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ABS℡RAC℡

New bacterialrhodopsins,a bacteriorhodopsin-1ikeand

a halorhodopsin-1ike
protein,Wereidentifiedin助loarcula

Vallismortis･The genes encoding theseion purpps were
cloned

and sequenced･･The gene encoding the putative sensory

rhodopsins were also cloned･The deduced amino acid sequence

Of the proton-Pump PrOtein was distant from the sequences of

both bacteriorhodopsinin Halobacterium and archaerhodopsins

in餉lorubrum･but was very similarヒO CruXrhodopsin-1(94%

homology)in Haloarcula,and has thus beenincludedin the

CruXrhodopsin tribe as cruxrhodopsin-3.The deduced amino

acid sequence of the anion-Pu叩p PrOtein was also close to

that of a
putative anion pump,CruXhalorhodopsin-1,Which

foms a pair with cruxrhodopsin-1･This anion-Pump PrOtein

WaS named cruxhalorhodopsin-3 and the putative sensor

protein was named cruxsensory rhodopsin-3･The degree of

COnSerVationin the amino acid sequence was discussed for

theindividualhelic･es of three each rhodopsin homologs,

proton pumps,anion pumps and sensorsin three different

genera,With respect to their functionalroles.

The genes oflight-SenSing transducer proteins were

alsoidentified from Haloarcula vallismortis,Halorubrum

SOdbmense and肋lorubrum sp･auS-1･These genes were al1

located upstream of the genes of corresponding sensory

rhodopsins･The homology betweeen sensory rhodopsins and

that between transducer proteins were we11correlated.These
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results strongly suggest that there were twice gene

duplications of an ancestry rhodopsin genein the course to

developinto four different rhodopsin hom0logsin the

PreSent day species;an anCeStry rhodopsin had diverged to

be a pump and a sensor,and then the proton pump diverged to

be twoion pumps while the sensor diverged after acqulSition

Of a transducer geneinto two sensor systems.

-2-



ェⅣ℡RODVC℡エ0Ⅳ

Halobacteria are a group of microorganismin the

urking･dom Archaea.They are facultatively anaerobic andlive

Onlyin extremely salty envirorments as high as 4M･=n the

presence of oxygen the ce11s grow by resplration.whereas

under anaerobic conditions they can produce ATP by

fementation of arginine(1).The capability for anaerobic

growthisimportant since the oxygen tensionin the natural

habitat of brines and salt ponds canbe verylow.

=n addition to resplratioh and fermentation.

halobacteria of some genera possess a unlque SyStem Of

photophosphorylation not foundin any otherliving

organisms.This photophosphorylation utilizes retinal

proteins(rhodopsins)which directly translocateions across

the ce11membrane upon absorption oflight･

Bacteriorhodopsin(bR,(2))is alight-driven proton pump

and halorhodopsin(hR,(3))is an anion pump･Furthermore.

those halobacteria have another retinalproteins,SenSOry

rhodopsin(SR;also known as sensory rhodopsin-=,(4.5))

and phoborhodopsin(PR;also
known as sensory rhodopsin-==,

(6)).They are photoreceptors for phototaxis allowing them

to moveinto more comfortable environment(SR)or move out

from harmfuL environment(PR).These
four rhodopsins have

been studied bestin the strain Halobacteritm salinaritlm

(halobium)and the primary structures of bR(7).hR(8)and

sR(9)were detemined.=n these rhodopsins,COrrmOn features

ー3-



have been known that they carry(i)retinalas the

Chromophore which binds to the e-amino group of thelysine

residue conservedin the helix G(ii)sevenα-helix

StruCtureS Similar to bR(10)as predicted by hydropathy

analysIs.

Mukohata et al.isolated new
retinalproteins from

Halobacteriu皿SP.auS-1and aus-2,COllectedin western

Australia(11)･These proteins,arChaerhodopsin-1(aR-1)in

SP･auS-1(12)and archaerhodopsin-2(aR-2)in sp.aus-2

(13),have an
amino-aCid sequence homology of 85%between

ヒhem,but each has alower hom0logy(60%,56%)to bR(12,

13)･They pump protons to the same extent as bR,although

they have some physicochemicalproperties different from bR

(14)･These second proton pumps suggested the nature-

COnSerVed residues essential for the structure and function

Of proton pumps.The strains hosting these new rhodopsins

Were Characterized asin the genus different from those

established ones and once described under"Halorubra一一(15).

The genus was recently established as Halorubrum(16).

Mukohata et al.alsoisolated other new retinalproteins

from halophiles collectedin Argentina,and gave the names

CruXrhodopsin-1(CR-1)and cruxhalorhodopsin-1(CbR-1)(17)

for the proton pump and the anion pumpin strain sp.arg-1.

respectively,and cruxrhodopsin-2(CR-2)(18)for the proton

PuIⅥpin the strain sp.arg-2(the corresponding anion pump

is absent).The amino acid sequence homology between cR-1

and cR-2 was much higher than that between cR-1(Or CR-2)

and bR,aR-1′ Or aR-2.The host halophiles,Strains sp.arg-

-4-



1and sp.arg-2,Were COnSidered to be classifiedin

ぬloarcula(=hara et al.′ manuSCriptin preparation).

After aR-1was foundin Halorubrum sp.aus-1,numbers

Of rhodopsins have been found from various halophilic

archaea and their primary structures were determined(Table

l).As described above,these new rhodopsins were classified

into(atleast)three groups′ Which we termed -ttribes-1,by

their amino-aCid sequence homology.We proposed a

COrrelation between the rhodopsin tribe and the

halobacterialgenus,thatis,the speciesin the genus

肋lobacterium host the rhodopsinsin ■lbR tribe-1,Halorubrum

host 71aR tribe■.and ELaloarcula host -1cR tribe1..1n order to

COnfim this concept,a rhodopsinin a predicted tribe

Should be foundin a type-Strain.with a type strain

Ltaloarcula vallismortis this concept was confirmedin this

WOrk.

=n the type strain Haloarcula vallismortis
new

rhodopsins of about 26 kDa,alight-driven proton pump and

an anion pump were found.Since the strain hosting cR-1was

肋loarcula,the rhodopsinsin this type strain should be

includedin the cR tribe.The genes encoding theseion pumps

were cloned and sequenced.As expected the amino acid

SequenCe Of the proton pump was close to those of cR-1(94%)

(17)and cR-2(75%)(18),and that of the anion pump was

close to that of chR-1(17)(95%).The proton pump and the

anion pump were named cruxrhodopsin-3(CR-3)and

cruxhalorhodopsin-3(ChR-3)′ reSpeCtively.=n addition.the

gene encdding sensory rhodopsinin Haloarcula vallismortis
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Tablel.Halobacterialstrains and their rhodopsins.

Rhodopsins whose primary structures are now

known are shom here.The primary structures of

the rhodopsinsin boldletters and the Htr=s

Paired with the underlined sensory rhodopsins were

deternined in this work.
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Tablel.Halobacterialsヒrains and their rhodopsins

bacterial strains

､｣

proton pump anion pump sensor = sensor ==

月aユoaヱ･Cuユa

塩ユ○ムac亡erium

月云ユoruわrum

vaユユi5mOr亡上5

Sp.arg■-1

Sp.arg-2

Sp.pOrヒ

Sp.Shark

5aユユnarium

Sp.auS-1

(SG)

Sp.auS-2

50dome乃5e

Sp･meX

胸亡ronoムac亡erium pムaヱ･aO山5

CR-3 cbR-3

CR-1 chR-1

CR-2

porヒ bR porヒ hR

shark bR shark hR

bR hR

aR-1 SG hR

(SG bR)

aR-2

aR-3

mex bR mex hR

phR

CさR-3

SR

SG sR

asR-3

VSR一工工

psR-工工



(CSR-3)was cloned and sequenced.Therefore′ With the

reported data(19)for the gene encoding vsR-==(= CPR-3in

Our nOtation),the putative primary structures of four

different rhodopsin homologs were alldetermined for the

first timein one species′ H占loarcula vallismortis.

