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ABSTRACT

Inactivation and reactivation of photosynthetic oxygen evolving complex were studied with isola-
ted spinach (Spinacia oleraceda. L.) photosystem II particles by the activity of oxygen evolution
and chlorophyll fluorescence. When the particles were treated with Tris and urea, the oxygen
evolution was inactivated and three polypeptides having molecular weights of 33 kDa, 24 kDa and
18 kDa were simultaneously released. But in NaCl-treated particles, two polypeptides of 24 kDa
and 18 kDa were removed from PS II particles. The oxygen evolution activities of Tris and urea-
treated particles were not restored by adding cation ions (Mg?~, Mn?®" and Ca*"), but the NaCl-
treated particles were restored by exogenously added Ca?'. The removal of these extrinsic palype-
ptides, especially 33 kDa, markedly showcd the decrease of the variable fluorescence (Fv). These
results are likely to be due to dissipate thermal energy by anlenna of photosystem II complexes.

Abbreviations: PS 11, photosystem II; SDS-PAGE, sodium dodecylsulfate-polyacrylamide gel elect-
rophoresis; Mes, 2-(N-morpholine) ethanesulfonic acid; DCMU, 3-(3" 4" -dichloropheny!)-1,1-dime-
thyl urea; PBQ, phenyl-p-benzoquinone, F,, F.. F,-constant, variable, maximum fluorescence; DPC,
1,5-diphenyl cabazide; DCPIP, 2,6-dichlorophenol indolphenol.
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lund and Jansson, 1981; Kuwabara and Murata, 1983).
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ot al, 1983). vl Aeo|d T 28] Sxm We] W
sl 3 2o s Be BEE A Foh Lehd o
3-8 A5 oot 2FAF, protoplast B FEA F
of] 4] 8l 5lo] 3 2™ (Guenther and Melis, 1990; Horton and
Hague, 1988; Lee e/ al, 1990), A 2
o 8] Bk gho] o] Bz 9l ¢ke A ae)rh(Weis and
Berry, 1987).
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PS Il particle &2|. FeE A 7]5F 100g 2535
Kuwabara®} Murata(1982)2] w3« wie}l, 100 mM suc-
rose, 200 mM NaCle] Z§= 50 mM Na/K phosphate bu-
fler (pH 74) 1,000miel] 25, ulfgr ¥ 2x] 272
Jpotael 4] ofapA|#l F, Al 167 2] slelA| R o)} ale]
3,000x gel] 4 10871 F3leksdeh ’ﬁ%ﬁ- 50 m/ grinding
buffmn A1 g elated 400X gl A 3027 AR A At
ARNEE A, AL %OOOXg‘ﬂl A 1057 T4
%ﬂaﬂ*lﬂ, AAEL 100mM sucrose, 50 mM NaCle] =
&k=l 50 mM Na/K phosphate buffer(pll 6.9) ¢l &= 3}e]

400X gl 4 3027 ddERE gk AAAL 4FA &

g o & 7hEsle] B4 ghake 273 & Triton X 100
. chlorophylle] 25 © 1{w/w) ¢} ulg&e) 2 af7h=] =424
stirring §l®A Triton X 1008-<2(20% w/v)E 7}5)e)
A gE2 gafe] 2-3mg chl/m/=A #=ste] 1047}
incubationA] Zi el alsfei2. 1,000 gol 4] 287 fd4lke
ﬁ]oﬁ ARl e s 35000%gell A 1087} 93Fskn,

#HE2 40 mM Na/K-phosphate buffer(pH 6.9)¢] A=
A7 1000 gel A 227F A RE|Ele] A AwE FH 4
3,5000 X goll 4 THA] 1047F 141 sbedv). §1HEL 300
mM sucrose, 10 mM NaClO] Fgs 25 mM MES-KOH
(pH 6.5) ¢ #=tsle] PS I parlicle ¥ «-8.8}¢it)

