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ABBREVIAT10NS

ADP: adenoslne-5r-dlphosphate

Ai,TP: adenoslne-l r -monophos.ohate
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SDS; sodiun dodecyl sulfate
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tri c ine ; tri s ( hydroxynethyl )methylglycine
Tri s: iri s ( hyd roxymethyl ) aninomet,hane



INTRODUCT工 ON

Detalled understandlng of the energy transfer process

leading to ATP formation in -chloroplasts requires the lnvestl-
gation of coupling device (coupling factors) of thylakoid

..menorane.

Chloroplast coupllng factor I (CFf ) (f) fs the only errzpe

purifled from the menbrane. 0ther factors suctl as the mem-

brane counterpart of CF, (i.e., CFo) Q') may.play a role Ln

t4" process of energy transfer from proton gracllent (il to CFl,

but jot so much has been known about thenn;

The photophosphorylatlon activity oi chloroplasts which

were suspend.ed. ln 1 nIJi EDtA then collecteil by centrlfugatlon

was lost but could be restored on assoclatlon with the super-

natant (4). This was the flrst report'deserlblng the coupling

facior actlvity in chloroplasts. This factor proteln was

then purifled and termed ttchloroplast coupling factor Ifi (t).

CFr- has the mclecular weight of 325,OOA d.etermlned. by the

sedimentatlon equllibrlun method. (5) and, 1s a latent ATPase

which exhiblts hydrolyti c actlvity of ATP after treatment by

heat or trypsln (1,6). Speciflc antibody for CF, lnhlbited
trypsin-actlvated Ca2+-AIPase, phosphorylatlon and light-DTT-

2+activated l"lgr+-ATPase (7). Thls d.emonstrated. that CF, is
involved ln the termlnal steps of photophosphorylatlon"

(■ )



ADP is an all-osterlc lnhlbitor of the heat-activated'
cz^2+Ca" -ATPase of isotrat.ed."ctr'l (B) and trypsln-actlvafed Ca-'-

ATP?se of chloroplasts (9). Froin tne Hill Plot (fO'; of the

activtty against AtP ccn.centratlon, the apparent reaction

ord.er of I ln the absenee of ADP changed to L.g ln the presence

of ADP. thls sugggsted. that CF., i.s an allosterle enzqe that

contains .at least two active sltes acting cooperatively (ft).

The bindlng sltes for nucleotid.e on CF, were stuclied with the

ultraflltration method. (te;. Two apparently id.entlcal tlght

s!tes for ADP and ADP-analogs with dlssoclatlori constant of

less than IO 2ll were d.etected, The slow'rate of association

for ADP (fe1 seeningly ruled out the posslblllty that these

tight sltes are the catalytic site for ATPase of isolated CFr.

There exlst also the tight binding sites for AIP or ATP on

nembrane-bound CF, with a dissoclation constant ln the similar

range (\J,t4), The nucleotides bound to these sites stlmulated

(fl) ttre extent of light-lnd"uced proton uptake by blocking the

leakage of protons through CF..,, r€sulting in the partial inhi-L'

bitlon of electron transport (14,t5).

However, lt has not yet been known how these tight sltes

lnteract wlth the catalytlc stte 1n the process. of ATP syn-

thesls or hydrolysis.

tr{hen CF, was e}ectrophoresed. on a polyacrylanide d.lsc gel

in the presence of SDS (fO;, it was separated lnto five dlffer-

ent potypeptlde band.s (f7). The polypeptides were named

(2)



^\/(s,, F,T, ) and 8, dubunits aceordlng to the order of their

decreaslng raolecular welght of :59roOO , 56,Ooo , 37 rOOO , L7,5OO

and, -I3,OOO', respectively (fS1. The stoichiometry of these

subunits was determined" by the relative staining intensity of
SDS gels (19) and by the.relatlve amounts of rradloactivlty
incorforated. into each subunlt of CF., isolated from the chloro-
plasts of pea grown in an atonosphere of [lac] co, (B).

incl,ud.es 2cr,29, 1[, 16.and 2tsubunlts (8,19).

These five individua■  subunits were iも 01ated (■ 8)and theif

function was linvestigated by.anti二 もerum fOr each subuttit (20).

The anti―α or anti―ヽ
′二五ntibody inhibited photophOsp● Ory■ atiOn

and ■ight― DITTacti↓よted i≧2+.ATPase of chlorOp■ asts (20),

suggesting that the α and ttsubittis might be inv。 ■ved in phoS■

phory■ atiOno   The stimulatiOn of ■ight― induced proton uptake

by ATP (■‐う)was inhibited by anti― α, indicating that tight

(regu■atOry) sit6s for ATP are ■OCated On the α subunit.

OF1 9omp9Sed 。1 0n■y α and β Subunits, which obtained after

lrypSil di‐,es119n of cl■  (18), 9Xhibited iOrma■  ATPase activity,

indicating that the activё  s=te fOr ATPase ■, present on th9

α and/or β subunits.   9F. debleted f subinit ias‐ Obtainea by

ch■ oroform extraction fo■ ■owed by DEAE“ Sephadex A二 50 oo■ umn l  ‐

chromatOgraphy (2■ ), Trhュ ch cOuld ttOt be recOmbined with  ‐     |

,Cl■  dep■
etee membr,ne,   ThiS '9i■ d indicate that theS もubittit

iS , 
■ink f9F bindilg CF. tO tlle membran6.(21).   Purified ε

subunit inhibited ithe ATPase activity Of ,latTa9tiVat9d Cr. (■ 8)

CFi

(う )



H。青ever, it has not yet b6en known hOw these subunits  .

function in the proc.ess Of ATP synthesiS (or hydrO■ ysis),

in co■■abOration with ёthers, or whether the active site 6f

m9血 brane_bound OFi ‐for ATP ,ynt'esiS iS 
・
denti ca■  to that fOr

ATP lhyd10■ yPiS Of OF. actiVated as‐ ATPasle.

Chё mica■ modification (22) sometimes ■ёaas tO・ usefu■  in10r―

mation about the active site Of an enzymeo   blIOdificati9n Of

i.sO■ ,teo Cr■ by^N―
ethy■ma■ eimide (NEM)。 r iodoacetamiae (2う )

aid not inhibit the ATPase aё tivity, suggesting that SH― gro,pS

are not invO■ ved in the active Site。    7-Ch■ oro-4-nitrObenzo"

2-oxa―■,3-diazO■ e (NBD二 C■ ) (24)modified the β subunit of

iso■ ated Cl■ ,nd inhipited the ATPase activity (25).   ThiS
suggested that a tyro,y■  res■ due Of the β subun■ t is ■ocated

within or very c■Ose tO the actiVe site Of ATPasee

On thё other hand, the cheIIlica■  modification of membrane“

b9und CF. was confronted with difficu■ ties since many different

proteins are present in thy■ akOid membrane, therefOre, the

OFi・
PPeC・
fiC m9difieF h,S be9n requ■ re de   Successful modifier

Of membrane―bound cF. was IEM I「hich ■odified the SH group 9f

theヽr subunit in the ■ight (26)and inhibited phOtophOsphOry_

■atiOn by 50% (27)。   A■ though the reSu■ t, suggested that the

confOrmation Of CF. w6u■ d be changed by enё rgization (28)Of

thylakOid membrane (by i■ ■umination or acid― base transition

(29)), they did not give any informatiOn of the active site

for ATP synthesis.

(4)



Py,idOxa■  phoSphate (PLP)haS been iSed for leverOl enZy=es

inte racting・ with‐ phOs‐phate=contain‐ing ■11gand.sl(30,う■)iin‐ 10rlこer

to detect lySy■  residuO(S) in thel● OtiVe lsitle or its.vicinity:

=,n thiS paper‐
チ ーthe resu■ t‐s ‐Of‐ PIIP'r461こユriCtation‐ Of‐もOth   ‐ |

・ elbran‐e=bOIn.こ
―and is611atё d CF. are dels.cribelo「 ●■olつ。S‐,ible l

changes in thё  Subinit architectur9 of OF. by detaё hment iFё早

t,e‐
=e“

b‐rane and by an additiOn of diva■ ent catiOn are postu“

■atedo         l

(5)



I I EXPERI}4ENTAL

II-1 Materials
'Spinach chlor:oplasts were p::epared :according to the method

of lvtukohata et al " (iZ) (Diaeran 1).
Chlorophyll was ,determlned according to the roethod of Arnon

(f31 ( Diagram 2, .

Chloroplast coupllng factor 1 (CFt ) was prepared accord.ing

to the nethod. of Lien and Racker O+j with sllght roodiflcation
( suc ro se d.ensity gradient centrlfugatlon was . ornitte d. ) ( Diagrams

3A, B and C).
F? 'l

L_'itJ labeled" pyrld.oxal phosphate lras synthesLzed according

to the raethod. of Stock et a1. (1il (Dlagran 4). Fig. l shows

the elution proflles of Dowex 1 x 4 column chromatography of

an oxidized PLP mlxture. the eluate was monltored by

absorbanee at 33O nm for pyrid.oxlne phosphate and PLP and at

39O nm for SIrP (not for pyridoxine phosphate). The flrst
peak was thus assigned for pyrid.oxlne phosphate and the second

one for PTrP. the proflles of radioactivity ancl the absorbance

of PLP only partly overlapped., whlch had been reported and

explained. (rc) that []ul ele differed from cold PLP in the

migration rate through this column but other chenical and.

biological properties of []H] ff,r were same as PLP"

Therefore, the fractions of 20-27 were pooled and cond"ensed

by evaporatlon. The residue was then dlsso1r,'ed. ln a minlmun

volume of 10 mi{ trlcine-NaOH (pI{ 7.5), frozed, and stored. at

(6)



-2O oC. .The 
concentration of PtP was determined by the

absorbance at JBB nm wj-th the molar extinctlon coefflcient of

5,6o0 iui-l "*-l ln o.l N Na0H (37). Specific rad.ioactivity
-7t---7';:"'"of syntheslzed It5) PLP was ! x 1ot c',p!r/umole.

Reagents: ADP, ATP, dithiothreitol (DtT), pyridoxal phos-

phate (pf,p) , trls(hyaroxymethyl)nrethyl-glyclne '( tricine ) lrere

purchased. from Signa Cheniical Co.. Bovlne serum albunin

(tatty actd. free) was purchased. fron Mlles'Laboratory Inc.
Trypsin (treated. wtth L-l-tosylanlde-2-phelyiethyl ehloronethyl

ketone) was purehased fron Worthington Blochemical Co..
a4 .r rZ2 :1

L'FJ l{aBHU and L'-P) Pi were purchased" f,rom New England. Nuclear.

Alt other chenlcals lvere reagent grade anC useC without
further purlflcation :.

(7)



Diagram 1 Preparatlon of S

Spinach leaves (foo e)t-
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Dlagram 2 Deterninatlon of Chlorophyll Content

phloroplast Suspenslon (O.1 ml)
b' l4lxing lnto BOf aqueous acetone (20 mI)
v
Filtration through, a filter paper (Toyo No 3')
v:spectrophotoraetry dt 652 nm (AD65Z)

Chlorophyll concentratlon (rne/nf ) = 5,8 x OD65Z

(9)



Diagram 1A, Preparatlon of Crude Extract of CF,

Spinach Chloroplasts (tOO mg chlorophyll)
l,'

- Suspdnsion tn 10 nM NaCl'(e5O mf)
vStlrrlng (to rnin, 4 oc)

vdentrlfugatlon (B,qOO x g, 20 mln, 4 oC) 
.. .r{

P{ Xn
v'
Suspenslon, ln 1O nM NaCI (to glve 2 ng chlorophyll/nl)
kr*r"u, i*' I mri EDTA (pH 7.8, to glve o., r* 

"nroronn J-tt/^tl
vStlirlng (tO min, room temperature),v
Centrlfugatlon (20,OOO x g, 40 nln, .15 

oC)
' 

- ..l(\Ppt S-up (Crude Extract)

(■0)



50 mM AlP (2 nI)
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under 11near gradlent O.12-0.3 M (NH4)eSO4 (4OO rnl)

Column chronatography ln Diagrams 18 and C was carrled out

at room tenperature. Fractlons with the fluorescence

emission ratio (lO5 nm z 34A nm, by 28o nn excitatlon) greater

than 1.8 (fe) were pooled and stocked as ammoniurn sulfate
precipitate (SO/, sa.turatlon) in a medium containing 20 mlri

Trls-SOu (pH 7.Lr, I nll EDTA and 1 mM ATP at 4 oc"
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                        。。25 m■ )Addition of HC■04 (70%,
レ
Addition of MnOを  (20 ng)
レ

〕
tirFing (18 hOurs, ■7 to ―■0 °0, dark)

, う min)(う00 x gCentrifugation
´

P P
(Mn° 2)   Addition of KH003 (2M, 2m■ )

とentr ■ (300 x g, 5 min)

/
Ppt

(KO■04) App■ying to powex ■ X 4 oO■ umn

l)   (aCetate lor干
, l X 3°  Cm)

E■ution (う 。6 m■ fraction)

under ■inear gradi‐ ent

(o-4.8 M acetic acid, ■6o

Column chromatography was carried out in the dark at

tenperature.
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Fig, 1. Separation or []n] plp from t4t] Pyridoxine phosphate

in a Dowex 1x 4 colunnn. Chromatography was carried out by

the nethod 1n Diagram 4. Absorbance at 33A nm (O) or J9O nm

(@) was d.etermined after 60 fold dilution of the eluate r*ith
0.1 l.t sodiun phosphate buf fer (pil 7.8). Relative radio-
activity (A) was measured in Brayrs cocktail.