The photoreceptor rhodopsins for phototaxis,SR and pR,

are paired with Htr=(halobacterialtransducer= for

rhodopsin)and Htr==,reSpeCtively.in the cellmembrane.

Htr=(and Htr==)receiveslight stimulus from sR(and pR)

and tranSmitsitinto cytoplasm to controIswimming behavior

(20,21).So far the primary structures have been known only

for H亡r工 Of 肋ユ0わac亡eヱ･ium β∂ユiヱ】arium(22).Htr工工 Of

Haloarcula va11ismortis(19)and Htr== of 胸tronobacterium

Pharaonis(19).Allthree Htr genes are cornmonly flanked bY

the corresponding sensor genes,and Htr and sensor rhodopsin

are known to be expressed as a single transcriptionalunit

(23).=tis predicted bY the hydropathy analysis that the

Htrs have two putative transmembrane helices and alarge

CytOPlasmic domain(22).

=n this work.together with the sR gene.the Htr= gene

Paired with the sR= gene was also cloned and sequenced･The

Htr=gene of Haloarcula vallismor亡is waslocated just

upstream ofits sR=gene and the Htr=protein was found to

be much more homologous to Htr= of Halobacterium salinaritlm

(22)亡ban Htr工工 Of 月aユoarcuユ∂ Vaユユi吉川Or亡is(19).でhe

relatednessis similar to those between sR and pR;SR= of

Haloarcula vallismortisis much closer to sR= of

Ltalobacterium salinarium(9)than sR== of Haloarcula
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Vallismortis(19).Thatis,the hom0logy between the same

homologsin the different tribeis higher than that between

the different homologsin the same tribe bothin sR and Htr.

=n order to understand relatedness of halobacterial

rhodopsins and Htrs,Htr= genes of Halorubrum sodomense and

Halorubrum sp.aus-1were also cloned and sequenced.Both

genes also carried the Htr=-SR tandem gene structure.These

Htr=-SR tandem gene and the relatedness of each homologY

index gave a hypothesis how bacterialrhodopsin have･

divergedinto four different rhodopsin homologsin a single

ce11.this was also discussedin this article.

ー9-



HA℡ERェALき Am HE℡HODβ

1･Bacterialstrains and growth conditions

助loarcula vallismortis(NCMB2082)was purchased
from

NCMB(The NationalCollection of Marine Bacteria,IJtd.).

Ltalorubrum sodomense(=FO14740)was puchased from=nstitute

for Fermentation,Osaka.飴lorubrum sp.aus-1was c011ected

from a nameless clay pan near Northarnpton,Western Australia

and registered asin the genus Halorubrum.Cells were

Culturedin a mediumCOmpOSed of 25%NaCl,2%MgSO4.0.2%

KCl′ 0･02% CaC12,0.3% sodiumCitrate andl%peptone′ at pH

7.Oin tap water,under vlgOrOuS Shaking at 40Oc untilthe

absorbance of the culture at 660 nm approachedl.

Escherichia colistrainsJM83 andJMlO9was growninI,B

mediun(24)and used for gene manipulation.

2.Preparation of cellenvelope vesicles of 月aloarcula

Vallismortis and pH measurement

肋loarcula vallismortis cells were harvested by

Centrifugation and washed three times with 4M NaCl.The cell

SuSPenSionin 4M NaCIwas sonicated′ and the cellenvelope

VeSicles were collected by centrifugation(45,000Ⅹg for30

min).The vesicles suspendedin4M NaCIwerelayered on15%

SOdiuntartratein 4M NaCland centrifuged at 30.000 Ⅹg for

30min(25).Vesicles obtainedin alayer just above the

tartrate/NaCIwere washed once with 4M NaCl.A part of these

VeSicles伽as dialy2:ed overnight againstl.5M Na2SO4 tO

ー10-



replace chloride with sulfate.pH changesin stirred vesicle

SuSpenSions(1mg/mlprotein)were measured at 300c with a

micro pH electrode under actinicillumination by a slide

projector(aboutlO51Ⅹ).

3.Preparation of cR-3 and chR-3

月aloarcula va11ismortis ce11s in 4M NaCIwere frozenin

liquid nitrogen then thawedin water.After DNase =(Sigma

Chemical)digestion,membranes were c01lected by

Centrifugation at 40,000 x g at 40c for 60 min and washed･

The mernbranes were solubilized withl.5% sodium cholatein

4M NaCl,then centrifug･ed(40.000x g,60min)to remove

insoluble debris.The supernatant wasloaded onto a2.6¢Ⅹ

10 cm colum of Phenyl-Sepharose CL-4B(PhamaciaIJKB

Biotechnology)pre-equilibrated with buffer A(4M NaCl′ 25rnM

Tris-HCl,PH7.2,0.4% sodiunCholate).After the c01umWaS

washed with buffer A,a purPle-C0lored fraction was eluted

with buffer B(4M NaCl′ 25mM Tris-HCl,pH 7.2,0.5%

nonanoyl-N-methylglucamide(MEGA-9)).The eluted fraction

containing cR-3 and chR-3 was dissolvedin buffer C(1M

NaCl′ 20% saturated(m4)2SO4.25mM Tris-HCl.pH7･2,1･5%

sodiunCh0late),andloaded onto al.6¢Ⅹ10
cm colum of

Octyl-Sephrose CL-4B(Pharmacia LKB Biotecbn0logy)pre-

equilibrated with buffer C･When the columWaS eluted with

buffer D(lM NaCl,20%(NH4)2SO4.25mM Tris-HCl,pH7･2,

0.1% sodiunCholate′ 0.35%MEGA-9),tWO Purple protein

fractions were separated･The front fraction was found to be

cR-3 and■the rear was chR-3.The obtained cR-3 protein
was

-11-



dialyzed against O.5% sodium dodecylsulfate(SDS),10ntM

Tris-HCl,PH 7.2 and separated on SDS-POlyacrylamide gel

electrophoresis(1% SDS,12.5% gel)(26)from trace

COntaminants.The protein was transferred to a

Polyvinylidene-difluoride membrane(=rrmobilon-P,Millipore)

by electroblotting,and then stained by Coomassie Bri11iant

Blue.A stained protein was cut out and analyzed by a gas-

phase amino acid sequencer.

4.PCR amplification of retinalproteins

Parts of the genes coding for cR-3,ChR-3 and csR-3

were amplified from genomic DNA of Haloarcula vallismortis

by PCR method(27).The gene coding for partialasR-3
was

arnplified from genomic DNA of Halorubrum sodomense･Genomic

DNA of Ltaloarcula va11ismortis and Haloruムrum sodomense was

prepared from300mlof full-grOWth culture･For the cR-3

gene.a sense primer was deslgned for the N-termina16amino

acids of cR-3 proteinand
an antisense primer was deslgned

for the reglOn Of helix G highly conserved among 7 proton

pumps(bR,aR-1,aR-2,CR-1′ meXbR,POrヒbR,SharkbR)(Fig･

1).For the gene of chR-3,tWO primers encoding respectively

the highly conserved reglOnS Of helix C and helix G between

hR(8)and pharaonis halorhodopsin(PhR′(28))were used

(Fig.1).For the gene of csR-3 and asR-3,tWO Primers

encoding respectively the highly conserved reglOnS Of helix

E and helix G between sR and SG-SR(29)were used(Fig.1).

