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感桿型視細胞の構造と光受容の
       初期過程の分子機構

Study of the structure and tlle no1ecu1ar nechanism of

 Phototransduction of the rhabdo口eric PhotorecePtor．

1990年 2月

滴道 正目



                 要旨

 本論文は、感模型視細胞の微細構造と光受容の初期過程の分子機構について調べ

るために、おもにホタルイカを材料に行なった研究の報告である。

 ホタルイカに吸収極犬波長の異なる三種類の視物質が存在し、各々が異なる発色

団（レチナール・3一デヒドロレチナール・4一ヒドロキシレチナール）を持つことが、

松井らによって明らかにされた1付録1，2】。これらの三つの視物員は分子量や等電点

やレクチンに対する結合能の差といった点では区別することができなかった。この

ことから、これらの視物質はアポ蛋白質部分が全く同じで、三つの異なる発色団分

子を付け替えることによってできているかも知れないと考えられた。（chapter1）で

は、視物質の部分一次構造を決めることによってこの点を明らかにしようとした実

験について書いてある。 この結果ホタルイカの三種の視物質が、一種類のアポ蛋白

質に異なる三種の発色団分子を結合することによって作られている可能性が高いこ

とがわかった。また求めた一次構造を脊椎動物のものと比べることによって頭足類

の視物質も脊椎動物のものと同じ組先をもっものであることが明かとなった。

 （chapter2）では、ホタルイカで見つかった吸収極大の異なる三つの祝物質が、イ

カにとってどのような意味を持つのかを考察するためにイカの網膜上での分布を調

べた。この研究で4一ヒドロキシレチナールと3一デヒドロレチナールをもつ視物質は、

網膜の腹側の限られた部分に存在していることが分かり、これらの視物園が色識別

に使われている可能性が出てきた。これらの視物質の発色団分子のうち4一ヒドロキ

シレチナールは、視物質の発色団では初めて見つかったものである。この発色団が

ホタルイカ以外にどのような生物に使われているかを検索した。しかし4一ヒドロキ

シレチナールは、我々の調べた範囲ではホタルイカ以外には見つからなかった。ま

たこのイカがどのようにして三種の発色団をっくっているのかを考察するために、

ホタルイカの体内での視物質の発色団以外のレチノイドの分布を調べ、肝膵臓に大

量の11一シス型レチノールエステルを見つけた。この11一シス型レチノールエステ

ルは4一ヒドロキシレチナールや3一デヒドロレチナールの材料であろうと思われる。

 （chapter3）の実験は、ホタルイカが実際に4一ヒドロキシレチナールや3一デヒドロ

レチナールをつくることができることを坦V1trOで確認するために行なった。そし

て、腹側の網膜の側でだけ11一シス型4一ヒドロキシレチノールが11一シス型レチノー

ルから作られることを示した。しかし3一デヒドロレチノイドについてはホタルイカ



の網膜でつくられているという証拠を得ることはできなかった。

 感模型の視細胞では、感桿分体を作っている規則正しく並んだ微絨毛の膜中に視

物質が存在するために高い偏光識別能力を持っという特徴がある。この偏光識別能

は、微絨毛がただ単に同じ方向に並んでいることだけによって起きるとしたときの

予想値を大きく越えることから、微繊毛の膜中で視物質が結晶状に決まった方向に

並んでいるのではないかと考えられてきた。この仮説が正しければX線回折法によ

って視物質の三次構造を決定することが可能である。我々が実験に用いているホタ

ルイカの腹側の網膜は外節の長さが500μm以上ありX線を照射しやすく、X線の散

乱を乱すと思われる色素頼粒を外節部にほとんど含んでいない。このイカを使えば、

網膜にX線を照射して回折像を得ることができるのではないかと考え（chapter4）に

書いてある実験を行なった。

 この実験で回折像の検出にイメージングプレートを用いシンクロトロン放射の強

いX線を使うことで測定に必要な時間を数分のオーダーまで短縮し、国定していな

い生の網膜からの回折像を得ることが可能となった。得られた回折像から微絨毛の

構造に関する情報が得られたが、残念ながら視物質の結晶性を示す反射は得られな

かった。しかしこの実験で用いた方法は、光受容あ初期過程を直接測定しうる可能

性があることがわかった。得られた回折像は現在解析中である。

 これらの研究に加えて光受容の細胞内情報伝達物質についての研究も同時に行な

った。（chapter5）の研究では脊椎動物の視細胞で細胞内情報伝達物質として働いて

いる。GMPについて、無脊椎動物でも同様の役目を果たしているのかどうかを調

べるためにヌクレオチドの定量を行なった。実験の材料には、イイダコとサルェビ

を用いた。イイダコについては、一。GMPが微絨毛一本当たりでは1．6分子しか存在

しないことと、光刺激によって量が変わらないことから細胞内情報伝達物質である

可能性はほとんどないことがわかった。サルェビでは。GMP・cAMPとも光に

よって有意に減少したが、サンプル中に視細胞以外の神経細胞が含まれていること

からこの減少の起きている細胞や反応を特定することはできなかった。

 なお付録として、ホタルイカの三種の視物質の発見と視物質の発色団の同定に関

する論文と、シュガーエステルの膜蛋白質に対する効果を調べた論文が載せてある。

本研究では、このデタージエントを頭足類の視物質を安定に可溶化するために使っ

ている。
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  The comp工eユe and partial primaαst川。tures of

some vertebrate visua1pigments have been de－

ternlined to date工1－3】．High overall conse1・vation

between species｛s found particu1arly among mam－

malian visua－Pigments－However，tlle sequencc in
the viciniy or the retinal binding site is variab1e to

someextent同．
  1nvertebrate visua1pigments are diπerent from

those of mammals in some reatures．For example，

the moIecular weight of a squid pigment，47kDa

【41，is bigger th…m that or bovinc pigment，39kDa

工11，the photoproduct〃一e’σ『orm o『a squ1d vislla1

pigment is stable at room tempemture【51，and the

molecu1ar absorption coefficien【of a squid pig－

mont，34000エ4】，is considerably smaHer than that

or bovine pigment，40600工61．Th．is small mol㏄u－

1ar coefficient is especial－y interesting because i t

mayresultfromtheso1v㎝tcmectortheprotc1n
stmcture一 y71or squid visua－pigment，which is

difrerent from those of mammalian forms，The

Cor爬spondenco＝Y－I（ito，Dcpπtmont of皿1ology，「日。ulty工）『

Soienco，05出a U㎡wr5ity Toyon吐副，0s吐a560．』op皿n．

0167－4838／88／＄03．50⑩1988団sevi6r Scienc6Publis11巳rs B．V．（Biol

・o1・e・leπec－s・sc・ibedinp・・ttolhe㎝・i・㎝一

m・・t・・m・・di・gth…ti・・lS・h岨b…1i・k・g・．

The putative structures o〔nvertebmte visua－pig－
ments have been determined for four types of

visu・1pigm・・t・f・f・・it『1XbyDNA・・・・…i・g・

and their retimI bind…ng s1tes were proposed by

amlogy with those of mammals18－111．we dc－
tenn－ined the partial an■ino ac三d sequences or the

port三〇ns or the peptides of squid visual pigments，

which inc1udc the retinal binding site．

  Visual pigments from two species or squids，

τo4ω’oaesρocψαパand〃〃。se〃。 sdm’〃ω一s，were

used in these exper丘ments．Extraction and puriri－

caこ…0n Onhe visual pigments of both squ三ds were

per『ormed as in Ref．12，using the detergent CT－

1695（1％（w／v）sucrose caprate，Mitsub1shi Chem－

ical Co一，Yokohama）、The reduction or visua1pig－

ment was carried out by using boranedimethyl－

amine as in rer．13to obtain retiny1opsin．The

retinylopsin was subjected to CNBr c1eavage（1

mgCNBrpermgvisualpigm㎝t）in0．1MHC1
『or12h under N2atmosphere at35o C．The
reaction mixture was added to the same vo－ume of

ethano1and ce市ifuged at1000x8rbr10min．

edic記1DivisiOn）
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Tbe5upem舳舳wa5app庇d to a column（24X100
mm）◎r HP．20SS（Mit5ubi5hi Chemical Co、）8nd
Gluted wilb a gradient of 50－100％ e－hanol in

water．The rmcdon conoaining retinylpeptides was

applied to a Sephadex LH－20column（27×800
mm）and e1uted with ethanoL Each fraction con－
taining retinylpeptides was rurther separated by

HPLC usi11g a Zorbax BP CN column with a

gradiellt of0－80％2－Propano1／aceton三trile（7：3，

v／v）in0．1％trinuoroacetic acid in water at a flow

ra屹。f l ml／min．The retinylpeptide f∫actions
were couected by monitoring the absorbance at

330nm and their absorbame speclra were mea－

sured．A11these procedures were carried out under

dim red”ght．

  Sequence ana－ysis was performed by stepw1se

Edm舳d・g・・ωio・，・・i・g・g・・一Ph…汕㎝・刎1・

scquo皿。er（Applicd皿i（，systcms，modc1470〈）cou－

pled with a PTH－amino acid amlyzer（AppIied

Biosys－ems，mode1120A）．

  About20％of absorbance a1330nm of－he
re．inylpeptides r6mained after CNBr t爬atment of

rρocψ一。山visual pigme舳．The肥acユion mixωr6

was dissolved in50％ethano1in order to obtain

m㎝・㎜・・i・di・p…i㎝・Hh・d・1・・g・・t・… to

…idhi・d・㎝・・byth・d・t・・g・・ti・th・p・・iri・・一

1ion of－he retinylpeptides．More lhan90％of
these peptides were soluble in50％ethanol．

  Tllesolutio皿was applie山。 a HP－20SS column，

Fig．1A shows the presence or two peaks moni－

tored at280mm The first peak eIuted w1！h50％
ethanol contained thc detergent and some peptides

other th』加 retinylpepddes， The s6cond peak

showed the入mm‘at330nm characteristic or ret－

inylpepddes，which was then separated by Se－

phadex LH－20chromatogmphy．Two major rrac－
tions or the retinylpeptides，CB－1and CB－2in Fig．

1B，showed theλ㎜at330nm，Each fraction was
subjected to HPLC using a Zorbax BP CN col－

umn．Fmcuon CB－1conta…ned not less than three

di∬erent peptides and cou1d not be further puri－

ricd（data not shown）．The retinylpeptide rractions

CB－2－1and CB－2－2were sepamted from CB－2
（shown in Fig．2）．CB－2－1，a minor fraction of

CB－2，conla三ned some sma11retiηy－peptides but

was not further puriried．

  Intbeseexpe㎡me舳s，thesequ㎝ceso川eretin－
y1peptides or CB－1and CB－2－1fmctions were not

d・1町mi・・d．How・・e・，・5de5crib・dbεlow，iい5

p・obilb1・th仙11・い・q・㎝㏄・o川・・・…ti・ylp・p－

lid・・mo・・o・1…o町1・plh…q・㎝… 一h・
retiny1peptide of CB－2－2，The retinylpeptides of

CB－l are］arge“han those of CB－2，as is shown in

Fig．1B，and probab1y have some more amino
acids aHhe N－and／or C一〔ermha1of the re－in－

ylpeptide of CB－2，due to the imperfect CNBr－

c1eavagε．Since in50me ca5ε5出e amou舳。f CB－l

was stmng1y．dependent on the conditions of
CNBr－cleavage（tempεrature a皿d durati6n of ex－

posure），and in some cases CNBr－cleaved retin－

ylopsin of bo此squids yieIded no CB－1，but on1y

CB－2－As shown in Figure2A，fmction CB－2－1

・㎝．・i・・d・㎜11・…ti・y1p・ptξd・・th・・f…ti㎝

CB－2一，possibly正esulting from mn－specific hy一

。

〔

0
も

沼

く

O．5

O．4

O，3

O．2

O．

nO

           ＾

?  w、㍉

0       10      20      30      40      50

@           Frodion numbor
50

山

B
も

｛

O．5

      CB－1 C6‘2

0．4    ［■r［

O．3

O．2

σ1

_
O．O

0    40   50   60   70   80   90  1◎O

           Frootionnumb甘
Fi8．1」so－a－ion onhH61i町1peptides ofτ。ρ山1咋㎜visual pigment．Absorba㏄e sp㏄tm w6r6m閉s阯r6d with a U血ion SM－401

5p‘o－m｛oto㎜創αin－bG舳皿80200□400Ilm．＾b50rb’n06“280■1m；（o）皿md“330nm；（●）、（A）Hydro帥。bio i“．mo・ion
ohrom舳。8mphy prori－G0r CN趾・o1o酬。d肥一inylopヨin on o l・岬・20SS oolum皿．助。h付舵一三〇n w舳4m1．（E）GG1・Ii1tmtio血。hromo．o8m・

phy prof“・or a記ti皿ylpep－id050－uこion on田Seph副d帆一LH20oolumn．Each1冊。t…on w舶3m1．CE－18nd CB－2w・記r固。－iom w舳

                                      λ  田t330nm．



320

C日一2－2

I ＾  …O．2
  3コ0

C目一

’’

…

0，3

0．2

記

9
旨 0．1

島

（

〇一〇

0        10        20

TimO｛min〕
ヨ0 250        ：IOO        ヨ50

        WOWにnO－h｛nm，
400

鷺：1燃こ1籏撚燃董籏1繍繕燃擦汐誰艦藪鐸
ρocψc阯s；纈11dcurw3，CB－2－2o『以．sc’”〃〃日月s．

drolysis of the retinylpeptide in CB－2－2under low

pH coIldれ五〇n for CNBr c－eavage，as pointed out

by Hormann【141．

  CB－2－2had on－y one N－termiml amino acid，

pheny1alanine，as determ111ed by am1no acid se－

quenc丘ng－TIle amount or the PTH－phenylalanine

was㎞agreement with the amount o〔11e retin．
ylpep口de estim汕ed on the bas…s o『the absorbance

at330nm o『the CB・2・2fraction．The rinal yic1d

of the retinyIpep“de was on］y1－5％or the initial

visua！pigmenしHowever，it is ce市1n that the
chromophore retiml is linked to the lysine in the

retiny1peptide，since the i・eduction of the reユina－

Schiff base was carried out by using bormcdi－

methy1amine at pH l＿2which is far lower than

the pκor the Schirf base in the dark wllere

dis－ocation  of the retina1 dose not occur

エ7，13，15，161．Aretinylpeptideof以．scル〃〃。棚vis－

ua1pigment comespond…ng to fracユion CB－2－2of

7：ρocψ’c㎜was obtained by lhe same proc6dure．

  The amho acid sequences o『the above reト

i・ylp・plid…f・i…lpigm㎝1・・fb・：h・q・id・

were ide耐icaI：

H－P11e－A1かLys－Ala－SeトAla－me・His－A5n－Pro－Hse・0H

where Hse means homoserine der1ved 『rom
methionine．Table I shows－he amount of PTH．

amim acid rrom each cycle of Edman degrada－

tion－The low yie1d of PTH－1ysine in ule－hird

cycle of Edman degradation suggests that the ret－

i・・一・h・・1d・tt・・ht・th・thi・dly・1… fth…t－

inylpeptides．T㎞s is in accord with the fact that

the ret…naI binding lysi皿e was not detectab－e in the

scquence analysis of bovine 3H＿1abe－ed redn．
ylpcptide工17］．

  The sequence sumounding the retina－binding

］ys1ne is very homologous between the squids and

ule other anima1s examinedエ18エ．As has b㏄n
d…scussed by PapPin et a1．工3】，an㎡no acid substitu＿

T〈BLE l

↑H1三PART帆L AMlNO AαD SEQUENCES OF THE
RETlNYLP1…PTID1三S

舳eHhe12thcyole，m田m1・oa・idwsobsowed．

Cツ。1o  PTH、罰耐ino acid  Amo1mt祀。ow爬d（pmol）

No．  iden“iod
                     τ〃ψ舳  以sd〃1〃。“5

PIlo             585         597

Ala         621      748

Lys       29     34
A1記             507         595

Ser             485         484

A1田             360         463

110              231         271

Hi5           42        10

Asn         153      η8
Pro         60      86

Hse（Mot）     18     22



tion was conservative and but for histidine the

to－a1 mo－ecular volume occupied by the an㎡no

acids remained almost constant．The histidine in

squidΨisual p…gme舳s挑the fifth position rouow－

ing the retina1 bind三ng －ysine is ミ；ubst…tuted by

tyrosine in ouler v1sual pigments．T111s n1ay be a

S1gnmCantSubSdtutiOn．
   〃l sc’〃〃〃伽s has three visual pigments，with

λ、、、．。va1uos at471，484，包nd500nm，wh1ch couId
not be separated by column chromatographies

u舳三zingconcanavaHnAamnれy，isoe－ectr…cpoint，
and／or molecular size圧19〕．Diπerent sequences

were not round in the retヨnylpeptides o『CB－2of

the squid．Thererorc，it may be tha〕he protcin

structure of the three visuaI pigments or〃．．，d〃〃一

’伽s aFe not so difrerent from each other，in

conlrast to the difrerent pi・otein sユructures o『hu－

man visua1pigments，as ha5been demonstmted
i’ecenuy【201．

  We wish to express ou〔hanks to Dr．S，
T5unasawa of the Inst三ωte for Pmtein Research
for his helpfuI suggestions rendered duri ng the

course or this work．Thanks are a1so due to Dr．B．

McPherson o〔he Suntory Inst1tute for Bioorganic

Research ror critically reading舳s manuscript．

   During the preparation of this Teport，a puta－

tive sequence o『octopus v…sual pigment was re－

ported 【211・ hs deduced ret三nal b三nding site is

similar to our爬sult．

Re暫6記mOS

1H町gmv6，P．A一、McDowelI，J，H．，Fddmann，R．j．、A－kin書。n．
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9一触旦