(■ 4)



TT-2 l,lethods

Protein was determined. according to the nethod

at d}. (37, (Dlagran. 5) wlth bovine serum albumln

or."U- The concentration of CF- wasfree) as stand.ard. The concentration c- r
rr-y uslng a value rof 325,OO0 (5) for the mo]-ecular

cFr"t1"
Iilodlficatlon of ehloroplasts and isolated CF-, by PIrP was

I

carrled'out by the method, sho"rrn ln Diagram.s 6 and 7' respective-

ly.

. Po,Iyacrylamld.e disc ge1 electrophoresls ln the presence of

SDS.(SDS-PAGE) was carried out according to the method of

Weber and Osborn (fe 1 (Diagraur B).

The dlstrtbutlon of []if] PLP araong the subunits of membrane-

bound antl isolated CF, was d.etermined by the procedure ln

Diagrans g and 10, respec-.,ive1y.

The clrcular dichrolsm (Cl) spectra of CF.., and PLP modlfied
I

CIt were measured with scan speed of 2 nm/nin and lnstrument

tlme constant of 4 sec at 25 oC by a Jasco spectropolarimeter

(nod.el- J-2O) with a CD attachment. The optlcal path length

used was 0.5 cn for a region between 25O-3OO nm and O.1 cm for

2O5-25O nm, The mean residue elllpticity [0] was calculated

from the relation of

loox 0

of‐ Lolfry .

|(latヽす aoid

deternilned

.weight of

EDI =
CxL

wherO D i, the ObServedi el■ iptiCity in degrees, C iS the meOn

(■ 5)



resldue molar concentratlon of Ctr', and- L is.the optical path

Iength in centlmeter. l{e,an ::esidue welght of CF., used was

108._

Difference spectra of C'F..'.-PLP complex were measured by

Cary 118 spectrophotometer at 25 oC. Two palrs .of matched.

quartz cel-}s of I cn path length were used... In the sample

beam sld.e, the first cell contalned 2"7 N CFl, 20 nM tricine-
Na0H (pII B.O), 1 mM EDTA and 150 /rM PtP and. the second cell
only buffer, whereas 1n the reference beam slde, the first cell
contained CFr and the second. cell PT,P. The d.ifference spectra

!

were- measured before and after additlon of PLP to allow for
approprlate base-line correctlon, ltg0l, and, ATP were added

as requl re d..

(■ 6)



Dlagran 5 Determl.nation of Protein Concentration

レ
r° t'in‐

,。 lution (°
:5"血1)

 ́ViXing, in medium A 1 0。 0■% Cus。 4

【う m■ )

I Lo.ot N NaoH
v
Incubation. (1O n1n, &t room temperature)

0.02% sodium oitrate

12%‐ Na2°°
3

レ

lddltlon of phenol reagent (O., nt)
v
Incubatlon.(JO nin, at room temperature)
v
Spectrophotometry (lOO nm or 75O nn)

(■7)
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(5 mr, 1,.ooo

( 5 rnl, 1,ooo

X g, 5 min, three times)

X g, 5 min)

Tris■ ace tate (pH 9。 0)

EDTA  ‐

SDS

“

ト

ー

」

。■ M

■ lmM

2%

SDS―PAGE
♭
S■ icing (■  mm thiё k)
レ

ligeSti°
n (30% H2°2: °・5 m■ ;

Addit■ on of Brayts cOckta■ ■

iうH]PLP countilg

60 °0, ■2 hourS)

(40) (10 m■ )

BrayIS CoCktai■ contains  ■oo g naphtha■ enO, 6 意 12,5,

dlphe■y■ oxaZO■ e, 0。 275 g 2,23_p_phё ny■ enO二 bis(5-phetty=二 OxazO■ e)

■n ■ ■iter of dioxane。

(22)
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=―
Measurements of Bュ O■ Ogica■  Activities………‐        '

Fecy reduCtion of lch■ Orop■asts ‐was ‐astsayedi by the‐ metい01d in

Diagram ■■.                                      ・    :

IThe act‐ ivities lof other e■ ectron‐ tran,oort ,ystems (事 20-

DIQ,■
を
01平I)':Were toas,.ed.p,larOgr,phica■ ■y by an oXygen

le■ ectrode (Fie■ d.oxygё h ana■yzer, 3oOkman)at ■5 °C.   The  l

rates of e■ ectrOn transport were determined fronh the recorded

s■opes 6f oxygen ev6■ ution for事 査0二DMQ and ottygOn tptake lfor

Hう0,MV・ :  In th?. 11ter 9aSe, Feduced MV is auto-Oxidizab■ e

and tれus Oxygen is tak‐ en up when the reacti.on is carried out

under aerobic condition (Meh■ er reacti。 五.(4■ )):   The ireictiOn

“

ixture c6ntained o.■ M sucrosO, 16 血14 tricine=N10耳  (pH 8。 ぅ),

5 壼
lI Mg。
■
2‐
and ch■ 9r9plastP. e qui'a■ ent 10 ■‐写5‐メ尋 ch10rOphy■■

and additlona■  500“メM DivIQ OF 50,μ tt MV i■  a Fina■  Vo■ utte Of

5。 75 m■ .   IATP was aaded as lrequired.

The ■igh、■indu99d proton uptake (42)6f oh■ orop■ asts waも

平eaSured in a ledュ um cOntalning 50 mM NaC■ , ■ 面M tricine,

51響 MsC■
2'‐ 1° メ
M WS and Ch■ 。rtt■ aSt,9quilVa■ ent 10 7001ノ g

chlorophy■ ■。   ATP was added as requirё d.|I Thel mё asure五ёitS

were run in a water‐ jaketted ce■■ とt 15 99:   Actitti6 1■ i』ht

was prOvided by a 750 W S■ ide projeOtOr with a cut― Off fi■ ter

at 53o 五m tOle■ iminate the ■ight of shorter Wavё ■ength On

Ag―AgC■  ё■ectrodes ュn the cOmbinationipH e■ ectrOde used.

The pH changeS Were continuous■y reCorded by a combinatiOn ‐ |

of a pH meter (H itachi“ Horiba, F二 7)and a rё cordё r (Toa

(2う )



Electric Co., EPR lOA).

The actlvity of photophosphorylation was measureil according

to the nethod. of Asad.a et al. (43) wlth sllght r:nodlf,lcation
(Diagram L2).

I-light-DtT-actlvated Mg2+-ATPase and trypsln-activated
Ca2+-ATPase of chloroplasts were assayed. accordlng to the

method of Datta et aI" (9) (lfaerans 1JA ana f ),i

Heat-activated Ca2+-ATPase of isolatetl Ctr', was assayed by

' the method. of Farron and R.acker (23r. (Diagran 1lC) o

. For the AT?ase assays llberated lnorganlc phosphate in
the -final supernatant (Diagraurs IJA, B and C) w'as deternined.

by the method. of Taussky and Shorr (44) (Diagram lJD) "

(24)
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suc10sei ■o myl tricin6_NaOH (pH 8..ぅ )

単||° 12' 6ooメMi Fecy

Oc, daFk)          |

s■ lde projector (4 min, ■5 
°C)

(50%,

(■ ,000

O.1 m1)

x 8, 3 nin)

〕
up

Filtration through F1lter
v
Spectrophotonetry (at 42A

paper (Toyo No 1)

nm)

Ppt

The amounts of Fecy reduced were d.etermined by uslng a
molar extinction coefficient of l106o lt-I "*-1 for Fecy,

before and after the illumtnation. ADP, ATP and" Pl (or

arsenate) wer:e added. to mediun A as requlred..

(25)



Diagram ■2   PhOtOphOsphOry=ation

,計
16r:p・astS (49ノ冶g ch■ ?rophy■ l)
'ViXing

in medium A

(2m■ )

■
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FI sucrose, 10 mM triclne-NaoH (pH 8.3)

IigC3-r, 600 214 Fecy or 20 ,rM PMS

nM ADP , 1 nM P2qJ pi

L5 oc, dark)

W sIlde proJector (4 min , L5 oC)

Prelncubatlon
L

(■

by工■luIIlinatiOn
レ

light Off
レ

~

Shaking by a vertical mixer (30 sec)