PCR of these four genes was performed(DNA ThemalCycler,

Perkin-EImer Cetus)by30cycles of denaturation at940c for

ー12-



5■-A℡¢CC(GC)GC(AGC℡)CC(AQ)GÅ(ÅG)GG-3-

5■-GA(G℡)(A¢C)CCGAA(GC)CCGACC℡℡-3■

5l-CCGA℡GA℡AC℡GC℡GGCGC℡-31

5l-GGA℡GAACQCGAAGACG℡AC-3I

5--AAG℡¢¢Q(C℡)GC℡G℡℡CGGCG℡-3-

5--℡A(GC)ACG℡ACGG(¢C)ACC℡℡C¢C-3■

5■-A℡¢¢CAAC¢A℡AÅCAACC℡¢¢℡℡C-3-

5--C℡A¢℡CCCC℡GCAACCGC℡G℡-3-

5･-CCACAGCAG(GC)CCGACQ℡G¢℡℡C℡℡CAG(C℡)A¢一3-

5･-ÅCG℡C¢A¢GAAGGCG℡ACG℡CAGC¢CGGCG-3■

Figurel･Primers for PCR amplification

Primers were used;1,2 for the proton pump

gene;3′ 4 for the anion pump gene;5･6 for the

sensor=gene and7,8 for the transducer gene･

-13一



30 sec,annealing at 370c for 30 sec,and chain extension at

720c for3 minin alOOulreaction mixture containinglOrnM

Tris-HCl(pH 8.3),50mM:KCl,1.5rTtM MgC12,0.001% gelatin,

200llH each dNTPs,2.5U Taq polymerase,100pmolprimers(m

Synthesizer 392,Applied Biosystems),andlpg genomic DNA･

For the probesin the following Southern hybridization,the

m fragment amplified by PCR wasis0lated by

p01yacrylamidegelelectrophoresis(5%gel)andlabeled with

【α-32p]dCTP(DuPont/New England Nuclear)by the random

primer method(30).After genomic DNA digestion with

different restriction endnucleases(Toyobo.Nippon Gene),

the fragment was separated on O.8% agarose gel

electrophoresis and transferred to nylon membranes by

capillary blotting(24).The membranes were hybridized with

each probe and washedin
6 ⅩSSC at 600c.

5.Cloning and sequencing of retinalprotein genes

Standard methods
were used for cloning and sequencing

(24)of the genes of cRs and asR-3･Each32p-labeled PCR

product was shown to hybridize with a restriction fragment

of 助loarcula vallismortis genomic DNA digested by Sac=

(CR-3,ChR-3)or Sal=(CSR-3).Part of the asR-3 gene was

Shown to hybridize with a restriction fragTrLent Of the Sac=

digested genomic DNA of Halorubrtlm SOdomense･ThenlOpg of

genomic DNA was digested by Sac= or Sal=andligatedinto

the vector pUC18(Takara Shuzo)which was a priori

dephosphorylated by calfintestine alkaline phosphatase

(Boehringer Mannheim).The recombinant二DNA
was transformed

-14-



into Escherichia coliJM83 then processed to determine the

nucleotide sequences which encode cR-3,ChR-3 and csR-3 by

the dideoxy chain termination method(31).The sequence of

asR-3 was detemined by an ALFred DNA sequencer(Pharmacia).

Both strands of these genes were sequenced.

6.Cloning and sequencing of transducer protein genes

The Sal= fragTnent COntaining csR-3 contained71base

of the Htr=gene upstream of the sR gene.Southern analysis

Showed that the 3.5 kb Lq)n = fragTnent hybridized with the

Sal=一得)n = fragment of pVSR3(Fig.2)containing csR-3 as a

PrObe.Using this SalエーFPn = fragment as a probe′ the

positive clone containing the Htr=gene was screened from

the genomic FPn=1ibrary of Haloarcula vallismortis･The

Htr=gene of Halorubrum sodomense
was obtainedin the Bandi=

fraすment COntaining asR-3.

7.PCR arnplification of transducer proteinsin月alorubrum

SP.auS-1

From the DNA sequence of SG-SR(asR-1),the Htr= gene of

aus-1was amplifiedin vitro by LA PCR(32).The PCR was

performed with the two antisense primer(Fig.1)using the

Ba畑Ⅰ=digested fragTnent Of the Halorubrum sp･auS-1genomic

DNA as template.After cloning of the amplified fragment

into the vector pUC18.the Htrlgene of Halorubrum sp･auS-

1was sequenced.

ー15-
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Figure 2.Probe for the Htr= gene of Haloarcula vallismortis



Figure 2.Probe for the Htr= gene of Ftaloarcula

vaユユismor亡is.

The plasmid pVSR3 contained the csR-3 gene and

71bases of the Htr= gene of Ltaloarcula

Vallismortis.The Sal=-RPn = fragment of pVSR3

was used as probe for cloning of pVHTR5 containing

the Htr= gene.
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8.Computer programs

For analysis of the relationship among the resolved

SequenCeS,the program GENETYX 6.2.0(Software Development

Co..I,td)was used.The protein sequences wereinitia11y

aligned using the program CLUSTAL W(33)and then further

edited manually.The percentage ofidenticalamino acids
or

nucleotides between two sequences was calculated using the

program Hom0logy2.2.2(Software Development Co.′IJtd)･The

divergence of theindividualhelices was determined as

fo1lows.The amino acid sequences of each helix were aligned

and then the fraction of identicalamino acids between each

pair of helix was calculated.

-18一



RE5ロム℡5

=.Rhodopsinsin halobacteria

=-1.IJight-induced pH changes

When cellenvelope vesicles of Ltaloarcula vallismortis

in 4M NaCIwereilluminated,the vesicle suspension was

monophasica11y acidified(Fig.3).=n the presence oflO一肌

Carbonylcyanide m-Chlorophenylhydrazone(CCCP),a

protonophore.･the suspension was monophasically alkalizedin

thelight.With the further addition of

triphenylmethYIphosphonium cation(TPMP+)tolrnM,1ight-

induced pH changes were almost vanished･TPMP+aloneinduced

largerlight-induced acidification.The vesicles dialyzed

overnight againstl.5M Na2SO4(toinactivate the anion

PumP),in the presence oflO岬CCCP(to blind the proton

puItTP),Showed only slight alkalizationin thelight･By

adding NaCl,thelight-induced alkalizationincreased with

the chloride concentration(Fig.4).Bromideinduced much

greater alkalization while nitrateinducedless･

=-2.The proton pump gene of Haloarcula vallismortis

After PCR amplification with sets of probes,the

products were electrophoresed onl･5% agarose geland

selected for the expected sizes of about 700bp from the N-

terminus to helix G.This 700 bp PCR fragment wasinserted

into plasmid pUC18and sequenced･The deduced amino acid

-19-
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▲

+TPMP+

▼

▲

Figure3･Light-induced p=changeS Of the ce11vesicles

of 肋ユoarcuユa vaユユis皿Or亡is

pH measurements were carried outinlmg/ml

proteinin4M NaClat300c with an actiniclig■ht on(△)

and off(▲)′ before and afヒer sequentialaddition of

CCCP and TPMP+ or vice versa.
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Cl-