HXEEA2 £H. = R el
2mi2 3l GB35 F3L 40 ug chl/miE 3} 300 mM
sucrose, 10 mM NaCl, 0.05% BSA7} =< ¢l&= 25mM
MES-KOH(pH 6.5)¢]4 Clark type®] oxygen monitor
(YSI Model-53000) & Z&stdcl. o=l AL
03mM PBQE bs}ed 25Ce|A] oxygen evolution @ =
ZAstedich

dEsH Hortonz} Hague(1988)2] #tyiz} f-4}a}
A Hansatech fluorometerg o©)-&3te] skntAda) 4]0
Hag FAstych A ek 534S 98 WA rEAR
6 mM ferricyanide(FeCy) & A}&3lel 2w, 4} actinic
light= Schott KL1500T light sourceZ RG610 glass fil-
ters} Ealing 680 nm short pass interference [ilters] %-
A A, neutral density filterZ ©]-2-3}e] 125-1780 umol
quantasm™?-s7" Apele] =2 Al&slgick Light-satura-
tion pulse= project lampZ- Uniblitz shutter® E3}4)A
Abg-ahedch
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(1983)9] 12.5% SDS-PAGE el whe} sfale]ond,
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Stacking gels- 1.5cm Zo|, pH 6.8, 4% = %], separa-
tion gel& 13.5cm, pH 88, 125% Fx¢lewm, 5C 4
Adell 4 100V, 2447k 3telc}, Gel plate= 50% metha-
nol, 7% acelic acid, 0.5% Coomassie brilliant blue R-250¢]]
3 4sl3l, 50% methanol, 7% acetic acid® =r4s}gich
Markeri= Sigma+HU.8.A.) 2] DS molecular weight mar-
ker(MW-SDS-70 kit)-5 A}-8-3}g)ch
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Fig. 1. The stability of oxygen evolution in photosystem

II particles which were stored at 25T, 0T or —50C in
300 MM sucrose, 10 mM NaCl and 25 mM MES-KOH
(pH 6.5). The activity of oxygen evolulion was measured
by mcans of the Hill reaction with 0.3 mM PBQ. @ — @,
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Fig. 2. Oxygen evolution of different hydrogen concent-
ration (pH) in PS I particles treated at 0C for 15 mins
in either MES-KOH (A —A), Tricine-KOH (e — @),
or Tris-HCl (m—wm) and Tricine-KOH (o —o) or
Tris-HCl (o — o) with 300 mM sucrose each at 16 mM.
The oxygen cvolution was measured electron transfer
from H,O to PBQ at 25T and pH 6.5.
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Fig. 3. SDS-PAGE paticrns of polypeptides in PS II par-
ticles. Untreated PS5 1 particles (A), Particles treated
with Tris (B), 1.0 M NaCl (C), 2.6 M urea (D) and 2.6 M
urea+1.0 M NaCl (E); Polypeptides released [rom unt-
reated particles (G) and treated with Tris (H), NaCl
(I), urea (J) and urea+NaCl (K); Marker (F).

AL gfn]slizd), ol& opolm EaH] -4 polypeptide?)]
stAde] b 7]elg o)t o9} fAM Hubs o]#e]
| #eld p glem, 20CeA &4fo] BSA7)

~oll whe) 4904, 3edsel] zZhz) 2)= 3]
£& Ocef4] 2AGle] 8- dj= BSAYE
E&F 9z n)‘n"” HAgle] e FAYE 7UEL ¢F
¢t=rH(Kuwabara and Murata, 1982).

dggel ek 37 2 $A9] 2oke) 4 pHS) o
H7) gl abe] thekal 0] E o4 16 mME) 7L7] q
buffere] 15%-4F wlofslz, PBQE 4 M=}dwdA e 34
Z4shedv}(Fig. 2). pH 6.5-7.3 W8l Al #ae] =33
& ukz) glafon] pH 78 o]A]__q =g ol-/],‘_qﬂ %]—’
S A o] BRI} o Folwe D 5 Qlek 2
Tris-HC! BP% F-ofe] Tricine-KOII g2h&g-ofel w)& B3
MEla) e TR f=Ele) °4E}(Kuwabdrd and Murata,
1982). gtdl DPCEHE DCPIPse] #HAHZE 2359
el HAglvky Ry FeR p|RojHol, ozke] &
Aol 49 Abapise) LONHL QA 7)) ol

