Engelhard [8] for pharaonis HR.

Photoreaction cycles of the membrane fraction for shark
HR and halobium HR were analyzed using flash-induced
absorption changes. Fig. 6 shows the formation and deple-
tion of the intermediates (HRy,, and HRj,,) for in the
presence of 50 mM and 1000 mM NaCl. Shark HR formed
HR;,, intermediate even in 50 mM NaCl, whereas this
intermediate was not detected for halobium HR. In the
presence of 1000 mM NaCl, both HRs formed the interme-
diate; however, their half-lifetimes were different (Fig. 6;
HR,, at 1000 mM, NaCl). We calculated the half-lifetime
constants of their HR ;,, formation and decay in 1000 mM
NaCl. The results are summarized in Table 1, and show
that for both HRs HR s, was formed with almost the same
rate constant (approx. 0.35 ms). However, HR,, of shark
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HR640
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s
50mM B : ———rR
NaCl h

1000mM

absorbance change (AA)
1
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r\\%s:_
NaCl N R o ==
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Fig. 6. Flash-induced absorption changes for HR in different sodium chloride concentrations and at different wavelengths. For detection of the HR 4,
intermediate, absorption changes were monitored at 660 nm and 640 nm for halobium HR and shark HR, respectively. For detection of HR;,,
intermediate, absorption changes were monitored at 500 nm for both halobium HR and shark HR. Samples containing a total of 2.5 mg/ml membrane
proteins were suspended in 20 mM Pipes (pH 7.0). (h) halobium HR; (s) shark HR.
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Fig. 7. Flash-induced absorption changes at 500 nm for halobium HR and shark HR at different concentrations of sodium nitrate. Samples containing a
total of 2.5 mg/ml membrane proteins were suspended in 20 mM Pipes (pH 7.0). (h) halobium HR; (s) shark HR.

HR decayed with a half-lifetime of approx. 0.569 ms,
which was approx. 6-times faster than for halobium HR.
Although, the decay-time constant of HR (,, for shark HR
in 1000 mM NaCl was almost the same as that for
halobium HR, its constant at 50 mM chloride concentra-
tion was more than 25-times slower than that for halobium
HR (Fig. 6; HR,, at 50 mM, NaCl).

Fig. 7 shows absorbance changes in the presence of
sodium nitrate at 0 mM, 100 mM, 1000 mM and 3000 mM
concentrations. The half-lifetime of decay to the ground
state for shark HR was approx. S-times slower than for
halobium HR in the presence of both 100 mM and 1000
mM nitrate concentrations. A small increase at 500 nm,
which is most likely to correspond to the HR o, intermedi-
ate, was detected in the presence of 3000 mM sodium
nitrate for halobium HR; however, no such absorption
increase was detected for shark HR. These flash-induced
absorption changes clearly indicate that photoreactions in
the presence of either chioride or nitrate are different for
shark HR and halobium HR.

4. Discussion

Only the function of HR from H. salinarium (halobium
HR) has so far been extensively studied. Several models of
its chloride pumping have been proposed [11,12]. How-
ever, several new kinds of HR have recently been discov-
ered in other halophilic bacteria, and their structure and
function have also been studied. Pharaonis HR (from strain
Natronobacterium pharaonis) was first characterized by
Duschi et al. [3], and pharaonis HR purified in a detergent
of dodecyl maltoside was further characterized photo-
chemically by Scharf and Engelhard [8]. For the third HR

(mex HR) only anion pumping activity has been charac-
terized, but not its photoreaction [5]. The gene encoding
hop of halobacterial strain SGI1 has been cloned and
sequenced; however, its gene production has not yet been
undertaken [6]. In the present study, a new hop gene from
halobacterial strain shark was cloned and sequenced. Fur-
thermore, its gene product was successfully obtained using
the halobacterial expression system with a shuttle vector
plasmid, pEF191 [16]. This is the first example of the new
hop gene expression in H. salinarium.

The shark HR expressed in H. salinarium had not only
a photochemical reaction, but also anion pumping activity,
showing that its gene was still active. No HR-like product
had been detected in the halobacterial strain shark [5].
This suggested that HR expression in the strain was re-
pressed for some reason.