15mM

NO3~

､∴＼

△

SCN~

▼
OmM,15mM

Figure 4.Dependence on anion concentration of the

anion pump activity

pH measurements were carried outinlmg/ml

proteininl･5M Na2SO4 andlO一朗CCCP aヒ 300c with
an

actiniclight on(△)and off(▲)after each

adddition of NaClor NaNO3 0r NaBr or NaSCN at glVen

final concentrations.
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SequenCe Of theinsert DNA showed high homologY tO bR,

SuggeSting the partialgenes for the bR-1ike proteins of

月aloarcula vallismortis.Southern analysis showed that this

PCR arnplified700bp partialgenes hybridized with a single

bandin4.4kbp Sac= fragment of Haloarcula va11ismortis

genomic DNA digestion.Then,from the genomic sac=library

of 肋loarcula vallismortis,the positive clones were

screened with the amplified700bp fragments as probes by

C0lony hybridization.Using the standard procedure,a DNA

fragnentincluding an open reading frame of cR-3 was

sequenced from these clones･The cR-3 gene consisted of 753

bp nucleotides coding for250 amino acids with
a molecular

mass of 26852 Da(Table 2).The N-teminalsequence of the

cR-3 protein,MPAPEGEA=,deternined by a皿ino acid sequencer

was exactly foundin this deduced amino acid sequence･

=-3.The anion pu叩p gene Of Haloarcula vallismortis

=n a similar procedure described above for proton pump′

the PCR products were selected for the expected size of 400

bp between helix c and G.Southern analysis showed that400

bp partialgenes hybridi2:ed with a single bandin the5･O

kbp Sac=digest白d fragment･From the genomic Sac=1ibrary･

the positive clones were screened with the amplified400bp

fragment as probe･A DNA fragnentincluding an open reading

frame of possible chR-3was sequenced from these clones･The

gene encoding chR-3 consists of831bp nucleotides for276

amino acids with a molecular mass of 29116 Da(Table 2).The
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Table 2.M0lecular weights of rhodopsins and transducers

The calculated m0lecular weights of the rhodopsins and transducers foundin this

WOrk are shown.The m0lecular weights are from the deduced sequence,but not of

expressed proteins.The Htr= of Halorubrum sp.aus-1is a partialsequence.

s亡ra土n pump sensor and transducer

月aユoaヱ･Cuユa

vaユユi5mOr亡i5

CR-3 26852

ChR-3 29116

CSR-3 25127 H亡r工 55808

月aユoruムrum

50domen5e

asR-3 26281 Hヒr工 54773

ガaユoruわrum

Sp.auS-1

asR-125748

(=SG-SR)

H亡r工 (45196)



N-terninalsequence of the chR-3 protein could not be found

by an N-teminalanalysis.

=-4.The sensor = and sensor == genes of Ltaloarcula

vaユユi£mOr亡is

The PCR products were selected for the expected sizes

Of 260 bp between helix E and G.Southern analysis showed

that 260 bp partialgenes hybridi2:ed with a single bandin

thel.9 kbp Sal= fragnent.From the genomic sal=1ibrary.

the positive clones were screened with the amplified 260 bp

fragments as probes.A DNA fragmentincluding an open

reading frame of csR-3 was sequenced from these clones.The

gene encoding possible csR-3 consists of 711bp nucleotides

for 236 amino acids with a m0lecular mass of 25127 Da(Table

2).

The gene of vsR-工=(SenSOr ==;CPR-3in our notation)

in ELaloarcula vallismortis was sequenced by Seidelet.al

(19).To confirm that the strain NCMB 2082in ourlaboratory

has the same vsR-== gene asin the reference(19).the gene

COrreSpOnding to sensor == rhodopsin(PR)in Haloarcula

vallismortis NCMB2082 was amplified by PCR with the primers

described for vsR-Z=.The PCR product was sequenced and

found to beidenticalto the reported vsR-== gene.The

amplified fraすment also hybridized with a single bandin the

3 kbp £ma = digested genomic DNA asin the reference(19)･
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=-5.The sensor = gene of Halorubrum sodomense

The PCR products were selected
for the expected sizes

Of 260 bp between helix E and G.Southern analysis showed

that 260 bp partialgenes hybridized with
a single bandin

the 5.O kbp Sac= fragment.From the genomic Sac=library

Of tLalorubrum sodomense,the positive clones were screened

With the amplified260 bp fragments as probes.A DN

fragTnentincluding an open reading frame of asR-3 was

SequenCed from these clones.The gene encoding possibly asR-

3 consists of 765bp nucleotides for254 amino acids with a

m01ecular mass of 26281Da(Table 2).

=-6.The sensor = gene of Halorubrtlm Sp.auS-1

Since the proton pump gene of 餉lorubrum sp.aus-1was

identical to that of the strain SG(29),the sensor = gene

Of sp.aus-1was predicted to beidenticalto that of the

strain SG(= SG-SR).The PCR products were selected for the

expected sizes of 260bp between helix E and G･This

fragTnent WaSinsertedinto plasmid pUC18and sequenced･The

rm sequence wasidenticalto the SG-SR gene(Table2)･

=-7.Aligrment of four rhodopsins of LTaloarcula vallismortis

The amino acid sequence of three rhodopsins of

月aloarcula vallismortis determinedin this work and vsR-=1

(19)were allaligned(Fig.5).21amino acids were

conservedin these four rhodopsins,mOSt Of which were

localizedin helix C and helix F.17 0ut Of these conserved
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eRI

CR2

CR3

CbR3

esR3

V$R工工

CRI

CR2

CR3

ChR3

esR3

VSR工エ

CRI

CR2

CR3

ChR3

C白R3

VSR工ェ

CRI

CR2

CR3

ChR3

CSR3

VSRェェ

CRl

eR2

eR3

ChR3

CSR3

VBR工工

GETDS

SVSDQ

GE℡DS

E工一ESS

S工一EGS

LVp.E

班PEpGSE

HLOSGⅢSTmGGE

班pApEGE

HpA乱ST且A℡℡LLQASOSEVIGEェQSNmI一
朗DAV

HATI

--一一-----hellx
B--_______

RRQRFYIA℡IL工℡AIÅFⅧYLAHAI-

RRQRF女工且℡工朗工姐ⅠÅmYIS胤

RRORFY工A℡工L工でA工mLA胤
RaⅨムImT班LVpLVSISSY且GI▲AS

EERS工LAALALエpGFAG工SYVA朗凪∫

EでRRRYムもL工A工PGェAェVATÅL胤

helix C---------一

っ吼Fで℡pLもLYDIGIエA

D吼F℡でPLLLYDLAILA

D吼FTでPI｡11YDIG工.Ⅰ▲且

mFSでP加工1ム姐GI-LA

DmでP工ムVGFVGYAA

DWLLTでpl.NVW了1属ユエ慮

GADRNT

GADRⅣT

GADRN℡

D℡D比良S

GASRRA

GASRED

-------belix
E________

VWWG工S℡AFIユVlムYFIJFSSI｡S

VⅦWGISでGFIムVLIYmFS鳳T

VVWGIST肌LVLLYFLFSSLS

VFYGエSCAFFIAVもmI一VEWP

VIFGVSTVFHVSI｡FATLYLVFp

ALFAVGGÅLFGGV工YmYRNェA

EG工GLVGIG

EGI-G工一VG工▲P

EG工GI｡VGェG

EGV凪LSVG

EGI｡GLAでYV

AGVGLHDV苫

一一---一一-belix A________

ÅエWLWエ.G℡且肌G帆YFI且RGW

SェmWVG℡AG肌GMLYFエARGW

A工WL軋G℡瓜GHIYFIÅRGW

ⅣSSm工且LAGVVエLIFVAHGR

AmG工℡AAGFAVGV良工VGY⊥YA

で℡WF℡1GIふGEmG℡mGY℡

GFGL℡ⅠVEFA……GE王:EP工Y WÅRYS

GFGV℡でIELG……GEERA工Y WAR¥T

GFG工一℡工VEIÅ……GEQRP工YⅥÅRYS

G工一TVGFIJQMppGEALAGQEVもSp WGRY工.