IITIITI夏二夏「
‐~…

丁

~T………
丁
~~~二~_丁

百哺Ъer iay6r

5 rnl), acetone (2 nI), aqueous

nolybd.atd (tOL, I rn1), 1-butanol-benzene
' ( wate r saturate iL ,

ammor:.1um

(4 n1)
Lt:.,tI /v)

taque°l,)
Addition of

|

( organlc )

O,1 ml), ammonlunr

O.1 ml), butanol-benzene (4 m■ )

詈 king

,°

Wer 
・
aFOr

Addition of
レ
Addition of
レ

(rep

(5 mf) Upper layer
water (5 mf)

aqueous amnonla (zB%, 2 rnl)

[]"] eountlng (Cerenkov radiation)

(26)



Diagraro 13 AtPase Assay

A) L,ight-DTT actlvated l4g2+-AtPase

' Qhloroplasts (2O pe chlorophyll)
, /-
Illur:oinatlon by ;a 75O W slide proJecto,r

inlmediuin A 1 50,硼 IT ris‐ O■

(o.e n1) | 5o mr.,t Nacl

5 1rI MgO■ 2

5 mM DTT

20ノ』旺 PtWIS

ixlng
1n

(■0 1mi五 ,

(pH 1310)

L5 oc)

medium B

(■ 。Om■ )

IncubatiOn (37
レ
Addition of TcA
レ
Centrifugation

Ppt

mll.T riS― C■  (pH 8,o)

副 MgC・ 2
‐副 ATP

O min, dark)

; う m■ )

OXg,う Inin)

０

５
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Qhloroplasts (fO pgL /"
Iucubatton (Io mln,

ln .me d lum C

(0.t5 nt)

Ppt

Addltlon of bovine serum albumln (t%, 5O-7l-l
L
Uiixlng

1n mediurn

: (I rn])

Incubatlon (37
L
Additlon of TCA
L
Centrlfugatlon

Sup II

mM Trls-C1 (pH B.O)

ml'i CaCL,

nl.t ATP

m1n)

I ml)

x B, f min)
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C) 五eat“ activated Ca 
十_ATPase Of isO■ ated

9F.|(ぅ
-5 μg)

CF.

五M オヽicinettNaOH (pH‐ 1815)

mM EDTA           ・

副l ATP

m14 DTT

二
‐■

Heatlng (62
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ixing

in medェun F
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mPl trlclne-NaOH (pH 8.5)

mI{ CaCl,

mM ATP

mln)

O.1 mI)

3T oc

rcA (

（
）
　
　
　
　
，

陽Ｆ‐・（げ‐・〈Ｐ
　
，．
μ
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The standard. curve was obtained by the same proced.ure except

that varying concentrations of tnorganlc phosphate were ad.ded

into medium B, D or F instead of ATP and enz;rries"

(30)



III RESULTS

工I正■I   PIIP Modificlation ofloh■orop■asts

mOdification on the tactivities of
・ ‐  ■ ●■|■■■|'| ‐|| ■ ||■ l lll■ 11■ 111● I11111
: ・ 1111111:||||‐ |111‐ :1111111111111::ヽ二:

. Chloroplasts were lncubated wlth an lndlcatetl eonce,atratlon ',

of PI,P for lO nln ln the clark or 1n the 1lght and collected. ',. :,

by centrlfugatlon after the adilltlon of NaBHU, then assayed.

for electron trahsport and phosphorylatlon. .' . ' : '

I i , i' , ,. :"" '
Fig. 2A shows that PIP moctlflcatioa of. chloroplasts in the-

cl.ark d.epressed. the actlvlty of Fecf reiluctlon couplect to
phosphorylatlon (ln tfre presence of ADP and. Pl) tn parallel

wlth the lnhlb1tlon of phosphorylatlon, but gave no effect on

the basal actlvlty of Fecy red.uctlon (tn ttre presence of ATP

and Pi). F1g. 28 shows that PIP mod.lflcatlon of chloroplasts

ln the llght (5 x IO4 lux) stlnulated the basal actlvlty of
Fecy red.uctlon (ltp + Pi) and lnhlbited. phosphorylatlon.

trlhen the electron transport actlvlty wtth other electron
acceptors was tested,, the results were ldentlcal to those of'
Fecy reductlon (Table 1). Table 1 also shows that the oxygen

evolutlon was not 1nh1blted. by PLP modlflcatlon.
The extent of the llght-lnduced proton uptake and, 1ts

stlmulatlon by AiP were not affected by PLP nocllflcat1on ln
the d.ark but sIlghtly d.epressed. by the nodlflcatlon in the

llght (table 2).

i)  IEffects lof PLP
il■‐ll l11113111‐ lrl l ll:1 ‐ 111
: ‐|‐ ■■|●lor9p■aSts

(う■)
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llernbrane-bountl CF, is latent ATPase which is aetivated as
)+-'-ATPase by the illumination ln the presence. of DTt or

Ca'--ATPase by the trypsln dlgestion. .

Fユ g。  う ShOwS that the activitie6 of }lg2+_AT'ase and oよ
2+_

ATPas‐e of dh■ orop■ asts mё dified with an indicated cOncentra‐

tion of PLP in the dark fOr ■o min were decreased With an

increase Of PLP cOncentratiOn.   Mg +― ATPase was inactivated

at ■。wer concentratiOns of PLP t五五n ca2+_ATPaseo   The degree

of ig +― ATPase inactivation was seen■ng■y ■aFgbr than that

of ca2+“ ATPase.

il)  Effect of adenine nuc■ eOtide On the PLP ■odification of

ch■ orop■asts            .

Fig。 4 shows that ATP (at 400メ ♪1)in the incubation mixture

decreaSed the rate of phOsphory■ ation inactivatiOn due tO PLP

modification in the darko   ADP showed simi■ ar effect (data

not shown).   In the PLP modification in the ■ight, ATP showeこ

s■■■■ar effect.

Fige 5 ShoWS that ■ow concentratiOns 9F ATP (eog。 , at ?o,μ11)

in the incubation miXture depressed the stiIItu■ atiOn Of basa■

Fecy rleductiOn (ATP tt Pil) caused by PIIP mOdification in the

lignt, whi■ e ATP at the same concentratiOn did nOt protect

Ch■ orOp■ asts from inactivation Of phosphOry■atiOn sO ■arge■ y.

Tab■e 3 shOws that ArlnP cou■ d be rep■ aced by PPi, An4P and

ADP but not by P1 0r arsenate.

(32)
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Fig" 2. Effects of PT,P modifieation on the photosynthetle

actlvitles ln chloroplast. Chloroplasis were modlfled with

an indicated concentration of PLP for 10 min by the method in

Diagram 6a A, in the dark or B, iil the llght. Feey reductlon

(e.t.) was measured. ln the presence of 5OO2UI ADP and 1mi4 Pi
(O) or lOO;rrli ATP and. I nli Pi (A). Phosphorylation (P.P.)

coupled wlth Fecy reduction was measured. ln the presence of

5oo p,i ADP and 1 roi,t fl2r] Pl (@) .

8   0

[PLP]

4   6

〔mM)

(33)



TABIJE ■

Effects Of the PLP HodificatiOn on

E■ ectron Transport

the Acltivities Of

Chloroplasts were modlfied. r,^rith 4 nlt PLP ln
the light for lO mln. ,The electron transport

no        ATP
addition  +

Pi

the dark or in
ac'tivltie s

were measured 1n the presence or absence of lOO /.lM AtP"

MODIFICAT10N EIECTRON TRA}IS?ORIA

H2° ~¨〕19 IIっ0… ―製Ⅳ

nO      ATP
additiOn  十

Pi

cOntrO■ ,

4 m14 PLP,

contro■ ,

4 副  PLP,

■ight

■lgh t

dark

dark

■59

■ぅ8

13■

■20

■■う

■4■

■■5

8■

40

62

う9

4■

26

59

2■

28

a: 7rno1e* O2 llberated. or consumed/*g.qhl-hr

(34)



TABLE 2

Effects of the PtP Flodificatlon on the L,lght-induced
Proton Uptake and Cyclic Phosphorylation

Chloroplasts were mod.lf1ed with 4 rnll PLP 1n the dark or ln
the iight for LO'mi.n.. liSht-lnduced proton uptake by chtroro-

plasts was measured. at initial pH,T.B in the presence or
absence of 11O pr{ ATP. Cyclic photophosphorylation was

proton uptakea

addltion +ATP

PMS― phOspho―
ry■ation

ぅ66

45

370

lo6

0.52

0。 23

0.55

o.ぅ 6

■。00

0。 う5

■。00

0。 8■

a : pe q. tt* /^g. chl
燃:l:長ittI]

rd 1 rn-irr l32y) Pl in the presenae of

20″脚 WS・

MODIFI CATIoN ACTIVITY

contro■
,

4 血》I PLIP,

contro■
,

4 m〕I PLP,

■i ght

■ight

dark

dark

no

(35)
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Fig. 1" Effects of PLP modlflcation on the actlvitles of

trypsin-activated. Ca2+-ATPase (O) and 1lght-DTT-actlvated
'ivlg2+-AtPase (S) " PLP rnodificatlon of chloroplasts was

carried out in the dark with an ind.icated, concentratlon of

PLP. The rates of ca2+-ATPase and. ir1g2+-ATPase of the control
(too'p were lot and 481 ;unnoles Pi liberate d/ne chl-hr ,

re spe e tively
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Fig. 4. Tlme course of phosphorylation inactlvation by PLP

modiflcation. Chloroplasts were modified with 1 rol"f PLP for
a given tirne in the d,ark in the presence (0,) or absence (O)

of 4OO 2iU ATP. Cyclic phosphorylation was measured as in
Table 2.
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Fig. 5. Protection by ATP from the uncoupling due to the PLP

nod.ification in the light. Chloroplasts l{ere mod.lfled. wtth

4 r*-',1 PIP in the presence of an lndicated concentration of ATP

for 10 nin in the light. Then, basal and coupled Fecy

reduction (e.t" ) and phosphorylatlon (P.P. ) were rneasured.

as in Fig. 2. Control chloroplasts irere illuninated for
10 min in the absence of PT,P.
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TABLE う

Effects Of Aaeny■ ates on the Uncoupling due tO

Modification i‐ n the Lignt

4 壼ンl PLP in the

indicated in the

were‐ measured・ as

the PLP

presenCe Of

■eft cO■ umn.

■■ F=g. 2.

Chloroplasts were modlfied with

a glven conce:rtration of reagents

Fecy red.uction and. phosphorylation

MODIFI CAT10N

contro■ , ■二ght

4 m14 PLP, light

ぼ4 Pi

mⅣI As

戯 I PPi

+ 0。 2 dlI AMP

+ 0。 2 回,I ADP

+ Oe2 m14 ATP

;ruole s Fe cy

pnoles ATP

REMAINING ACTIVITY

ATP
十

Pi

]::I:tiona

ADP
+

Pi

]景:普 phory・ atibn

■■0

20

２

　

２

　

２

＋
　
　
＋
　
　
十

２

　

０

　

９

２

　

２

　

２

２

　

Ｑ
）
　

７

３

　

４

　

４

ａ

　

ｎ０

reduced/mg " chl-hr
f or:ne d/ne. ehl-hr

95

■55

■5う

■46

■■7

■■う

■0う

■02

■87

18o

■6■

■6o

■69

■7う
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iil)  Revё rsibi■ity Of the PLP modification

After the incubation of ch■ Orop■astS iith 4 mM PLP i.n the

dark or in the ■ight f‐Or ■O min, ■ysine was added tO‐ the

incubation mixture (fina■  cOncentratiOn of 50 五ンI), then

incubat.ed again for ■O min.   Then, the ch■ Orop■ asts ttere

cO■■etted by centrifugation and assayed fOF the activities.

In the incubation in the ldark, an additiOn of ■ysine ‐

rё stOred thel phOsphOry■ atiOn activity up t9 94% Of thё Contro■

〈Tab■e 4)。   On the other hand, in the incubation in the light,

an aadition of ■ysine restored the phOSphory■ atiOn aCtiVity

ott■ y up to 4o% Of the c6ntro■  and did nOt depress the sti■ lu―

■ation of basa■  Fecy reduction (ATP + IPi)at a■■.

Tab■ e 5 ShowS that other a■ dehydes te‐sted so far did not

have any effeCt on the activities of both e■ ectrOn transpOrt

and phosphory■ ation。

(40)



TABtrE 4

Effec,ts of an Add"itlon of lyslne on the Activitles of
Chloroplasts Incubai;ed wtth PT.,P

Chloroplasts were first lncubated with 4 mM PIP for 10 min

ln the dark or ln the light. ,tfren a lyslne solutlon (fina}

concen..ttration of 50 rnl{) tlr }IaBIIr, so}ution (fina1 .concentratlon
.+

of 40 mM) was add.ed.'to the lncubatfon mlxture whlch was agaln

lncubated for 1O min and centrifuged. Fecy. reductlon and

phosphorylation were measured as in Flg. 2.

INCUBAT10N R圧翼{AINING ACTIVITY

]::Ictiona ]::普piory・ ation

■st 2nd
ATP
+
Pi

■02

■09

8う

■02

22■

■85

ADP
十

Pi

275

■68

240

22■

2う4

230

control, d.ark

4 mli PLP, dark

control, ■lght

4 mM PLP, ■ight

;rnoles Fec.y/-
rrmnl o c ANnP

red,uce d/nS" chl-hr
f or:'ne d-/ng- chl-hr

■■う

うう

■o6

８

　

■

　

６

９

　

■

　

う

ａ
　
，ｏ

no ad.dition

+ NaBH,,+

+ lyslne

-no addition
+ NaBH r,'t

+ lyslne

(4■ )



Ef'fects of
Chloroplasts

piperonal (3.2

in the d.ark or

Fecy ieduction

TABi,B 5

Aldehyde on the Activitles of Chloroplasts

were lncubated with pyr.'r-doxal (4 ml4). or

rnM) or salicylaldehyde (4 mttt) or hellcin ,'( 6 rot't)

1n the light for IO min and NaBHU was added.

and phosphorylation were measured as in Fig. 2.

REAGENTS

Exp. I
control
pyrldoxal,

pyrldoxal,

Exp. 2

control
pipe ronal ,

piperonal,