0n the three visua1 pigments in the retina

of the firef1y squid， Watasenia scinti11ans



                          Summary

    The deep－sea bioユuminescent squユd， Watasenia scinti1ユans，

has three visua1 pigments：  the ma］oエ pigment （A1 pigment）

based on ret ina1 has the λmax at 484 nm， and the se cond

pigment （A2 piqment） based on 3－dehydroret■na1 has the  λmax

at  500  nm  and  the  third  p1i－gment  （A4  p■gment）  based  on

。一。。。、。、。、、。・。、・h、、。。、λ。、。二。。。。㎜．、、、。、、。、。、。。．。。、

distribution of these three vユsua1 P■gments ユn the ret■na was

studied by HPLC ana1ys■s of the ret■na1s  ■n 11＝etina  s1ices

obta■ned by m■crodissection．    It was found that A1 p■9ment

wa謔狽Pocated’nthespe：’f’c「：9’1…fvent「a1「et’na

rece■ving  the  downwe11ing  ！1ght  wh■ch  contained  very  1ong

photoreceptor ce11s． form■ng two strata．  The A2 p■qment and

A4 pigment were found exclusive1y  in the proxima1 pinkish

stratum and．in the d istaユ yeユエ。wish s t二ratum．   The エ。ユe of

these pigments in the retina was d■scussed that they might

function for the spectra1 d■scrimination．  The extraction and

anaユysis   of   retinoids   to   determine   the   origin   of

3－dehydroret■na1  and  4－hydroxyretユna1  ■n  the  mature  squid

．h㎝。d㎝1y．t。。。。。。。。。t．f4－hyd。。。y。。ti．61i．th。。g9。．

Simi1ar  ana1ys■s of other cephalopods coユ1ected near  Japan

showed the absence of A2 or A4 pigment in their eyes．



                        工ntroduction

    Many  deep－sea f ishes and  cepha1opods have adapted the

visua1  pigments  sensitive  to  their  photic  environment

（Dartna11 1975； Munz and McFar1and  1977； Kito et a1． 1979；

工一ythqoe 1980）．   Moreover， the eyes of these anima1s evo1ved

to provide better visua1 sens■tivity by the en1a＝［Igement of

the  eye－size  or  the  deve1opment  of  mu1tip1e  banks  of

photoreceptor ceユ1s （工。ocket ユ977）．

      Some deep－sea f■shes have been known to have more than

one visua1 p■gment （Partr■dge et a1． 1988）．  Most of them are

bio1uminescent and some of them can even emit red ユight from

the photophore as a search1ight  （Denton et a1． 1970； O，Day

and－ Fernandez  1974）．     The  cepha1◎pods  a1so  have， we11

deve1oped eYes． conta■ned most1y a  singユe visuaユ pigment．

Recentユy．  we  demonst二rated  that  a  deep－sea  bio1umines cent

squid．  Watasenia  scinti11ans，  has  three  kinds  of  visua1

pigments （Matsui et a1． 1988a）．   A major pigment with the

λmax of 484 nm based on retina1and the additionaユ piqments

with λmaxi㎜a of about 500 nm and about 470 n㎜ based on

3－dehydroretina1  and  4－hydエ。xYretina1， respective1y  （Matsui

et  a1． 1988b〕．      The am■no－acid  sequences of the eユeven

amino  acid  エesidues  contaユning  ret■na1  b■nding  site  were

identica1  in  these  three  pigments  （Seidou  et  a1．  1988）。

a1though the corresponding pept■des ■n th■s region were kn◎wn

to be the most variabユe part ユn the mammaユian visua1 pigments

which  had many homo1ogous   primary  structures  （Pappin and

Find1ay 1984）．  Thus， we assumed that these three pigments



were composed of the same ops■n and different ch＝【一〇mopho＝res，

and  that  the  differences  in absoエbance max■ma was der■ved

from the differences ■n the chromophore structures．

          Previous1y we extracted the visua1 pigments f＝【’om

：【一e1at■ve1y 1arge se ct ions （2x2 mm） of the frozen retina， and

the present HP工・C condition a11owed us to ana1yze the retina1

compos ition in the far sma11er s1ice of the 1■ve retina． 工n

this paper the distribution of these pigments in Watasenia

retina was investigated more precise1y by microdissection and

L。。凹。。m1。。i。．

      The fact that ca〕＝ote no■ds w ith 3－dehydro or 4－hydroxy

structure in the ionone ring have never been found in p1ants

suggests that these retinoids are synthesized by this squid

or  come  from  other  anima1s as  their  diet．   工n  order  to

ascertain  th■s  poss■bi1■ty．  the  d■st］＝ibut■on  o＝量ミ  these

エet ino id s in the squid body were inve st igated．

      The squid． a1so known as the firef1y squid due t◎ its

intense bユ。1u㎜inescence from 1arge photophores at the tips of

pa ir  of  the  fourth  arms． is  unique  among－ the  cephaユ。p◎ds

found  around  Japan．   Some  of  the  1ight  emitted  in  the

bio1uminescence of the firef1y squid is very different from

the 1ight found in the photic env■ronment of the deep－sea， as

ユ11ustrated in Figu二1＝e 1．   We d■scussed the re1ation between

these 1ights and the vision of the firefユy squid having three

visua1 Pigments．

     To determine if this visua1 System is unique to the



firefly squid， other cepha！opod found in the sea around Japan

weエe studied to see if they contain A2 or A4 visuaユ pigment．

The implication of these findings will also discussed in this

Paper・

                    Mate］＝iaユs まnd Methods

MateriaユS

      The firefly squids used in this study were captured at

different  times  and  pユaces  around  Japan．    Most  of  the

firefユy squids were captured at Namerikawa， ToYama of Japan

Sea side on the spring nights when theY came to spawn， and

brougれt to our laboratory．   These were mature squids of 5－7

cm mantle size which survived a few days－ in captivitシ below

10 ．C in the dark．   Young squids of about 2．5 cm mantle size

were captu：red in the middユe of October at Toyama BaY．    The

mature  firefユy  squids  living  in  the  Pacific  Ocean  were

captured ユn early February in the Sag’am■ Bay， Shユzuoka Japan

and theY were also used in this study．  0ther cephalopods

we〕＝e  collected  from  F■sheエユes of  Osaka  Bay  o］＝ some  we］＝e

suppユied  by  Fukui  and  Toyama  prefectural  marine  stations．

A！1－trans  3－dehyd〕＝oretinaユ  was  kindly  supp！ied  by  F．

Hoffman－I．a  Roche  （Base！）．    A11－t］こans  4－hyd〕＝oxyret ina l was

sYnthesized by the method of Renk et al．（1981）．

M■crod■ssect■on  of  Watasen■a  ret■na  and  HPLC  anaユysユs of



retinoids

      The eye， about 10 mm dユa㎜eter， was exc■sed from 1■ve

squid under red－ 1■ght．   The ユens was removed and the retina

was incised ］＝ad■a11y and unfo1ded on the fiユter paper．    A

row of five photophores on the ventraユ surface of the eye

served as a good marker for the dissection o＝E the specific

a工・ea of the ret二Lna sユtuated to re ceユve the downwe11■ng l ight．

    The diag＝【一am of the eye ユs ■11ust工ated ■n Fig’ure 2．   The

thickest part of retina is 1ocated just behind the row of the

eye photopho］＝一es．  The photoreceptor ce1ユs in this region have

ユ。nq outer segments （OS） of about 500 μm and inner segments

（工S） of about 1OO μm whi1e the photoreceptor ceユ1s in other

reg－ion have OS of about 2◎0 μm and 工S of about 50 μm．   Two

d。■st■nct strata． a p■nkish prox■ma l stratum and a ye11owユsh

d istaユ stエatum， can be d iscerned． ユn the OS layer of the long

photoreceptor ce11s （Matsui et a1．1988 a〕．

    The part of ret■na containユng the two strata was cut ユnt0

1000xユ000 μm bユ。cks unfoユded on a piece of fユ1ter paper

us■ng a gu■11ot■ne equユpped w■th a razor b1ade．   Then the

s1■ces 〇二E the ret■na we工e hor■zonta11y d■ssected ■nto 150 μ㎜

segments t◎ separate the pユnkユsh stratum from the yeユエ。wユsh

stratum w■th the a■d of a m■croscope i1］一uminated－ w■th d■m

田hite 1ight to v■sua1工ze the two strata．  The short OS layer

of the ret■胴appears yeユエ。wish． Theユarger bユ。ck（5x5㎜）

was prepared from the dorsa1 retユna conta■n■nq only th■n OS．

     The 二retユnaユs present ユn these segments and b！ock were

extracted as the oxime derivatives （Groenend．ijk et aユ．1980；



Suzuki et a1． ユ983）、 a】＝id anaユyzed on a Nishio M type HP】二。C

system w■th a 0．6x15 cm YMC si1ica qe1 co1umn．   For optima1

separation．   the   oximes   de］＝一ived   from   retinaユ   and

3－dehydroretina1 were e1uted w■th a mixture of ethy1acetate．

ethano1， and hexane， 60 v： 3 v： 937 v， and the oximes derived

from   4－hydroxyretina1  was  e1uted  with  a  m■xture  of

ethy1acetate，  ethanoユ、， and  hexane，  200  v二  25  v二  775  v．

Greater than 97 per cent of the ret■na1s were chromopho1res of

v■sual  p■g㎜ents，  since  th■s  ret■na  conta■ned  reユat■vely

ユittユe  retユnochrome and  ret■na1 bユnd■ng Prote■n  （Matsu■ et

a二し． 1988）．

      Thユs squユd has two paユrs of extraocuユar ph◎tosensitive

ves icles 1ocated ■n the ventral and dorsa1 s二しde of the head．

The  d◎rsaユ vesユ。ユes when vユewed through  the wユndows whe〕＝e

there were few ■ntegumentaユ pユgment cells appeared ye11ow■sh．

They  were dissected and  co11ected fo］＝一 the retina1 anaユysis．

The egqs and the hepatopancreas （1ユver） were also co11ected

for the ana工ysis of retinoids．    The retin6ids  （retinaユs，

retinols and． retiny1 esters） were extractab1e with the same

method  for  th6  retina1  oximes．  The  retiny1  esters  were

ana1ysed as retino1s after hydrolysユs ■n KOH－ethano1 （Br■dges

a平dA1varez1980）・

        The visuaユ pユgments o1E other  cePha工。pod eyes were

extracted  and  purユf■ed  in  a  detergent  so1ut〕一〇n  of  1aurYl

sucrose  （L－1695， Mユtsubishi chemicaユs， Tokyo） by the method

＝【一eported  previous1y  （Nashima  et  a1． 1979）．      After  the

determinatユ。n  of  the■r  absorbance  maxユma， the  chromophore



compos itions of the purif ied pigments were ana1yzed as the

oxime－derivatives by HPLC．

                        Resu1ts

     The resu1ts of the HPLC aIla1Ysis of the oximes extracted

from  the  1000xユ000xユ50 μm b1ocks of the Watasenia retina

containing the  long outer  segment are  shown  in Figure  2．

On1y oximes derived from 3－dehydroretina1 were extracte－d from

the b1ock composed maiI11y of the pinkish stratum and on！y

oximes de】＝ived from 4－hydroxyretina1 were extracted from the

b1ock c◎mPosed of the yeユ1owish st】＝atum．   The b1ock of who1e

1ong OS containning both strata was shown to contaユn both

3－dehydro〕＝e ina1 oximes and 4－hydroxyretina1 oximes  but  d id

not contain エetinaユ oximes．     The 5x5 mm bユ。ck from the

dorsa1 reg■on  of the retina w■th sho］＝t OS conta■ned only

retinal oxユmes．   This showed that visua1 pigments based on

retina1  （A1  pigment）、  3－dehydroret ina1  （A2  pigment）  and

4－hydroxyretina1 （A4 pigment） occupy separate reg■ons of the

Watasenia ret ina． as shown in Figure 2．

            The  rat io  of  ret ina1  to  3－dehydroret ina l  to

4－hydroxyret■na1 in the who1e Watasenia retina was 67：8：25．

Thi・v・十・・胴… 1㎝1・t・df・㎝th・…p・・ti・・p・・k・・・… f

the oximes on the chromatogram monito］＝ed at 360 nm， assuming

the  moユar  extinction  coefficients  were  the  sa㎜e  fo］：一 the

oximes  of  retina1，  3－dehydroretina1  and  4－hydroxyretina！．

Simi1ar ratio for the three retinals was found in the eyes of



Young Watasenia．   The ana1ys■s were performed on four eyes

f。㎝一
狽浴B。p。。im。・。。fth．Y。㎜gfi。。f1Y．q・id・・d…i・ti㎝。

in the proportions of the three retinaユs from the four eYes

were within 3 宅．  The mature squids caught in the spring we：■＝e

almost  fema1es and on1y  few  s㎜aユ1 maユe  squids we工e  found．

They  a1so  had  three v■suaユ pigments．    The mature  squids

captured in Sagami Bay of Pacif■c Ocean had three Pigments in

a p］＝opotion similar to those of Japan Sea， a1though theY had

been iso1ated geog】＝aphユ。a11Y．

       工n the dorsa1 Photosensユtive vesic1es． on1y retina1

oximes were found and．after the vesic1es were ir】＝adiated w■th

1ight 〉 520 nm， the propo二rtion of a1ユーtrans retinaユ oximes

was considerab1y  increased．    Probab1y， this  indicates the

presence of the v■susa1 pユgment s imiユar t◎ the A1 pigment in

the eye．

       The hepatopancreas contained a 1arge amount of 11－cis

二retinylester and trace amounts of a11－trans retiny1ester but

no other エetinoids．    This suggests that the retinoids with

・一・・・・・・・…一・ｦ・…m・・・・・・・…．・・・・・…｛・・…m・・

from their food， since those retinoids f〕＝om the diet wou1d be

stored  in  the  hepatopancエeas．       Orle  anima1  had  ab◎ut

600－1000 eggs （Yuuki Y 1985） and they were used for retinoid

ana1ys■s．    They conta■rled aユ1－trans retino1 and a  sma11e】＝

amount   of   13－cis   retino1   and   a   t］＝ace   amount   of

4－hydroxyretino1．   These resu1ts are summar ized in Tab1e 1．

       Table 2 shows the absorbance maxima of the purified

cepha1opod visua1 pユgments．   They aエe 1isted in the order of



the wave1ength of the maximum absorbance．   These cepha1opods

二しisted エn the tab1e be1ong to severa1 d■fferent fam■1■es and

most  of  them  are  limited  to the  peユagic  and me sope1agic

habitants．

DiscuSsion

      Carefu1 microdissection of the speci＝Eic region of the

Watasen］一a retina rece■v■ng downwe1！■ng 1■ght a11owed us to

demonstrate by HP工一C analysユs of the extracted oximes that

each of the three v■sual piqments found ■n th■s squ■d． ■s

1ocated ■n the separate a工ea of the retユna．   The Proxユmal

pinkish area of the 二Long Photoreceptor ce11s contained onlY

the A2 p■gment based on 3－dehydro］＝et■na1 （λmax： about 500

nm） and the d■stal ye1ユ。w area conta■ned the A4 pユgment based

on 4－hydroxy：［一etユna1 （λmax： about 470 nm）． No A1 pユgment was

found。 ■n the sPecif■c area of the ventra1 ret■na wユth two

strata．  a1though  the  A1  pigment  was  extracted  in  the

conside］＝ab1e propo】＝tion of 20－40毛 fエ。m the エelat二Lvely ユarger

section  of  the  frozen  retina  in  the  previous  experiment

（Matsu■ et a1． ユ988b）．  Thus 1t ■s clear that the specif■c

region  of  retiエla  having  thick OS  layer  contains  onユy  tw0

kinds  of  visuaユ pユgments．   The  OS  ユayer  of  this  ］＝一etina

conta■ned very few b1ack pユgment granules except■nq  in the

dense  P■gmented  1ayer  near  the  basement  membrane．     The

coユ。ur  of  each  stratum  was  exact1y  corresponding’ to  the

colour of each v■sua1 P■gment conta■ned．



      The ］＝e1ative area of the specific region with the two

strata  can be estimated from the ratio of the content of

three retinaユs  （67：8：25） in the who1e 二retina．    The yeエユ。w

stratum with the A4 Pigment was about twice as wide as the

pinkish stratum with the A2 pigment． which was about 200 μm

and comparab1e to the OS laye］＝ of other region of the retina

with the A1 pigment．   工f we assume that each visua1 pigment

exists  in the same densitY throuqhout．the OS layer of ’the

ret■na， the area with the two strata might occupy about 13

per  cent  of  the  whoユe  retina，  the  va1ue  of  which  was

caユ。uユated usir1g the re1ative absorbances of ret斗na1 oximes

and  3－dehydroretinaユ  oximes  reported  by  Suzuki  and  Makino

（1983）．

       We couユd not observe under ユight mic二roscope the sam8

speciaユ structure seParating the two strata as seen  in the

multip二しe bank of photoreceptor ce11s in the retina of the

deep－sea f ish （Locket 1977）．    It is important to determine

whether the two pigmeηts a二re 1ocated in the OS of different

photo工eceptor cells or in the dista1 and proxima1 Part of the

same photoreceptor ce11．   工t has been found in the A〕＝thropod

ommat id ium that the ユ。nq rhabdom is made up of a combinat ion

of the micエ。viユ1i fエ。m the several sur＝I＝ounding photoreceptor

ce11s （Eakin 1972）．   In this structure of the fus．ed ］＝habdom，

the mic］＝ov■11■ of the indivユdua1 photoreceptor ce11 are often

indistinguishable  from  those  of  other  ce1ユs  when  viewed

through a light microscope．

       Elect〕＝on mic］＝oscopy of the freeze－fractured or thinly

sectioned  Prepalratユ。ns of Watasen■a retina、 （Masuda et aユ．



1988） revea1ed the existence of four types of photoreceptor

ce11s in this specific region of the retina．   0ne of thesc

photoreceptor  cells  projects  its  microvi11i  upto  200  μm

above the basement memb】＝ane and if the microvi11i of this

Photoreceptor  ce11  contain  on1y  the  A2  pigment  with  the

absorbance max■mum of about 500 nm． the OS of these ce11s

might form the Proxima1 Pinkish stratum．  Another one of the

photorecePtor  ce11s  found  bY  e1ectron  microscopy  had

mic〕＝ovi11i on1y at the dista1 1ayer of 300 μm from the

vit工eous side．    The rest two types of the photoreceptor

ce11s had their microviユ1i at the centra1 zone of the OS

1ayer．     工t may be considered that the thick OS laYe〕＝ of

Watasenia  retina  constitutes another type of the mu1tipユe

bank  of  photoreceptor  ce11s，  different  from  but  fuctions

similar to those in the deep－sea fish eyes．

      Thus the speとific エegion of Watasenia retirla with the

long OS is made of d■fferent photoreceptor ce11s with  v■sua1

P■gment w■th the absorbance max■mum of  470 nm  or 500 nm，

which enables the squid to see the 1ight with high and broad

Photosensitivity．    Since the absorbance spectra of the two

pigments ove：【一！aped considerab1y， the 1ight which comes to the

proximaユ  OS  layer  would  be  large1y  modulated  by  passing

through  the  ye11ow  1ong  OS  layer．      The  proximal

PhotorecePtor  cells  should  respond  to  1■ght  that  ■s  not

absorbed by the ye11ow layeエ and its act ion spe ctrum shou1d

aPPear 】＝ed shifted．

        Recent1y， Denton and Locket  （1989） considered the



poss ibi1■ty of the spectra1 discrim■nat二し。n by the ㎜u1tip1e

bank of photo］＝e ceptors wユth a s■ng1e v■sua1 p■gment in the

eye of the deeP－sea f■sh．    Each bank of the photoreceptor

ceユ1s miqht have d■fferent spectra1 sens■tユvユty according’t◎

the deqree of modu］一at■on by the f■1ter of the previous banks．

   They a1so mentioned． that if the mu1tibank retiΩa of the

fish was composed of 1ayers of the photoreceptor ce11s w■th

different  vユsuaユ  Pigments  ■n  order  o1iミ  their  absorbance

m・・im・・th・・…ユti・g・t干・・t肛・・h・・1db・m・… ff・・ti・・f・・

coユ。ur discrユminat■on．   The v■sual system of fユref1y squid

may be an interesting example of co1our vision different from

the  system  using the  trichro㎜atic cones  in the vertebrate

eyeS・

     As i11ust〕＝ated in Fig． ユ。 some of the ユights emitted by

thef’「ef’謔曹普fd．conta’nlonge川1ve1「ngthstha早the
monochromat■c blue ユエght of the deep－sea env■エ。nment．   Since