GエGTV℡工GE℡……….℡LV GFRYI

GFGSェQSモ:G……….Em mYV

------belix
D_______

ITSLVSLDVLH=GTGLVATL

IYSLVGLDVLMIGTGALATL

ISSLVSLDVl.HIGTGLVATL

IFTAエ℡胱D工G沌Cェ℡GLAAAム

エFGWADAIH工L℡GVGAVV

mQALT工ⅤアGF且GAV

GRVÅDLpSD.

DRASEI｣SGD.

GRVADLpSD.

ADAEAAG‥.

RSV?DDPQ‥
VAARSmSD工

SPGSGVLSAGAERL

SAGSGVLPAGAERL

SAGSGVISAGAERL

VTSS…‥HllRW

且DG℡…….1KW

でPSP…….VSY

----------bel土Ⅹ
F--_--___●_

でRSでFRで1RmmVYpVW吼工G℡

LQSXFSmRmmVYpVmVGT

でRSTFRTLRmmVYPV帆VGT

℡SE工FG℡LKLlm軋GYp工1WALGS

R工GLFSLLm工GIユWエATPI一VWl且GP

EVSLYR℡もm吼VYPVmLGA

--一-----一hellx G-_________

エE℡AGFHVID工一WGFG工工mRSEG

ェE℡A軋FHVもDI｣でARェGFGェェLLQSEA

工ET且GFMV工DLVARVGFGェ工LLRSI王G

VTSWGYSGLD工LAXYVFmLRWV

GVSITYAFLDLL誠Ⅴ?YVYFFYARRO
℡A℡1VVVYもDVV℡RVGFGVェ且⊥L姐工

VIDG….AAE℡でGTG且℡pADD

VもD…‥EGQTASEGAAVAD

VIDG….A且E℡でGAGA℡A℡且D

ANEDmQAG旺SLGSGGAApADD
VFA℡...RllRDSGEVTAでPAD

DI-GS….AGEt-AEEp℡AVAGD

Figure5･Allgnment of fou工･kind of homolo9S Of gaユOarmユ8

Va11iBmOrti8and proton pumpsin cR tribe
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Figure 5.Aligrment of four kind of hom0logs of 月aloarcula

Vallismortis and the reported proton pumpsin the

CR tribe.

The vsR-==(CPR-3in our notation)sequenceis

Cited from(19).The helix sequences are shown

with broken lines.The red color shows the

conserved amino acids among allknown rhodopsins.

The blue color shows the conserved amino acids

Only among the cR tribe rhodopsins.
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21residues were comnonly conserved throughout the known

PurnPS and sensors.The remaining four residues were

COnSerVed onlyin the cR tribe(cR-1,CR-2,CR-3,ChR-1,

ChR-3,CSR-3 and vsR-==).Theinsertion sequence GVLS/PA

between helix D and helix E which was conserved onlyin the

proton pumps of the cR tribe was also foundin cR-3.There

was no conserved amino acid at N-terminalreglOn andin

helix Ain four kinds of rhodopsins,therefore the sequences

Of these reglOnS COuld not be alignedin one way.
●
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==.Halobacterialtransducer proteins for rhodopsin

==-1.The genes of transducer protein

The Htr= gene of Haloarcula va11ismortis consists of

1587 bp nucleotides for 528 amino acids with a molecular

mass of 55808 Da.The Htr= gene of Halorubrum sodomense

consists of1545bp nucleotides for 514 amino acids with a

molecular mass of 54773 Da.The Htrlgene of Halorubrum sp･

aus-1was partialgene(Table 2).Allthe genes of

transducer protein Htr=werelocated just upstream of the

genes of the corresponding photoreceptor sRin月盲ユoarcula

va11ismortis,餉lorubrum sodomense and Halorubrtlm Sp.auS-1･

The Htr gene and the paired sensor gene overlapped by

severalbases so as tolocate the stop codon of Htr= after

the start codon of sR(Fig.6).=n contrast,the Htr== genes

werelocated upstream of sR== genes,the two genes were

separated by two basesin Haloarcula vallismor亡is(19)and

〃atronobacterium pharaonis(19).Although only
a few

exarnples were available′ the same homolog(SR-Htr=and pR-

HtrZ=)seems to have the same way to arrange two geneS･

==-2.The putative secondary structure of Htr=

The Fig.7 shows the hydropathy plots of Htr=of

〃aloarcula vallismortis.There
are two hydrophobic reglOnS

near the N-teminal.which have been predicted to form two

transmembrane helices(helixland2,in Fig.8).The rest

part of the proteinis hydrophilic,Which has been
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Htr工 + sR operon

‥･GGGGG G¢℡¢C¢℡GA℡GGAC¢CC･

Baeterialきtrainき

助ユobacteriu皿 きaユi月8rエリ皿

‥･GAC¢Q¢GG℡¢C¢CGA℡GACCG¢℡‥･∃
舶ユorαbrt皿gOdⅧe月5e

弓

･･･¢AC¢GA¢G℡¢C¢CG且℡GACGGGC･

･･･¢¢¢GG℡GhC¢且C℡

∴岳
｣__▼_▼｣

EtrI王 十 SR工ェ(pR)operon

･¢純血℡弧C℡眠A品蒜よ二1

‥･¢¢GG且℡G乱℡℡A嵐C 空Q¢℡

舶ユOrubru皿Sp.8U£-ユ

舶ユ08reuユ8 γaユユエ5皿Ortiき

舶ユOareUユa yaユユiβ皿Ortiβ

舶tro瓜○由ぐteriu皿p血ara01】ユタ

Htr工 Or 工工

Figure6･Operons of the ha10bacterialphoto-BenSing sYSte皿



Figure 6.Operons of the halobacterialphoto-SenSing

SyStemS.

ReglOnS COntain the stop codon of Htrs and the

Start COdon of sRs/PRs are shown.The yellow color

indicates the Htr genes and the blue c0lor

indicates the sR/pR genes.

ー31-



0

h
〕
T
U
T
q
O
月
払
O
h
p
h
ぷ

一
山
N
-

[:コ[=コ

two tranさmOnbr嵐nO

b01icoさ

CytOpla8mlc domain

Figure 7.The hydropathy plots of the Htr= of Haloarcula vallismortis

The plots were obtained by the Kyte and D001ittle method

With an amino acid span of 7.



COnSidered to be a cytoplasmic domain(22).This entire

StruCture With two transmembrane helices and the f01lowing

large hydrophilic domain was commonly foundin allthe knom

Hヒrs.

==-3.Aligrment of the primary structures of Htrs

The primary structures of allknown Htr were alignedin

Fig.8.Mainly two reglOnS Were highly conservedin the

cytoplasmic domain･=n Htr=,the two transmembrane helices

were also conserved as clearly seenin the hydropathy

proflle(Flg.7).