71elgtelan B 5 oJei(Kuwabara and Murata, 1982). &)
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28 pHell 4 300 mM sucrose® E3HE #9., 7ve pH
H.L iAol A vielgth(Fig 2).
Tris(pH 9.0), 26M urea % 1.0M NaCl& 7 2 &-

g aflell AMziste] Egha 2y e] el )8 polypeptides
12.5% SDS-PAGEe] &)sf z=Apsleich(Fig 3). Tris 3] e}
urea?] =)z 33, 24 4 18kDa®] polypeptide T 4] 2
SRR YE 5OF A7 AlE e (Fie 3H, 1 K), 1.0M
NaCle] 353 24 kDa2l 18kDas «7]slsdc}(Fig. 3D).
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Fig. 4. Oxygen cvolution on different urea concentration NaCl.mm

in PS II particles. The oxygen evolution activity was
measured in 10 mM NaCl, 300mM sucrose, 25mM
MES-KOH (pH 6.5) with electron aceeptor 0.3 mM PBQ.

Murata, 1983). 3 Tricine(pH 9.3) === 34| 3
7112} polypeptide?} W-&5E ZoR Buy] #leZ Hel,
d7te] AEl7b ol polypeptided wWelFEchz &
gltl, HZ o] 5 polypeptideE 2] E4E0] Bo] dATFe]
Az gled, duldon 24 2 —"—-31-2101]1-] 33 kDa2 Mn
o] 22 qkxzte} SyellA SyRe] AeAe)E & ElAlle
24 Akt Boisie, 24 kDad Cattel ez ¥
4 878 A7) Ao 2 oedr] 5L 9l ok (Ghanota-
kis and Yocum, 1990). 18kDa2 3mM o]&}e] w2 <
Aol FElA A48 Hd s 57 dHAe
B4z gle] B3l ub gl erl(Akabori ef al., 1984), 4=
Ao @) FE2 miFo el Demming and Gi-
mmer, 1983) o} 18kDa®] Agl#d )5 BEwsich
e} 25 Tris Helell 28k 4habAle] B34 o)l F
polypeptldeF—c’l AAel Al YAsc gck

Fig. 40] = uread 7}7] c}2 =2 #zlsled ureasl
el abdbl ghAds ool o R A uread] FE7F F
7helel ube} &Ade] Az} wWez|i, 2.0 Mol 4hH3
245 elc], o] @4 PS I reaction centere] 3717 2]a]4d
polypeptide7} Eelx] vhe =24 vehis Zdxe)e}(Fig
3], K). ¢]¢} 7t A7 Mivaos} Murata(1984a)el o+z]
(26 M) 2 Fst(23M)N A2 Hxe} dxgg HeojFch
Legh Miyaoe} Murata(1984bh)+& ureazl 3717 polypep-
tide & 33 kDa¥} Mn-& PS 1T particles] 4] dleju]= 7l o=
rrosha olch of7)e)4] 33kDad Mne] wlold vieE
vlge] v & o2 vfeh} 33 kDaz} Mne] PS II reactior
centerol] ] BAE o] Helw 9les wuilgon
E2%E DCPIPR Q| zpddte] 284357} DPCo 23

Fig. 5. Elfect of NaCl on the electron transport reaction
in the pholosystem II particles. The oxygen evolution
activity was measured with a supplement of 0.3 mM phen-
yl-p-benzo quinone.