their eyes may be espec■a！ly sens■tive t◎ the gエeen 1■g－ht and

may discrimユnate effectユveユy between the 1ユght they generate

and the 1ight ユn the env■二ronment by the a■d of the muユtiple

OS mentユ。ned above． the■工 Photophores can serve as a ＝Eorm of

commun■cation between the f iref1y squids that ■s ■nv■s ib1e to

its Predators．

       肋・y・㎜g．q・id胴。。ユ・・f…dt・h・÷・th・… i。。。1

piqments in the eye．   Much for their 1ife cycユe is not yet

known， and  ユt was assumed the A2 P■9ment was gene〕＝ated to

enab1e the rnature squ■d． to come to the sha11ow water for

spawning． similar to the seasonaユ variation in the visua1



pigments of other an■mals （B］＝idges 1972， Mak■no et a1． 1983）．

The  existence  of A2  pigment  throughout  the  life  of  the

f i〕＝e：E1Y squ id s upPo＝1＝t s our hy pothe s is for it s imPortant ro le

in  co1or  discrimination．    The  deveユ。pment  of  the  three

visua1 pigments throughout the 1ife cyc1e of the fireflY

squid shou1d be investigated．  The larva shou1d have A1 and

A4 pigment because 二［一etinoユ and 4－hydroxyretino1 were found in

the  egqs．    Finding the stage when  the  squids develop ＾2

Pigment may help us understand the functユ。n of this p■gment．

Unfortunate1y， our investigation a］＝e 1imited by our 1ack of

understanding  of the  1ife  cycユe ◎f  this  squid  since  they

cou1d on1y be caught at limited period throughout the year．

     The retinoids with 3－dehYdro and 4－hydroxγ structure are

considered to be the products of anima1 kingdoms， but we have

not  found  another  examp1e  of  the  occurrence  of  3－dehydro－

retina1  and  4－hydroxy］＝etj－na1  in  cepha1opods  （Table  2）．

旦幽王 chun■i is a sPec■es phy1ogenetica11y closest to

Watasenia， resembユing  in  many  features  and  often  captulred

together with Watasenia scint■11ans．   Yet we found only A1

pigment with the absorbance maximum of 484 nm and no sPecific

region with the 1ong OS ユayer in the vent］＝a1 retina of the

Squid．

          Since  the  3－dehydro  o】＝一  4－hydroxyエetinoids  were

excユusive1y  found  in  the  Watasenia  eye  and  not  in

hepatopancエeas  or  photosensユt■ve  ves■cユes，  sOme  enzymat1c

systems in the sPec■a1 photoreceptor ce11s hav■ng the A2 or



A4  p■gment  may  ox■dize  ret■na1  t◎  4－hydroxyretina1  and

3－dehydroretina1  to  supp1y  them  f◎r  the  vユsua1  p■gment

synthesis．

                     Acknow1edgements

    We w■sh to express our thanks to the staffs of Toyama and

Fukuユ Prefectura1 F■sherユes Experユmenta1 Stat■ons for their

gene〕＝ous he！P and a1so to Mr． 1I’oh二【一u Makino for h■s ass■stance

■n the course of the experi㎜ents．

                        ReferenCeS

Br■dges CDB （1972） The rhodopsユn－porphyrops■n visual syste㎜．

 工n： Dartnall HJA （ed） 亘andbook of sensory physiology， Vユエ／1．

 Springer－Ver1ag． Ber1in． pp417－480

Br■dges CDB， Alva工ez RA  （1980） Measurement of the v■tam■n A

 cycユe． Methods Enzy㎜o1 81： 463－485

Dartnaユエ HJA （ユ975） Assess■ng the f■tness of v〕一sual p］一gments

 f◎r  the ir  photユ。 enviro】＝iments． 工n： A1■ MA  （ed） Vユs■on  in

 f ishes． Pユenu㎜ Pre ss． Ne田 york l［一〇ndon’ pp543－563

Denton EJ， Gilpユn－Br◎wn JB， Wr■ght PG （1970） 0n the fiユte二rs

  in  the  photophores  of  mesope1agic  fish  and  on  a  fish

 em■tt inq red ユig・ht and e specユaユ1y sens itユve to red ユエght． J

 Physioユ 208： 72－73P．

Denton EJ。 工一〇cket NA （ユ989） Possibユe waveユength

 discrimination by mu1tibank retinae  in deep－sea fishes． J

 Mar Bio1 Assoc UK 69： 409－435



Eak■n RM （1972） Structure of ■nvertebrate photoエeceptors． エn：

  Dartna］一1 HJA  （ed〕 Handbook o二E sensory physユ。logy， Vユエ／ユ．

 Springer－Ver1ag ， Ber1■n． pp 626－684

Groenendi＝ik GWT， De Gr■p WJ， Daemen FJM （1980〕 9uant■tat■ve

 deteエーmination 〇二E retina1s with comp1ete retention of their

 geometr■c conf■gurat■on． Bユ。chユm B■ophys Acta 617： 430－438

Kampa E （1970） Underwater dayユエqht and moonユ■ght measurements

  in  th  eastern  North Atユantic． J Mar  Bio1 Assoc UK  50二

 397－420

Kito  Y．  Nashima  K，  Sugahara  M   （1979）  Photoreceptor

  membrances． 工n： Sエbatanユ K  （ed） Bユ。ユ。gユ。aユ and chemユ。aユ

 uti1■zation of so1ar energy． Gakkaユ Press． Tokyo． PP80－95

 （］一n Japanese）

Kユto Y， Sek■ T， Suzuk■ T， Uchエyama 工 （1986） 3－Dehydroret二Lna1

 in the eye o：E a bio1uminescent squid． Watasenia scintillans．

 Vision Res 26： 275－279．

Locket NA （1977） Adaptatユ。ns to the deep－sea env■エ。nment． 工n：

  Cresc■te1ユエ  F  （ed） Handb◎ok  of  sensory  physユ◎ユ。gy，  Voユ．

 Vユエ／3： The v■sua1 system ■n vertebrates． Spr■nqer－Verlag，

 Berユin， pp67－192

Lythgoe JN （1980） V■sion of fユsh： eco1ogica1 ad．aptatユ。ns． エn：

 Aユi  MA  （ed〕  Env iエ。nmenta l  phys ioユ。gy  of  f is he s．  P1enu㎜

 Pub1ishユng Corp， New York， pp68－73

Makino M， Nagaユ K， Suzuk■ ’工’ （1983） Seasonal var■ation of the



 vitamin  A－based  visua1  pigment  in  the  retina  of  adult

 bu11frog， Rana catesbeiana． Vision Res 23： 199－204

Masuda H， Michinomae M． Se■dou M， K■to Y  （1988） 工．ight and

 e1e ctron m■cros cop■c ■nve st igat ion of ce11u1ar ar ch ite cture

 in the retina of the firef1y squid． Watasenia scinti11ans．

 Zooユ Sci 5： 1201

Matsui S， Seidou M， Horiuchi S， Uchiyama I， Kito Y  （1988a〕

  Adaptation  of  a  deep－sea  cepha1opod  to  the  photic

 environment． J Gen Phys io1 92： 55－66

Matsui S， Seidou M， Uchiyama 工、 Sekiya N， Hiraki K， Yoshihara

K， Kito Y  （1988b） 4－hydoroxyretina1， a new visual pigment

 chromophore  found  in  the  b■o1uminescent  squ■d， Watasenia

 scinti11ans  Biochim Biophys ＾cta 966： 370－374

Munz  FW，  McFaエ1and  WN  （1977〕  Evo1utionary  adaptations  of

 f ishes  to  the  photic environment． 工n： Cresc■te11■ F  （ed）

 Handbook of sensory phys ioユ。gy， Vo1． VI工／4． ： Tbe v isuaユ

 system  ■n vertebrates． Spr■nger－Ver1ag． Ber1■n． pp193－274

Nashima  K， M■tsudo M， K■to Y  （1979〕 Mo1ecu1ar weight and

 s tructuraユ stud ies on cephaloPod rhodops in． Biochim B iophys

 Acta 579： 155－168

Pappin DJC． Find1ay JBC  （1984） Sequence variabi1ity in the

 re t■naユーattachment doma■n of mammalian rhodops ins． B■ochem J

 217： 605－613

Part：【Iidge JC， Archer SN， Lythgoe JN （1988） Visua1 pigments in

 the individual rods of deep－sea fishes・ J Comp Physiol A

 162： 543－550

Renk G， Grover T， Crouch R， Mao B， Ebrey TG （1981） A spin



 1abe1ed retinal pigment ana1ogue of the purp1e membran⑧．

 Photochem Photobio1 33： 489－494

Seidou  M， Kubota  I． Hiraki K， Kito  Y  （1988） Am五no  acid

 sequence of the ＝1＝etina1 b■nding site of squid v■s1 pigmenヒ．

 Biochim BiophYs Acta 957： 318－3

Suzuki  T． Makino－Tasaka  M  （1983） Aria1ysis  of  retina1 and

3－dghyd「・「etin・1i・the・・ti・・byHPLC・A・・1Bi・・h㎝29：

 111－119

YuukiI Y  （1985） Spawninq and growth of Watasenia scinti11ans

 in the southwe stern Japan Sea． Report of Shimane Prefec F ish

 ExP Stat■on 49：1－6． （in Japanese）



Figure 1．

Spe ctra1 d istr ibut ion of 1ight intens it ie s in b io1umine s cence

of the firefユy squid （Kito et a1． 1978） and at depths around

500 m in c1ear oceanic wate〕＝s （Kampa 1970）．

So1id 1ine： b io1um ine s ce nce， dotted ユine： deep－sea 1ight．



Figure 2．

      Left； D■agram of Watasenia scinti11ans eye．   1： 1ens，

y：y・11・wi・h OS1・y… ．p：Pinki・h OS1・y・・… p；・y・

photophore， b； b1ack pigment 1aγer． i： 工S ユayer．

    R■9ht； HP工1C profi1e of the chromoPhore extracted from the

eye in the ox■me－derivatives．  Trace A represents the extract

of the b1ock A ■n the dorsa1 retina．  Trace B represents the

extract of 1二he segment B microdissected from the pinkish

stratum  of  the  ventra1  retina．   Trace  C  repre sents  the

extract of the segment C from the ye11owish stratum of the

ventral retina．   ’I’he positions of A． B and C are shown in

Diagram．   The  peaks we：1＝e  assigned  by  compar■son  w■th  the

］＝espective authentic compounds．    The 1abe1s on the peaks．

syn ユ1－1， anti at－1， syn ユ1－2， syn 11－4 and anti 11－4， shou1d

be read as sYn 11－cis ret■na1 oxime． anti a11－trans エetina1

oxime．  syn   11－cis   3－dehydro二I＝etina1   oxime．  syn   11－cis

4－hYdroxyretinaユ  oxime  and  anti  ユ1－cis  4－hydroxyretina1

oxime，  respectively．     The  HPLC  was  carried  out  by  the

fo11owinq step e1ution： ■nitia11y the so1vent system for the

retina1－oximes   unt■1   appearance   of   anti   aユ1－trans

3－dehydroretina1 oxime and then the second so1vent system for

the  4－hydroxyret■na1－oximes．    Ghost  is a Peak due to the

so1vent exchange．     F1ow rate： 1 m1／m■n・



Tab1e 1．

Retinoids of the firef1y squid， Watasenia scinti11ans．

                  COntent （nmOユ）

             E e   Eggs★   Do】＝sa1 P．V． Hepato ancエeas

                                       一3
retina1         26．8±5，3      14．2±0．6（x1O ）

3－dehydroretina1  4．2±1．1

4－hydroxYretina1－10．4±2．6

retinY1ester                              420±6．0

retino1                2．7±0．3

                            －3

4－h droxyretino1       30－400（x10 ）

★Most of ］＝etinoids in the eggs were a11－trans and 1itt1e

13－cユs， and エetino■ds ■n other parts were most1y 11－cユs

with a sma11 amount of a1ユーtrans．   0ne anima1 contained

・b… 600－1000・g・…d・h・・㎝・・…f4－h・d…y…i・・1－

was 1arge1y varied．    P．V． denotes the extraocu1ar

photosensitive vesic1e．



Tab1e 2．

 Chromophore and Absorbance Max■mum of Visua1 Pigment
      of Cepha1opods co11ected near Japan

S e C■e S

王山9 ’a OniCa

幽beka
工幽王 bユeeke二ri

旦哩旦mOrSei★
工幽9 edu1is★

Sepia幽
幽 escu1enta
Todarodes 工幽王
0mmastrephe s bartrami

Watasenia scinti11ans★

幽 chunii★Sepioteuthis 1essoniana

王幽王 rhombus
Eucユeoteuthis 1uminosa★

Chiroteuthis 二曲⊇王★

9幽 b〇二reu1is

幽呈幽幽minOr
9幽王 〇ce11atus

幽 dof1eini
旦幽sp・（amadako）

 nm

504

496

496

494

494

49ユ

491

490

482

482

484

484

500

470

484

ND

 ND

 ND

ND

 ND

 ND

480

480

480

480

471

chromo hore

A1

A1

A1

Aユ

A1

A1

A1

A1

A1

A1

A1

A1

A2

A4

A1

A1

A1

A1

A1

A1

A1

A1

A1

A1

A1

A1

A1： ret■na1，A2： 3－dehydroretina1，A4：

★ denote s b io1umine s cent spe c ie s．  ND：

4－hydroxyre t■na1．

not determined．
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9幽旦

The synthesis of the 4－hydroxyretino1 in the eye

   of the f■ref1y squid， Watasenia scinti11ans



                           Su㎜mary

     The 4－hydroxyretina1 ■s a nove1 chromophore of visua1

pigment recent1y found and it for皿s a b1ue sensitive visua1

pigment in the eye of the f ire f1y squ id， Watasenia

scinti11ans．   This squid has three visua1 pigment its

retina， each visua1 pigment being segregated in different．

parts of the retina and being based on a different

chromophore．  This paper describes the 4－hydroxyretino1 is

produced in the specific area of the ventra1 retina

conta■n■ng the b1ue sensitive visua1 pigment．  The

homogenate of the retina was incubated with 11－c■s retino1

and the 4－hydroxyretino ids product ion was examined with HPLC．

The specific area dissected from the ventra1 retina can

convert about 3 ％ of t．he added 11－cis retino1 to the 4－

hydroxyretino1．  The specific part of the retina is a1so

considered to produced 3－dehydroretina1， the chromophore of

another visua1 pigment contained in t11e part．  However the

evidence of formation of 3－dehydroretina1 is not detected in

t－his experiment．

Key words： 4－hydroxyretina1； 4－hydroxyretino1； A4 pigment；

           （squid）

                        Introduction

     Wata．senia．scinti11ans， a bio1uminescent deep－sea squid

has three kinds of visua1 pigments．   The visu＆1 pi9㎜ents

with λmax va1ues at 484 n㎜， 500 nm and 471 nm are based ◎n



retina1， 3－dehydroretina1 and 4－hydroxyretina1， respective1y

〔1，2】．  Some ◎f the lights emitted by the squid contain

1onger wave1engths than the monochromatic b1ue 1ight of the

deep－sea photic envir◎n㎜ent where they ユive 〔3】．   By use of

the three visua1 pigments， the squid probab1y uti1ize the

bio1uminescent 1ight for their co㎜munication or making shoa1．

     A1argeamountof11－cisret■ny1esterwasstoredユnthe

hepatopancreas but 3－dehydroretina1， 4－hydroxyretina1 and

their derivatives were not found in any other tissues of the

squid， except the specific area－of the retina ［3］．   The

absence of 3－dehydroretinoids and 4－hydroxyretinoids in the

hepatopancreas suggested that these retinoids do not

originate in the diet of the squid， because dietary retinoids

wou1d be st◎cked in the hepatopa－ncreas．   It is reasonab1e to

consider that in the specia1 photoreceptor ce11s containing

the 3－dehydroretina1 and 4－hydroxyretina1 based on the visua1

pig㎜ents， an emzy㎜atic system ma．y oxidize retina1 to 4－

hydroxyretina1 or 3－dehydroretina1 to supP1y for visua1

pigment synthesis．  Here we report the synthesis of the 11・一

。■s－4－hydroxyret■no1 from 11－cis ret■no1 in vitro・

                   Materia1s and methods

     The firef！y squid， Watasenia scinti11ans， was captured

at Toyama Bay of Japan Sea at spring night and brought to our

1aboratory・   The eye of about 10 mm diameter was excised

from squid under dim red 1ight and stored at be1ow．一20 ．C．

There was a row of five photophores on the ventra1 surface of



七he eye．   It was a good marker for dissection of the retina．

The eye was cut int◎ three parts， the ventra1， centra1 and

d◎rsa1 retina， on the dry ice bユ。ck．  About 50 pieces of

ventra1 or dorsa1 parts of retinae were co11ected i1＝i g1ass

homogenizers．  They were homogenized with 20 皿1 of 1OO ㎜M

Tris－acetate buffer （ pH 7．5 ）一  The homogenized retina was

fi1tered through a net ◎f O．5 ㎜m 皿esh t◎ remove the sc1era．

and divided ■nto three portions．   11－cis retina1 or 11－cis

retino1 disso1ving in ethano1 was added the ho㎜ogenate．  The

vo1ume of ethano1 added was be1ow 0．5 ％ of the homogenate．

In some experiment， reduction cofactors， reduced

nicot inamide－adenine－dinuc1eot ide （ NADH， 0rienta．1 yeast Co．

Ltd．， Tokyo－ Japan ） and reduced nicotir1a㎜ide－adenine－

dinuc1eotide phosphate （ NADPH， 0rienta1 yea．st Co． Ltd．，

Tokyo， Japan ） was added． The homogenates were stirred for 2

hours and then retinoids were extracted according to the

technique described by Suzuki et a1． 【41．

     The retinoid composition was determined by high－

performance－1iquid－chromatography （ HPLC ）．  The HPLC

invo1vedtheuseofaYMCsi1icage1c◎1umn｛6×150mm，
YMC Co・ Ltd．， Kyoto， Japan ） with two so1vent systems・  0ne

of the㎜ i’s an e1uent of 3 ％ ethy1acetate and 0．03 ％ ethano1

in hexane for the ana1ysis ◎f retinoids and 3－

dehydr◎retinoids and another is an e1uent of 15 ％

ethy1acetate and 1．5 ％ ethano1 in hexane f◎r the ana1ysis of

4－hydroxyretinoids．    The absorbance at 380 nm was monitored



to determine the a痂。unts of a1dehyde f◎r㎜ ◎f retinoids and

that of 320 nm was ㎜onit◎red to determine the amounts of

a1coho1 form of retinoids．  The peak fraction which had the

same retent■on t■me as 11－cis 4－hydroxyret■no1 was co11ected

and rechromatographed with the sa㎜e condition．  The

abs◎rbance spectrum of the e1uted peak fraction was measured

with a spectro ㎜u1ti channe1 detector DP－L340 （Japan

Spectroscopic Co． Ltd．， Tokyo， Japan）．

     The standards of the respective isomers of authentic

retina1 and 3－dehydroretina1 for HPLC were a generous gift of

Dr． T Suzuk■．  The a11－trans 4－hydroxyretina1 was

synthesized according to the ㎜ethod of Renk et a1． ［5］ and

other isomers of 4－hydroxyretina1 were prepared as described

previously ［2］．  The standards of  retino1， 3－dehydroretino1

and 4－hydroxyretino1 were made by NaBH4 reduction of the

above a1dehyde f◎r㎜s．

                   Resu1t and discussi◎n

     The homogenate of the ventra！ retina had origina1！y

three visua1 Pigment chromophores of retina1， 3－

dehydrore七ina1， 4－hydroxyretina1 in the ratio of 1．0 ／ 1．4 ／

2．0．  The homogenate of the dorsa1 retina had on1y retina1．

These homogenates did not contain any other retinoids such as

retino1s and retiny1esters．

     11－c■s retina1 was added to the ho㎜ogenate of the

ventra－1 retina to give a fina1 c◎ncentration of abbut 200 μM

which was about 50 times higher than the origina1 retina1



content．   The amounts of 3－dehydroret ino ids and 4－

hydroxyretinoids were not changed．

     Then， about 30 μM of 11－cis retino1 was added to the

homogenate of the ventra1 retina．  After 2 hours incubation

at 10 ．C， 5 － 10 ％ of added 11－c i s ret ino1 was conve rted to

the retina1 for㎜．     But the a㎜ount of 3－dehydroretina1 and

4－dehydroretina1 were not cha－nged in the h◎mogenate．  工n

this experiment， we found a peak which had the same retention

as 11－c■s 4－hydroxyretino1 cn the HPLC chro㎜atogram as shown

in Fig． 1 （A）．  In order to ascertain that the peak is

ascribed to 11－cis 4－hydroxyretino1， the absorbance spectrum

of the peak fraction co11ected from severa1 runs were

㎜easured with spectro ㎜uユti channe1 detector （Fig． 1 （B））．

The absorption maxima．1ocates around 320 nm and the

absorbance spectrum is simi1ar t◎ that ◎f retino1．  The

absorbance spectru㎜ and the retention time of the new pea．k

su99ested that the substance was 11－cis 4－hydroxyretino1・

     The 11－cis 4－hydroxyretino1 was a㎜ounted to 2．6 ％ of the

added11－cis retino1．  Possib1y the ■nner segment portion of

the ventra1 retina is the site of production of 4－

hydroxyretino1．   In this experiment， we used the ho㎜ogenate

of the ventra1 retina with◎ut separating the outer seg㎜ent

port．i◎n beca．use we were afraid of the 1oss of some cofactors

participating in t．he oxidation reaction．  Since the 1arge

portion of the added 11－cis ret■no1 was absorbed by the

membrane of outer segment，  the sma11 amount of 11－cis



ret■no1 were ◎xidized to the ユ1－cユs 4－hydroxyretino1 ユn the

membrane o f the inner segment．   The reduction cofac七〇rs， 1mM

NADH and 1mM NADPH， and temperature， O ．C， or ユ0 ．C or 20 ．C，

did not affect this reacti．on．

     To the homogenate from dorsa1 retina， fina1

concentration of 200 μM 11－cis ret■no1 was added but the 4－

hydroxyret■no1 was n◎t detected．   The result that 1工一。is 4－

hydroxyret■no1 was produced from 11－cis retino1 at the

specific ventra1 area．of the retina indicates that the 4－

hydroxyre－1二ina1 does not．come from the diet， but二 it was

produced by the ce11 which has the the visua1 pigment based

on 4－hydroxyretina1 in the ventra1 retina．

     The amount of 11－cis 4－hydroxyretina1 d■d not increase

in this experiment．  It is probab1y due to that the new1y

produced 4－hy〔lroxyretina1 is far sma11 to vary the amount of

4－hydroxyretina1 in the homogenate．   If the．oxidation

hapPened with the sa㎜e ratio of 5 － 10 ％ 8．s in the case of

11－cis ret1no1 to the retina1， the amount of new1y produced

11－c■s 4－hydroxyretina1 wi11 be on1y 0．3 －1 ％ of the amount

◎f the 11－cis 4－hydroxyretina1 origina11y conta■ned in the

ho㎜ogenate．

     In a11 experiments， we noticed the increase of 3－

dehydroretinoids， 台specia11y the appearance of 3－

dehydI’oretino1 but we cou1d not detected．   It was not c1ear

whether 3－dehydroretinoids synthesis did not occur in such a

ho㎜ogenate used in this study．   In the crayfish eye， Suzuki

proposed that 3－dehydroretino1 may be the intermediate of the



synthesis of 3－dehydroretina1 from retina1 圧persona1

communication】．   The 4－hydroxyret ino1 in the squ id eye may

p1ay such a ro1e in the 3－dehydroretina1 synthesis as 3－

hydroxyretin◎1 in the crayfish．  工n this j且vitro

experi皿ent， the amount of new1y pr◎duced 4－hydroxyret ino1 was

probab1y too 1itt1e to be the intermediate of the reaction in

the homogenate．
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                          Figure1

（A）HPLC profi1e of the extract from the homogenate of the

    ventra1 retina mixed with 11－cis retino1．

    Peak 1， 2 and 3 are isomers of 4－hydroxyretina1．  Peak 1

    corresponds to 13－cis； Peak 2， a11－trans； Peak 3，

    11－cis．   Peak 4 is 11－cis 4－hydroxyretino1．

〔B） Absorbance spectru㎜ of the peak 4 in figure 1 （A〕・  The

    spectrum is the mean of 6 times ㎜easure㎜ents repeated

    at 3 sec interva1s．



↑ab1e1

Nor111a1ized con l二en l二s o f 4－hydroxyrel二inoid i n the homogenal二es of
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9幽全

X－ray diffraction of the 1ive squid retina
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X－RAY DIFFR＾CτION OF TH巨 L工V1≡：Sq∪ID RET工N＾