==-4.Horn010gyindices between Htrs and that between sRs･

=ncluding newlyis0lated sRs and Htr=s,the percentage

of theidenticalamino acids or nucleotides between sRs

(Table 3)and that between Htrs are shown(Table 4)･The

Htr= of ガaloarcula vallismortis has high hom010gy tO the

Htr= of the different species方alobacterium salinarium and

Haloruムrum sodomense,but muchlower homology to the Htr==

of the same species Haloarcula vallismortis･SRs are divided

into two groups(homologs),SR(SR=)and pR(SR==)･

Similarly′ Htrs are dividedinto two groups(hom0logs),Htr=

paired with sR and Htr==paired with pR･Htr=and sRin

Haloruわrum sodomense are very close to thosein the same

genus月alorubrum sp･auS-1as shown proton punP rhodopsins･

aR-1and aR-3.SR and pRindependently showed high homology

(～60%)within the same homologs(Table3).This relatedness

was also■foundin Htrs.The homoloすy between the same
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1valEtr 工

2 ≦】OdEtr 工

3 atユSEtr 工

4 9alI】tr ェ

5 valEtr 工工

6 pbag七r 工工

------helix
l___-____

‥‥‥‥HTVSSVRQSYGARLGVGYIATAALLVTVGVWQ‥‥‥.‥‥..D

……‥XpI且mDS¥GARIGVG¥ⅤÅ℡GAF工Ⅴ且VGmD………….D
= ● ● = = = = ◆ ● ●

● - ● - … … … … = = ■ = = = ■ ◆ ● ●
●

……‥出℡工且WARRRyGV礼GI-GY工A℡AGIエ∇GVGV℡℡N‖………‥D

HSLNVSRLLLPSRVRJISl■TGKPLGAVFIFVGAL¶LFGAIAYGEVTÅÅAÅTGDA

一-----beliヱ
2-_-____

VASmG工AGも上皿GS工M.

且E町ⅤVAAVAG工丘.℡もGS工M.
.m$工℡EISAQ℡ORVADGD工.D℡E王AS℡RでDEf■G且LAD

.℡肌工G且Q℡RpppT且℡S℡REVRS℡R℡DEFGE工.且G

●-==…………….………......G
VpS℡ェⅤ且GェAG工∫1乱GS工Ⅶ且AE……‥mS工ⅩEエA且Q℡ERV且yGNI-EQEV℡S℡R℡DEpGSもAD

………･………………===…………………ED更:FG℡もYA

VQEAAVSAILGLIILLGIt7LGLVAATLGGDT-AASLStrLAARASRJIGDGDLDVELETRREDEIGDLYÅ

1S工ERHRVSI-RDRIS王:凡EAAMLEQAQ工M…….EAO且EAE且AEEEMIA℡AYQE工且つフA王Gで

2 SェEE比RVSIEDRl且E且ER℡QDEもEDAMA℡…….‖‥E拡且DRYRRD……….RS且王且E

3SェEQ比RVSI-KDm℡E且苫RウーQDELESAMA℡………‥EmRⅥlR℡.‥‥‥.‥ÅDR苫AE

4SェEQ托RQS工一RG虹■ⅡE凡ER℡MもEI;TQ且MnME且EO且EQEAQ且員ヱRE凰REL且A℡YQD℡且随ヱGE

5且和HHRANI瓜℡Q王5E且E℡AEO且AEA且REQAQ且AR…….EDVESER灯EEE且ム℡G且Ⅰ一EもRAQQYSD

6AFDE王硯QSVR℡SIED且EⅧ丸REDAEQ且QmE………‥E工耶EもQ且E‥‥‥‥‥AERFGE

1Ⅵ且且DAQ℡且皿℡QmVA℡E¥E且托E℡VGQSFⅣ拙HDEI｡QEでェE℡VT且VSGRエ℡℡E℡D】ヨ工℡E℡SQQVQQ

2VHEEAA℡GDLTRRVDVDDSDESL邑空VGESF封R聞虹)DLQRmでVREJ4AJ)RIE且DAGEJ4AE且SGEVER

3VMEEBLATGDLTZmVDESDESも且℡VGESFNRZ4MDDLqGTVE℡VRE比ADRエEADAGEJ4A玉且SNEVER

4 ℡牲E且姐℡GD工l℡QmⅥ)でDEEA拭E℡∀G℡AF同QIDIDDI-Q且m℡Ⅴ℡℡Ⅴ且D名工EAR℡ER托S玉℡S且D工EÅ

5AID且丸軋ⅣGDI一℡ARVR℡DS拭WGモ:D工Ⅳ門nD瓜ED℡工ÅD托M且℡NV工QSSDRV¶SN且EmR

6 VHDRC且DGDFTQRID且E℡DHEA忙QS工EGS和班HDG工EAlVGR工ERFADÅVSEDAE且VR且MSV職E

1EVD且mm王Q℡QÅmQく)mES且AVDエQDVS且SAEE工AA℡工DMRSREVEE且SSD且R℡ASE℡

2RVAD且℡E5A℡℡王RGQASDOR凰EもES工AÅDVEH工SA5AEE工且且mDI-Sl)RSE且∀AA℡SDD且RSSSQS

3RV且且且でES且℡℡工RGQ且GDOMSQSエ且m工E℡王S且SÅEE工丸亀℡VDDIJSDRSEAVAA℡SDI)且RSSSQS
4 S且GDWSR工E$QAmQR℡EもDS且丸Dt)VQQVS且SÅEE工且A℡ェDDム且SRSモ:DV且℡且SD且MSSRS

5ASEQVSRS王ⅡE王FEG℡℡EQⅣEG工一ES員且A且比QH工▲SÅ℡AQOV且SSAQOV且D℡SQSMVGヱDGRE姐QE

6A$EDVmVQN王$DAAGDO℡ETVQQ工ALMDVSAmEVAA$ADD工AE℡ARQAÅ耶G玉:AGRE℡AE℡

1且1℡EHDQ工Q且D且且E且∇℡QV苫mRER肋E王℡D工AD工ISE工且EQ℡Ⅳ比乙且L相見S柑且且RAGGQGSGADG軒

2且1DEHAmS】∃且EWDR∀EQムQDG比E玉王℡E工VD工IGE工AEOでNmAもⅥASIEGPMG…‥SGD

3Å山王ヰAEVEEEADRÅVDRV電0工】QDG妊DE王℡EIⅥ〕エ王G玉:工AEQ℃弧且工封ASェEG王･MG…‥SGD

4A工･DE朽SS王玉℡EⅥ)D且VGQV苫QLRDQV且E叩D工VDVI℡D工Gモ:QT肌色もNÅ5工EA姐AGG.‥N且DGD

5AIAE朗SÅエE且E℡GE℡VE電工N且LDDElロE工G電工VGVエ℡SIVEQ℡肌且1HAS王E且AmG…‥DGE

6A工でE旺ⅣEVESR℡EQ且Ⅴ且S軋EEもⅣEDVRE工GEVSE朗王AD工且EQ℡N工も且も閤ASIEA嵐MG‥.‥ⅣSE

1GF5VVAD正VR乱ÅEEでQSR且DE王A℡Ⅴ工AEVSEQ℡EEV℡且S工QA℡E℡RVE℡G℡EmS且1SE工Aで王AE

2GFSVV且EEVRGl且EEでQSR肌王DQ拭エDD工且DQ℡苫EV℡VSェR5℡QERVQ℡G℡D℡VESmSt)工ES王且D

3GFSVVAmE乙且耶でⅣ-RÅ封電工DQ且工DD工ÅDQでEEV℡VS王M℡QERVQ℡G℡D℡VES℡LSDェES王AD

4GFSVV九DEVRD工1AE玉でQDRAⅣE王Amm且Q℡EDV℡AS王QQ℡R℡RVESGSモ:でVES℡1RD工RT王且D

5 GFÅⅤⅤÅDE工RGLAE丑でEEAA且D王EGR工EA工QEQAGDm℡虹ES℡Smェ℡苫GVSで帽EmALEワ王Ⅴ電

6GFÅⅤVADEVE且L且EEでR姐℡EEIDDI.工G℡VQDRつコQmD工RE℡SDQVSEGVEm甘DmALER工VD
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1且VDD工SAS工EE岬S苫QADTVQA℡ADS工m乱数S且E℡且℡℡AEEHSでQ工RRQRDVVES工SDSもDS