Anion transport measurements with envelope vesicles
for the transformant JOSS clearly indicated that shark HR
had pumping activities not only for chioride but also
nitrate. However, the anion selectivities and the half-maxi-
mal transports of anions for shark HR and halobium HR
were different. The anion transport activity data for halo-
bium HR over-expressed in H. salinarium was almost
identical to those for HR in strain L33 [3], indicating that
these apion transport activities reflect the specific amino
acid sequence of HR, but not to the expressed strain nor to
the expression level of HR. The selectivity and the half-
maximal transport of the anion for shark HR were very
similar to those for mex HR [5]. It had been suggested that
the length of the B-C loop segment was correlated to the
anion selectivity for HR. However, the data did not sup-
port this assumption, because the length of the B-C loop
for shark HR was the same as that for halobium HR, but 4
residues shorter than that for mex HR.
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Shifts in absorption maxima for shark HR caused by
addition of chloride, nitrate and sulfate were found to be
almost the same as those for purified pharaonis HR solubi-
lized in detergent [8], but not the same as those for
halobium HR. Shifts in absorption maxima induced by
changes of anions and pH were investigated extensively
for pharaonis HR. The changes in absorption maxima with
several anions were found to follow a sigmoidal curve.
These data suggested the presence of one anion binding
site in pharaonis HR. In this study, such titration curves for
anions were not measured for shark HR. Therefore, we
could not yet compare the shifts in absorption maximum
between pharaonis HR and shark HR. We need further
detailed characterization of shark HR.

Flash photolysis measurements with membrane frac-
tions containing shark HR clearly showed that photoreac-
tions in the presence of chloride and nitrate were different
from those for halobium HR. Even at low chloride concen-
tration (~ 50 mM), the HR,,, intermediate was detected
for shark HR. Furthermore, the capacity for chloride trans-
port for shark HR was about 3-times higher than that for
halobium HR at this chloride concentration, indicating that
HRg,, formation could be a key intermediate for HR
chloride transport. On the other hand, this intermediate
was not detected in the presence of nitrate, although the
pumping ability of nitrate was about a half that for chlo-
ride. Therefore, the HRs,, intermediate might not be re-
lated to the nitrate pumping.

At high concentrations of nitrate, the HR s, intermedi-
ate has been detected for pharaonis HR [8], suggesting that
the photoreaction in the presence of nitrate is different for
shark HR and pharaonis HR. In pharaonis HR, however,
the photochemical analysis was performed only in a deter-
gent of dodecyl maltoside, but not in its natural halobacte-
rial lipid environment. These analytical experiments should
be performed under the same conditions for comparison of
the photoreaction of shark HR with that of pharaonis HR.

From the comparison of amino acid sequences for
several BRs and HRs, the tertiary structure of HR was
most likely to be almost the same as that for BR. The
three-dimensional structure of HR at 7 A has recently been
obtained by Havelka et al. [22], and was almost identical to
that for BR. Based on the structure model of BR, the
conserved amino acids in three HRs (halobium, pharaonis
and mex) were indicated in black (Fig. 5. from the
manuscript by Otomo et al., [5]). In comparing the amino
acid sequence of shark HR with three other HRs, only
Ala-113 was found not to be conserved; other amino acids
conserved in the three HRs were also conserved in shark
HR, further supporting the proposition that the amino acids
residues near the retinal Schiff base are important for
anion pumping in HR.

In A-B and B-C interhelix loop segments, three posi-
tively charged residues are also conserved in shark HR;
however, a series of six amino acids (EMPAGH) was
replaced by QMPPGH. We have assumed that this substi-

tution affects the expression of shark HR in strain shark.
However, shark HR was over-expressed in H. salinarium
strain HN5 and its product had anion pumping activity and
photoreaction activity, showing that the series of these
amino acids was not essential for the expression and
function of HR.

Various features of shark HR, such as shifts in absorp-
tion maximum caused by added anions, half-maximum
anion transport, anion selectivity between chloride and
nitrate, and photoreactions in the presence of chloride and
nitrate, were different from those for halobium HR. There
is no doubt that these differences are caused by differences
in electrostatic interactions around the retinal, between
shark HR and halobium HR. As already mentioned, all the
residues around the retinal Schiff base in helix regions
were conserved between two HRs. Only Arg-200 in F
helix located near the B-ionone ring of the retinal for
halobium HR is replaced by Lys for shark HR. In addition,
a few charged amino acid substitutions were found, in the
A-B and the B-C interhelix loop segments, between shark
HR and halobium HR. Some of these substitutions proba-
bly affect the electrostatic interaction around the retinal.
However, there is no reason to exclude the possibility of
other amino acid substitutions. Photochemical analysis of
HR using point mutants would be required to clarify such
assumptions.