工n1二1＝oducヒio皿

     The iniヒia1 step of ヒhe visua1 p1＝ocess i5

thg abs01＝ption o丘 1igh仁 bア 1＝he visua1 pig回en仁．

Thesquidvi5岨1pig蛇口Lis1oca亡edin
microvi11i which 目re cy1ind1＝ica1 ext∈nsio口s of
I：he 0211 me而b1＝anε， ar1＝ang日d hexago口巨11y w■亡h■口

the 1＝habd omes．  On l＝i1 noH， on1y a f8w pa pe rs

11av∈ be日n pub1is11ed on ［he s1：rucヒu1＝a1 5仁udy oiミ

inve1＝ヒeb1＝at2 rhabdo皿旦s by x・ray diffracl＝io口．

工n …110se， however， ［he rel＝ina fixed by

g1u仁al＝日1d8hyde”as us・…d， because l＝hi－s t手s5u2

di5inヒ1≡g1＝al＝ed wiヒhin 1 hour of dissecヒion． Io

l＝he presenこ sヒudy， ”2 cou1d succeed in 1＝ecording

ヒhex－raydi“rac仁ionpaこヒemfro皿unfi爬d
一＝6ヒina by ［he use of the synch1＝ol＝1＝on l＝adial＝ion

and ＾ 51二〇rage phosph01＝ sc1＝oen， 1＝11e imaging

p1a・＝8，  The resu11： suggesl＝s・1＝haヒ il＝ wi11 b8

poss1b1eヒ。inv8sヒigaヒeヒhes仁mctu【a1記sp㎝se
orpho［orecepヒ。rstotho1igh仁sヒhu1aヒion・

Ex1〕eτ⊥men［a1

     Living， ac1二ive speci口1ens or 仁h2 squid，

脆由s刎加so伽亡〃乙㎜s冊recaptu爬daヒToy朗・
Bay o正 ［he Japan Sea and broughヒ ■：o Tsukuba

wil：hin sev．era1 hou一＝s．  The squids uer2

decap1ヒaヒedmdtheirreヒinasdiss8ctedindh
一＝6d 1igh■＝．  For the x－ray expeI＝i㎜enLs， 1一回回

ヒhi〔ks1icesof爬ヒina口erekepヒinan
aI＝仁iiミicia1 sεawaヒe1＝ chamb21＝w1亡h・Hy1a1＝ ”i口dows

a．＝ 4 oC． Schemal＝ic diagram oi三a s1ico of squid

retina”舶sho㎜inFig・1・
     X－ray expel＝i111ents hav8 bと8n pl…rfor口1ed Hil＝h

o㎜i“or－monochroma［oroptics（仁heMusc1e
D山閉。・。。。・。。）。ヒ肌一15＾1．1）Th…冊1・㎎・h．f

l：he 1＝adia亡ion was 1．50 ＾． The samp1e一．＝o－

deヒec■＝ol＝ disl＝ance ”ミ1s 2196 I11川．  X一一＝ay soaヒt8ring

in■＝6nsity was recorded on 1＝11e i皿aging P1aヒe and
d［ored on magnel＝ic l＝ape aI三［er converl＝ing ヒ。 1＝h2

                 ／

              K

           。碓

凶
           ⊥…

               n■一

               ”

               O O

ト＿。。藺           、

              髪       魏
                ’

                ’

              ●              1                 ‘
                 ●              1

             O

O O O

蝿1al，1111：1：．三1th，lle．1さ111，161111二11；ll。

minuヒes and 2ao11 rec01＝ding I三i皿ished wil＝hin 30

minuヒesa趾。rthedecapiヒaけ。n・

Resu1ts

     Figure 2 s11ows ・：11e x－1＝ay diffracヒio口

pal＝t：e1＝n fro耐 ou．：or se9111enl：s oI三 1ive1squid 1＝el＝ina，

舳i・1川・・爬｛od…d・・dpho［・g・・ph・df・㎝［h・

目toredhago舳｛ヒho㎞ageπi仁eτ・The1㎝
ang1ex－raydiff冊。tionspotsa爬due．［oヒhe
570一＾ 11exagona1 1aヒ1＝ice oiミ111icrovi11i， The six

d岨・舵…im副…［・爬d・mmd1μOX－1口・y
originaヒeEmmthebi1ay2rstmctu爬。E
mic一＝ovi11al＝memb一＝anes．  T－1e in・＝‘≡nsil：iog al＝e

d LrfeI＝en1＝ among equiva1en・＝ Erag9 1＝8E18cl＝ions and

・ヒ・㎝g・・n… th・v・・ti・引1・・i・pfヒh・p・ヒ仁・m・
This 一＝esu11＝ sugges1＝s 1二ha［ rhabdo皿8s a1＝e

ΨaI＝ious1y orien■＝ed around l＝he ve1＝1＝ica1 a工is of

r帥inainヒhesa皿p1easawho1e・

Figure1．Sch削aヒicdiagr㎜ofaverヒica1s1ice
ofsquidreヒina．Theretinaconsisヒsa1面。sヒ
8ndre1yofpho［orecepヒ。rce11s，田hicha爬
vertica11ysepa胴tedintoin爬r㎜douヒer
se騨8n仁s．τhephoヒ。re08pヒiv80山erse岬帥仁sa爬
i口 1＝he．uppe一＝ 1ay8r a口d consisl＝ of 回icrovi11i，

Hhich are 仁y1i口drica1 e■ヒensions of ヒhe ce11
面e回brane， packed hexagona11y in the rhabdo回es．
Th。㎜i。。。vi11i雌600Xindi掘・ヒ・。・口d1旧
1o口g・

勢・

◆

轟・

Figur2 2．  T－1e x－ray dirfrac1：ion pal＝ヒe1＝n f一＝om a

s1i・・or1iv8squidreヒユn・in肌ヒi丘i・ia1s由蝸t8r・
The storage l＝ing was operal＝8d aヒ 2．5 CeV ”i．＝h a

beam cur1＝8nヒ o丘 188 mA．  The oxposure I＝i111e”as 5

111inul＝eS．
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X＿RAY D I FFRACT ION O F TH E LI VE SqU I D RET I NA I N THE DARlく ＾ND ！。I〔；HT

InI＝roducl＝ion

     The inil＝ia1 sl＝ep of l＝he visua1 process is

the absorption of 1ighl＝ by l＝I1ビ vi≡≡u日1 pigmenl＝・

The squid visua1 pigment is l oca仁ed in

mi・rovil］．iwhichar・cy1indr．i・日1舳t・nsionsof
l＝he ce1．1 ㎜embrane， arranged hexagona11y wi l＝hin

l＝he rhabdomes．  unti1 now， 0I11y a few papo「s

have been pub1ished on l＝h2 strucl＝uI＝a1 study of
inve正tebral＝e rhabdomes by x－r目y diffrac・＝io－1．

In 亡hose， however， 1；he rel＝ina fixed by

g1ul＝ara1dehyde was used， because tllis l＝issue

disintegrated within 1 hour of dissection・  In
・h・pmi。・… p・・亡1），i亡… d・…ib・d・h・・

we cou1d succeed in 1＝ecording ．＝he x＿ray

diffracti．on pa仁tern from unfixod r．…仁ina by the
us8 0f ［he 6ynchrol：ron l＝adia仁ion and a s・＝01＝age

phosl〕hor scl＝een， 1＝he imaging Pユate・  In tho

presen仁 study， we have investigated l＝he

struc亡ura1responseofpho仁。recep仁。rsto仁he
1ighl＝ s［i．mu1al＝ion．

・i・1且umin日・＝iOn， 1＝h6 prominen［ chan8…cs ■1ミiリ。 lloon

observod in 1二he 1atl＝ico cΩnsI＝日nl＝s n11d ulc x－rny

．in・＝ensil＝y dis【ribu‘＝。ion． T1記 ミ111王11ysis o『 ユ■Io筍u

da1二日 by modo1 ca1cu1日．二ions su店9ests ［IlH＝1 ・一Ilc

di日mo．＝ors of ㎜ユ。roΨi11i incrcaso ミIs wo11．o與 tho

sPocings n㎜0ng m．i－cr0Ψi1．！i in rosponso 1二〇 ［1io

1igh・1二 s亡jmu1日1：ion．

1）

2）

3）

Reforonce5

T． Ham日naka e1＝ a1，

124 （1988〕

Y． Amemiya ol＝a1，
208，・4フ1 （1983）

Y， Amemiya 8t a1．
A266， 645 （1988）

PF＾cヒivi［yReport，

Nuc1．

Nuc1．

InS［1＝Hm．

InSl：r阯m．

No．6≡

Mothods，

Mo．二110d目，

     Living． act：ive speci．mens of ．＝he squid，

物亡α舵η亡050加古｛〃αη8冊r・・aptu爬daヒToy・ma
Bay of the Japan Sea and broug1化 to Tsukuba

within severa1 hours． The squids were
decapil＝ated a11d 仁heir rel＝inas dissec．＝ed in dim

red 1ight．  For the x－ray exper imon1二， a 1－mm

l＝hick s1ice of retina was kep．＝ in an arl：ificia1
s日awa．＝er chamber with My1ar wiudows aI＝ 4oC．

Schematic diagram of a s1ice of squid 一＝艘tin日 was
・h．mi・th・p…i。・冨・・叩・・1）．Th“・tiEi・i・l

seawaこer conl＝aining D－91ucose was oxygenal＝ed and
gent1y circu1al＝ed l＝hrough l＝he samp1e chambe1＝

duringl＝h22xperimer■t． A100一側ha1ogon1ampin
conjunction Hi1＝h an inヒεrfer巴nco ri11＝eI＝ and a

heat fi1ter， was us2d for 1igh1＝ stimu1ation
（about 500 n㎜ in waveleng仁h）、

     X－ray experi㎜en仁s l1ave been performed wi・＝h

a 掘irror－monochromal＝or oPtics （［ho Musc12
Diff・・。ヒ。。・・。。）。t肌一15A12）．Th・冊・・1㎝g・h・r

l：he radial＝ion ”3s 0，150 nm．  T－10 samp1e－1：o－

de l＝ec t01＝ d i s tance was 2276 mm．  X－ray di frrac t’ユ。n

irll＝8nsity was 1＝eco1＝ded on the imaging P1al＝e and

sl＝ored on ㎜agnetic 1＝ape af［er conΨerting to the

digil＝a1 signa1s wil＝h ．＝he image readel＝ and the

i・・g・pm・蝸…3）Th・・岬…けi・・… 4
minutes and 6ach recordiηg fin．ished wil＝hin 40
minutes after l；he decapil＝ation・

Resu1ts

     Figure 1 shows l＝he x－ray di ff1＝a‘＝tiOn

patterns from outer segments oE a 1ive squid
re1＝ina in the dark （Zθ∫I亡） and 1’．ghl； （r｛gみ亡），

田hich wer2 reproduoed and phol＝ographed f1＝om 1＝11e

stor8d i㎜ages Hil＝h the imag6 wril＝er． The 1ow
ang1e x－ray diffraction spol＝s are due 1＝o the

ob1ique 1attice of microvi11i．  upon 1ight

Figure 1．  Thl≡ x－ray diffrac．＝jon p｛I一＝1二〇rns

frαH1h・明山dr趾i㎜i・th。山1・k（Zo∫ム）
・nd1ight（〃9肋）。Tl・。卜mydi－rrm・t11。・・

spotsareduetoヒheob1iΨ£1汕ti．coof
micrOvi11i．   The 1a．＝tico consl＝日nI二5 ｛H＝o

a＝60，0 11m， b呈59．O mm mld YE1180 im l二110

dミlrk， a11d a＝65・5 11m， b＝64・O nm amd Y＝1180

in 1ighl＝、 respec・＝ive1y．  T11o st01＝ago r・lng

was opera．＝ed a・； 2・5 CeV ”11＝h a be日m cu1＝ront

of 300 mA．  The exposure 1＝imo w｛1s 4 minutos
f01＝ each pattorn・  Tho roc01＝di－n8； or boユ1h

pa・＝terns has finish僅d wit11in 40 1皿inut0H
afl＝er ．＝h8 decapi．＝at1011．
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Light－induced variation in the contents of cyc1ic nuc1eotides

in the rha．bdomeric photoreceptors



                          Sum㎜ary

     The a由6unts o f cyc1ic GMP and cyc1ic AMP contained in

the octopus， g雌 ◎ce11atus， retina and the shri㎜p，

エ地 curvirostris， eye were ㎜easured by cOmPetitive

radioimmunoassay under dark adapted and 1ight sti㎜u18ted

conditions．  Retina1 content in each retina was used for the

correction of the amounts of nuc1eotides．  In the octopus

retina， 2・4 ± 0・5 pmo1 cGMP and 36 ± 7．0 pmo1 of cAMP were

found in the dark adapted and under 1ight sti㎜u1a．ted

conditions．   The shrimp eye conta．ined 22 ± 8．0 p㎜◎1 of cGMP

and3．4±0．7p㎜o1ofcAMPinthedarkand2．3土6．Opmo1
of cGMP and 7．0 ± 1．4 p㎜o1 of cAMP under 1ight stimu1ated

condit ions．   Cyc1ic nuc1eot ides ㎜ay be important－in

mediating the phototransduction in the shrimp eye and not in

the oct－opus eye， s ince the ir contents are not di fferent in

the octopus ret ina．s in the dark a－dapted or under 1ight

stimu1ation．

Key words： Transduction； Cyc1ic GMP； （Squid）； （Shri㎜p）

                       Introduction

     In many invertebrate phot◎receptors， 1ight sti皿u1ation

produces the depo1arizing receptor potentia1， which is

generated by the opening of the ion channe1 ［1】．   In the

phot〇七ransduction process， intrace11u1ar ㎜essengers mediate

between the photon absorption by a visua1 pigment and the

gating of the ion channe1 which contro1s the ion conductance



of the photoreceptor ce11 membra．ne．   Cyc1ic GMP 【2，3】 and

inosito1 trisphosphate ［4－71 have been proposed as the

candidates for the ㎜essenger．  Particu1ar1y it has been

spe6u1ated that cGMP is 七he cytoso1ic messenger of

phototransduction in the invertebrate photoreceptor ce11

［2，3］ based on aria1ogy to the better－known vertebrate

phototransduction mechanis㎜．  The ana1ogy was introduced as

a resu1t of the high homo1ogy in the primary structure of．the

visua1 pig㎜ents of vertebrate and invertebrate．

      However this pr◎b1em is sti11 open to the question for

the fo11owing reason．  The emp1oyment of the tota1 protein

content in the retina as an interna！ standard for

quantification of cGMP c◎ntent ［3］， did not take into account

the contents of the proteins that participate in the

phototransduction mechanism．  The cGMP content measured in

the prev i．ous exper i ment cou1d not be compared with the

content ◎f visuaユ Pi9㎜ent or channe1 ㎜o1ecu1e and so on．

For exa㎜p1e， changes in cGMP content upon 1ight stimu1ation，

may not be enough to affect the light a．c七ivated conductance．

If the cGMP 1eve1 is constant before and after the 1ight

stimu1ation， it wou1d not be possib1e t◎ distinguish between

the two f◎11owing exp1anati◎ns： the cGMP content is not

af fected by the 1i ght st imu1at ion ◎r the cGMP whi ch

participates in phototransduction is a s㎜a11 portion of the

cGMP ㎜easured in the experiment so that the variation in the

cGMP content can not be detected．   We measured both amounts



of cGMP and chromophore of the visua1 pig㎜ent in the

photoreceptor in order to a－11ow us to distinguish bet．ween the

possibi1ities．   The ratio ◎f cGMP to retina1 is a good

estimate of the ratio of cGMP to the visua1 pigment．  0ur

resu1ts showed 七hat cGMP content is to◎ 1itt1e to participate

in the phototransduction in the octopus photoreceptor ce11s，

but sufficient to pa．rticipate in the eye of shri㎜p．

                  Ma1二eria1s and ㎜ethods

    The octopus， g幽 ◎ceユ1atus， and the shrimp，

幽 curvirostris， were used in this study．  These

anima1s were kept a1ive in the dark for ㎜ore than 24 hours

prior to the experi㎜ent．

    The octopus eye were excised fro㎜ 1ive ani㎜a1s．   For

each eye， the 1ens was removed and the retina with sc1era was

incised radia11y， unfo1ded on the fi1ter pa．per， then attached

on a specimen ho1der ㎜ade of a p1astic b1ock， and rapid1y

frozen by push it f＆ce down on a copper b1ock previous1y

coo1ed in 1iquid nitrogen to obtain the dark adapted retina・

    The dark adapted shrimp eyes were obtained as fo11◎ws：

The  eyes were cut off at the eyesta1k．   The eye facing

upward was put on a po1ystyrene foam b◎ard．   The eye was

frozen by being s㎜ashed with a ha㎜㎜er coo1ed with 1iquid

nitr09en．

     The 1ight sti㎜u1ated retinae and eyes were obtained

under the same conditions except that 1ess than 300 ms bef◎re

the retinae and eyes frozen they were irradiated with a



strobe 1ight （ 200 μs duration ）．  The frozen eyes a－nd

ret inae were kept at be1ow －80 ．C unt i1 extract ion．   Above

procedures were carried ◎ut under infrared ユight except 1ight

irradiation．

     The fo11owing Procedures were carried out under di㎜ red

1ight．   The frozen retina or eye was hom◎9enized in 1．5 m1

of ice co1d 6 ％ trich1oroacetic acid．  The homogenate was

centrifuged at 10000 rp㎜ for 30 ㎜in and the supernatant wa－s

co11ected．  This extraction procedure was repeated twice．

The coユ1ected superna．tant was washed 3 ti㎜es with 10 m1 of

ethy1ether to remove trich1oroacetic acid， freeze－dried and

disso1ved in 2 m1 of water．  100 μ1 of this so1ution was

used for the measureI皿ent of cyc1ic nuc1eotides after being

succiny1ated to faci1ita．te to assay the contents of cyc1ic

nuc1eotides by radioimmunoassay kits （ Yamasa shoyu Co． Ltd．，

Chiba， Japa．n ）．  The re㎜ainder ◎f the so1ution was used for

the measure皿ent ◎f the guan◎sine triphosphate （GTP），

gua．nosine diphoshate （GDP）， guanosine ㎜onophospha．te （GMP〕，

adenosine triphosphate （ATP）， adenosine diphosphate ｛ADP） and

adenosine monophosphate （ムMP） by HPLC ana1ysis． The HPLC

ana1・si・ h・・…fomedonaSUMIPAXODSco1㎜n（。6×150㎜・
Sumitomo Chemica1． Co． Ltd．， Tokyo， Japan ） and e1uted with a

so1vent system co㎜posed of 22・5 ％ （v／v） methano1 in 4 mM

tetrabuty1amm01＝1ium phosphate and 15・5 耐M potasium phosphate

bu ffe r （pH 5．6） at 15 0C．   The f1ow rate was O．5 ㎜1／㎜in for

initia1 30 ㎜in after the sa111p1e injection and then changed to



1．0 ㎜1／min．   The absorbance at 260 nm was monitored wi th UV－

detector （ JASCO UVIDEC 100－V， Japan Spectroscopic CO． Ltd．，

Tokyo， Japan ）．

     The precipitate of trich1oroacetic acid treatment－was

ho㎜ogenized in 1 m1 of 1 M Tris－HCユ at pH 7．3．  The

chromophore o f v isua1 pig㎜ent in the homogenate wa．s extracted

as retina．1 oximes， according to the technique described by

Groenendi．jk et a1 ［10】 and Suzuki and Makino－Tasaka 【11】．

The extracted retina1 oximes were app1ied to a YMC siユica－ge1

co1umn｛6×150mm，YMC．Co．Ltd．，Japan）a．nde1utedwitha

so1vent system composed of 10 ％ （v／v〕 ethy1acetate in 0．4 ％

（v／v） ethano1 in hexane at a f1ow rate of 1 m1／min．  The

absorbance at 360 nm was monitored．

                    Resu1t and discussion

     Tab1e 1 shows the amounts of nuc1eotides and retina1 in

the one o f shrimp eye or the one o f the octopus ret ina．   In

the case of g． oce11atus， the who1e eye contained average of

5．23 ± 0．26 nmo1 of retina1， out of four eyes  used in this

study．  The unfo1ded retina （n＝9） had 4．3 ± 0．50 nmo1 of

retina1．   So 18 ％ of retina was 1ost during the remova1 of

’ヒhe 1ens．  The 27．6 ％ of 11－cis retina1 was isomerized to

a11－trans form by the i11u㎜ination， ■ndicating tha七 at 1east；

27．6 ％ visua1 pig㎜ent in the retina was activated．   Since

the i．11umination shou1d a1so iso㎜erize a11－trans retina1 t0

11－cis form ■n the meta form of the visua1 pigment a．s we11 a．s

in the retinochro㎜e， the actua1 amount of the acti÷ated



visual pigments was greater than the ca1cu1ated．

     S igni f icant d i f ferences in the a．㎜ount of cGMP， cAMP，

ATP， ADP and GTP， were not found between 1ight and dark

samp1es．  AMP， GMP and GDP were not ab1e to be ㎜easured

because of impurit－ies which had absorption at 260 nm as shown

in Fi9．1．

     I t has been th◎ught that cGMP may be the sec◎nd

messenger of phototransduction in invertebrate ph◎toreceptor

as we11 as in vertebrate rod ce11 ［7 and 8工．  But the data

showed that the amount of cGMP was not changed by

illumination．    We are calcu1ated the number of cGMP

mo1ecu1es in one microvi11us to distinguish between the two

fo！1owing exp1anations： the cGMP content is not affected by

the ligh一じ stimu1ation or the variation in the cGMP content

can n〇七 be detected because the cGMP which participates in

phototransduction is a sma11 porti◎n of the cGMP measured in

the experiment．  The d1皿ensions of 9． oce11atus retina1

photoreceptors were obta．ined from the photograph of

e1ectronmicroscopy of cross sectioned or tangentia1 sectioned

octopus retina by Yamam◎to 工Persona1 communication］・  The

averageareaofacrosssectionofaphotoreceptorwa．s3・9×
     2                    5
10μm ．  0ne ce11had3．5 × 10 of㎜icrovi11i．  The