2 SVDE工5GSI一℡EェRR℡℡且DQ且mQD℡ADSⅥ〉Dェ℡D工S℡E℡且E℡AEQAA℡E王Qモ:GQSVVEDVSDSI｡貼

3SVDE工5GSI一℡E王RRで℡ADOAD℡VQD℡且GSⅥ)E工℡払S℡EでAEで且EO℡ÅでEエQEq〉SV∇EDVSDS工.RE

4S工AEVSⅣSェDモ;工QRmlSEQAE℡VQS℡Å℡SV召mGLSDD叩ÅL乱5D且ESAV工GQRESAEE工AA5LEO

5ヱ℡EEVp℡G工QE工DRA℡EEQAR℡ÅQDVXG℡ェDDI一℡℡王SQQ℡且℡E且DでVAGAAQDQSAS工EEVSDSA℡E

6 SVちm工QE工ⅣQS℡DAQADAAQmⅦD胞乱丁SEQ℡且SDA即Mで℡E℡Q且ESVREVFDI.工DG

1FRE℡mDI｡ESRVRムFm且D℡m.且SERⅨⅤÅGSpSVGGD亡し‥.

2 FQTDAVlrTLQDRVAAETVEE.hBAPQRPAÅESGTÅESRATTDGGAR

3 FQ℡D且∀mQDRV且AF甘VDE℡S且p.R姐℡GGG℡ARSRmGGAR

4 FQ耶AVEQもQSRV且SF℡Ⅴ且でEDSE.℡且GGSV苫QI,Ⅵ吐RAG且DGGGA
5 LRO7tADD-LESLLDRFTVENSAGT‥‥‥GTDSTAAVGDD‥‥

6 LSEQÅDSLSETLSRTDTEEASÅAD‥‥.LDDQPTtAAGDD‥‥

Figure8･Alignment of the aminoicid8equenCeS Of HtrIand

冗trエェ

The red colorindicate$ the con$erVed amino acids

throughout Htrs,eXCept for the N-terminalpart of HtrIof

舶ユoruわrロ爪Sp.auS-1and the tbat of Htr工ェ Ofぬユoarcuユa

Vaユユi8瓜Ortj5Wb土cb have not been knom.℡be blue color

indicates the con畠erVed amino acid$between Etr=$,and the

green color between Ftr=I$･℡he highly con白e工Ved reglOnS

COmmOn tO allthe four known Etrs are underlined.
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Table 3.Homologyindices of halobacterialsensory

rhodopsins

Percentages of theidenヒicalamino acids or

nucleotides between sRs were calculated.
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Table 4.Homologyindices of halobacterialtransducer

PrOteins

Percentages of theidenticalamino acids or

nucleotides between Htrs were calculated.
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homologs,Htr=s,WaS higher(～50%)than that between the

different homologs,Htr= and HtrZ=(～30%)(Table 4).The

homology between the same tribe was considerably high

(～80宅).
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1.The rhodopsin of Haloarcula vallismortis

=n the cellenvelope vesicles of 〃aloarcula

Vallismortis,aCtivities of both proton pump and anion pump

Were detected(Figs.3 and4).The CCCP-SenSitive and TPMP+-

enhanced acidification suggested the presence of alight-

driven primary proton pump.The TPMP+-SenSitiveand CCCP-

enhanced alkalization suggested alight-driven primaryanion

pu叩pin the same cellenvelope vesicles.The sensitivity of

thelight-induced alkalization of the Na2SO4-dialyzed

VeSicles to anions,Br~>Cl~>NO3~and SCN- = Ois similar

to that knoⅥ1for hR(34).Purple proteins corresponding to

those purtTPS Were Purified by repeating hydrophobic colum

Chromatography.Using flash photolysis,the purified proton

Pump prOtein(CR-3)showed properties analogous to bR(SuCh

as a 410 nm-(M)intemediate and a 640 nm-(0)intermediatein

the bR photocycle).whereas the anion pufrp prOtein(ChR-3)

Showed properties analogous to hR(520 nm- and 640 nm-

intermediates).Therefore′ Haloarcula vallismortis have a

proton pump(= CR-3)and an anion purnp(= ChR-3)that

funCtion.The sensory rhodopsin has not been found as

PrOtein.Although this strainis motile,its phototaxis was

hardly detected.Even so′ theidentified gene for sensor =

SeemS tO be the csR-3 gene of 舶loarcula vallismortis

because the deduced amino acid sequence of csR-3 was

reasonably hom0logous to other sRs.
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2.Genus-SPeCific divergence.0f rhodopsins

After the second proton pump aR-1(11)was discovered.

Varieties of rhodopsins have been foundin strains of

halophilic archaea.We proposed that those new rhodopsins

Can be grouped as Mtribe■■ according to the percentage of

identicalamino acidsin the primary structures(Fig.9).We

found that those strains hosting the proton pumpsin the aR

tribe,aR-1and aR-2,Should be separated as anindependent

genus(described under 一.Halorubra一.(15),nOW eStablished as

Halorubrum(16))′ from the established genus,and those

hosting cR-1and cR-2 should beincludedin Haloarcula(17,

18).We also proposed that the strains of one genus host the

rhodopsins ofits oⅥュtribe(Tablel).Along thisline.the

rhodopsinsin the type strain of Haloarcula were cloned and

sequencedin this work･As expected′ the rhodopsinsin

Ltaloarcula vallismortis were groupedin the cR-tribe(Table

l).Furthermore,the proton pump and sensor= rhodopsinsin

月aloruムrum sodomense were groupedin the aR tribe(35)･

These data would provide further evidence supporting genus-

SpeCific divergence of rhodopsins･

3.Differentialconservativity among helices and rhodopsin

bomologs

Although23 sequences of halobacterialrhodopsins
are

now known.there are only three strainsin which the

sequences of the three different homologs of rhodopsins

(proton pump.anion pump and sensor=)are available;
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Protonpump$

32

Sen$Orl

30

Anionpump$

67

ChR-3

＼よ(ahR-1)

44

VSRll

(CPR-3)
PSRll

Sen$OrlI

Figure9.The hom0logyindicesin amino acid sequence between bacterialrhodopsins



Figure 9.The homologyindicesin the amino acid sequence

between bacterialrhodopsins.

The numbers show percentages ofidentical

amino acids between the glVen tWO rhodopsins.The

rhodopsinsin the same tribe are enclosed･
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ぬlobacterium salinarium.Halorubrum sp.aus-1(= SG)(29)

and Haloarcula vallismortis.The percentage of theidentical

amino acidsin each helix was calculated among three each

proton pumps(aR-1,bR,CR-3),anion pumps(SG-hR,hR,ChR-

3)and sensor =(SG-SR,SR,CSR-3)(Fig.10).=n proton

punlPS,helix Cis we11conserved and helix B and helix E are

largely diverged.Although the average divergency of the

anion pumpsis smaller than that of the proton pumps,the

pattern of the graphis similar to that of the proton pump･

This ■一W■一pattern waslittle modified after the homologleS

Were re-Calculated with additionalsequences of proton pumps

(13,17,18.36),Or anion pumps(28′ 37).Therefore,inion

pumps,it would be concluded that helix Cis conserved and

helix B and helix E are diverg■ed relativelylargely.