Table 1. Release of polypeptides upon treatment of P5
II particles with 1.0 M Tris-HCl (pIl 9.0), 2.6 M urea,
1.0 M NaCl and reaction of oxygen evolution by adding
back various salts

5mM tlygziattl}'ggg ) _ With treatment
Tris NaCl Urea
(Q; pmol/mg chi/h)
CaCl, - 71.0 -
Ca( NO;) 2 - 66.9 -
Mnc, % - - -
MgCl - - -

The activity was measured as in Fig. 1

H2Re BAFYUL olAe ureast WA 29) ALsA
A7E 2ARE el 2 4 oleh Fig 5 NaCle) 4
SR A ABE LR Aol R e e

Jo] olAlclrl HAEEAl 10mM o]

i IH Aab deld 200mM o] Atel A I &
Aol § O‘] ) o)¢} 7 A= Miyaoet Murata(1985) 7}
B 7(100 mM o)1) st 8}2} zre] PS II reaction centere)

24 kDa, 18 kDa polypeptide?} B 2= A=E(Fig. 3
D NaCle] w29 fE= AR 52 FRd4= ol&
polypeptideS9] AH4e] ihiwkd T4E WA gtz &
2 o)tk

Table 18 PS Il reaction centerel] $l+= 37}2| polypep-
tide(33 kDa, 24kDa, 18 kDa)el] d%& & F Sl= 4%t
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Fig. 6. Fluorescence yield by photochemical and nonphotochemical quenching of spinach PS II particles expoured
to chemical compounds and those added to various salts. A, control; B, E, Tris-treated particles; C, F, urea-treated
particles, D, G, NaCl-treated particles. Measuring beam (1 m.b), 1 uM-m™*-s~" modulated light. Actinic intensity
(1), 470 M PAR-m~%-57L Saturaled puised (%), 4000 pM-m - s ! for sec

factors, Tris-HCI(pH 9.0), 1.0M NaCl, 26 M ureaZ
2]z} 5hed -E— 845417 FA 2 B3k el reaction cneterel]
SRk ";H'- oko| 25l Ca’t, Mn?', Mg®™ & |&]5}he]

o]Z2] &]3ks Bgkeh Mni o} Mg?' o] % ojujst 5=
HolfEx] Halgen, Cat ) 7% Tristl urea {4
i opbfd ¥ F=xgrgrer) 10M NaClEs M E
Bl Ca*t o5 xalgh 49, A Al &
rHoz FEEY A 2 Bide A&HE & £
gledc} o)®)8l Aalkes 23 kDao] Ca®' o] H&d| FAsL
(Boussac ¢/ al., 1985), 5 mMe| Ca?*ef 2 whzj= -
9)-8-(Ghanotakis el al., 1984)°] <tgi3x u}, NaCl =
olgk 242} 18kDas] 4-4(Fig. 3D+ 33kDa £z4| l
Cattol] 2]a] dRT)AHo] A} dojd + 9
1"] ghojelbzlel, Zhpol g Abiube E¢AS 7%
$lo)2) Aghe 24 kDax} Deof o5t dHe L) (Gha
notdkm el al, 1984), A= NaClel] 23} 24 kDag] A+l
wat Cate} whEe] whzA =, AR} o] Fe#]7]
A e el Zgoley A byl Dasich A
Fig. 62 Tris-HCI(pH 9.0), 26 M urea, 1.0 M urea+1.0
M NaCl& x2]3t 34 11 283 eFol2ql Ca¥ - Mn'~
Z #2718 ) Bz g B4 3ge] yae|oh Tris, urea
NaCl #j2]qels F.o 9§ z2haS 7pHgen, 51'

ﬁ[o _2.
[ ﬂ-c‘ nr I"u

3l

i

urea ATl T @abel AabA Jepgch Y
NaCl& #]2] 3} particles] Ca’*Z #Hrlat 495-(Fig. 6G) =
dETel 22 AahE Rk Steady-state el el 4] 2]
quenchinge] 9% 4% dPH(Schreiber ef al, 1986) ¢
Wy intactdt FEA & Yol aclinic lightT 73,
Z233(4,000 M -m*~-s DO E pulse H)s}H energy-
dependent quenching(gE)® pholochemical dependent
quenching(qQ) 2.2 vjelb=Iut, subchloroplasty] ZHA|
2 5 Al A Yol 25k pHE] HETF o] ez
(Bilger and Schle[bu, 1586) Hzlgl-gol 9jgk A=A
zho] 7] #lef mi % & F. 2} w2 photochemical yield&
7]-7<] A =} (Weis and Berry, 1987). Fig. 68] o] =7l 4]