average area of the retina used in this experiment was 1．0

cm2． Sotheretinahad9．ユX1011◎fmicrovi11i． Ifa11

◎f cGMP exist in the microvi11i， one microvi11us had 1・6

㎜o1ecu1e of cGMP in it．    The ratio cGMP to visua1 pigment



．            3
■s1／1．8×10andtheareaofthesurfaceofthe
microvi11us， which has an average 1ength of the 1．6 μm and
                                                －1  2

anaverageofdiameterof0，075μ㎜，is3．8×10 μm，so
                            3            2       ．
the microvi11us has7．6 × 10 molecu1es／μm  of the v■sual

pigment in the membrane．   The density of the visua1 pigment

is one twe1fth of that of the bacterio rhodopsin in ヒhe

purp1e membrane ［12］．  I f the actua1 number of the

microvilli in the retina is 1ess than t．he va1ue ca1cu1ated

here， the riumber of cGMP in one microvi11us has to be 1ess

廿han 19 because しhe dens■1二y of the v■sua1 p■g㎜ent should be

1ess than that of the bacter1io rhodopsin．  The i11umination

used in this experiment was strong enough to activ＆te a11 of

the microvi11i．   The above estimation 1ed us t－o conc1ude

that if cGMP content was affected by 1ight， the variaヒion in

the a㎜ount of cGMP had to be detectab1e・   The possibi1ity

that cGMP may be 七he second messenger was 1itt1e in the eye

of 9二． oce11atus．   In the same manner， the poss■b■1ity that

cAMP may be participate in phototransduction is sma11．

Tab1e 1 shows that the paucity of cGMP and cAMP was not

caused by 1ack of their source materi鼻1s， GTP and ATP， in the

tissues．   Because we cou1d measure the ERG from the re・七ina

which was prepared in the same manner， the resu1t that t．he

content of nucle〇七ides were not affected by 1ight stimu1ation

was not induced by the damage from the unfo1ding of the

retina．

     S■nce the vエsua1 pigmen七 〇f エ． curv1rostr■s was more

unstable ヒhan thaし of g． oceし1atus， after tr■chloroaceヒ■c



acid treaヒment， the ratio of 11－c1s retina1 to a11－trans

retina1 extracted from the dark adapted retina was identica1

with the one from i11uminated retina．  Un1ess the eye wa．s

treated with trich1or◎acetic acid， it was shown tha．t the

i11uminat■on cou1d convert 10－30 ％ of visua1 p■g㎜ent ■nto

meta form in the same procedure．   So the stimu1ating 1ight

cou1d a1so activate sufficient numりer of visua1 pigments in

the shrimp eye．    In the dark adapted samp1e， there are ◎ne

cGMP per 32 visua1 Pigments a－nd one cAMP per 200 visua1

pig㎜eI’1t．  As shown in tab1e 1， the i11u㎜ination reduced the

amount of cGMP and cAMP to about one tenth and one fifth of

the dark 1eve1， respective1y．   So in the case of エ．

curv■rostr■s， cGMP and a1so cAMP cou1d be candidates of the

second messeng⑧r．  Unfortunate1y， since the samp1e used in

l二his study had nervous tissues in its eyesta1k， we can not．be

sure tha1二 the reduction of 七he cyc1ic nuc1eotide ユeve1s

hapPened in the photoreceptor ce11s or ce11s ■n other nervous

tissues．  Anyhow it may be considered 七hat cGMP and cAMP are

invo1ved in either phot◎transduction ◎r adaptation in the eye

of T． curvir◎stris．
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Figure．1

I｛PLC ana1ysis of nucleot■des in the retina of g． oce11atus．

Trace 1 is a chro㎜atogram of the TCA extract fro㎜ an octopus

retina．  Trace 2 is one of a ㎜ixture of authentic co㎜Pounds．

F1ow rate was 0．5 m1！min f◎r first 30 ㎜in， after then it was

1π11／㎜in．



Tab1e 1

Con一二enヒs of chrΩπlopIlore and nuc】．eoしides i n one cye lxm■9㎜・1）
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darkln・4）   1ight
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Hvc squi（1wcrc uscd in othcr cx一）crimcnt5一

C”γomo〃ユ。〃ハ〃αりs｛sり〃｛9ん一Pe抑ηηα？一。eん勿〃妃Cんm洌刎。gm〃リ

T11・1…w1w・m・…dr・・ll・」11・rl’・・1・・γ・，・ll・川・…t11・・w冊i・・i・・dmd1・”y，・・r・ld・d，・・d

sc呼11c11tcd・ミls s1－ownヨn Fig・1・T－ic mw or I〕l1otopllorcs on t11c vcntml surracc of the eyc was

；1κoodm・・k・・i1－1di・…t1・g11i・・｝℃一

丁11・・111．ol・ollll・lI・・…P・・ili・・o川1・・i…lpig・1㎝ti…dl・・tim1π㎝w・・d・t・・mi・・d

bγIlig11－pcrlb1111；Incc liqu…d dlrom；山。肝；lPhγ（H PしC）as dcscribcd prcviously（Kito ct a一．，

1986）．1～（：linal was c州mc：cd asヨrctinal oximc，a〔c〔）rding to d1e tcdlniquc dcscribed bア

（｝1’Ω・1－1・l1州k・1．；1川980）l1・・1S11・・kimdM；lkilll・一1一；1・；1kll（1Ω83）．川’I，Cin・ol・・dllicu・…r；l

Zol－h；lx1－1，S1L cnI111n11（イ・l1x2501111n；一）ul，o1山（：tl・，W11nliligωn，D止）wi山a solvcnt s州。m

of8％d1c－hγ1α1icIIヨnd O．4％c－h三一nol in hcxonc．Thc absorbancc帥360nm wa5morI1ωrcd．

T11c slnndards or山。 rc5pcctivc isonic満。r authcntic rcユin；11and3－dellydrorctinal wc爬a gcn－

crous g帆『lIom D・・T・suzuki（Hyogo Mcdiωcollcgc，Mshil・omiya，Japan）・

      伽舳｛・πψ乃・附・1〃川gm刎αm〃〕αれ〃〃・α・ん加g

A1，ouユ50什。s11rclinas wc一・c scctioncd horizonta11ジn－o t－lrce p副rts，ule ventm1，centm1，and

（lor5；11rcgions・111c vcntra1一一。gi011was Iinlitcd in tlie ccntcr arca（24and46％al・oa5in Fig，1）

just bc11ind lhc pllo【opIlorcs・Tlic p一・cparation or rllabdonleric mcmbmncs and cxtmαion of

ulc visu訓一pigmcnt wcrc pcl．『ormcd；ls dc5cribcd prcviously（Na511ima ct a1．，1978）．The rhab一

｛・1omcric nlcmbmncs wcrc o1）ユ；lincd by notntion in40％5ucrose so一山ion．The visuaI pigment

wa5cx－mcユ。d wi化11－5％L－1695501u“㎝l and purincd in O．2％L－1695so1山ion by co1umn dlro－

m訓。gmp1iγwiul l一）EAE－cc11uiosc記n（！concanam1in A＿Sep1－arosc4B．

  111c visu；ll pi9111c1－1t501uti｛）n t11us obtaincd r1・om di『rcrcnt rcgion50f u1e rctina was ana，yzcd

by tllc l－11cu1od o『pm’“；ll blcad1i一・1g（ユ）artn■11．1957）一Sincc thc mcωrorm，ulc photoproduct o〔

lhc㏄1〕11alopod visu呈11pig111cnt，cxis1s in bou1a〔id a11（1alkalinc rorm5（Hubbard and Sし
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（；・o・9・，1958）・・di・・111bl・日・山I・1；市・1γ1．・・i舳11いlg・i11円111アdl．Ω・γ1；・mili・・1・1－ooml・llll…ll－

1u・・（M仙11齪・1・1一，lO舳），t11・・i…l1切11・・1．w；・・bl・；ldl・dby1191it；・げ（二・・d1川10・51o

oblain；1n日1kn1inc lnc1H『or111．

  Fi・・t，lll・・i・・～佃11・・t・ollltio・w刊・i・・；1・li；ll・dwi11ilig111orλ〉66（〕・・…i・g・1川・1’

（V－R66，Tos11il〕日，Tokア。，」；11〕nn）aHd a5（lO－W－1r小。ユioπ11；mlp un－il spcctml d1；一ngcs‘lisc‘，I1－

tinucd，an（l l11c｛一．liHb1一（illcc s一）ccl－Iulll bc～1’c；u“1；1一’lclI irr；1di；11io11w二1s rcc01てlc｛」I．Ti1c liH or111c

so－ution w…15；一〔｛iustcτI1o7．3by t11c；一ddiユion n－I；1sln…111；ullount o『KH2P（）4to co≡wcI’t l11c

alk・linclll・1一・ro1．n・orlli・商・ici11intolli・・dlll11・1汕川・ll・111・・1inblI・n・c・1・㏄11．・lnw；1・；iI・o

rccor（一。d；1『tcr t11is convc1’5ion．Sccond，一、一IlI－11cr p；111i；i1blc；ldiing was pcrrormc（1wi“i n lig11t

orλ＞040，62｛），600，or580nm usi11g｛一1HIbrc111nl－crs（V－1ミ64，V－R62，V－R60，訓nd V－058，

To・llib；1）；lndl－llcs1ull・1；・・P・111・；1・1川・P，tll・dnI川1101・liolで・olllPo・itio11o川1・・oluユionw；1・

d・t…1i・cdl〕ジli’L（1・11・・；lb舳1I1川・c・・1〕・・’t1・1111w… 1α1・u・・dw1tl・；1・p㏄t・oPllolol・一1・1・1．

（SM4｛）一，U11ion Co・，1・1（1・，（）s≡一kミ1，」；11〕；ln）cユーuiPpc（l wi〔h肌（一；ll；リ〕roccssor・

     M’cブ。〃．wc〃。η

11ic lI一．cr11cγc w二1s nxcd wi1112％μ一I1；1■’“ldc11｝・｛1＝・iH；11・・in‘・i；I15c：、w：11cr（〈SW）n－1I l l1．w：1＾11c｛l

lwi11c willl〈SW t－olll；lilling7％舳11I舳。、；lllll l－1’wcn willl lllIγicc．1’1．ozcn需。cl．iolis，川Oμlll

口1i・k，w…1’…1・l1・・d；lt－W（：；1・・lpl；1…1Ωll；1・li・1・，；・idlll・1・i11ki・lM・㎝orl．1・・⑪・1・…鳥一

m・・H1・lh・24；…〕6％…；1・・「th…lll・；lhI・lili；1w；1・di・…t・d・・d・・1・・i・lI・舳11・11・ll

poolcd ror－lPポC；11一；11ysis・

     ＾・仇・舳仰α1，・㈹舳〃

T1・・f…li・y・w・・li・・dwil．llll・・i・’・n・id；l11dd・lilld・；ll・・．い・g・；1・1・d・（川1：・1山・；lt1…or・1．h；1一

・o1・S・・tio・・4μ111tl1111kw…1〕lI・1・；1・・drl’・l1川11・1’・ti・ヨ・・lb・（1・1・・lillP・・；1一・1日出・・1出i・・1．l

will】r二1wlidl licnl；1量。oxアlin，T11c s一ミlinc（l sccl－iolis wcrc o1〕s（：1’vcd wi－1i訊n Olyn叩us I｝1・I11ii｛．Irn一

・・oP・・11i・…tioi・・w…pll・t・狢・；l1山・・い・11一川1・ll11岬11・・川1・o・1・…gm・1・il（OS）；i・・い」ll・

i・n・…g川・l11。（lS）or1山。1o・…1川。…ll・w・1・・lll・；1・・…L

     （＝ん。7〃チ。α五サ

1Ihcdct・・贋・n〕・一161－1州ucl．os・l11ur；llc）w；MHilI〕．・o111出・ubi・lli（＝l1cmicnl（〕o一（YΩkoll；lm：1，

j：一1州n）・（：on｛1コn：wコ1in〈一Scl〕I1“rosc4H w；151〕ul．d1；1scd量十〇m r－liミu’n一；lcia Finc Cllcmic；11s（Ul〕P一

・・1・、Sw・d・・）・T1…lul・i’d・・llli・；lI・…dw・1一・・rl一・；1κ・lll．9・；ld・、

RESULTS

     L・・α屹・〃・η・∫3一’）・句1・わ伽洲παけ1〃1パフπ〃’ωηα

Fig．1shows tlic loc；lliz；ltion or3－dcllydro1℃〔in；一1in t11c rctiI1n，w1dl lhc pcrccnt町一。s

1nd…catcd．A4G％1Ictina－a－Ica，cont言一i－1ing46％or山。一。oω3－dchγdrorc一．inaいn－hc

1’clina，was lbun（』in dic vcn－ral rcgion o『t11c cyc just bchind Lhq row o『ph｛）to－

pho…，b・け1・・do・・；lh’・gio・・（州・i・・d111）3－d・lly・一1・o・・ti1・・LTl・・1℃tinoi・1・i1」1111i・

s（lu1（l wcrc prclimimrilys1・udic（し0111y2－4％｛）『口1c l・cL1nal and3－dcl－lydmrc土1n；11wls

in ulc aH一切撤7∬k〕rn1，origina一。in91110s－1γr1’om l．Ilc mc－arorI11（）f visuaI l〕igmcnl・・111c

・・tim・ll・om・b…i・g・1〕1伽・・ti・；ll（H；1・；・；l11（川；1・・，1965）w；1・…1．・i…li・

〈O．5％・〔li・・i…l1）i即…t…t・・ピ111…lilm口・illlli・gp・・t・i・d・t・・1t；lb一・ヨ・“1・

・・p・・mt・・t・rtll…tim1h・・1（・9・ml・（O・・ki・t・1・，1983）；・mo・・1・・11・O・4％o『lIl・

t（・t．・h・・ti・11111・th・・）・・．Atl一…or・・1．i・・lw；1・d・t・α・di・1h・・y・，wh…11・th・lI・州・

・1・・g・1■・ti川1id・t・・k（～川一r・ld・・ti・；lli・lll・・y・）i・l11・lb・mo川一・1・1’・li・oI・・1・・

illth・dig・・ti・・g111・d（1i…）。111・・，3－d・llyd1Il）・・lil・・1（ザig・1），1）…d（・l1・・t1I・・1・i… r
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口1…ti・・1一・ti・；1一…市・・・…m・dtl）ユ）・d・・i・・df・・mt11・・i…lpigm・・tb…d・・

3－d・11yd・olI・lin；11inしh・…p・・li・…山・・1…1し

     Vi一“α｛’）｛8〃’”“’7一〃〃D‘〃二mjハe〃παω一‘’〃！e24αη646％λγeα∫

    ψ”・γ舳u川・〃・α

I…d・・to…mi・・th・・i・・；・Ipi読1・…ti・dmb・㎝t・・tim1・噌・n・，d・…t1㎜w・・

（li鮒。c化。d I1orizon喩11γinωtlircc part円，汕1d山。 vcntr…一一rcg…on was furu1cr limitcd to

t11c24；md46％arcas in Fig一，什。m which thc visual p1gment was extractcd and

p・・m・d・・d・…i1・・di・lll・M・dl・d・・F佃2・how・u…b…b・n…p・・t・・of・i…1

1〕ignlcn化器。1uLi｛）n5『rom dors；11rcl ina；lnd tIic24and46％arcas．I三。causc tllc chro－

mop1101・c o〔一hc visu；11一〕igmcnけmm ulc dorsal rctina was ascertained by HPLC t0

bc（：0111p｛）scd or rcun；ll；llonc，cunc l in Fig．2was rcgardcd as thc absorbance

Wcclrun，of a purc一〕；gnlc舳wiHl rctina1山；1〕lad aλ、or484nm，About50％of
ulc chr（）mophorc（）r l．hc pign1cn〔cxLractcd rroIn thc24and46％arcas was round to

oo門。l
region

Von－rol
regiOn

7

24 18

F1GURE 一、 τ11c dis｛ribuユion of 3＿

dd1yd・o・ctina1indlcrctinaorW．
sdη〃〃α肌一．Thc nun－bcr5ヨndic副tc ule

pcrccnωgc or 3－dchγdrorαin…1I in

c；ldl・1’c孔τ1・・46％arc・i・j・・t

b洲n“・“owom・・photopho・・s．

46

bc3－d（l11γdrorcユin；11，and山。rclminillg5｛）％was『（）ulldtobcrctimlbyHPLCma1一

γsis・Thc：1bso一’b；lncc spccLrum or uic pignlcnL solu〔ion rron1thc24and46％arcas

（cunc2in Fig．2）s－lowcd1narkcd taヨ1…ng in t－1c rcgion or waveIcn餅hs－ongcr than

56011n1言nld higl－cr ab50rbancc in小。 rcgion bdow400nn一，as con1pared widl tI】飢

n・（）ni d】c dorsa1一・ctina（cu岬。 l in Fig・2）・11】c visual pignlcn〔wi口】3－dc11γdroreこina1

w；ls rcl〕orl．cd to have aλ．、、，麗祉500mn（Kito ct aL，1986），and the visua－pigment with

rctin≡11h…ld；1・λ、at484nI－1，as nlclltioncd abovc．Thcrcrorc，ir the24and46％

arc；一s cont；1…ncd bou－d1c rcLin言11and3－dchγdrorct…nal pign1cnt5，theλm㎜of thc nlix一

〔urc should l1州。 bccl11ocatcd at a longcr wavclcn映h th；m484nm，mmc1y an inter－

m・di；山・wlu・1）・tw・・nlh・λ、v・1…orth・…p・・ti・・pigm㎝t・・How・…，the

沁sorban（：c maxinlunl is locatc（1at473nm－in cunc2in Fig．2．This suggcsts the

l〕rcscnccユ）r；mothcr pi馴1ci1t in thc24and46％arcas，dlc absorbance m狐imum of

w1－id－1－H与Ψbc aユ日。onsidcrab1アs1】oncr wavclcngth tIlan484nnl・

     〃α舳J”・α・ん加99μん・π舳舳

1■o cx；uI1ヨnc－1－c vislm－Pigmcnt in（1ucstion iIl Llic cxtract or ulc24and46％arcas，

P；11ILi～li blc≡lching was pcrR）一Imc（L Thc visual pigπlcnt solution at pH10・5rron－thc
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arca was irr；ldiaLcd ror l Ii1in wi1111帖11－o「λ〉G601i1洲一一〇〇b一．ain an；11k；11inc mct；一ト

ibrm｛．〕r t11c pignlcn一，nnd口、c di nb一℃11cc s一〕ccけulH bcrorc and；1『Lcr i1’ra（liaユion in（li－

caこ。（1a lllaxinlulil（Iccrcasc in absorb；、n（＝c；lt50（）nnl ai・1d a nlaxi1nuIn incrcasc；u．

4（）O nn一（cu－vc5in Fig．3）．111c rcsidu；一1pignlcnt11；1d aλ11，，、at4ラ1．nn1（curvc2in

一一ig．3）・At tllc s；m－lc tinlc，thc cIlronlol〕11olIc coli11）osi1ion or thc so1山1on w；ls m；、一

1yzcd b）・HIiLC bc1k）rc and ar化。r irr；一（l1州io11．Aboul．00％（）fulc11イ心3－dclIy（一1’（）1’c〔i－

nal w日s is（）mcri7c（11。｛）nn；一一1一’柵肌f（lon∩阿ur；一1i｛）n，whcrc；ls isωncriz汕ion or o一一1Iγn

l，1119menLo「11一・えHI・tヨn；11〔ou1・；・lI一〃〃1バ・．・nn馴川．・tionwas・．山sclwl．T11・・，lhc

blcadlcd pignlcnt w；Is一）；lscd n1；一inly 0113－d（＝1iyd1Iorc－i一一1al and itsλ1、、、、was～5｛）（）nln，

a…1）o・tcdP・c・il．〕・・Iy（舳。o・t；・1．，198G）・

0．15

11㌦

2！
  ク

L＿L＿L＿＿」＿」 L＿ユ   1
                300      400      500      600       700

                              Wovelength（nm〕

FlG∪RE2・Tll・llb・・ll－b；1・…p・市1or・i・・111pig111・llt舳1・lio・・r・on1111・do・・l111．・l111；いlnd

tllc2’hl－id46％lll．・；旧。川・… nt1．；lll’cli1－1；lillFi席．1．（：ul．・cl：ulc51・㏄t・ul・orl．11csolしllion

rmm11i・dolImli’・li・；1，wil．hλ1．、、、1・t州・・1．（’：・lw21tll・・1・・α・・1・oft11・・o1・tio・rl－ollll．ll・