sali cyl-
aldehyde,

salicyl-
o'l rlohrrdo

Exp. 3

control

helicln,
he11 cin,

RI彊ⅦAINING ACTttVITY

]::Ictiona

Ar.nP    ADP

]l:ζ:hory・ ation

＋

・■Ｐ

＋

ｏ■Ｐ

dark

■ight

dark

■lght

dark

■ight

dark

■ight

■■■

■24

■07

■■■

■05

■■2

■■8

■■5

■02

■0■

93

ａ

　

ｂ

2no1e s Fecy

7r,no1e s ATP

re duce d/ng. chl-hr
forme d/ng. chl-hr
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iヤ )  Time cOurses of the inactivation of phosphory■ a,10n and

■■ght‐ DTT―■9tiVatё d Mg +"ATPase due tO PLP modification

lFIlgS. 6A and 7A give Seml■ igarithmic p■ otS Of thq relnaining

activity Of phOsph‐Ory■ ation.and Hg 
十_ATPase Versus ithe incu―

bation tiュe, ShOWing that the process 6f inactivation of

phogp五。,y■atlon and Mg +… lTPase fO■ ■Owed pseudo― lirst order

kinetiCSo   From the p■ otS of pseuao・ first order rate con,tant

(:k')against‐ PLP conce,tratiOn shown itt Figs. 6B and 7B,

sё c6nd Order rate constants of the prOceSs oF phosphOry■ ation

and Mg +―ATPase inactivation were obtainecl to be O.75 X ■02

and´ 2.6 x ■o? M‐■ min~・ , respective■ y。

v)  Effect of adenine nucleotide on Fecy reduction of lPIP_

modified ch■ Orop■asts

FIg. 8A shows the effect Of ATP on Fecy reductiOn Of the

Ch■ orop■asts modified with ■ mI PLP in the dark.   The maximum

inhibitiOn ■eve■  Of e■ ectron transpOrt by ATP (1:e., the ■eve■

。f basa■  e■ ectron tranSpOrt)was nOt changed by the PIJP mOd=fi―

catlon in the dark.   Fig。  8B is a Hi■ l p■。t of the data in

Fig。  8A, which shows that an apparent Hil■  constant and an

apparent binding constant of ATP were decreased by PLP mOdifi―

catiOn from ■。2 t0 0。 8 and from 3   107 t。  4.5 X ■04M ■,

re spective■y.

_Hn ig. 9A shows the rate Of Fecy reduction versus ADP concen―

tration under arSeny■ atiOn conditiOns (ADP + arsenate)in

Ch■orOp■ asts partia■■y modified by PLP (coitro■ led by the PLP

ヽ

(4う )



concentratlon in the incubatlon mixture). Double reciprocal
plots of the ,arsenylation-coupled l'ecy red,uetion actlvlty
r." -, ..-l

LV-V', Vo is the basal electron transport (ATP + Pf )J

versus ADP coneentra-r,ion (Fig. 98) reveal that the apparent

m

lrrr *

value (aO pU) for ADI was not changed by PIP modlflcatlon
the apparent V*r* value was lowered.

3ig. toA shows the rate of Fecy reductlon agalnst arsenate

concentration in the saxle chloroplasts as ln 3ig. T. Double

reciprocal plots. of coupled electron transport versus arsenate

concentration (Fis. loB) shoi+ that the apparent K* value for
arsenate (2SO l,{) was not changed by pl,p nodiftcatlon.

(4+7



PL Prm″′

。cO.3
E

｀ビ0.2

0.:

2‐     4
[PLP](mM〕

5

Time (min)

Fig. 6. Inactivation kinetics of the phosphorylatlon by

PLP nodiflcation of chloroplasts. (A) Semilogarithnic plots

of the reinainj-ng aciivlty of PI'TS-mediated. phosphorylation

versus incubation time of chloroplasts with an indieated

concentration of PI-,P. The rate of phosphorylation (tOO%1

was l3C pmoles ATP formed/ng.chl-hr. (B) Plots of the rate/
constants (kr ) obtalned fron the slopes ln Fig. 6A versus

PLP eoncentration. The slope indicates the seeond ord.er rate

constant "

針
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Flg. 7. Inactlvatlon kinetics of the light-DTT-activated
2.+t4g'--ATPase by PLP modificatlon of chloroplasts. (A) Semi-

logarithnic plots of the remaining actlvity of 11g2+-ATPase

versus incubation time wlth an indicated concentration of PLP.

The rate of Mg2+-ATPase of the control (tOO7,) was ]B52noles
Pi fiberated/^e.chl-hr. (ts) Plots of the rate constants (Xt)

obtained fron the slopes in Fig. 7A versus PLP eoncentratlon.
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log[ATP] (M)

Fig, 8。   (A)EffeCts of PLP modificatiOn on the inhibitiOn

of Fecy reduOtion by ATP.   Chlorop■asts were mOdified with

■ 」じI PIIP for ■O min in the dark.   Then, Fecy reductiOn was

measured in the presence Of an ■ndicated concentration of ATP

and ■ mM Pi。    (B)Apparent Hi■ ■ p■ ot of the inhibitio五

process Of Fecy reduction caused by ATP。
   平max iS Set t°  be

the difference in Fecy reductiOn actlVity at Oノ μシI 'TP a,d that

at 100″H ATP.   I is the extent of Fecy reduction inhibition

frOm the activity at OノμM ATP.
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Fig" 9. (A) Effects of PLP mod.lfication on the arsenylation-

coupled stlnulation of tr'eey reductlon. Chloroplasts were

modified for 1O nln ln the dark with O.1, 0.6 or l mivi PLP.

(B) Dor.l.ble reci.procal plots of arsenylation-coupled" electron

transport activity (V-Vn) versus ADP concentration. Vo i*
the actlvity of Fecy reduction in ihe presence of 1O0 /ri,i ATP

and l- nrM arsenate (basal electron transport activlty).
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Flg. 10. (A) Depenclence of the arsenylatlon-coupled stlmu-

laiicn of Fecy reducilon on the arsenate conceniration.

E',rnori mpvrtrl procedures were as in Fig" 9 except that the

arsenate concentra.tion was varied lnstead. of ADP. (g)

Double reciprocal plots of arsenylation-coupled electron

transport actlvi'Ly (V-Vo) versus arsenate concentration' Vo

is the activity of Fecy red.uction ln the presenee of lOO I'I
ATP and 5OO Trll ADP.
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vi) Relation between the iircorporation of .PLP into 9Ff and

the lnaciivatlon of phosphorylation by PLP modlficatlon

1t*. 
11 shows the plot of the remaining activity.of phospho-

rylation versus the anounts of PLP incorporated intb the

nenbrane-bound CFt. CFt was extracted" in I ni,l SDTA fron the

chlorbplasts lvhich had been r.rodtfied. wlth PIP at-an indlcated

conc'entratlon for 1O mln in the d.ark, then puri-f'led by passlng

through a DEAI Sephadex A-5O column

The lnactivatlon of phosphorylatlon increas'ed up to 50% in
parallel wlth an lncrease of the arnounts of PLP incorporated.

into CF",. By extrapolatlon fron the llnear portlon,'6 moles
.I

of PIrP per rnole CFt were found to be r:equlred for cornplete

inactlvation of phosphorylation.

vli) Incorporation of [ ]H] pr,p lnto membrane protelns and

cFt

Table 6 shows that [ ]g ] Pr,,p

protein and CF, fraction. 0n

lncorporated tnto noenbrane

ng protein basls, the CF.,

Ｓ

　

　

ｅ

ａ

　

　

ｈ

Ｗ

　

　

ｔ

fraction incorporatea []Ul pr,p 1.5 tlmes more than the nembrane

prOtein fract10n.

The amOunt, of PLP incorpOrated intO bOth mettbrane prOtein

and 9F. fracti° ns were not affected by l■ ■■■linatiOn during

modificatiOne   Tab■ e 6 a■ sO shOws that incOrpOration of

[うH]PLP int9 both fracti6ns became neg■ igib■ e by an adoitiOn

of lysine after incubatiOn of ch■ Orop■asts with :う H]PLP,

(50)



lrrespectlve of whether lncubation was carried out in the

dark or ln the Iight.

ItU. L2 shows the dlstributlon of radioactivity.arnong the

membrane proteins laeklng CgI. Densitom,etri-c trace shows the

presence of many peptides r+lth a wide range of molecular

weights. Radioactivity was malnly found in the slices whlch

i-nvolved protelns with the molecular welght between 28,OOO and

1'8,OOO. Slnce the nodlflca:tion of these membrane protelns

had no effects on the chloropiast actvitles of present interest,
further analysis was not mad-e

l^'ig. L3 shows the d.lstrlbution of radtoactlvlty among

subunits of CF, separated by SDS-PAGE (tO7" ge1). CFI was

isolated frono the chloroplasts modified with [ ]lI] ff.,p in the

presence of 5 ni4 l4gClr, which lnhibited about 50% of the

phosphorylation actlvliy. About J rcoles of PIrP were found

per rnole of CFr. The labeling pattern shows that radio-
activity distributed nostly anong the s., B and Y subunits

with a ratio of (cr + P) : f = 2, 1 but negliglble ln the t
and t subunits.

Fig. 14 shorvs the dlstrlbution of []U] ff,f among the cr

and 9 subunits se-oarated by SDS-PAGI on L7fi gel. Radio-

activity was alnost equally fountl in both subunlt fractions.
The dtstrlbuiion pattern of PLP anong CF., subunits lras not

I

affected. by whether PIP nr.odif ication was carried out 1n the

dark or ln the lisht- tr'rrr:thermore, when chloroplasts were

(51)



roodlfied oy []u] fl,e in the absence of l4g01r, the total

a■Ounts of PLP incorporated into CF. were decreaped to 70% of

thbse in the presence Of 5 mM MgC■ 2 but the di,tribution
pattern of PLP a.■ ong CF. subunlts waS not afFected by the

absёnce Oflvg。■
2°      _

(52)
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Fig. 11. Relatlonship between phosphorylation inactivation
by the PLP modification and the anounts of PT,P incorporated.

into nembrane-bound C?'. Chloroplas-'.s were modified with an

ind.icated concentration of PLP for lO nin in the dark then

phosphorylation nas assayed and also CF., was isolated to

determine the amounts of ineornorated PI,P.
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TABLE 6                      ・

Incor3oration of[うH]PLP into Ch■ orop■ ast Membrane
Proteins  _                               .

Ch■ oroplastS Were mOdified with ■ ■14[うH]PIIP for lo.nin

in the darklor in the ■ight.   OF. ald membrane protein frac―

tions were separated each Other by the method in Diagram 9。

Then, the amOunts of[lH]ゴIIP incorporatiOn and the p10tein

concentratiOn wё re dete.,11line d (A)。    Ch■ orop■ aSts were incu―

bated with ■ mPI[うH]PLP for ■O min in the dark or in the

llght, then a ■ysine `o■ utiOn (fina■  concentration 50 mM)waS

added, and inCubated again for ■O min then centrifuged`   The

amountS of Eう H]PLP incoipOrated into lF. attd mと mbiine protein

fractions were deterllined (B)。

(A)

FRACT10N PROTEIN []ur] PLP

^g/ng chl nnol/mg, chl nniot/rog.proteln

membrane
proteln

cFt

■e7

0。 4

■2

4.5

7.0

■■。2

(3)

FRACT工 ON
a7t
l'iiJ rle (nno1e/mg proteln)

dark
+ NaBH4

dark

十 ■y,inё

■ight

+ NaBH4
■ight

十 ■ysine

menbrane
protein

cFt

7。 5

■o.6

0。 4

0。 う

7.う

■■

0.4

0。う
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Fig. L2. Labeling of nembrane proteins ty Llfi] pf,p. Chlo-

roplasts were modlfled with I nr4 []u] pr,p for lO min ln the

dark. After the removal of CFt by chloroform extraction,

mernbrane proteln fraction was freed from chlorophylls and

lipids by washing nith acetone, then solubllized with SDS.

An allquot (SOVt) containing 50 /q proteln r*as applied to

rc% polyacrylamid.e gel for SDS-PAGE.
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Fig. :-1. Labeltng'of CFt subunits ny []n] pr,p. Clt was

isolated. from chloroplasts roodified with 1 mM [ ]H] pf,p for

10 min in +,he dark. Dlstribution of [1U] flr anone CF,

subunits was deterrnined by the method in Diagrar. 9. CFt

solution (4o yt) containlng 40 pg protein was applied to Io%

polyacrylanide ge1 for electrophoresls. Subunits c and P

ran together and the distributlon of radioactlvity between

then cou1d. not be deternalned r-rncler this condltion.