GEA A2 Feoll wlsl(23 07| 5) @2 Fakd 7}
z]‘—' e B 4 °”:Jr Fig. 6¢] ZZ Table 1°ﬂ/“] viebyt
2l 4ubd systemell Aot PRl uf, A 2 particled]
A ik 24l o)A 3T W) o] FolA =,
FA 2 ¥EEA e A el AAE E3A
A @A deles AE olsh g2 oAy sl 33
kDa, 24 kDa2} 18 kDae] 44kl fnl olu]e) o]e} 3
Az FPEEdE Fag 9% T 2dde At
ghoh. 53] NaCl #=]7-e] w]s)] Trisul urea 3 2]7el 4
2o} 2% F.o] k45 23L& olvlg 33kDa polypep-
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tidee] A2} A ot 70 ]-‘Q*E(Mﬂ gl Ca’')el
el 7ald Aoz AtgEr) 69 st urea A2l
Mnételu} Ca®'g] z]ulel] ul ‘53 -HZ— Ae wHRZ
Hojsa) EHged, HATAE §

o“'-'

J‘% defubA] ok
olo] "ksf NaCl #j2]7-2] Ca'' o] 22)& =75} fAHE
g BT gaAe] BRFHe 353E /e
L e ““é e Hejits 7elet able(Ta-
ble 1 = Fig 6). o2} & Hif= 33kDas] A-¢ ik
LA Mt 9] qbawtby 7] gelle] Akl FpAolehe
232 (Miyao and Murala, 1987)2] AFsE Ao, o3
A ) Te) A Ca?' &) EEF-417) A 212] el
24kDa % 18kDas] )4l = 1,37 bl Cad'el 2]e 4F
ey 715l A44Adstrt o]l Fof3l 4 gl g (Murata

and Miyao, 1989)% ghelgt <= sl
]”‘94 Az 4] PS II particle®] AbawpE 34 b
= 07 0)3te) &FeH T e FAEH,
pH(lrls 8.3), 20M e)4k2] urea, 500 mM NaCl A=z
]}«HLAE ‘z\—)ﬁo] ']znﬂ E]H A

[=] gi =

&) A4 2 B3k e
33kDa, 24kDa % 18kDag] 2| Ael we} 284135 o)
Cal'9] A< 33kDag] £A4 &89 A7le| gaf AbA
A 7)) 7)nEel A aadEg vhx-ect #lAA gk
2] A7) (23] 33kDa)E JFEFL ® 7“’1]_- Acat oJ &S
olxl=d], B3] F.o zhae skehviel] 2§ d=249)
vl zle] a4k Az B ¢ 9ldlch

~ L=
— el

ApzkA) 7]17-9) BEA R oRaAdel diel AlFA (Spi-
nanacia olevacea. L) o4 325 47 2 2442 o] &3]
bgeA B2 9 Hr|dEs B mapstedch

=g S
Ho] dhimElE 3okl A wgitlh Trise}d uread
He)sled-g 4% 34 2 EEAze] A4 gddal
33 kDa, 24 kDa, 18 kDao] #17$] 7, NaCle 7] -a-}a:l»g—
Aso)i 94 kDax} 18kDa wreido] #HF ek oS s
WA e A wet FA 2 EPH= "iﬂo"-'é‘;
gag Adsle] BaAdsE) =gl BEAdsr) el feiwl

A 2 Bgkde)] ofFo)e-g Hrlstelg o, Mgt = Mn®~
ALAHSE A]7]7] Ealgon) Ca” & NaClg #z]sle
24kDa7} 18kDao] A AR HgAelN yRAFez 4t
BhA) 7158 g 27 vl 3709) polypeptide st 25
AAEE Tris 9 uread] ajele Ca¥re] A=z %*éﬁl
3 o] viebula] gkolnh &9 o] F SAA A L] A7
(53] 33kDa)= Fo Falar g2% sidged, o=
shelllel] 81§t =] wlelu=]e] Aate 71%1%-? 7ol
il AlEEch
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