24；ln（1469るarcas wilhλ．．，㎜；一t473nn1。

  Ino・d・・1．od・1・11t・c・idu・l1佃11・111。，～11h・リ・；l11－i・1bl・・dlingw；・・1・・1．lbl…dby

irmdiating t11c solulion wiul lig－1L orλ＞64．O，620，600，（）r580nm，and onIy onc

pig1Ilcl」1【was idcnl．incd・Curvcラin Fig・3shows市。（1冊。rcncc spccユrun11jc1k）rc；1nd

artcr in．adi；lti（）n wi一一11ight orλ＞580nl－n，wi一．11；1m；lxin1u－n dccrcasc aL471nn1；md

a nlaxinlunl inc「c≡lsc a1二37g丁1In．

  Artcr sc1cc〔ivc blcaching or ulc一〕iglHcnt wiui3－dchydrorcユim1，ulc p一一（）r ulc

・・1・ti・・w・…t・…dt・7・3t・（舳i・・1川・id・1・111『・m・・『th・．1・言gm・・ピ111・・1舳i－

m・1・・o川1・dillb・・・…p・・t…1（・・1v・6i・1Fig・3）w…t520nm，w1・i・hindi・；・1・・；・

P・）・・ibl・・b…b；1…m；1・im・m資・・l11・；・dd・1・1一・1、・・mo川1・3－d・11y・1・o・・1・im1pig－

nlcnしArLcr irradi；ltion widl lighい〕『λ＞58011m，tlic1）H or tllc solulヨ011w；1s

aφustcd to7．3，；ln（一ulc dimcrcncc spcctru111was rcc（。，rdc（一（cuwc8i11Fig，3），wllk＝11
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indicllt・sl．1・c沁・o・b・ll・c・1・ccl－rul・・o川1・mi舳r・orlh・acidmctaro・mso川1・3・

dcI，y〔lrorctin帥1pig－nent and d1c possiblc pigmcn5contained in 〔11c 24 and46％

arcas．Cunc g in Fig．3rcprcscnts uic dmcrcncc spectrum bctwecn cu阿es6and8，

whi（＝11indica－c5th祉dlc absorbancc5pcαrum or dlc add mcにaform of dlc possib1e

Pi9111cnt－1as aλ．、、、皿（）r～483nln．
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Fl（；URr 3． Partia1blc…、d1ing o『一11c一，igmcnユ5U1ulio11rrom t11c24and46％arcas or tllcΨcn－

tr；1I mこilla．Tllc501uLion飢1〕I・一10．5（〔unc1）was irmdi趾。d wi〔h lig11こ。rλ＞660nm for l

mln（cu耐。2）Fur6hcr nm（lmtl㎝1wlth llght orλ〉580nm wa5performcd for25（cuπe3）
Fur【11cnT■orc，1rmdi汕ion wiユh t11c samc lig11t was pc冊。rmed for4min（cune4）．Thc pH of

thc501ul．i・）nro・cun・52・nd4舳s刈u・t・dlo7・3（・un・・2’and4’）・Th・upP・・p・n・ls1・ow5

t11c di『rcrencc spcctra bctween ulc一〕ig刊ent皿nd its alka1ine motarorm，and bctweon its alka－

IiIlc mctarorm and its add mc圧a『㎝．m（cuncs5＿9）．Tile冊1ed cird6s were derivcd from Dart－

11n1ザs n（）mogr；ln1『or visual pigmcnt wit11λ㎜、汕471nn1．

  AsimilarI）roccdurcwas一・〕cr－brmcd（）ntllcpigme耐solutionrromthcdorsal
rcdn；1，Par圧i；一I b－cachiI’1gwitll ligllt orλ＞660，640，620，600，or580nm resu1ted in

a m；lx1mlm1dccrc；lsc in absorbancc at48・4nm and a maximum incrcasc at382nm，

Curvc3in Fig．4sIlows tllc di11brcncc spcα1Iunl bc『orc and artcr irmdiati（）n with

li腸11L orλ〉58（）nm．Thc l〕H or tllc visual pign1cnt so1ution was thcn a屯ustcd to7．3
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toobl・in；m11ddm・喩1b1・llorl－li・・i・・；。llpigm・・twidl・・tim1，；mdl』1・dmb・・…

叩・・n．・mw・1・…lo・d・d・111c・b・・〕・！）；M…m舳1・1・lllo川・…idmctl・1blImo川一1・pig－

n－cnt wi－h rctin；11was～50i nn1（curvc4i1一一Fig．4）。Tllus，ule possiblc piglncn1－in－11c

24and46％aI－cas could；Ilso bc dis士ing11is11cd rrom d－c visual p1gn－lcnt wiローrctiim－iI－1

thc dorsミ11rctil－m on u1c basis or l11c absorl〕；lncc ln；lxilnun1o『its acid11－ct州、）1’1n．

  In一」lis cxI）crimcnt，conlP－c1－c blc；Ich…ng cou1（1noユbc；ldlicvcd aIld化hc soiu－jon or
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F1cu訳亙4・Bl・ll・一11ingo川1cpig・1・111・ol・liol・r・o川tll・dolI・；l1・・ti・訓・Tll・ml・t1on：山1・11

1O．5（㎝… 1）w11・i・・ad11山・11withIigllto「λく58011mnπ41nin（・・lw2ジ111・pH・・川10

so1ulion was a（一ius【c（一ユ。7－3（cuwc2’）。Cuncs3訓nd4rcprcsc一一1ユt11c dilIdIcncc spc｛二．．m

bctwccn cun－cs－and2and l〕ctwccn〔uncs2’刮nd2，respcαivclγ．In tllc uPl〕cr11；lnc1，和

nomogranl m汕d－1－br vi5un1‘，ignlcnl w阯1λ．．，、、、；u484n，n is aIso sllown a5nucd circ1c5・

／バ

11二1：

 、 、一 一斗一 、

1つ／一

，

1 ／γ

1

・・lI・・2i・Fig・4・・1’lt・i・・d16％1．1・igi・；llpigm・lil，6％；lddm・1；・lb・・1，ll・d78％；11k；1－

li11c mc－aro－Im．111c pK o〔一11c mc一；lIbr1110r t11c pigmcnt in ulc dc一。c－Igcn〕。一1Gり5w；一s

9．1，w－1ich is11igllcr tllaln．hat iI1digiユ。nin（Nashima cい11．，1…〕80），l1rcvcn－ing～一Iumr

bl・・dli・g・tpHlO・5i・口1i・dα・・gαiL山h・pHo川g・oI・lio・hl！db…1・ホ・d
fu・th・・，Pm’t（〕rl」1cpigm・nしw・ul・ll11…bc・nd・mt…d・

  Alul（〕ug11ulc一）1gmcn〕｝（。，m u－c24andづ6％；11’cas contaii1c（I50％1Ic“ml；n11d50％
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3－dc11ydrorc一。in；11as i－s d－1’on1Ω1）Ilorcs，llic…■1〕sorbnncc or t11c3－dcllydrorctina1pig－

n，cn〔（cuI～c5in l“ig・3）w；ls o一一1c－nrt11（）『し11c total absorbancc of thc p三gIncnts con－

t≡1inc（1in ulc so1ution（curvc l in Fig．3）、T11is can－1｛）t bc cxplaincd，even i『thc molar

cxtヨncL…on c（）cmcic1－lt（）r山。3－dchydr01．ctin…11pi読11cnt is snlaHcr than that of the

lIctin；111〕ignlcnt（Bridgcs，1｛）67）、It n1訓y bc lh狐ulc n1olar cxdnction coc冊dcnt of

山。一’）ossi1）1c pigmcnll is－nu（lh I；lrgcrし1ian that or3－dchydrorctinal pigmcnし111is

issuc nccds t（）bc clarmcd as s（）on as possib，c・

M’…伽・舳用ぴ〃・・吻・〃α川昭’舳ψ’1・∫ωmα

Th・（）Sl；・y・・o川・・ph・1．o・…pl－o…ll・inth・24・nd46％・・…or・・ntml・・ti㎜

c｛）nsi“c（I or two（一isunα舳舳一（一一ig．5）．Tllc disユal arca o川1c OS wa5ydlow，and t11c

、・ミ

L．

       、ノ

’i    ＾         パ
       ↓ r’      ’外・

一“1（刈RE5  Vcrlic；iI scc－inn～330μnl dlick or－11c46％arc利。r t11c squid rctin札111e『resh

lIctin；一w…“ruユ。n thc川ユ。r p；、『，crwi【11u1c raz01’b1三一dc ora guilIoこinc（xlOO）・

proxin1；一1arc；l w；ls pinkish．Thc pinkis11arc副w■s disscc－ed in dlc lig11t fron1～20

付。zcn scctions（一〇〇μ111 th1ck）undcr t11c niicroscopc and poo－cd ror HPLC analysis，

Fig．6is“1c lH工しCp；山。mT）r－11cp（〕olcd rr三1（＝tiorl．Thcratioorthesumof1］イ6sand

aH一〃η肌，rctinal oxinlcs 一．（）ulat（）『3－dc－1ydrorctヨna1oxin1cs was cstin1；ltcd to bc

～1：20Tllis indicalcs uiaい11c pinkish arca or tlic OS laycr or pllotorcccptor cclls

n1；lin・ycontllill・3－dchydlIl）1でlill；l1pi読11c・し

ハ〃α伽。o仰。0仮一〃刃α〃。η

Scc1ヨ。ns（4μ1n u1ick）or thc lIc〔in；l wcrc prc一一〕；1rcd『or nlicroscopic obsclr畑don（Fig・

7）．Thc1cngユhs or l1】c OS and lS in both lhc vcntral and dorsal retinas wcre mea－

surcd．T11c…wc1Iagc lcng一一11s o『化11c OS；lnd IS or thc24and46％arcas1n Fig．l werc

仰6；uld99μ111，rcspcc化ivcly．Wllilcユ11c；wcr；1gc lcng口1s1n t11c dorsal r噌。n werc
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21）7μ・1（（．）S）；・ld“μ・1（lS）一1i… 11いI；i1，；llll・1．iol’，；・ldl・o・t・・io・1’・帥n・（・rlll・

rctin乱showcd v；1Iucr sin－i－ar t（）thosc or－Ilc（1ors利rcgion．111c di糀nlc‘’crordlc pIIo一

化。・…1州。・・dlα1・ld・otb・川…u…11〕・・（1i・・lywil．1il．llc1igl11．mi・・o・・op・・

一）lSCUSSI（〕N

Altllougl11－11c sΨi（1附sc加’〃σ肌一w；is l）clicvc（い一〇11；1vc｛）nly a singlc visun11）ignlcnl－

with aλ．，、訓、；1t482nm（N；一sliinl；u ct；l1．，1979），t11c I・，rcscnt study（lcH1（）nstmtcs“lc

I・・…n・・O川・・・…i・㎜1pigm・・1・．

  Th・pi帥1・・twil．11・・li・；11w・・t11…〕1・pig1・・nti1川1・・lo…ll．・1－i・；川1；11．w州・…一

・nい1・m・gllouUll… ti・1・・111・；・1一・・ol－b；i・㏄・1；1・illll・ord・・1・igm・nい・ndiL・；・dd

Syn

11 AT

よ■ 12

｛12
 1，

＾bso｛once 01360nm

onli

⊥・…1

11   AT

 1   12

，．」L．

12  ■

1’ll一；URE6・川1LC；lll；1Iγ・ヨ・or111・

・IllIonlopllo・・in・ol・・d1nlll・l11nki・l1

1一・Io・i・1111・・gi（〕・i・“1・o・t・1．・・g111・・t

1；ly・・Ortll・p11Ol・〕・…1・ω… ll・i11

ulc24；一11（1469るn『c；1（〕r l」11c『cl．in；一〇lI

”・・伽〃ωユ∫・O111ヅ11・1・・；lk・or11－

c1s（ll）andllllイ1η〃、1（〈1）；l11c111・li一

・；ll・don山・・γn・ll・lm・lHbl．1・・olI

tllc lIcspcαivc oximcs．M1c1Io（一i舳＝c－

1iOn Or1．11C rCti11；1W；一S一，C1．一brll－Cd言n

111clig1・1，md・oulca11－1γ伽。olln将u－

1I；1一．ions or both rc一．in；一1 （1） 三1川1 3－

d・liy（1rorcliml（2）wc1’cdolllin；lnl，

；H・1（】n1…n（，r rrミiC‘iOn50rO－hCr i60nI（”・S

（gイ＝i一 ；Ind  －3イ’s’ no［ il一山1…｛＝；uc（1）

；Ψ1〕CalICd一

O        10       20 30

Timε 一min〕

nlctaR〕rm wcrc…lt～484an（一1～501n111，rcsI）cc一．…vcly（Fヨg．4）．Thc sccon（工p唯1ncnt

w；一s一・Ilc3一（1cliyd1’｛1rctin；11一〕igmc1π一…一1ic三1bsorbnncc m；1xilna or t11c l〕igmci－1化a11d i－s

acid n〕cL；1～rnl wcrc；山～500and～520Ilm，rcs一）cctivcly（Fig・3）∵r－1c3－dc11ydrorcユi－

nal piglIlcnL was lo（1；一1izcd in．11c24；1nd469るa1－c；1s or vcn6ral rcユin；、（Fig．1）an（1i1一

・cco・・t・dlb・～15％（・r111・1・t；l1・i・・；11pigl…1（Kilo・t・1・，1986）、Tll・1・iliki・ll

pr（）x…nlal rcgion or t－1c（）S（）『一11c24；l11（。14（三％；H－cas c（）n一．n…ncd on1γ3一（lcllydroI．c山1；11

pi読11cnt，；ls dcn1（）nst．mtcd by lnicrodissc（二一一ion a1－1｛一1HPLc．Judging『ronl ils color

di・t・ib山1o・i・r・・・・・…lil）・・，．lll・3－d・llyd・o・・li11・lpigm・・l11P1・・；…1ob・Io・；ll。・ld

in sudl rcstric吐。（i rcgions or一．11c vcntrn・rc－i1m ns一一一1c24nnd46％；lrc；一s in1三’ig．I．

  C（）nt≡mlin汕ion wi－h ulc n1…11n pi9111cnt winl rctin；11musしbcユ；1kcn inl－o；1（＝counユi11

idcntiIンing t11c ncwly round nlilId一）ignlcnしAbs（一”一b；mcc一）caks or scvcml cxt1一；1（：I．s
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r・o・1山・24；1・d46％…洲d・・i汕・・一・舳i・2・lll、（二し1…2i・Fig．2w・o・・ort1・o・・

wid－thc s110rtcrtλ1．，訓、。Evcn i〔1－c absorb；ulcc spcctrum rcprescn［cd bγcun肥7in

Fi将・3w；・・d・・t・111・mi・ω・・（・川i・ml・i…limlp19・m・t・・dd・・thi・dpi脾㎝t，

an（Hr山。 s（刈ution c（，11岨incd ulc main pign1cnt with rctinal，for examplc，in an

ani（）unt〈20％，wc cou1（i noユー1avc dcarlγscparatcd dlcm bγthe n1ethod or partia一

b1…11i・g…di・illi…p・・im・・tb・・・・…川・p…imity・fth・i・…p・・d・・
；lb…b・・…p・・1m・Thi…g9・・t・・11；・川1・・b…b；・…m・・im・・f中・th1・dpi認・㎝t

三1nd1ユ5a（：i（i nlc喩｛bnn arc51iortcr dian471and483nm，rcs1）cc6ivdγ．Thc three

‘’
1

「一 ’ll
i

’’

、I．

躁
1

” ｝  ＾＾
靱

■

ウ｝

τ’

k；7 ’I 、一一・

｛コ■レム・・ 讐撃讐蟹
磯・

舳URE7・11・…1’縦1・I・・1■．ioll・（4μ1・t一・i・k）o『11・・do・・；ll・・読．on（i・rt）・n“・・46％・…in

I㍉g一（riglll。）or l．11c s〔lu1d rctin副一1’11c ouicr rctin；11；wc三1s wcrc vc一’y siniilar to thc dorsaI rct…na．

I｝；w：lOOμ1n．

visu二111）igmcnしs i11〃。sc舳〃〃1－m；1γc；1（＝h11；、vc apoprotcins，buいhc chromato－

gr；1p11ic scP…n’a“（）n in our1aboraL0170『口1c thrcc pigl11cnts ren1ains unsucccssruL

  Anot11cr n（）ticcablc point was u1祉t11c24and46％arcas bcaring both the3一

（lcllγd1Iorc山111pigmc1出m山1－c tllird I）igmcnL wcrc nlorp11（〕logicaHy dimcrcnt from

〔）111clI lIcgi（）ns o『ulc lIctina．Thc－cng山s（）r thc OS；lnd IS or thcsc arcas wcrc nlorc

t11an Lwicc ulosco川1c（，tlicr1－cgionsort11crcl；l1三1．Y〔）ung（1963）and Muntz（i977）

dcsc1Iibcd Hlc rcgionn1（li．1brcncc in tllc lcng1－h（一，『ph｛）t（）rcccptor cc1－s corrcspond－

ing l。〔）化11c slm一〕cs or thcir1〕u一〕Hs in ccphalopods；lnd statcd口1at thc cquatoria1strip

would～ncユ。ion sonlcw11；．u．1…kc t11c lbvca inユ11c vcr〔cbra〔c cyc．Sonle dccp－sca Hshcs

l mvc1o1一】9or nlulユibmlk phoユ01’cccptor ccus t11at arc hi9111y scnsitivc（Lockct，1977）・
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InW．・・加州肌・，・・ll．1・1・・ork・・gphot（m1叩1．o…ll・i・b・i阯upi111－11・・m・u；・一I・；lo『

th… nlml・・t1m・㏄・MilgdOWnW・l11・g1ight（Fig・・5・nd7），W1舳pmb・blγ
inC・・a・C・【1・C・Cn・iLi・ity・

  Howcvcr，it is n（）〔so sin1plc．T－1c（一）S（）『一一hc1（）llg phoユ。rcccpこ。r cc11s in thc sl〕c－

cinc arca consisls or two s－m1．a，山。3－dc－1ydl．（”Ictin…1一正）ign1cn化in1．Ilc pr（．，xi1－n；11rcgion

and t11c江11ird正）igmc－1■n ulc di5t；11rcg1o－1．Wc scn■’dicd『om mc111br；mc－l1kc舳・uc－

tu・…p…ti・gth・1・…1舳い・・リw・t・…・d1od・1一・・mi・・w一・・tll・・o・n・川1・l1i一二

r…nリー畑…t・一・・lo・glodinb・・ill…1）・・li・・p1・ll－o・・㏄1・to・㏄ll・・1・・low・…，uli・

cou－d not bc（）bscn・cd dircctIy by Hg11t nlicr（）scopy・

  All口1c squid usc（l in dlc prcscnいω（1γwcrc c町）iurcd三n sl－aHow watcr whcn山。γ

・・m・to・P・w・・T11・ym・y1・・…α1・i…い1・・3－d・llyd・o・舳・・lpigm・n■nl℃・1・on・・

tod・ang・・ind・・photic…imm・nい小㎝山・y・m・・g・dr・omth・（1c・p…ωlll・
・1・・11ow・110…Th・1・・o・i・1・11・y・… n1・ini1－lgl．h・3－d・hyd・o・・dn・lpi将m・・tm；1y

11avc bccll gcncratcd rrom t11c basc or1hc OS．It is ncccssaワto cxamillc w11c1．hcr

dle pig1ncnt is prcscnt throug11｛）ut thc cn吐言rc lifc cydc orthc squid・

  I〕myb・・on・id・…1tll・Uh・・nmll；1・・；川川1c・・1・t・1il・ctin・一…ingthctwo1〕ig－

mcnts dcvcl（）一〕sユ。一〕rovidc一一1，c s（1ui〔1wit11；11）ro－id5一）cαra1scnsi一．ivity．T11c I，1101．ic

・n・i・O・・1・・t・・川1・d・・p…Wh…tll…1・i・川…m・・lb・・舳…i・・Pl・，・h－i・・i・

口1c oI）cn clcar o（＝can，thc downwc11i■1g1igh〕’rom thc sun is mp…dlγ；山。nunユ。d wi111

dcp｛，lcnving｛）nly uic bluc light t11at I〕cnctIIaLcs to dccpcr1cvds（Munz an（l McFar－

1an（し1977）．Most olI animals living in1－his cnvironnlcnt arc known oo posscss a vi円u；ll

pi読ncnt with；ln；山sorb；lncc nlaximum or470＿480nm（Lyulgoc，1980）。Thc uli1’d

pigmcnt and thc ni；lin visuaリ〕igmcnt wi111rc【inal dcscribcd in this ar口。1c lmvcλ、，、莉，

・・1・…「～伽・・d～484・1・，…p・・ti・・ly，whi・h…wi山i・th・mng・・川1・・n・i－

rOnmCnt；ll light、

  一仏SC’η””伽L－iS；1biOlun1…nCSCCnt S（一ui（1，h；Wing l－hO〔01〕h（）rCS in thC『Ou r“1p；1ir Or

・・m・，1－11…1一山I・1P：1・t・）r1h・・y・。・・1い一11・w11（ll・bl・dジrh・1州・・tw（）…洲・㏄ml．0

b・i・・o1・・din・o・1・1・・i11・・li・舳〕11・E…ir1…d汕…lookup，tl・・ym；・ynot…ll・・

silhouc肌。 of t－lc sTIuid illumi1－mtcd wi口1；11ight similar to l．hc downwc11ing li馬11L