In summary, we have cloned and sequenced a new HR,
and this HR was subsequently expressed. This new HR
had a different amino acid sequence and its gene product
had different photochemical properties and different anion
pumping activities from those for other known HRs. From
comparison of amino acid sequences, we proposed that
some charged amino acid substitutions between halobium
HR and shark HR probably affect the photochemical reac-
tions and anion pumping activities.

Acknowledgements

We would like to express our gratitude to Prof. Dr. D.
Oesterhelt and Dr. E. Ferrando for the introduction to the
use of the halobacterial transformation system for HR
over-expression. I would like to thank Dr. H. Tomioka for
providing strain shark, and Ms. S. Yabe and Ms. S.
Nomura for their technical assistance. We also thank Dr.
H. Takei for critical reading of the manuscript.

References

[1] Matuno-Yagi, A. and Mukohata, Y. (1977) Biochem. Biophys. Res.
Commun. 78, 237-243.

[2] Blanck, A. and Oesterhelt, D. (1987) EMBO J. 6, 265-273.

[3] Duschl, A., Lanyi, J.K. and Zimanyi, L. (1990) J. Biol. Chem. 265,
1261-1267.

[4] Lanyi, J.K., Duschi, A., Hatfield, G.W., May, K. and Qesterhelt, D.
(1990) J. Biol. Chem. 265, 1253—1260.



256 J. Otomo, T. Muramatsu / Biochimica et Biophysica Acta 1240 (1995) 248-256

[5] Otomo, J., Tomioka, H. and Sasabe, H. (1992) Biochim. Biophys.
Acta 1112, 7-13.
[6] Soppa, J., Duschl, J. and Oesterhelt, D. (1993) J. Bacteriol. 175,
2720-2726.
[7] Ogurusu, T., Maeda, A. and Yoshizawa, T. (1984) J. Biochem. 95,
1073-1082.
[8] Scharf, B. and Engelhard, M. (1994) Biochemistry 33, 6387-6393.
[9] Oesterhelt, D., Hegemann, P. and Tittor, J. (1985) EMBO J. 4,
2351-2356.
[10] Zimanyi, L. and Lanyi, J.K. (1989) Biochemistry 28, 5172-5178.
[11] Ames, J.B., Raap, J., Lugtenburg, J. and Mathies, R.A, (1992)
Biochemistry 31, 12546-12554.
[12] Braiman, M.S., Walter, T.J. and Briercheck, D.M. (1994) Biochem-
istry 33, 1629-1635.
[13] Tittor, J., Oesterhelt, D., Maurer, R., Desel, H. and Uhi, R. (1987)
Biophys. J. 52, 999-1006.
[14] Cline, S.W., Lam, L.W., Charlesbois, R.L., Schalkwyk, L.C. and
Doolittle, W.F. (1989) Can. J. Microbiol. 35, 148—152.

[15] Needleman, R., Chang, M., Ni, B., Varo, G., Fomes, J., White, S.H.
and Lanyi, J.K. (1991) J. Biol. Chem. 266, 11478-11484,

[16] Ferrando, E.. Schweiger, U. and Oesterhelt, D. (1993) Gene 125,
41-47.

[17] Heymann, J.A.W., Havelka, W.A. and Oesterhelt, D. (1993) Mol.
Microbiol. 7, 623-630.

[18] Ferrando-May, E., Brustmann, B. and Oesterhelt, D. (1993) Mol.
Microbiol. 9, 943-953.

[19] Otomo, J., Tomioka, H. and Sasabe, H. (1992) J. Gen. Microbiol.
138, 1027-1037.

[20] Isegawa, Y., Sheng, J., Sokawa, Y., Yamanishi, K., Nakagomi, O.
and Ueda, S. (1992) Mol. Cell. Probes 6, 467—475.

[21] Oesterhelt, D. and Stoeckenius, W. (1974) Methods Enzymol. 31,
667-678.

[22] Havelka, W.A.. Henderson, R. and Oesterhelt, D. (1995) J. Mol.
Biol. 247, 726-738.