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Fig. 14. Distribution of [ ]H] fff among the c and I subunlts

of nenbrane-bound CFl. The same CFt sample (3O 7j.) as ln

Fig. 1J nas separated. into these subunits by SDS-PAGE with

f2,,4 polyacrylamide for 18 hours.
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■II=2   PLP Modification of lso■ated CF.             .

i)  Time cOurSes of PLP 血odification 6f iPo■ ated c11.

OF. lfaS lncubated with PIP for a giVen time, mOdified by

'PLP thro,gh reduCtion by NaB14' then therha■■y activOt,a tO

l  be c」
2+_ATPaSeぉ   Figb ■5 ShOWs the incubation― time d9bendence

_of the amounts of bOnded PLP and the extent Of ATPase inacti“

vatiOn.   Both saturatte after incubation fOr ■onger than 30

‐  min, depending on the concentration Of PLP in the incubatiOn

m■ xturet

il)  DlVa■ent cation requirement for the PLP mOdificatiOn

Figs. ■6Aづ  B and C show the effects of diva■ ent catiOn on

the PLP modification of OF..   In the absence Of diva■ ёnt

cation, both the degree of ATPase inactivation and the amOunts

of bonded PLP t9 CF. T7fere very srla■ ■, Ifhich increaSed

depending On the concentration of diva■ ent cation in the

incubation lmixture.   The ha■ f maximun effect was Obtained at

■ 豆1l MnC12' 2 d4 M gC■ 2 and 4 五M CaC■ 2・          ‐

(58)
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20   30     :20 0  :     3
l min)   incub●tiOn Time   (hr〕

)-t-Incubatlon tine dependence of Ca*'-ATPase actlvity

anC the nole ratio of bonCed PLP to CFI at varylng concentra-

tions of PLP. CFt na,s mod^ified with an indicated concentra-

tiorr. of PLP in the presence of IO mi.I -lulg0lr. Then, the

ancrints of PLP bonded to CFt and heat-activated Ca2+-ATPase

were neasured. r is the rnole rati.o. of bonded PLP to CF..,I

deternined by the absorbance at 325 nn The Ca2+-ATPase

activity of the control I tll,el =Ol was ]r2.5 2no1es Pi liberated
t.

/ng- ntn.
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Fig. 16。    Dependence Of the PLP modification of iso■ ated CFi

on diva■ ent catiOn cOncentratiOn.   Isolated Cl■  Was .° dified

with PLP in the presence Of an indicated cOncentratiOn Of

(A) l"lgcl, or (a) MnC1, or (c) CaCl , for 60 nin. The ca 十二

AT?ase activity of the control (tOOfr) r.ras lJ lrmoles Pi

Iiberate d/ng. min. The ratio (r) ivas deiermined. as in Fig. l.5.
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iii) Effect of adenine nucleotide on the PLP modlfica+,ion.

Fi.g, LT shows that ADP and ATP protected isolated CFI fron
ina_ctivation of Ca2+-AiPase by PLP mod"lflcation. iJalf
naxinun protection was obta.ined at O.J nM ADP and 0.4 ml.I ATP.

On the other hand, 'the amcunts of bonded PT.,P to CF, were not
rena?kably decreased by ADP or AtP. 

'

iv) Depend.enc'e of

tion of PLP

-;!'ig. Lu shows the

activlty agalnst PLP

which was incubated.

al
Ca"-ATPase lnactlvation on the concentra-

amounts of bonded PLP and the ATPase

concentrati-on in the lncubation rnixture

for 60 nin ln the presence or absence of
2 戯JI ATP。

inactivatiOn of Ca2+_ATPaき e in PLP 
・
Odified CF. inCre,sed

with an increase Of bOnded PLPo   The degree of ATPase

inactivatiOn was a■ most saturatOd ot 490′
メ
M PIIP but the amOunts

of the bonded PLP sti■ ■ increased at 8oOノμM PLPiI   When CF.

WaS fir,t thermal■ y activated as Ca2+_ATPasei then modified

by PLP, the results were identica■  with those in Fige 18.

ATP in the incubation m■ xture depressed the inactivation of

ca2+_ATPase die tO PLP .。 dification, but nOt the amounts of

b6nded PLP so ■arge■y:

T70 Step PLP modificati6■  Of CF.

I so■ ated CF. was first modified with 250ノ」
・
 PLP in the

V)
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presence of 2 rnl4 ATP and 
"oraucted 

by ammonlurn sulfate (fina1

7Of" saturation) preclpitation. Thls PLP mod.ified CFa bond.ed

2.2 moles of ?LP per nole of CF.' and retained 70% of the

Cu.2+-A?Pase activity. Aftet tiru second rnodiflcation with

fairly low concentrations of PIrP ln the absence of AtP, CF,

its Ca2+-ATPase activlty but .the amounts of PL?Iargely losi,

bonded to CFt increased by not more than o1"-,lttU. l9A).

Flg. l9B 'shows the plots of the remainlng Ca--ATPase activlty

after the second modification agalnst the increment of bbndect

PI.,? due to the second modificatlon ( a r) , lndlcating that
ono nole of PLP is bound per nole of CF, at LOryfr inactlvation

2tof Ca.-'-ATPase

(6う )
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Fige 17.   Effoct of adenine nuc■ eOtide On the PLP mOdification

of iso■ at9d CF..   CF. Was ■odified With ■20″μM PLP for 6o min

in the presence Of an indicated ёOncentration Of ADP (0) or

ATP (ム ).   The ca2+_ATPase activity Of the cOntro■  (■oo%)was

・
2,μm°
・
es Pl liberat9d/ng・ ●ln.  The ratiO (r)was deter_    |

mined as in Fige ■5.
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Fig. 18. Renaining Caz*-ATPase activlty and the mole ratio of

bond.ed PIP to CFt after r:riodiflcation with varying concentra-

tions of PLP !n the presence or absence of ATP. CF, was

modifled for t hour with an tnd,icated. concentratlon of Pl,P in

the presence ( cf.osed narlcs ) or absence ( open marks ) of 2 ral'I

AmDr!4.
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vi)  ATP 6oncentiation dё pこindence Of the Ca2+_ATPase acti↓ ity

in Cr. partia■■y ,Odified by PLP

CF. watt first therma■ ■y activated and partial■ y ■odiFied

by PLP (contro■■ёd by PLP concentrati6n in the incubation

mixture)for う0‐ mine   Doub■ e reciprocal p■ ots Of the Ca2+"

ATP,se aし、iVity vers,s ATP conCentration (IEi g。  20)revea■ ed

that in llP―mOdified CF., the apparent Km Va■ue flr ATP (■ 19

ml,I) was ldentical with that of the control (O 7c, PLP) but the

apparent Vmax va■ue was ■Owered.

Schiff base betweenvil)  Reversibi■ ity Of the fOnnatiO五 lof

iSo■ated CF. and PLP

After incubation of CFl with PLP (8o,μ 卜1)fOr 2 ■ours, the

incubation mixture lfas di■ uted ten fO■ d with thё  buffer then

N'BH4 WaS added.   Fig。  21 shOws that the amOunts of bonded

PLP decreased after di■ ution, fo■■ow■ ng the first Order

kineticS (inSet), and becamё  cOnstant after 6o ■in.

(67)
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Fig. L9. Two-step PI.,P modificatlon of CFr. (A) Changes in

the Ca2+-ATPase activity and the nole ratio of PL? per CF,

by the second rnoCification. CF-, was nodifled with 25O 2tM

PLP in the presence of 2rnll AtP ]nA fO ml.MgOl, for 60 min.

After the renoval of unreacted PLP and ATP, CFt was secondly

rnodified uith an lndicated concentration of PLP vithout ATP

for 5O min. Then the ATPase activity and the ratlo (r) were

d.etermined. (B) Plots of the Ca2+-ATPase activity (%)

against the lncrennent ,of the ratlo ( a r) Oue to the second

mod ifi cati on.
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o.5 t.o
t/tATPJ (mu-r)

Fig, 20. Double reciprocal plots of the C"2*-A?Pase acilvity

versus ATP concentration. CFa was therroally activated. as

Ca2*-ATPase then nodifieci with 60 or 13o ruM PL,P for ]o rnin,

then the ca2+-ATPase was assayed. The ca2+-ATP"se activity
( V ) is given in ;rnrol es P i l iberate d/ng. nin.

- o.5
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Fig. 21。    Time course Of the dillutiOn effect on the ■0■ e

rat10 0f bOnde, PLP tO CF.e   ro  S the ratio after the mOdi―

fication with 8o′μI PLP fOF 2 hours (at time o On the abscissal

incubation mixture was diluted 10 fo■ d with the buffer)。   r..

is the ratio at 6o ■in after di■ution.   The inset is the

Pemi10garithttiC p■ 6ts 01(rt― rも。)/(r ott r∞ )ve r,us the oi■ uti9n

ti■ e.
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vili) Distribution of PLP among the subuttits of CF. modifi9d

■n a so■ ution

Fig. 22 showS the distribut■ On of[うH〕 PttP am。‐ng ,he

supunits of CF. se parate、 d by ,DS― PAGE (■ 0% ge■ ).   Radi6-

activity was fOund in the α and‐β SublinitS but heg■ igib■ e in

the YL g and e subunitS.   ThiS Cl■
, ample ,9ntainei ■◆5 m。■eP

of PLP per mo■ e cF. and retained う5% of tie Ca2十 二4T」五。e

lactivity.   when the α and β subunits Were separated by SDS―

PAGE (■ 2.5% ge■ ), the radiOactivity was equa■ ly fOund in both

subunits◆    On■ y a fracti6na■  mo■ e (o。 7)of PLP was found in

the r subunit ёven when a tota■ of 7 ■oles Of PLP were fOund

per mo■ e CF.。

ix)  Time cOurse 6f PLP ■Odification Of the α and β Subunits

CF. ,as incubated w■ th ■00`μM Of[7責 〕 PIIP for an lndicated

time and Feduced with NaB14・    The α and β subunits were

separated by SDS― PAGE (■ 2。 % ge■ )。   Fig. 23 showS that no

remarkab■ e differences were found in the rate Of modification

of the α and β Subunitso   When Ca2+_ATPaSと  was inactivated

by 50%, 0,5 mO■ 6 0f PLP ias fOund in each Of the α and β

subunit fractions per ■ole Of OF.。

Even when the tine courses were measured with 40 0r 70 or

I4O 2ivl of Ittl] PLP, no differences were detected. between the

rates of nodification of the cr and g subunlts.

(70)
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Fig, 21. Time courses of the lncrease of PLP in the c( (O)

and I (e) subunlts and the lnactivation of Ca2+-ATPase (A) '
CFt was modifted after incubaiion for an indicated. tlne with

tl-il p1,p (roo prt), then assayed. f or Ca2+-ATPase and also

app■ ied tO SDS― PAGE with 12.5% pOlyaCrylamide (■ 8 hOurs)◆
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x)  CirCu■ ar Dichrole■  spe9tra Of CF■               .
rn ig。  24 shOws the CD spectra of CFl and PLP― modified CiF.

at pH 8。 o。                                           。

ThO intensities Of negative dOub■ e lninima at 208 and 222 n■ ,

which ref■ ect the α‐helix Conformation of the pO■ypeptide

backbone,land aromatic cD aroun0 280 nm s■ lgll■y ユncreased

after the PIIP modificatlon.

When ADP Or ATP at a_■ Ow concentratiOn binds to CF., the

■ntens■ ty of negative cD signa■  at 26o nm ■ncreased and satu―

Fated at ■oo″μI ADP or ATPo   Fig。  24 shOws that the PLP modi―

fiqation had no effect On the bindェ ng 91 ATP t9 Cr■
, |

xl)  Difference sp?ctra °f 9FilPLP COttp■ ex

Addition of PLP tO a CF. sO■ ution (pH 8。 0)re su■ ted in

characteristic spectral chiange which has been knOwn to be

yヽpユ Ca1 0f this kind Of proteintt■ igand interaction (45).

Positive absorption peaks were fOund at 435 and ぅぅO nm, and

a rlelgative peak at ぅ80 n汽 (Fi3。 25).   The ishift Of the absorp―

tiOn peak from 338 nm Of PLP to 4ぅ 5 nm correspOnds to fOrmation

of a Schiff base with a primary amile (45)。   Additi9■  of MgC■ 2
re su■ ted in an ■ncrease ■n absorptiOnl of Schiff base.   ATP

■n the presence Of MgC■ 2 1esSened the absOrptiOn of schiff base.

When Schiff base was reduced by NaBH4' tle spectru五  9hanged

tO the absorption spectru/rl typica■  of cova■ ent■ y bond9d PLP

w■ th a max■mum at 325 nin which is character■ stic of the forma―