Actually，Young＾nd I之。I）cr（1976）丁）bscrvcdユ11c countcrshading or thc squidハ凸mJ一

州仰三・・Tllc・q・id1一γ・・〃〃舳w・・n1I・いmm・d〃m’ψsづs・・伽舳α㎜（1｝・・1．y）；ll・・l

nligllt bc pllylogcnctica11y closc to l．11c s｛luid invcstigntcd by Young an（1Ropcr

（1976）．Asimi1；lrcxpcrimcntwasI）crlbrn1c（一〇I1Wsc加f〃ωパinour1…一bor；uolツ．〈

wcak rcd lig11t w；lr g1vcn rrom abovc＾）r2－5n・l11・1，；1nd ar〔cr dic ccss汕ion（。）『i11umi－

nation，illtcnsificd bio1umincsccncc r1Iom山。 vcnt．ra1body was sccn｛br5＿15min．

This happcncd rcI）catcd－y as lo－1g asユhcy wcrc alivc，Thc coloI’or thc lumincsccncc
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and the spcci『ic＾rc日。r thc ventm－retina，accord－

ing t0111e mct11od爬ported previously正1，5〕一Rhab－

domeric membmnes were no舳ed in40％sucrose
s（〕lu－ion by ccnu’山ug罰tion．Thc visual pigmenLs

wc爬extmc－ed in2％so1ution of the detergent

レ1695（Mi．subishi Chcm｛cal Company，Yoko－

h；ima）and were purmcd in O．2％L－1695and50

mMTris－HClbu山ers（〕hlti0HtpH7－4byDEAE・
ccllulose an（1conca11皿valin A－Scp11arosc4B col－

ulIin c－womミHograp11y、〈l1u1e pmccdu爬s were
c8n’icd（〕utun（lcrdimrc（川g11t．

  Thc c11ronlop110res werc cxユmctcd■nd analysed

日。cor（lingユ。 Gmencndijk et a1．ユ61and Suzu㎞et

和L川0HNisl－1ioHPLCsys屹mMtype，equipped
w1111 ll YMC si1ica gcl column（6×150mm）．The

HP1．。C an；11ysis o『ulc visual pigmcnユ。hmmo－

phor・swll・pcrrom・・dmlli・1yoパllci・oxim・de－

riv汕ivcs，mon“（wing三一bsorbance at360nm and

usingミul iniユi皿■s（）lvcnt systcn1or6％ethyl acetate

ミ、11d0．3％ethono1ヨn hcxane『or ox言n1es o『I・etinal

｛1nd3－dchydI．orc－in｛Il ond a sccond solvent system

or20％cユ11y1…1ccユaユe三1nd2．5％eu1anol in hexane

『orユhe more po一日r c11romop110re，The stand町ds or
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lroscopic3nnlyscs wcl－c cnrried out wiul a spcctro・

p11otomctcr（Ullion SM401），a circular dichro－

grnph（Jobin Yvone－Union J），a NMR sp㏄tmme一

ユ。r（Nico－ct NT360），an infmred spectron1eter

（Nicolct FTH之一7000）， and a nlミ1ss spec6rog1．ap11

（I lh口。hi80一態）。
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lha川1isvisualpi9111州rromlhedorsalret1nahas
oI11y onc singlc c1womop110re，肥iinal，as肥porled
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山e・pcciri・肌・llonl・e・㎝tmlre“ml・aditsλ㎜

杣 471 nm．This pigmcnt contained a certain

amount o『3－dchydmrctinal pigment witllλm㎜at

abou－50011m，皿ndユ11e absorbance杣wavele11g口1s

grc三1⊥cr th三m560nn1was a－ituc higher than that
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mtin副、（日）o「一h6pigmon－r1’om u1●5peoirio or680r u1，Ψ●I1－r日1

retin田，舳d（C）仙e latt6r pigm6nt ir閉di田一〇d wilh liglil oτ

λ〉560nm．P閉k51，3，5，and7田爬isom6r50『爬一imI oxime．
Po皿k l corresponds to11－ds－sγ”；Peak3，a”一〃。”s－sγ掘；Pe吐k5，

ll＿c’s＿o’I〃； peak 7， a1レ〃。ns＿o〃〃． Peak5 2， 4， 6， and 8 aro

isomers o工3－do11ydro祀ユin田1oxime－Pe日k2cor爬spond51o
ll＿c心一sツ”；peok4．aIl＿作。”s＿syn；peak 6，11＿ds＿oπ〃；pook 8，

冊11一仕ω1s一ω1〃。Th65e peak5we爬田s5igned by comp田ri50n wi－h

1116記5pec加e舳一hE皿1ic oompo口Ilds－P閉ks！O，ll，12a皿d13
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12，o11一“π〃s一例〃；p閉k1ヨ，11－ds一舳κ．111e HPLC wa5carried

outby山“ollowingstoPe1・tion：1㎡0811バheso1・6nt5y5－emor
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o『p閉k8割nd then the second so1｝e11t5yst6m or20％e－hyi
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were eluted in the initia1so1vent system and subse－

qu㎝口ysom・mo・epolarcompomd・wer・el・ted
in the sccond solvent sys【em，Visu刻pigmen6w田s

extracted a『ter irradiation at4o C ror2min with a
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in this HPLC systcm．

  ln order to（1ctern1inc thc nlolccular slructurc，

111…mp…d・・p・…1・ti・gt11・1・・1岬ki・Fig－

lB was1so1汕。d by HPLC『r（）m500cycs．Tllc
substance was chim1（一）n11d iユs丑bsorbance spcc＿

trum（λ1、、、、、355 nn1in ct11nno1）wos simi－nr1Ω

those Or Oximcs o『 11－c’s－retin；一I（Fig．2）．Struct＿

umlanalysiso川1ecompou11dbylH－NMR（Tablc
1い・rm・・d・p㏄t・・…py（］350…【」1，llyd…yl

group）、and nlass spcctron1etry（dehydr8“on peaks

at 〃一／z 297 and 279） indic3ted t11e oxin1e o『

11－c心一4－1iydroxyrctinal iIIustralcd in Schen1e I as a

pcssible slructurc．Fu1．口1ernloTc，conversion o『ユhc

con1pound to thc mcthyl e【11cr derivative by HC1

mcthano－showed the prcsencc of an allylic ol－

collo1group工gユー
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田・Il・OmOpllO爬舳r11・1・“・0m〃一・・1州〃’・〃・・i舳11・igm・lllil・

oxi－11c ron1i－T110Tmcユio11w訓s cΩ11cclcd『ro■11pcミIk1〕iIl I：i艘．一

日・1dユ1－c111c納ummcn15wem pcrror1110（I汕15o C wi－1〕11c111

           1iglll－p・lll（501wlll：c111齪1101〕．

                               O

         Sch6me1．11－df＿4＿Hydroxyl’etinミー1．

  The chromophorcs oH11e visua1pigmen－were
thcn extrミlctcd in re“na l『o一．n1accord ing to Suzuk i

et a1．【10】、and the『ractions of the extmcl with

11ig11er po1日rity were co11ected by HPLC（15％cthyl

日。cユ三ite a11d O．5％ ethnnol in 11cxnnc）． R…1ccIllic

・11イ…1・一4－hyd・o・y・・ti・・1（λ、377・m；・．1，、、

41300三n eユllanoI）was syn ulcsizcd by u1e mculod

o『R㎝kcta1一同・Fig－3s11owsll・cc11ron1州。g1・l11・l

○川1crclina1－isomers．Tllcpeaksncnl・lllcs（llvc11t
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V｛、luos町e chemico15hi『ts in rlpm－Coupling comton帖（in11■）掘ro＝！1．一，4．5；J1．＾，’、、、，，、，16；Jlo．llま12；Jll，1コ．．．’、曲12－5；、’lj．1，ヰ9．5。
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rig．3－lPLCp・⑪n1oo川1edlrom卯hor“市日。lcdr・oml・ザ
市111〃””・cycil・記1i11刮1To・n・・佃』・〕・l1d用州1101i・4・1・ydmy・el－

i－1n1（c．d〕．↑mco顯rcprcson一艘u1o o州mc．『rom・1肥d町k爬一iI1竈

齪ncr↑orn1ヨ1Iddlydo ユ爬n1111on一別。cordi11g－o Suzuki e－o■．【10一

’lIlJ －m〔C ■1 －llC C＾一mC1π0111111C1・CユiI1¶ i町…ldi杣Od 『Or l nlill

willI■igllt o【λ＞560mm－Irho solwn－systcm w舳15％砒hy1
日〔c．n．c ’lIπl O－5％ clI汕nol in Ilc莇ミI■1o ■11〔1・11e I〕oミ1k5 I16日r －11e

謂。1wl・川’o・1ユ1・・1・cr・omi民。llw・of・cli111・1割1・d3－dol・yd・o冊1－

i■1I・1一．rrHccs‘：三1I1（l d mprcscn一言y11－11clic’I11一〃・‘一〃s－4－11ydroxyrdi＿

■lnI licI－o1Io（c）＾■1d；1ncr（｛1）iπ＾ユIiミ11ion wi－I11ig11－o工λ〉440n111

il－c111ミ111uI－1，cミIk3i5刮11・’π〃”ミ1nd peok4is l l－ds・4－11ydroxy一

一」c－in’lI．Pc皿ks1．2‘1nエ15ミlrc110：yc一訓5sig11cd。〈bsorh齪nce“・日s

      nlO1山0冊d“36011m．nOWm－Olい111／m1n1

rroll11nFig．3Hndbdcrivcrrom1・cOnal㎝d
3－dc11ydr（〕rc“naL The『mction（λm㎜370nm）col－

Icctc（一『ron1pc刊k4 in ］Fig．3冊should be a l l－ds

rormand，ascxp㏄lcd，yie1dcdoximoscorre－
spon（ling『airly wc11－o pe皿k1O（ψ〃）and peak13

（σ〃〃）inI’7ig．一1．Pcak3inFig．3crcp・es㎝ts

sy11nlcHc an一〃・伽s－4－11ydroxyrc6iml．The oximes or

ユ1－c al■一〃・σ〃s－4－hydroxyrctinal corrcspondcd  to

pcak11（．リ〃一）andpcミlk12（σ’一〃）in Fig．」1．Fig．3b

rcprcscn－s ．11c cxユmcユ 『ronl ule reti11n irradi皿tcd

『01’l l、、号n with－ight ofλ＞560m11．Pcak4（ll－c’s）

wllsrcdu㏄d11n（1pe11k3（nll一’1伽。一）wasincrcascd．

T11c syn．11cuc ミIHイ用〃．一一4一一1ydroxyrctinal was
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i町adiatcd in eth皿no1ror l min with1ig11ユ。『λ＞

440nm，yidding addれional peaks，1，2，4and5in
F…9．3d．The compound or peak4was isoIated by

HPLC and derivatized to its oximes，the〃〃『orm

0『which was cha『acter…zed as ll－c’s in view Of the

coupling constant in lH－NMR，∫11．12．、’、＝12．5Hz

（ノ11．12．。、、，、、＝15，5Hz）工111．ns NMR，infrared

specユroscopy and mass spectmmetry data were

consist㎝twiththoseofthecomponentextracted
rmm the fireny squid，pcak工3in Fig．1．

Discussion

  ↑11e nlct110（lology or extmcユi0110r visu三一1pig－

nlcnlc11romoplloresinmtiveconrigurationwas

greatly advanced by Groenend吹et a1．【61and
Suzuki et al．一7，10ユ．In this paper，we used ma1nly

t11e oxime meユhod，since t11e oxime derivatives of

刷ina1s are thermally stab1e．Both methods were

eπective『or口1e new type of chromophore，as

shown in ngs．l and3．From lhe detergent so1u－

tion onhe purmed visua－pigme耐，more than gO％

or the chron1ophore popula“on was obtained in

the nahve connguration by a single extraction．一n

ourexperience，thesemethodscouldbeevenmore
eπec〔ive『or native photoreceptor membranes than

ror de－ergent so－ution．In a Iate stage of this study，

dwomophoreswereextmctedandsepamtedinthe
retina1『orm and then convξrtedユ。 more polar

oximes．ln the nrst HPLC step，some materia1s

w1th the same po－a11ty and wlth no abs01－bance舳

360nm contaminatcd the re6inal fmction．In the

second HPLC o『口1e oximes，Lhe samples were
『urthcr purified and this was mosリlelpful for the

spectroscopic characterizations．

  The NMR，HPLC and ul【mvio1et absorbance
d汕aor2－11ydroxy1．e－inal and3－hydroxyret三nal have

been reported by Ito et al一工u1－The moIar absorP－

tion  coe『ficヨent of a11一〃。〃s－4－hydroxyretinal

（41300in this study）is s－ightIy lower than l11ose

of othel＝ retina1s （43000 ror retinaI，42000 for

2－hydroxyi－etinal and44000ror3－hydroxyreユina1）．

Ir we tentatively assume the same molar absorp－

tion coeπicient ror 11－c’∫一4－hydroxyretinal as for

11一・i…timいh・4－hyd・9・y・・timl…t・・li・th・

pigmenけrom t11e specinc area o〔11e ventml ret－

ina amounts to nlore than60％o『the tolal ch1・o－

mophorc．This would explain the discrepancy，in

thc prcvious paperエll，of the HPLC data and the
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p・市1bl…hi・gc・p・・im・・1・・rlh・・i・・聰Ipig・

111Cn【eXlmCte（一rrOI11－hiS SpeCi『iC nre“Ω『t110VC11－rnl

retina，Thc－1igll content o『t11c new c11ron1ophore

in the nrc『ly squid eye prcporation（ove1’15％fI．on1

ule abovc a5sun1Iつ1ioη）cn刮blcd us to idcn“fy lhe

ncw chromophore as l1－c’。｝一4－hydroxyre江…nミ11『r0111

NMR spectroscopy．With HPLC，t11e4－hydroxy－
rctiI1三一1is cミisily disOnguisliミlb1c『rom2＿11ydroxyl．cト

inal and3－hydroxyrctinaI anc一’lhe lronsrorn1a“（）n

o『t11e nllylic hy（lroxy1group（OH皿t C－4）to thc

111ctliylctllcr－

  Anodlcrpoinい。bc11oted1n rig．l ist11nt罰ncr

1rm（1i剛ion wi－h1igM orλ〉560nm，一he（，ccrc洲。

in l l－c’s－4－hydroxyreユinミ、l was sn1皿11cr（…lbout30％）

tllnn in t11e casc or ll一（寸∫一rc“n三1I（55％）日nd3－de－

hydrorctina1（70％）一111is is ruruler evヨdcncc 111三山

t11cthirdpigmcnlw・ith“ieshorles－bsorb㎜㏄
maxin111m is based on thc ll一（心一4－hydroxyrctinal．

  ’rhus4－hydroxy一．ctinミ11is a new chromop1iorc o『

visual pign1ent3nd thc『ourth 三ype『ound inユhc

anilila1kingdom，App皿ren－1y，t11is par“cular squid

hnsauniquetrichromat1cpll・）tore㏄ptorsystem
using thrce visua－Pigmcnこs wit11 dirrercnt spectml

sensiti・itieswllicliha・eb㏄natl11inc（lbylhc1110d－

i『ic…1－ion o『tllc chron1ophorc nloleculc，Probミibly

in combin三一tion with 0111y onc opsin．Chronlato－

gmp11icscpamlionortlir㏄pigmcntprotcinsco111d
not be accomplishcd and the 皿mino－acid sc一

〔Iucnces or t11c pcptidcs or d1c rctina1－binding sitc

or these p…gmcnts were similミ、r（unpub1is11ed da剛．

Tlie use or 3－de11ydroretinal by cray∩sh in u1e

invcrtebrate 『nmHy was reccntly discusse（l by

Suzuki e6a1■121as providing ule an…m31wれh
photosensitiv…ty at longer wavclengths，Sin1ilal．一y，

the use o『 4－hydroxy了。tinal aHows the squid －o

rcspond－o shorleI．wavele”91h1ighL

   Here，we proposeユ。 ca114－11ydroxyrctinal－b日sed

visu壬11p1gmenls A4pigmcnts，ro11owing－he con－

vcnt1on o『Al and A2pigmcnts工131，sincc tliis is

lli・roll・1h；．〕r・i…lpigm・1・1・11・covcl℃dll・dil・

chromop110rc11ns a hydroxyl group汕C－4．1－i・℃ny

squid sccnls匡。 bc uniquc…uηong t11c ccl〕11三11o－1o（1s

t（〕Posscss ulis A4一つ1gment，bccnusc our scnl’ch『or

111c〈4pignlcIlt in any on1cr spccics：iIlloI1思111c

ln｛）rc u1州120ccp11三一一〇pods living nc訓r J三一11ミ1n 11ミls
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On Some Physicochemical Prope汽ies of Sucrose Esters and the Stabi1ity
                     They Confer to Membrane Proteins

R棚iΨed Jan㎜町19．1988；ac㏄p－ed May5．1988

 〈110mologous scncsom洲yヨ。Id momest帥。rsucm5e w11ose cham lengt11冊n6s『mm8to22制rbon

田toms has b㏄n oxam1ned wi－h記5脾“050me physic㏄hemical pro訴“ies．in this脆曲，the c㎡ti閉1

mi㏄11e con㏄nt舳ion is compamb16to that o『1ysophospho11pids hav1ng5imi－ar hydrophobic moiety．

The㎞11日vior o『a spin pro㎞砒岬醐d in mi㏄11650r s凹。mse es1冊and thoir5u倫㏄pr制uro＿町閉

15州e叩・a舳齪i・／wa一・｛1舳。・i，di・齪一？tha一・d・1・it・・記1・liv・1・1・…h・d岬hi1i三h・・｛・th・岬m

mcrc副smgly compact5tmctu爬舳5thelrcham length mcreases同namy，wh6n used級d1s脾耐㎜gmed1um
『or tho pur1阯d耐nnslc protem rhodops1n，1ong－cham este耐。on『er to出e plgment a thema1胞blli－y

w1－1ch is clos“o lhat orit5mombrane－bo㎜d s伽。．We concldde that th㈱de蛇rg㎝b may比amo㎎

一110se bcst sui蛇d to pu㎡Oed intrinsic membmne protein studi由．◎lg8g＾㎝demio p記“1m．

1NTRODUC↑10N

  lsolation，Purincation，and characterization

orintrins1c membr舳e proteins always require

thc usc or detergents．Over the years，乞wide

variety or thern，includi11g both ionic and

nonionic species，with di脆爬nt aliphatic，

cycllc，or aromat1c hydmphobic moieties has

b㏄n used with more or1ess success because

many dctc㎎ents，a1though e冊。ient to dis脾rse

mcmbrane lipids，strongIy a舵。t protein
structure and r口nction．In search of an idea－

mi1d medium to suspend punHed membrane

proteins，new dctergents have been synthesized

in lhepast15years（1）．Amongthem，the胞tty
acid esters or sucrose，initially designed fbr

rood and cosmetic industries，were proposed

as mild detcrgents，specia11y owing to the sta－

biHzing e脆。t o『sucrose toward protein stmc一

一。ure（2）．As predicted by the theory ormicelle

皿〕rn1ation in aqueous so1utions（3），胞tty acid

esters ofsucrose㎞m eI1ipsoid mice11eswhose

size increases㎞th chain le苅gth（4）．In addi＿

tion，they blnd noncooperative1y wlthout ap－

parent spec岨。 interactlons between sucrose

esters aOd proteins（2）．

  Among membrane proteins which can be

used as a re胎IIence iI1stabilization／destabiii＿

zat…on studies ofproteins by detergents，visual

rhodopsm is ve町。onvenientsince1ts500－nm

absorptlon band due to the retinaI chromo－

phore，through sensitive interaction with the

apoProtein opsin，enab－es one to easi1y ana1yze

its stabi1ity，regenerabi1ity，and photosensitiv＿

ity by absorption spectroscopy．Its propeれies
are known to be sensitive to the extractant used

for its puriふ。ation（5）and it already has been

stud1ed1n a dispersed state using sevcra1kind

of natuτal or synthetic detergents，nanle1y，

cholic争。id（6），digitonin（7），aIkyIt㎡methyl－

ammonium bromlde（8），Trlton X－100（9），

Emulphogene BC－720（1O），Ammoriyx L0

230

002一一9797／89＄3．OO
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（l I），alkylg1ucosides（12），anddod㏄yl maltosc