The helix cin proton puIⅥpS h01ds Asp-85 and Asp-96

wbich are the acceptor and donor of proton from and to the

Schiff base on the helix G,reSPeCtively(38),and fornS a

part of the proton channel(10).=n anion pumps Asp-85is

corrmonly replaced with Thr.Since the point mutation of Asp-

85 to Thrin bR resultedin glVingit
a chloride pump

activity(39),and a cornmon mechanismis proposed for proton

and anion pumplng,the helix C should also beimpor亡ant
for

anion puITp.Similarlyin the helix C of sR,Asp-85is

COnSerVed′ While Asp-96is replaced with Phe so that no net

proton pumplng takes place･Dissociation and re-aSSOCiation

of a proton between Asp-85and the Schiff base on the helix

G(40)resultsin charge displacement andis thought to be

one of the step of slgnaltransduction･These would explain
=

-43-



S
O
O
ニ
0
工
u
O
O
羞
O
q
ゝ
ぎ
ー
〇
∈
○
エ
辞

′
口
′

一
.
〇

ヽ

ヽ

ヽ

ヽ

ヽ

ヽ

●
‥
O
h
一

l

′

′

′

′

一
一

一
′

ロ
ー

ー
ー

ー■

巧′′

b､

ヽ ′

､
′′

ヽ
′

b′

--
--

-●

A B C D E F G

(23)(25)(22)(20)(22)(27)(26)

Helix

hRaverage

bRaverage

FigurelO.Percentage ofidenticalamino acids

in each helix of three rhodopsin
homologs

Three rhodopsin homologs(bR(○)′ hR(●).sR(ロ))

in three species(Halobacterium salinariun,

Haloarcula va11ismortis,Halorubrum SP.auS-1)were

used.Within the same homolog,theidenticalamino

acid residuesin every transmembrane helix portion

(number of amino acidsin the parenthesis)were

calculated and shown as the fractionalnumbers.Three

percentage values for each homolog were averaged and

plotヒed.

ー44-



necessary conservation of the helices C and Gin sR as we11

as in bR and
hR.

The pattern of the hom0logleS Of each helixin sensor =

WaS distinguished from those ofion pumps:helix A and B

Were COnSiderably diverged′ Whereas helix c,D,E.F and G

Were rather wellconserved′ SuggeSting their relative

importanCein sensor =(Fig.10).=n the halobacterial

Signaltransduction system,Htr=(halobacterialtransducer =

for rhodopsin)is thought to transmitlight stimulifrom sR

into cytoplasm to controIswirnming behavior(41).This Htr=

is considered to have two transmembrane helices and a

CytOplasmic domain(Fig.7).Although the mechanism of

interaction between sR and Htr= has not been elucidated′ the

two transmembrane helices and the first ～80 residues of the

CytOPlasmic domain are known to be sufficient to controlthe

sR photocycle(42).One possible explanationis that these

two transmembrane helices of Htr=interact with the helices

DEF of sR so as to h01d the cytoplasmic domain of Htr=in

the crucialposition of sRin order to transduce the 一一charge

displacement･･slg･nalfrom sRinto the defined conformation

changein the cytoplasmic domain(Fig.11)･These would

explain the higher conservation of helices DEFin sR,but

the photosensing systemis stillleft to beinvestigated･

4.A possible structure of a slgnaltransduction systemin

halobateria

The two putative transmembrane helices near the N-

teminus'in Htrs have more than 80% homology within the
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Figurell.A modelfor the halobacterialphotosensing

SyStem.

Htr= forms a complex with helices DEF of sR

at their transmembrane helices.Htr= has alarge

CytOPlasmic domain which contains

1)the conserved regions throughout known Htrs

which willbind the next proteinin the slgnal

transduction system,

2)a region whichinteracts with sR(about 80

residues fo110Wing the helices)and

3)the regions which suffer reversible

methylation.
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Htr=s.These slgnificantly conserved helices suggest that

these reglOnS Willanchor
Htr to the membrane so as to

COrnPOSe the photosens.0r SyStem With sR(possibly with

helices DEF of sR as discussed above).

Alignment of allthe known Htr= and Htr== revealed that

the highly conseved reglOn at the cytoplasmic domainin Htr･

A section of the cytoplasmic domain of Htr=(Shownin Fig･

8)is known to be highly hom010gOuS tO a Part Of the

cytoplasmic domain of Tsr(43),One Of the chemoreceptorsin

the eubacterialslgnaltransduction system.1n analogy to

the eubacterialsystem,this highly conserved reglOn WOuld

be the CheW/CheA binding site(Fig.11).because the

PrOteins analogous to CheA and CheY,and a gene analogous to

the gene coding for CheB.slgnaltransduction proteinsin
E･

coli(43)′ have been foundin肋lobacterium salinarium(44.

45).Halobacteria would thus have similar signal

tranSduction systemsin photo/chemotaxis.CheW,neXt tO the

receptor/transducer proteinin E.coli,WOuld also be found

in halobacteria.=f thisis the case.sR=-Htr= for the

favorite-1ight sensing system and sR==-Htr== for the

harmfuト1ight sensing system would bind the same protein

(CheW).Even so,they should transduce the opposite signal

depending on the wavelength of stimuluslight･Such the

OPPOSite slgnalwould be transmitted through the rest part

Of the cytoplasmic domain of Htr and CheW･
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5.The evolution of rhodopsins

Theincreasing nu血bers of bacterialrhodopsins are

Classifiedinto four functiona11y different hom0logs.Since

new genes of proton pump,anion pump and sensory rhodopsin

Wereisolated from餉loarcula va11ismortis,the primary

StruCtureS Of four different homologs of bacterial

rhodopsinsin one halobacterialstrain are now a11

available.Fig.9 shows the amino acid sequence homologY

(identity)between given pairs of rhodopsins.The
homology

among the rhodopsinsin the same homologis high(～60%)even

in the different genus/species,and the homology among

different homologsis
～30% evenin

the same genus/species･

This suggests that four rhodopsin homologs keep almost
even

distance(mutation frequency)from each other and that those

four hom0logs were derived from the one common ancestor･

Allthe known genes of Htr=locaヒed upstream the genes

of sR.Allthe known.genes of HtrlZ alsolocated upstream

the genes of pR(Fig.6).These results can be explained by

the f01lowing process of rhodopsin divergence(Fig･12);An

anCeStry rhodopsin(its functionis unknown)existedin
a

primitive halobacterium･Gene duplication of the rhodopsin

resultedin two functionally different proteins,a pump and

a sensor.The pump･gene duplicated and then diverged to be a

proton pump and an anion purpp.The sensor gene first

acqulred a transducer gene and formed the Htr-SR tandem

gene,Which then concomitantly duplicated to form two sensor

SyStemS.'The single primitive halobacteriunWhich thus
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Figure12.A possible evolutionary process of four

halobacterialrhodopsin homologs.

An ancient halobacterium acqulred four

rhodopsins then divergedinto various species･
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posessed four kinds of rhodopsin homologs divergedinto

different genera/species.Fig.13 shows the correlationin

m homology of Htr and the paired sR.The ratio of Htr

homology to sR homologyis almost unity.This result

StrOngly supports that htr-SqP gene duplicated togetherin a

Primitive halobacteriun,then two sets of transducer-SenSOr

have evolvedin the bacterium and thenin each species under

generic divergence.
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