tion of t― anino―phoSphopyridoxyl lysi・ne (Fige 26)。   A maximum

at 273 nm is due tO cPi◆                     ‐

(7う )



Wovelength (nm)
24o 260

Fig. 24. CD spectra of CF, and PlJP-nodified CFl. CFt was

lneubated with 1OO.7ri"1 PIP for JO nin then modified. fhls

CFt sample bonded l.6 rnole PLP per rnole CFt and' retained 40%

of the Ca2+-ATPase activity Tne concentratlon of CF, was

1.5 ng/ml for a reglon of z5}-Jao nn and' o.15 ng/ml for

2O5-25A nm. ATP and t'{g0l2 were added. at final concentratlon

of 55 Stt and 6.5 ml;I, respectively.

丁

。

一

Ｘ

｛
０

一

４

　

　

　

６

一
　

　

　

　

一

-8

300

(74)



2.アメM CF:

:50ノ M PLP
Q03

002

0.0:

0

-0.0:

,0.02

-Q03

FiE. 25. Differenee spectra of PLP-CFt complex. Spectros-

copy was carried out after the incubatlon of 2.7 )$t CFf ltlth

150 ;ii'i P,LP for JO mln at 25 oC (Spectrun 1). l{gCI, (finaI

concentration of 9"r,t mI4) was ad.ded a.nd spectrum 2 was measured,

then ATP (final concentration of 95O y\a) was added and

'r-"* 7 --^s neasured.-pgUUIql] ) War) ,ilsaDuIsu.
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Fig. 26。    U■ tr‐aviolet speCtra of OF. and PIJIP― modifieo CF..

OF. was ll° dilied wit' °0う
 予・
 PT」P in the presence Of ■O m》 I

MgC12・    The U.Ve spectra were measured at a concentration of

l.4 mg CF./m■  (pH 8。 0).
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工V DISCUSS10N

IV.-I Effects of PIJP Modiflcation

Membrane-bound and I solated

the Activities of

i) PIP modification of chloroplasts in the dark causes

energy transfer lnhibitlon
The electron transport system stoichlometrlcally pumps

protons lnto the lnner space of the thylakold membrane (+27.

Und.er steady state eondltlon, the activity of electron trans-
port ls controlled" by the proton gradient thus formed across

the thylakoid me.mbrane (apH t (+S) and correspond.s to the rate

of proton leakage through CF, and the thylakoid. memhrane (4al .
When ATP or ADP blnds to membrane-bound CFl, CF1 undergoes

conformation changes which reduce the rate of proton leakage

through CF, (tl) and increase the extent of ApH (1-3) " There-

fore, ADP or ATP inhiblts (regulates) el-ectron transport

which punps the proton to supplement the proton leakage

through CF., (14). The remalning electron transport 1s ealled.I
ttbasal electron transporiil (f+1 d.ue to the proton leakage

through thylakoid. menbrane. The binding site for ADP or

ATP (w1th apparent dissoclation consiant of the ord.er of 10-6

M) on CF' related to the lnhibition (regulation) of electron
transport, is called ftinhlbltlon or regulatory s1'r,e ( s ) 

tt ( f 4; .

The increment of electron transport due to phosphorylation

■
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■llW葛1尋革導:尊1凛群:■尊■‐

has bё en considered as e■ ectrOn transpOrt whlch pumps protons

to compensate the amOunts translocated by cF. ln the phosph97

ry■ ation.process, and is thus ca■ ■ed '160up■ ed ёlectron tratts_ 1

pOr11'(:14)。  .Tぃ o rel´ LS thul, a ,10iChiomltry be,.eeh ATP forma―
|| ■‐ 111     : |   .  :■    

・ :●li●  ||:|   ‐
.:1    1 :| 

‐     .1 1 ^

rylatloa to.coupletl electron transport ls constant ln a$reement

wlth theiresults obtalned wlth phlorizln (47) and dlcyclo- :

hexylcarboctlfuald.e (48) . I,lght-lnclucecl proton uptake! ancl

oxygen evolutlon of chloroplasts were alnoqt unchanged. alter
modlflcatlon 1n the d.ark (tables .l and 2). .Thls lnplles. that
the electron transport (and proton pullp) nachlnery ancl

thylakoid. menbrane ltself were not d.anaged. by the nod.1flcatlon.
These results lndicate that Pr,P nod.lflcation ln the d.ark

causes energy transfer lnhlbltlon. The sltes nodlfled by

PtP in chloroplasts wourd be located on the machlnery whlch
procluces ATP from ADP and Pl 1n accord.ance wlth proton trans-
locatlon (CF, ancl CF ).' I -'ot'

ii)  PLP reversibly binds tO membrane_bOund OFl      , 
‐ ||

The ATPase activity Of membr,19-b9und 91■
 WaP inhibllel‐ ||

after PLP modificatiOn (Fig. 3)and PLP was actua■ ■y fOund i五

(78)



a.OFi frac、 1。 n iso■ated fron ch■ Orop■asts modified with PLP

(Tab■ e 6).   TherefOre, PLP mOdifies l,9 平9■
pr,■ 9‐ pOlna 9F.  :

itSe■ f in the dark and consequent■y inhibits ATP hydr01ysiSI

or phosphory■ atiOn and coup■ ed e■ectrOn transport.      `

11:|:1:111:illil::曇 :lllil:i::i:I:1::il::::::::|:::::lill

SltiOnl(29)), the inactivation bf lh6sphory■ atiOtt due to PLP
‐ ■ |■■ |       

‐
|  ・     |    ‐ ‐| :‐  il  . .   :■ 1   ‐

‐ |   :1 11

■odification odcurs in the dark.   Th=s imp■ ieS that PIIP can

readi■y■each the Site(s)essentl‐ 1■ tO ph9Sp10Fyl■ ,■ On wit,9ut

any 9neFgy― depende,t chalgё s (28)lin ,Fi.c9116ェ理ati9n:       __

Furthe・ ЩOre, adeny■ates decreased the・ rate Of phOsphory■ ation

inactivation (Fig。  4), sugge,ting thご t PIIP modifieS the a9tive

site or its vicinity Of CFi fOr ATP synthesis.

The PLP modificatlon conSiSts of reduction of a Schiff base

(49)which iS fo.1.ed between PIIP and a二 NH2 group of ■ySy■

reSldue of the protein (CF.).   AdaitiOn 6f ■ysine tO the ‐

incubatil■ miXture before NaBH4 realctiOn was able tO restOr,

phOsphOry■ ation (Tab■ё 4)and diminish the incorpOration of

PLP into CF. (Tab■ e 6).   This imp■ ieS that the fOrmation of

the Schiff base in the dark is reversib■ e un■ ess the base is

reduced。

Other a■ dehydes shOwed nO effect On the activities of

ch■ orop■ asts (Tab■ e 5), which indicates that the specific

binding and modification by PLP induce the observed.Iヽ ・ ■

(79)



inactivatib.n On ch■ o rop■ asts~.

主主主)  PLP reVersib■ y binds tO lsOlated CF.        .

As s19wn i■ :Fig。  24; PLP aこ tua■■y forms a Schiff base with

l iSOIⅢ,1lfl■・ T',nt,9,中if

1111:::|::]:::i:]:::1::liI:1:1111:|:

■li二itl革1111と :|11,,1111811｀』
1           1            ‐           ‐

was saturated after the incubation f6r ■onger than 3o 面in,
1           ・   :                         |            '1:        : ll・         1 1i

l‐  depending on thё  PIIP concё 4trati6n (Fュ g. ■4): .The Schiff ll

‐ ba'P f°工Ш,ti9■ betWeen CF. and PLP was reversib■ e and thus

seems tO reach an equi■ ibrium after 30 min.

Since the inhibition of leat‐ lCtiVated c,11-ATP,s9 91 °F.1

by PLP modification is irrespe,1lV9 01_Whether oF. was aCti‐

vated before or after the modification,lthe Specific functiona■

site(s)mOdified by PLP wOu■ d be expOsed even before the heat

activation.

2,3-butanedlone and pheny■ g■ yOxial modified the arginy■

residue(s)of hembrane_bound (50,7■ )and 160■ated (52)CF. and

inhibited phOsphory■ ation and ATPase.

These resu■ ts suggest that cationic amino acid (lysy■  or

arginy■ )residue(s)wOu■ d participate in the binoing of an■ Onic

■igands (ADP, ATP and Pi)t0 0F.。

(80)



iv)  PLP modification of ch■orop■aStS in the ■ignt Causes

uncoupllng

';fhen cbloroplasts were nodlfled wlth PIrP ln the llght, the

basal electron transport activlty lncreaseiL .(F1S. ?3) wblch

,does not couple to the formatlon of ,ATP. ThIs .1s phenome-

nologlcally ldentlcal to the results obtalned wlth uncoupler,
:.

e.g., 2-1mlno-1-butanol and Gramlcidln S (47r. The'rlight-
. : , :.; . .:

lnd.uced.'proton uptake was d.ecreased. after PIP 
-lnodlflcatton 

ln
the l1ght (Table 2), inplylng the lncrease 1n lproton leakage

across the' membrane. The phosphorylatlon was' lnhlblted, uot

only by PLP modlficatlon as the results ln the dark but also -

by a loss of protons ava11ab1e for phosphorylatlon ( ty tfrts

increased leakage). These results lndtcate that PIJP nod-1-

flcatlon of chloroplasts 1n the llght causes so-called

uncoupllng.

v) ATP-lnciuced. conformatlon change of rnembrane-bountl CFt

woultl protect chloroplasts fron uncoupllng due to PLP

Ad.enylates and PPI conpletely protect chloroplasts from the

uncoupllng due to PLP nodlflcatlon 1n the llght (Table 3),

suggestlng that the uncoupllng ts also caused. by the.rnodifl-

cation of CFt itself. Irow concentrations of ATP (Fig. 5)

prevented. the uncoupllng. In a sinllar concentratlon range '
ATP, as a regulatory nucleotid.e, lnduces conformatlon change

1n the membrane-bouncl CF, (l-3) , stlnulates Llght-lnducect

(3■ )



proton uptake (rl), lnhlblts electron transport (14) and

protects from lnhlbltlon of phosphorylatlon by NEM (27)-.

Therefore, lt would be posslble that a confornnatloii change of

CF., induced by binding of ATP to the regulatory site blocks
I

blnllnS .of PIP to CF, and thus 
,,nro.t"ots 

chloroplasts from the

uncoupllng, ':'. , ',.,., ' ;:

'

vi) Uncoupllng due to llluninatlon ln the presence of 9IrP

would be .causetl by photosensltlzatloa
' The amounts of PtP incorporated. lnto CFt fraction was iride-

peird.ent of the 1lght d.urlng PI,P nodl{lcatlon (Table 6, . Thls

implies that the slte(s) rootlifled by PLP ln the llght would.not

differ from those In the dark. A.ddltlon of 1yslne was not

able to d.epress the stimulatlon of basal electron transport

and. restore phosphorylatlon after the incubatlon ln the llght
(Table 4). Thls would lndlcate that the reactlon of PI,P with

chloroplasts in the llght ls irreversible even if the base is

not reduced..

In addltion to the foriaation of a Schlff base, lt was

reported. that PLP irreverslbty reacts wlth a nucIeophlllc
(sulfhydryl or lmidazoLe) group X and glves an X-a.zolidine

ring (-X-CH(R) -NH-) as ln Glutamate 'dehyclrogenase (5, where

R stand.s for the phosphopyrldoxyl reslclueo

However, slnce addltlon of lysine was able to remove all

PlP from chloroplasts (taUle 6), the formatlon of an X-

(32)



aZolidine r■ ng can be exc■udedo   PLP as a photosensitizer

wou■ d give a secOndary effect On membranerbOund Cr■ l probab■ y

phOt00xidatilon Of hiStidine (54).                 .

vil). =L■ 1lodifie, 
ёFi co■■d lind aaenylates on its‐ ■91gulato―

|          ::           「

:    :           |  .: :                             | ‐

| 「  ‐ry slte                 i.:   ‐     ■ ‐       ●        ' :
・          1 ・      |‐ ・ ・ |.           `|

:  Adeny■ ates inhibited e■ ectrOnltranspOrt to the baga■ ■eve■ ‐
‐

                    ■ |‐       ‐  ■ l      r‐        ||■

even after PLP'modification in the dark which inhibited 50% .|

Of the phOsphory■atiOn activity (Fig. 8A), .aithough the ve■ ue

Of the binding10onstant of ATP and the H■ ■l oonstant fOr the ‐‐

inいibitiёn process by ATP decreased after the mOdificatiOn

(Fl. 8B).   Adeny■ ates cou■ d a■ sO bino to l,O■ ated OF■ after
PLP modification which inhibited the Ca21二 ATPasё  activity by

70% (Fig。  24).   Thesё  resu■ ts wOu■ d suppOrt that the regu―

■,t6ry slte (14)。 n CF. fOr ATP or ADP is not direct■ y

inVo■ ved in the cata■ytic action of CF..                      ‐

(83)



i)

IV -2

E+

where

active
*n  xovv ullv

of PLP Moficati6n of Membrane― bound. Kinetic Analysis

anil Isolated CFI

t : I Interactlon
bound. CF, and PL,P

I

on membrane―