（13），1naking severaj re胎rence points availab1e．

  The reIative stabmty or visua1pigments in

sucrose esters was趾st exemp1冊ed by thcir usc

in the pu1’ification of the vcry fragi1e ccpha－

lopodrhodopsin（14）．More r㏄㎝tly，wehave
fbund that they also could stabi－ize bacterial

rhodopsin in the pur脆ed state（I5，16）．Su－

croseestcrsbecomi㎎availab1ea5ahomo1o－
gous series or increasingly long hydrophobic

chaim，we used them to study thc e脆。t of

chain1ength on the photochemistq orthe pu－

r冊ed pigmerlt（17），its rcgene一’ability，and ab－

so叩tion characteristics（18）．These properties

were found closer to thc membrane－bound

state as the1ength ofthe hydrophob1c moic吐y

increased．1n order to determine whether su－

crose esters behave as predicted theoreticauy

（3）with respect to mice11arrigidity，dcspitc a

re1ative1y large polar head which cou1d preve－1t

compact selトassociation，and to see to what
extent they could mimic1ipidic membrane

compone舳s，we have measured the1r su命。e

pressure－area isotherms at thc air／watcr in－

te曲。eand the relative mob舳yoraspin probc

d1spe説din the mIce11estheyfom Theresults

show that，as expected，these dete了gents胎m1
increasing1y dgid structurcs as their chain

length lncreases In addltlon，ana－ys－s or the

thenmai stability orbovinc rhodopsin disPc薦。d

in these micelles reveals that in the1ong－chain

esters，the pigment stability is very ciose to

that ofits mtive membrane－bound state．

       MATERI〈LS AND M1三THODS

      ハ〃伽αj0ηψ∫〃α0Se万S〃S

  The sucrose esters used throughout this

work are the capry1ic（C8），capric（CIo），1auric

（C12），myristic（CI4），Pa1mitic（CI6），stearic

（C－8），andbehen1c（C22）monoestersorsucrose

（Fig．I）、These products were sy1〕thesized at

theMitsubishiChemica1Co．Ltd．（Yokohama，
Japan）．Depend1ng on di脆rent batches rc－

ceived，they can contain up to20％or di－and

triestcrs；they were thus puri6ed prior to口sc．

For this purpose，a sucrose ester samp1e（ca．

0．5g）was disso1ved in ch1orororm and ad一
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    『IG．一．Sl「uciuI－e o『sucrOse1110nOcslc一．．

sorbcd on a2．5×20－cm s”ica gd column．

Aner washing with10ml or ch1oro『orm，t11c

mono一，d1一，and triesters were scpm．atcd by

e1ution with a mixture ofchloro㎞rm：mctha－

no一：water（20：5：0．7，v／v）．Separation cou1（1

easily be cva1uated by analysis or rc竈ract五vc in＿

dcx o『thc耐actions．The monocstcr rmc－ions

（slowcst and most abundant）werc poolcd and

rccovered by so－vent evaporation ill a ro化。－

cvapomユ。r．Thin－1aycr chromatogmphy or
thcsc rractions on si－ica platcs Iackcd thc typ－

ical di－and tricster spots whcn devc1opcd in

u1e same solvent mixture．These samp1csthus

contained on1y monoesters，bu化probably
linked at di脆rent n1ethoxy－Pos五tion on thc

sucrosc molecule．

〃e〃1伽0ηぴ〃10a0ρ．舳α〃〃〃ψ．サゴ．，

      ψ舳ηle舳〃∫伽わ舳γ

  Bovine rod outersegment membmmcswcrc

prepared in the same manner a5that in Rcε

（17）and rhodopsin was purined as previously

dcscr…bcd，giving samp－es containi11g－css uian

two phospho1ipids per rhodops㎞（18）．Pur柵。d

rhodopsin dispersed in the dmもrcnt dctcrgcnts

was obtaincd by eIuting the pigment in thc

prcsence o『0．2％（w／v）orthc dcsircd dctcrgcnt

（except ror the CIo and C8estcrs which wcrc

used at0．5and2．0％，respective1y）duri11g thc

－ast purincat…on step：the amnity c－1ron1atog－

raphy on concanava1in A＿Scpharosc 4E
（Pharmacia，Upsala，Sweden）．A脆r chrolm－

tograp11y，samp－cs were dia－yzed over11ig1」1t

agai－1st－0mM Tris＿C1bu脆r（pH7．3）and
thcn uscd㎞r thermal stabmy ana－ysis．This

was achieved by incubating samplcs in a con－

trollcdtemperature5pec－troPhotomclcr㏄”．

PmcticaHy，｛odopsin samples were pIaccd in

thc thermostated ce11／ceu holder assemb－y or

  ∫伽’舳I’ψCo〃。〃。〃〃I〃％f‘∫f’m‘・’．Vo1．1281No．1．M3皿111．19醐
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a Union SM－4010r a Pye Unicam SP8－100

sP㏄trophotometer whose temperature was
contro11ed by watcr circulating Orom a ther－

mostatic pump．During that time，sample ab－

soエban㏄at530nm was monitored eveα10
min．This wavcler■gth was choscn to avoid

possible intcr胎rence阯。m denaturation prod－
ucts which could have residual absorbance at

500nm．From time to timc，a compIete spec－

trum was mcasured to makesurethatabsor－

bancc lost correspondcd to rhodopsin dcna－

tumtion and not to bascline dri竈ts．In a11 the

sampIes am1yzed，a semi－ogarithmic plot or
the l＝elative res…dua1 absorbance （ノ。一一im佃’／

ム川、。、。m）versus time a1ways gave straight

－incs，indicative ofa nrst－order kinetic．

       ア小9’COC加mた0川eC乃吻〃eS

  The crit三。al mice11e con㏄ntration（CMC）
or the sucrose esters has been determined at

22oCbyp1ottingsur胞。etensiOnasarunctiOn
ordctcrgent concentration in pure water，using

a Nouy tcnsiomcter．A break was obsened in

these cunes at the CMC．

  Toestimatetherclative molccu1armobility

in sucrose csters micelles，we have used elec－

tronspinresonance（ESR）spectroscopylA
spin probe（12一（4，4－dime出yloxazo1idine－M－

oxyl）stearic acid），obtained耐。m Serda呵Re－

search Laboratories（London，Canada），was
incorpomted in sucrose ester mice11es．This

was achieved by趾st drying a kmwn amount

of chloro胞rm－so1ubilized probe on the wa11s

ora vo1umetricΩask under a nitrogen stream

量。11owed by its soIubi1言zation in O．2％（w／v）

dete㎎cnt．The amount ofpmbe used was ad－

jus－ed to givc a Onal probe：detergent ratio of

1：150．ESR spectra were recorded at22oC with

a Varian E－231spectrometer at a magnetic

ncldo『3356G（scanrange，80C；竈requency，

100kHz）with a microwave power or2mW
（『rcqucncy，9．4GHz）．From thesespectra，the
amplitude of motion of the l011g molecuIar

axis o〔．hc pmりe has been estimated by cal－

cu1ation or the ordcr pammeter（・∫つin the

manncr su㎎csted by Marsh（19）『or th1s購nd

of p一’obc．

〃“川血’ψα〃n’‘’皿’1‘〃州r吹〃∫d〃lco．Vol・120，No・1，M肛d11・1989
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  Surrace press山e＿area isotherms o『the de－

tergents spread at the air／water inter㎞ce have

been measured on the fu11y automated system

previouslydescdbed（20），usinga61．9X13．2
×1．5－cm3trough where the surface pressure

was’measured by means of a Lmgmuir－
Adam＿Ha舳ns Mylar Hoat system．Puri丘ed
sucrose esters were precisely weighted with a

Cahn electrobalance（Model RG2000，V㎝一
tron Instrum．Corp．，CA）and dissoIved in a

9：1（v／v）mixture of distmed hexane and

etha11ol．Depending on the so1ution concen－

tration，庁。m10to－00μwas deposミted drop－
wise from a microsyringe at the surface ofthe

mono1ayer trough；solvent was副1owed to
evaporate for15min anerwh1chcompresslon

was sta巾d by pushmgaTenon movingbamer
at the rate1．9cm・miバ，．The aqueous sub－

phase consisted of1n〃phosphate bu舵r（pH
8．0）prepared from quaれz dist111ed water hav－

ing a spec柵。 resistivity better than 17× 106

0hm・cm andasu伯。etension hi出erthan70
mN・m－I Its temperat口re and that of the

stainIess－stee1団。vebox encIosing the mono－

1ayer trough were kept at20．O耳0．5oC．Iso－

the㎜reproducibi1ity was care阯1y checked

by ma㎞ng6ve sets ofmeasurements with each

SuCI＝0Se eSter．

RESULTS

  In an homologous series ofamphiphi1es，the
critical miceIle concentration and the HLB

mmber（hydrophiIic＿1ipophi1ic ba1an㏄）de－

crease as chain1ength incre争ses．As already

obsemed by other investigators，we have a－so

療。und that the CMC orsucrose esters is mt

di脆rent from that of other nonionic deter－

gents havmg comparable chain1ength（e g，

a1ky1割ucose）．Indeed，Makino e’〃（2）re－

ported CMCs of24，2．5，and0．4mM一㎞r C8，

C－o，and C－2sucrose esters，respectiveIy・Our

measurements agree with these va1ues．In ad－

dition，we obsened that CMC decreased to

0．06and0．05mM胎r the C16and C18esters，
respectiveIy．The Iower solubility of the C22

ester m water made it d価。u1t to measure ac－

curate1y its CMC、
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  Increasing chain1ength which leads to lowcr

CMCsand higher mi㏄llarsizeshouldalsoin－
crease the nlice11ar rig三dity in terrns or chain

cOmpaction，provided that n1oIecu1ar packing

is llot sterically prevented by a large po－ar head

group（3）．In order to verify that po言nt for su－

crose esters，we have incorporated a spin probe

label in their micelles，We have used the12一

（4，4－dimethyloxazolidine一〃一〇xyl）stearic acid，

This probe has a1onger chain1ength than th趾

。f most of the dctergents used；neveru1elcss，
it was chosen preciseIy because the position or

the nitroxide Iabel in its chain was su価。iently

描r竈rom the po1ar head to g丘ve in吊rmation

reIevant to the environment experimented by

the hydroPhobic pa口。rthe intrinsic protcins
which also extends beyond the length of the

hydrophobic chains orthe sucrose esters，Thc
ESR spectra obtained with that probe in the

di脆rent detergents are shown in Fig．2．By

comparison with the isotropic spectrum ob－

sen！ed8br the solubi－ized state，the ESR spectra

show an increasing immobiIization of the

probe when it is dispersed in sucmse cstcrs of

increasing chain－ength．The order para1ηcters
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                 3356G

 Flc121ESR spcct胴。bsencd訓22oC，or ihe st融ric
acid1abe1incorPorated in n1icellcs or d柵ヒ■・ent c11a…n16ngul

（Co to Cm）sucrose esters．The5pcc｛rum onhe s3me c011－

cent一一ミ1tion o『P1－obe dissolved i－1chloro『orm（So1n．）is日Iso

shown，Ord6r paramcters（①mcasured『rom ulc spcctm

al．6indicated．

50       100       ・50

   ．2       ・■
   ＾ mol●o山1■

  FlG．3．Sur『日㏄pres5ure＿町ea isoユherms mcasurcdミーt20

不O．5oC㎞r C■パ・一一），CI6（一・一），CIl（… ），amd Cユパー）

SuC■．0500S－e『S．

（①calculatcd from these sp㏄tm mnge from

0．12to0．41wlle11the acyl chain onhc dc－cr－

gemt grows肘。m8to18carbon atoms．This
signincant increase in thc order pammctcr1s

an indication orrestricted mobility（mol㏄ulミ1r

rigidity）expcrimented bythe probc．Itis notc－

worthy that the same spin probe dispcrsed in

miceHes orAmmonyx LO（dod㏄yl（一言mct11yl
amine oxide），a zwitterionic dctcrgcnt wi－h a

CI2alkylchain，9ivesanESRspcc〔rumidcn－
tica－wi｛h that obsemed in the C8sucrosc cs－crl

  Se胆。rganization ofamphiphilic molcc一．11cs

Hkc detergents can also be exalmincd by

sprcadingthcm atthea言r／waterintc舳。c，Pro－

vidcd they『om5table m㎝olayers，The su－
crose esters or ㎞tty acids do －brln s｛皿blc

monolayers，as seen㎞Fig．3，wllcrc sur㎞㏄

pressure－arca isotherms o川1e C12，C16，C18，

and C22estcrs are representcd．All thc sucr（）sc

estcrs testcd showed sur胞。e pressure＿arc；1iso－

therms with co11apses in the40mN・m－I re－

gion，irrcspcctively ofthe cllain lengul o『lhc

es－er．Obvious1y，this is the apPare耐。oHapsc

pressure，not the equinbrium prcssurc．Thc

main di脆rcnce between isothcrms is thc1r

tendency to form Hquid－condcnsc（1㎜ms as

thcy hydrophobic tau grows．For instancc，thc

isotherm obscned with thc C12ester cxtc肌一s

to vcry1a㎎e mol㏄u1ar area（＞150人2・

mo1ecule－1）atlowsu曲。eprcssure．Thisc1陀。t

言sstiH morcpronoun㏄d inthcC8cstcr（rcsult
not shown）but it gmduauy disappcars in u1c

  J口I’川“’〆Co〃。〃〃I㎡〃“ψ”∫‘’ω“．Vol．128．No．1，M記而1■1．1卵9
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longerchain estcrs．This tmnsition趾。m high

tolowcompressMty，inshoれ一。ha㎞esters，as
prcssu爬is increased，is the wc11－characterized

Hquid－expanded to l…quid－condcnsed state
transition obsened br amplliphilic molecules

at the a｛r／water inter㎞ce（21）．A simi1ar tmn－

sition shou1d occu一・in longer chain esters but

at a higher tcmperature．The d柵もrence be＿

tw㏄n isothcrms thusonly renects thestrength

o『chain－chain hydrophobic interactions“dth

incrcascs with chain length and emb1es mol－

ccu－es to ronm a more condensed structu1＝e．

With resp㏄t to this，㎝e could exp㏄t the

lomgcrchainesterstoshowsmallermole㎝lar
arca than shoれ一。hain orles in the 20＿40

mN・m■一ml・lge．Contm町to such an expec－

tation，short－chain estcrs show the smanest

mo1㏄u一三1r arca，most probably due to their

highcr so1ubility in thc subphase．

  According to their physicochemical prop－

crties，the d…πbrent detergents used to pu㎡ry

protcms must more or less maintain their

stmctuml intcgrity．The e脆。t of a given de－

tergent on the stability of a purined pI＝otein is

probab1ybestcstimatcd byitsthemalstabiし
ity，In Fig．4，the time dependence of dem－

turation o『rhodopsin by hcat is p－otted，It is

clear什。mulengurethat，asexpected，themal
s訟biHty incrcases with the sucrose ester chain

】eηg舳．At40oC，れtakes5b to deηaωre90％

o〔he rhodopsin whcn it is dispersed in the

C8estcr，whilc in thc CI8ester，incubation un－

dcr the samc conditions does not auow obser－

vation orany denaturation．In the same t三me

Period，signincant（40％）denaturation is ob－

servcd at50oC in the CI8ester．At this tem－

pcraturc，rhodopsin is complete－y destroyed

in20min when dispcrscd in theC8ester．For

compamtivepu叩。ses，thethemald㎝atuト
ation curves ofrhodopsin contained in its lia－

tive membrancs町e aIso plotted in Fig．4．It

issccn thatin theC16andC18esters，thether－

mal stab舳ty of rhodopsin at50oC is better

than that㎞rod outer segment membmnes
suspendcd in67％（v／v）aqueous glycerol．At

the same tempemture，thestab舳yofthe p1g－

menピn the C18ester is only three times less

than its stability in pure rod outer segment

Jn1π舳’ぴα，”o〃“’1‘川“r伯fr∫r’〃lr’．Vol，12目．No．1．M訓r小1．19躬9
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 FIG，4．Rate of thermal denalul．ation o『r110dopsi口in

th6di脆rent sucrose este晴at40and50oC．The耐action
o『1－e5idu81abs01Ibance（ノ〃ノ。），mea5u1・ed at530血m，ヨs

plo帆ed on a－ogarithn1ic sca16ve耐u5tin，e．Th61ines are

iden一三阯d｛C8to C．一）according－o帖e］e掘gth onh05uor05ε

ester chain in which puri危ed rhodop5in was d…spcnεd．“R”

s胸nds『or son1閉ted rod outersegm6nt memb祠nes m water

whilo仙R／G”stands資。r th6same membranes in6？％（v！

v）aq口eOu5g－ycerol（a5in ReC（5））．
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membranes．Themal stability thus does not

only correlate“枇h the ester chajn length；1ong－

chain esters can stabi1ize the puri員ed pigment

a－most as e冊。1ent1y as the mt1ve membrane

enVirOnment．

              DISCUSS－ON

  The alkyl esters ofsucrose se㎡es behave es－

sentiauy m the same mamer as that ofother

homologous se㎡es ofdetergents．The critical

miceue con㏄ntration ofthe sucrose esters is

not much di脆rent竈rom that ofrelated mo1－

ecu1es．For instance，dodecyl maltose，which

di脆rs耐。mlau町I sucrosebyasma11stmctur副
。hange in the po1ar head and by the presence

of an ether Ii11k between its hydrophi1ic and

hydrophobicp耐s，hasaCMCofO．6mM（13）
compared to0．4mM㎞r the equ三vale耐su－

crose ester．Moreover，thesedes obeytheem－

p旧。a11mear relat1on between㎞（CMC）and
the alkyl chain1ength whose slope gives the
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free energy ortrans危r（一680cal／mol．）or化hc

methy1ene group竈rom watcr to thc miceHar

state（2，3）．Interesting1y，the CMC o川1e su－

crose estcrs is aiso similar to that of1ysophos－

pholipids ofcomparab1echain length．Ind㏄d，

palmitoy11ysophosph舳dyl cholme has1ts
CMC between0．l and0．06m〃（22）while
we fomd pa1mityl sucmse to havc its CMC

a－so at0．06mM．In addition，the mmber of
molecu1espermicellewhich range from83t0

151intheC12toCI8s口。roscesters（4）isnol

far肚。m the value of1800bscned胎r the

above－mentioned phospholipid（22）．From
this point of view，sucrose csters thus behavc

llke monoacylated mcmbrane components

  〈s predicted theoretica1Iy（3）and expel・i－

menta11yobscned in othcrhomologousserics

（i3），chain elongation and growth o『111icc11ar

sizeshou1da1sobeaccompanicd byan incrcase

in moIccu－ar packing density．Thc ESR spcctra

obsencd with the spin probc that we have dis－

persed in sucrose esters micelles indicate that

this scrics does not behave di脆rent1y．The

tendency of th6se detergcnts to rorm morc

condensed structures as their hydi－ophobic ta口

1ength1ncreases isalso weH exemplincd bythe

measurement of their surface prcssure－arca

isotherms．At room tcmperature，short－chain

esters fbrm highly compress1ble mommol㏄一

ular伽ms．Underconditions where a la㎎e area

is availab1e fbr the moIeculcs，shoれ。r estcrs

seem to occupy all the sur備。e and show mca－

surab－e sur密。e pressure whi－e longcr cstcrs，

under the same conditions，do not occupy all

the sur胞。e and thus already form iso－ated

condensed structure which wiH create a mca－

sureable surrace press山e only when the avail－

able area will be reduced，Since a11 sucrose es＿

ters have identical polaI．heads，this e舵。t is a

direct rneasure or the strength or the hydro－

phobic interactions which take place bctwecn

alky－chains and progressivdy induce the w汕。r

repulsion and molecular compaction requircd

『or stabilization ofmembrane proteins．

  Rhodopsin exists as a mommeric mem－

brane prote…n br which i舳eraction with”pidic

membrane components does not seem to m－

ply chemical spcc冊。ity．The propertics orthis

235

pigment which are determ㎞ed by thc mol㏄一
ular environment most probably rely on its

p11ysicochem1cal properties and“iong－migc”

intcractions（23＿25）．On thisbasis，itwasprc－

vious－y concluded that its nativc stab舳ty，by

comparison with the detcrgcnトso1ubilizcd

pIgment，dcpended on appropr畑tc so－v汕。n

byamphipMcs ofsu冊。ientlyhrgehydropho－
bic doma㎞s（26）and tha川s m“vc co柵gu－
ration was maintained as long as w1tcr wls

prcvcntcd竈rom pcnetratingit（27）．Thcrcs11Hs

prcscntcd in this paper show that1omg－cI－1ain

sucrose estcrs Mふu the rcquirements R〕r st～ト

bilization or rhodopsin．Thcy havc a sum－

cicntly l011g hydrophobic taH to achicvc，by

11ydrop11obic interaction，t11e rcquirc（一dcgrec

o『Packing and thcir hydrophi1ic hcad is s1．…H

sumc三enuy sma11to prcvcnt stcric rcpulsion

Orom taking Place in the mi㏄llcs．㎞㎞ct，in

the C18ester，the thermal stab舳y of purincd

r1－odops…n is on－y three tin1es－ess uian ihat

mcasured㎞r rhodops㎞contained in i化s（lisca1

mcmbranes．It corresponds to a signincant

improvcment over more frequently uscd dc－

tergcnts in wMch rhodopsin thcrmal s喩b口ity

is ordcrs o『magnitudc Icss（5）．

  In conclusion，we be1ievc that s化abiliz汕。n

o『visua－rhodopsin in a statc vcry closc to its

membrane－bound s佃te by sucrosc cstcrs
should also apPly to other n1cnlbrane prolcins，

providcd they do not require chcmica1spcci－

Oc“y for a par【icular lipidic group，and n1ミ1t

thcsc dete1’gcnts mnv l1e bcst suitcd to tllc sludy

or intrinsic protei一二三一
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