As shown ln Flgs, .6A,,and -7A, :th.e process.iof lnactlvatlon ,of
,''

)t 
' -1 :' ' " " : - 

.-.: 
r':

phosphorylatlon and Mg"3AtPase followed pseudo-flrst ord.er

klnetlcs. The reactl*on of PLP wlth CFa woulcl thus be ,.."

describqd. by the follovring equatlon (55).

between the actlve slte

k1
nI ____-___-) EIo

E, I and EI* represent unoccupiecl actlve stte, PLP and.

slte-PLrP complex, respectlvely; n ls mole of PLP bound.

actlve slte ( in other worcls , the reactlon order) and

k. is the second orcler rate constant for the reactlon.I

The rate of lnactlvatlon ls given by

-d(E) /d\ = k1.(E).(r)n
where the parentheses have ordinary nneanlngs.

In the presence of excess (I ) the dlfferentlal equatlon may

be integrated to

ln (E) /(E) o = - kr. (r )t t
where (E)o is the inltlal concentratlon of the actlve site.
The plot of log (E)/(E)o (equa1 to logarlthn of the remainlng

activlty (%)) agalnst tlme glves the slope of 2.303 * kl (f )n.
The pseud.o-first order rate constant (tct ) can be substltuted.

(34)



for k, (r)n then, rog k,' - 1oB k, + n 1og (r).
tr1rnnm tho nlot of log kr obtained fron the d.ata in Flg. 6A'r r vru ylv v v! rv5 :L v v vslr^v

and. Fig. TA..versus log (PT.,P), a slope of 1.O was ob.tained for

each process (Ffs. 27). .Thls. suggests that the lnactlvation
2+of phosphorylation and I'tg-'-ATPase by PLP is. caused by 1 : I

interactlon betneen the actlve site and the modifier. The

second. order rate constant of the inhibltion of phosphoryla-
Cttlon was snnalle.r than that of Mgt+-ATPase (FiSs. .58 and 6B),

inplylng that i"1g2+-ATPase was nore sensitlve to PLP than 
.

photophosphorylatlon. Simllar results were reported for the

phenylglyoxal nocilflcatlon of chloroplasts (lf ). Fror:n the

d.ifferences in sensltivlty to the reagent, lt was suggested

(51) that the arglnyl resldue lnvolved in the slte of ATP.

synthesls night be different from that of ATP hyd.rolysis.

(35)
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Fig. 27. Log-log plots of the rate constant (Xt) obtained

fron Fig. 5A and Fig. 64 versus PLP concentratiol:.. The

slope n lndicates the reaction order.
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ii) One site with high affinity for PLP and many sites wlth

lotver affinities on the isolated CF.

The forraatlon of a Schiff base between CF, rr.'U 
""" 

was

reverstblg and reached^ an equilibrlurn after JO nln (figs. L5

and 2L) .

I'Ihen l{aBH4 was decornposed. $A) by 5% ICL at either 5 sec

or 5 min after the 'addltion of a NaBH4 solutlon to the lncuba-

tion mlxture, the equal anounts of PLP were found in both cFt.
This would show that the rate of lrreverslble'bond formatlon
(ly an additlon'of NaBHu solution) between CF., and PLP is
fast, conlpared with the rate needed to reach I o"* equilibrlunr

after dllution, enough to assume that.the amounts of the

red.uced Schif f base (PtP lrreversibly bound to CFI) lnd.leate

those of a Schiff base (PLP reversibly bound to CFl) in an

equilibrlun with free CFt and free PLP.

The amounts of bonded PLP per CF, T{ere measured ln the pres-

enee or absence of 2 mi't ATP and analyzed in Scatchard plots

$7) (Fig. 28) under above assumption" The plots suggest

that there are rnultipLe groups of the binding sltes on CF,

differing in affinity to PLP and that total nunbers of the

sites are nore than 10.

Assuning two lnd.ependent.groups of PLP blnding sites on

CFl, whicir 1s the sinplest case ln various conbinations of
multiple groups, the binding constants and maxinum numbers

for those binding sites can be calculated by the follorrring

(87)



equation (eq.. f) (58).

rH卜H(PLP) lL ttL (PLP)
r = eq. ■

■ + KH(PLP) ■  +  KL (PLP)

where r is the mole ratlo of bound ?I,P to CF1 , (pf,p) is con-
!

centration of f ree .PLP, K is a blnding constant ( in tl-l,

hereafter) of the ligand and subscripts H and L d.enote the

higher and. lower affinlty site,s, respeetively.
The solid line ln tr'ig, 23 was calculated.with rr, = ]. at

rln = 2 x ro/r and "t = 10 at K" * 650.

ATP ■essened the absOrption of Schiff base between CF. and

PLP (Fig. 25)and decreased the amounts of PLP bonded to CF.

(F ige ■8)。   If ATP competes with PLP at the higher affinity

Sit9, r can be ca■ cu■ ated by eq◆  2。

r.= .-rr-[Kn/tr+Ko*r('qte!](ere) + -rr-rcr(Pr.,P] eo. ar- 
r + [r*/{}*KArptarr[](pr,p) *Kt(pl,p) -'r.'

The dashed ■ine in Fig. 28 iS calCu■ ated with rH = ■ at

rr/ {r * Ktrp(ATP)} = 2.5 x 1ol and "r, = 10 at K, = 55o.

Then binding constant of ATP is estimated to be KATP = う・5 X

.。
う
.

(38)
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Pig. 28. Scatchard plots for the binding of PLP to CFt"

Different marics represent Cifferent experinents. The binding

i\ras deternined in the presence (cl,osed narks) or absence

(open m.arks) of 2 miii ATP. the curves were calculated with
the values listed in the flgure. For notation, see

DISCUSSIOI{.
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i三 1)  五IP c6mpete: ■ith PLF at the C五 2+_ATゴ』se‐ icti↓と きite

l which has hilgh affinity to PLP             .  1        _

I As‐ shOwFl in rige 181 in the absence Of ATIP the inactivation

of ti6.6:2十二AIPase ittcreasei 十二th an increase `f bondeia、 ILP

Intil●11e actiヤ ity l,― 卜4vedittt the PLP concentratiOn‐ Of 6o  ‐

|1111孫 ||■:=1‐11

"■
1爆111Ⅲnl■Ⅲ:141‐|||11111二||||二1峰革:|■||
:薔|::1よ:1 1lF11:i11:iよ |あ11111まら義111ゴ:1:':‐ |五jll●

:‐        ●111ril■ :

amOunts lo」 irillll響|‐|IⅢII,■pl■
Lttti』轟壼ti■ ,五も:it11:ぢ11:1ま|`=5」Ⅲ・

■‐.I卜ⅢⅢl■■■‐■
P‐
‐Dё r‐ m。■e lCF: 廿ou

・ 11■ ● :■ ち |・ :

pё
r‐ mo■ e‐ cFl 廿ou■ a be

T''IIアIIi■I∵
`'l IIII tirl=γ

=¥‐

|■11ギ●IITl:III11■‐.11lil iII■ |
required fOr COmp■ eftel ittactivdtibn。  I In the pFeSence OfiATP:

ATPase iS iproteё ted fro● inactivatiOn lbut.the ,moutttも  _Of b6ndeo
・    l ll■ |       ‐      |:: .   ‐:::   , | :   | =. : |

1■l d9 191 d99rease S?laFg9,■ y`Fig.ilel)。 I The diFfer9五 ce alこ

tO ATP in the rema■ ning activity and in the amounts of bonded

PLP are p■ otted in Fig.‐ 29AI(scuares)。    Thё  p■OtS are extra―

po■ ated 10 giVe the ratiO sma■ ■er than One for.omp■ ete inac―

tivation。

These resu■ ts suggeSt that thё  specific modification of one

site which re■ ates to the inactivatiOn of Ca 
―
―ATPase wou■ d

occur concomitant with the nonspecific modificatiOn of many

sites which dO not re■ ate to the activityo   The foェ 鳳er iS

protected by ATP but the ■atter is nOto   lf many sites were

m00ified simu■ taneous■ y with the Specific active site(s), the

former extrapO■ ation wou■ d give an overestimated ratiO and

the ■atter an underestimated One。                       |

If this one specific active site binds either PLP or ATP,

neg■ecting Other nOnspecific sites, at an equi■ i brium,         |

(90)



(E=PIP)
(E) + (PI,P),= (E-PIP) Kt =app (E) (Pr?)

(E-ArP )(E) + (i.tP) = (E-ATP) r'^rp =AII /E) (AfP)'\

,where, (E), (plp), (E-pr,p), (ATp) ana (E-ATP) arl the corcer-
:-

trattoa of free ATPase, free PlP, PlP-bound,arPase, free ATp

and ATP-bounci ATPase , respectlvely. K t rnn'a4d K tU* a:re

. apparent bindlng constant (in i"t-l, hereafter) lfor l5p and. ATp

to the actlve slte, respectlvely. slnce E-PLP ts inactlve,
the fractlonal remainlng activlty, F, is.

(E) + (E-ATP) I * K'ATp(ATP)
rl
(E)+ (E二 PLP)十  (E―ATP)       ■ 十 卜'app(PLP)+K'ATP(AT')

flnonvrrv r^ t

T -1+
* t 

rnp (pr,p )

= 1 + Kt'app(PrrP)F 1 + K'Arp (nte 
1

therefore, plots of l,/F versus (pf,p) should. be 1lnear at (E)<
(P!P). The data ln Fig. 13 are replotted. ln Flg . 29/B to
find this relationship fron which are estlnated Ktrapp = U'"Un

= L.7 x tO4 in *,,he absence of ATP, and K"rpp = 1.5 x tOf ln
the presence of ATP then KtATp = 5 x ro3. these values from

the actlvlty d.ata (Ktapp, KtAtp) are close to the correspond.lng

K values froro the blnctlng data (K" and KATp).

(9■ )

. .. -..1



The value of the blncllng constant of ATP (KtRlp) ls in
good. agreement with the value obtalned. f'rom Elg. 17 where

0.4 !ri,I AIP showed half protectLon from Ca2+-AtPase lnactlva-
tlon. This value is much.higher than the t"irr" (a few pll)
needed to protect chloroplasts fron NEM lnhlbltlon and the

cllssoclatlon constant of ATP blndlng to regulatory 'site, 
and

1sratherc1osetotheK'value.(r.enl,t)fonAIP1nca2+-

'

a),

IV) Ca'--ATPase is completely lnhlblted,by blncllng of one.

PT.,P per one CFt

the results shown above suggest that the Ca2+-ATPase activ-
ity ls completely lost by PLP nodlflcation of only one site

with the highest affinity to PLP among many sltes wlth -

differlng in afflnity to PLP on one CF-, moIecule.
l-

Thls ls well supported by the results of two stef uodlfl-
cation (Fig. 19). At the firs-t modlflcatlon in the presence

of ATP, PLP mod.lfied nostly non-speclfic sltes and at the

second nrodlficatlon in the absence of ATP, PTJP modtfled only
.),

one site with a large loss of the Ca"-ATPase aetlvlty. The

results of tr'ig. 19 also lndlcate that the first non-speclflc
modiflcation did not affect the second nodlflcation. thls
supports our flrst assumptlon that PIP nodlfication of hlgh

and l.ow affinlty sites woulcl oceur lndepend,ently each other.
It ls thus conclutled that the Ca2+-ATPase 1s completely

(92)



inactivated by modification of sing■ e site with PLP.・

Oomp■ ete inactivation of ATPase by the Sing■ e Site lmodifi―

cation was rё ported with NBD‐ 0■ mOd工 fiCatiOn 9f OF.。 (25)or

m:itochondria■ F. (59)Or.Eγ  ●oュi F. (169),n, With 8‐ azidO―

ATP (photo■ abi■e ATP an116gue)■ 6,1,19'ti9‐n OF laC19ri,1 1■         ′

(6■ ): | |      1 1 ‐             |.      | :.1‐        1.    1        .

(93)



● [PLP] 〔
"M〕200 400 600 800

θ

0
キa″ ′″

50    100   :50
o [PLP] 〔メM)

F13◆ 29。    Rep■。ts Of the data in Fig。  ■8。   (A)The remainirLg

ca?十_ATPase activity against the mO■ e ratio of bonded PLP to

9「 i.(CircleS, ,nd the ,ifferences due t0 2 m)l ATP in the

ATPase activity against those in the ratio, Ar (sqiares).

(3)Reciproca■ s of the rractiona■  acti↓ ity: F, of Ca?+‐ 五TPaもと

aftё r mOdificatiOn with varying concentrations of PLP in the

prosence (c■ 6sed circ■ es)or abSence (open Clrc■ es)Of 2 mM

ATP.   For F, see DISCUSS10N.
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v) Divalent cation exposes the active site for Ca2+-ATPase

Divalent catlon (lrlg2*, ca?+ and Mn2+) is essentlal to the

PI,P mod.lflcation of CFI. As shown in Fig. 16, PL! mod.ifiea-

tion of lsolated CFt aiA rrot occur tn the absence of Ot.r"f"rrt

catl on.

lhe amounts of' bonded PL,P to CF., were measur'ed. ln .the

absence of dlvalent catlon and ana1yzed,ln Scatchard. plots

(Fi. J0, closed. narks) . The p■ ots show that PLP binding

Sit,S On cFi cou■ d not be grolpedo   The binding constant and

lhe maXimum nunbe1 9f binding sites may le Obtained frOm the

brOken line to be 250 M~・  and ■o (thiS number is tentative■ y

fixed to be identica■  tO that of nOnttsp9cific sites in the

presence 9f M`。 ■2)' respective■ ye   Since the binding constant

of nOn― specific sites was ■Owered from 650 M~・ itt the plesence

of 立』
2+ t。  250M ・  in its absence, the binding cOnstant of the

speclflc slte (Ku = 2 x to4 u-l in the presence of ug2+;

shou■d be expected tO be at ■east 7 X ■03M―■.   How6ver,

there l, no p■ ot ind‐lcating suCh high affinity.   Therё fOre,

the high affinity si.te, 10e。 , the active site is nOt expOsed

Or aoes not reveal itS high affinity to PLP in the absencё  Of

diva■ent catiOn.

FurthermOre, fOrmation Of Schiff base itse■ f, in genera■ ,

dOes nOt requェ re diVa■ ent catiOn (62),■ d iS actua■■y f6und

in Fig。  25。   Thus it would be more cOnceivab■ e that diva■ ent

cat10n acts as an effectOr to change the Confor,ationlof Cr■

(95)



and expose the actj-ve slte. Results suggesting such non-

speciflc clivalent cation dependence of enzJrme conformation

hav.e been reported. (61,64). It has been reported. (63\ that

addltlon of dlvalent catlons to a solutlon of CF, prod.uced a

slgni.flcant lncrease ln.polarLzatLon of tyroslne. fluorescence'

suggesting that dlvalent catlon alters the .9f, structure ln

which, for exaraple, the noblllty of one or more tyrosyl

resldues of CF, is reduced.

With lsolate1 CFf which blnd.s three moles of nucleotldes

(Atp or ADPI/moLe CF1, the binitlng mode of nucleotlde has

been shown to ehange depending on ulg2+ (or ca2+1 (65). In

the presence of Mg2+, the binding of the thlrd nucleotlde ts

positlvely cooperative to the second. one, whlle ln the absence
Dtof Mg'-, 1.t 1s s11ght1y negatlvely cooperatlve to the second.

one. Although lt has not been determined. whlch one of three

nucleotide blndlng sltes in isolated. CFI is (tatentty)

catalytic, the change in the bindlng cooperatlvlty would

relate to the observed. divalent eation dependent exposure-

burial of the actlve site

(96)
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I'ig. 30. Scatchard plots of Pl-,F binding in the ;or€serrce

(open narlcs) or absence (closed narks) of 10 rol{ }4gCIr. The

sclid curve was eopied fron Fig. 28. The broken line
was calculatecl with the value of r = 10 at K - 25O nu-l.

For details, see DISCUSSICN.
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i)

IV―う Identification of PLP Modified Subunits of Membrane―

bOund and lso■ ateC CF.

The iα , β and r.Subunits

m60ifユ ed by PLP
. -i \rrfhen.membrane-bound. CF..r was nodlfled wlth t-EJ PLP, the ar.

J- .. ....

p and d,subunlts were equally labeled. (Flgs.:.LA and'1f ) and

phosphorylatton was lnhtbited.. Tor 5Trt lnh1b1tlon, one mole

of PLP was found. ln each of these three subr.inlt fractions per

rnole CF1 . Ihese results suggest the partlclpatlon of one.t
(or- two) essentlal lysine per cr and,/or p and/or T subunlts" '

If the active slte is located on the p subunlt as suggested.

b;r many lnvestlgators (25,59-6L,66), two moles of PLP may be

requlred for complete lnaetlvatlon of phosphorylatlono

il■embrane‐ bOInd CF■ WeFe

ii) The α and β subunitS in iso■ated CF. were modifi?d

by PLP

ifhen isolated cFI was modified with tfu] PLP, the cr and. F

subunits were equally labeled antl heat-actlvated. Ca2+-ATPase

was inhlblted. Since Ca2+-ATPase lnactlvatlon proceeded 1n

parallel with the modlflcation of both the c ancl p subunlts

(FiS. 22) , the location of the actlve slte has not yet been

declded.

It has been reported that NBD-C} modified one tyrosyl

residue on the P subunlt of CF., and, inactivated C"2*-ATP"""

(98)



(25t. 8-azido-ATP spectflcally labeled one amino aeid

(unkno-*n) on the B subunlt of E. col1 F, (61). When these

results are dlso taken into aecount, Pr'€sent results would

lndi.cate that there is one actlve site on the one subunit

(probably P), whlle there would be roaay non-catalytlc'sites
on the other subunl,t whlch are modlfled 3t.random but

'

seenlngly paral1e1 to the act!-ve site nodlf-rcatlon::-;.,

111) The f subunlt of CF, would be burled..anong other

, subunlts by cletachlng fron the menbrane

fhe dlstribution of PLP among the subunlts of CFt showed

narked. difference dependlng on whether CF, was modifled on

the nembrane (Ffg. 1I) or in solutlon (FlS. 2L). The absence

of PLP in thef subunit of CF, which was nod.lfled. 1n a solu-

bilized forn would relate to the observatlon (2O) that the

anti-f,-antlbody lnhlbited photophosphorylatlon but not CaZ+-

ATPase of isolated CF.l . The burial of tfre -f subunlt among

other subunlts woulii nake the antl-T-antlbod.y and Pl,P inac-

cesslble to their sites of interaetion.
The amounts of PLP requlred. for complete lnactivatlon of

photophosphorylatlon were larger than those of ATPase of

isolated. CFI. To the nembrane-bound. CF', at }east two PL?

molecules (probably on the two I subunits) seemed to be

responslble for fu}l lnactivatlon, while one PLP was likely
to be enough to lnactlvate solubllized. ca2+-ATPase (Fig. 18)

(99)



These results also suggest that the detaching procesd of CF,

from the .membrane glves some effects on the subunlt conforma-

tion and lnter-subunlt lnteraction of thi,s multl-subunlt

ernzyne i

.:

'-
IV-4 tentatlve Scheme for Explanatlon of the Results of

PtP l4odlflcation of CF.,
I

These results obtained by PT,P modiflcatldn require rather

soph1st1cated.eonsiderat1ononthefeaturesofth1snu}t1-
subrrnlt enzyme. One slnplest model 1s lllustrated. i-n Flg. tL.

The subunlt conforrnatlon and lnter-subunlt lnteraction

depend. on the situatlon of CFl.

By detachment from the membrane ln the absence of ug2+

(i.e., ln a dilute EDTA solution), tfre { subunlt of CF, would

be burled. anong other subunits. The PLP blndlng sltes on the

cr and F subunits would also be hidd.en (unreactable with PIP).

Upon additlon of divalent catlon, these blnding sites are

exposed. I{owever, the two speclflc (actlve) sltes on the

P subunlt palr would be so close to each other that bindlng

of PLP to one slte lnterferes bind.ing qf PLP or ATP to the

other.
In membrane-bound. CFl,

tains a dlstance between

roodi f y both slte s. The

the 'd' subunit ls exposed and main-

two active sites so as to'for PtrP

reverslble conformation change of

( roo)



the Y subunit by eleetrochemlcal potential gradlent, proton

translocation and./or exchange of H+ to Mg2+ anc vice versa,

would change'the inter-relationship between the a apd p

subunits , and thereby drive blnd.ing of ADP and Pi, condensa-

tion of these ligands and. release of ATP etc. in cooperation

rits. In isolated CF1, since ATP

hydrolysis ls a domhill reactlon, the drlvlng force may not

be neccesary and the novement of the { subunlt lvould not be

required.

. i4ore cornplicated. model involvlng cooperatlvity ln subunlt

inleraction and/or half of the slte reactlvlty (67,68) would

be possible and may be close to the real feature of the enzyme

1r nr 1



- Mg2+

lsolotion

thylakoid membrone
, Reconstitution Ir--

Fig. 3L. A sinple nodel illustrali^g the results of PLP

nodificatlon. The :rciive si.bes (nlock dots) with hlgh

af finity for PLP are locabed on one of the two large su'ounlt

pairs (probably 23) and rnany non-specific PLP binding sites
(not shown) on the other large subunit pair (probably 2x).

Tne { subunit to which srnall € subunit(s) is attached is

shadowed. The 5 subunit forns a link to CFo. lor the

explanation of the coniornation change anrl the lnter-subunit

interaction, see DISCUSSICi{.
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SUMMARY

The .effectis of PLP modificatiOn On lch■ orOp■asts an‐ d iso■ated

C11■ Wer9 studied.          .

■)  :PLP moこification Oif ich■orop■asts in the dark causё d

energy transfer i五hibitione   When the Schiff base fOrmё d

between PLP‐ and the ■ysy■ i residueS,of prOteins on‐ thy■akoid

mёmbrane were reduced, PLP bonded cova■ ent■y to the pr9teins

present on the thy■ak01d membrane, but on■ y inactivated the

aCtlVily 91 0F.。    FttrlheFmOre, PLP ■odified a few of tOta■

■う0 ■ySy■ resユ dueS present in One CF. mo■ ecu■ e.   PLP modi― 「 ~

fied the active site or its vicinity 10cated‐ at the surface

Of CF.0

PLP modified the α, β and Y subunits of the membrane― bound

CF..   For 50% inhibition, ■ ,O■ e 6f PLP was fOund in each of

these う subunit fractionS per mo■ e CF..   The inactivati° n

of phOsphOry■ atiOn was caused by ■ 3 ■ interaction between

PLP and th9 ‐aCliVe S'・ te Of CF■
・    TherefOre, present resu■ tsl

SuggOSt the participation Of one(Or tWめ essentia■  ■ysine per

α and/or β and/orY subunits in photophOsphory■ ation.

2)  PLP IIlodificatiOn of ctt10rOp■ asts in the ■ight caused

uncoupllng which was protected. by 1or"r eoncentrations (2O 
/J,I')

of ATP or ADF. PlrP gave a secondary effect on the membrane-

bound cFa as a photosensllLzer in the llghtrprobabry photo-

oxidatlon of hlst1d.ine.

(■ 03)



う)  工n the presenё e Of diva■ ent cat10n Such as Mg2+biMn2+

:r c=2+, PttP‐ modlifiё d is。 latさ d cF. whi`h isubsequettt■ y ■9st
its heat=activated Ca +― ATPase activity.   IS?■ ated° CF. seemed

t.o pOisCell 't 
・
eaSt °ne site With‐ hilgh affinity for PIP and

many.site,|■ltth l■ oWer‐ ■,fキnities.‐  PIP 血Odifiel thisihigh

affihityi site and 9at,ediCOmp■ ete.I五actil五tioniof cart― ATllse.

ATP cOmpetitive■ y pFotectec thiSi Specific:,PLPi modificatiOne

PLP modifiedithe α and ‐β subunits Of isolatedi CF. bu11 1  ‐ r「

neg■ igibly the lr siも uniti   For 50% inhibit■ on, 0。 5 mO■ ei Of

PLP was fbuna tequa・ ■■y in these two subunit frdctions,peri  :,:

mo■e CFie

ln the absence Of divalent catiOn there was no site with

high affinity for PLP and thus PLP dia nOt cause the´ inacti“

vatiOn of Ca +"ATPa seo   The high affi■ ity Site fOr PLP, ■。e。 ,

the active slle, waSヽ■Ot expOsed Or did not revea■  ユtS high

affinity fOr PLP.           |

The dlstributlon of PLP among the subunlts of cF, markedly

differed. d.ependlng on r+hether CF, was nnotllfled. on the mernbrane

or in a so1ut1on. The amounts of PLP bond,ed to membrane-

bound. OF, in order to inactlvate photophosphorylatlon

com.pletely were ]arger than those of ATPase of 1solated. cF..,

(f PIP/CI''). [hese results suggest that the detachlng

process of CF, from the menobrane has sone effect on the

subunit conformatlon and the lnter-subunit interaction of CFl.

(■04)



By detachment fron the nenbiane in the absence of Mg2+, the

{ subunit of CF, would be burled. anong other subunits. The

active slte wtth hlgh afflnlty for PLP on the P ( or. s.)

subunlt would be hidden. The addition of dlvalent cation

exBos,eal this actlve ,slte.

It was proposeal that the subunlt confornatlori anil inter-

subunlt lnteraction of CF" partlclpate ln the proe'ess of,I

pho t o phb spho rylat ion .
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