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Phosphorylation of thylakoid proteins of 35.25, 23 and 14 kD was shown to occur in Pro,'hhmJthrix holhmdwa both in vivo and in 
vitro. In viw~: the kinasc was active in high light, but not in low light or dark. Next to the 35 kDa protein, which formed the major 
target, 25 and 23 kDa proteins were phosphorylated. PS 11 light (6511 nm) stimulated kinasc activity, which was inactive in PS I 
light (710 nm). In ~,=trl.~,: the kinasc was found to be constamly active, and inhibitors of pholosynthetic electron transport had no 
effect on phosphorvlution levels. Prolonged dark incubation bcforc isolation of thylakoid membranes did yield a partially 
inactivated kinase. Rapid activation could bc obtained by both light and addition of the plastq~quintd analogue duroquinol. 
Phosphorylation of the 23 and 25 kDa proteins was enhanced by addilion tff amimycin A under illuminating conditions and by 
sodium fluoride. The latter observation suggests that lhylakoid proteins may bc phosphor~latcd by the s~,mc kiuasc, but arc 
dcphosphorylalcd at different rates. The 35 kDa phosphoprolcin was shown to form a chk~rophyll a / h  anlenna copulifying with 
PS I. Light-regulated reversible phosphorylation of a chlorophyll a / b  binding protein in l: holhlntlica immunologically rclatcd to 
thai of Prochh~ron indicates that a similar mechanism may operate in the latter. The hypothesis '.~as raised that reversible 
phosphorylation of a 35 kDa apoprotcin of the chlorophyll a / b  antcnna results in a change in its orientation to PSI  by which it 
enables /enhances  energy Iransfcr tt~ PS II. It is suggested Ihal this antenna is structtlrally associated with PS I. l.a~tb, a 33 kDa 
polypcptidc was identified vs a chk~rophyll a / h  binding protein which may h~rrn an antenna to PS 11. 

Introduct ion  

State  1 --, 2 t ransi t ions ,  the  process  of  energy  redis- 
t r ibut ion be tween  pho tosys t em (PS) I and  PS II. are  
known to c~ccur in h igher  p lants  and  g r een  algae [1-4]. 
red a lgae  and  c r y p t o m o n a d s  [5-8]  anti cyanobacter ia  
[9-12].  The  molecu la r  m e c h a n i s m  under ly ing  this phe-  
n o m e n o n  is not the  s ame  for all groups .  In h igher  
plants  and  g reen  algae s tate  1 ~ 2 t rans i t ions  are  es- 
tab l i shed  by lateral m o v e m e n t  o f  the  l ight-harvest ing 

Abbreviations: Chl, chlorophyll: PS I, Phott,syslem l; PS II, Phi,to- 
system It: PO, plustoquinon¢: POll:, plastoquinol; cyl b . / / ' ,  cy- 
tochrome ht . / f :  DCMU. 3-(3'.4'-dichlorophenyl)-I,I-dimelhylurea: 
DBMIB, 2,5-dibromo-3-melhyl-f-isopropyl-p-benzoquinone: NEM, 
N-ethylmaleimidc. 

Correspondence: A,F. Post. Department of Microbial and Molecular 
Ecology. Ilcbrcw University at Givat Ram. Jcru~,alcm 0191)4. I,,lucl. 

complex II (LHC !1) hetween the PS I1 centers in the 
gran,t and  the s l romal  PS I cen te r s  and they wcrc 
related to the reversible phosphorylation of the I ,H( '  II 
proleins [13]. It ~,as thought that the thylakoid-hound 
kinase resp-nstble for phosphorylation in green chloro- 
plasts was control led by the  redox state of  the PQ-pool  
[14], Mole  recent  da ta  indicate that the  quinol  binding 
site of  the eytochrome t~, , / f  complex  is d i l cc tb  in- 
vt~lved in r egu la tkm of kinasc activity in a n u m b e r  of  
species  [4,15-17]. 

in phycobi l i some-conta in ing  o rgan i sms  like red al- 
gac and  cyam~bacteria it is less clear what  molecular  
m e c h a n i s m  mcdiatc,~ state l ~ 2 t ransi t ions.  A l though  
the lack of  a thylakoid-intr insic PS II a n l e n n a  in these  
o rgan i sms  s eems  to exclude the  m e c h a n i s m  of  lateral 
movement ,  repor ts  appea red  on lhe role o f  protein 
phosphoryla t ion  in regula t ing  energy (re)dis t r ibut ion 
[I 1,18,19]. It is now geneqt l ly  believed thai s la te  I --, 2 
t ransi t ions  it. cyanohacter ia  are es tabl i shed th rough  
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chang~:s in energy spillmcr from the PS II ('hi , 
antenna to PS I. 'l'hc faslcr time-tout'so o~ Male I , 2 
transitions in red algilC ;Hid ¢.yamlhactcria led I t  the 
cxcltlsion of pl't~tein phi~sflhtlr.~lalJon ;is a nlolt2cnl;ir 
IneChalliSnl in lav(n ol n1~dulalion of rethlx statcs t~f 
eJ¢clron carriers and/cu localized charge distributions 
[7,2tL21]. 

lhochhulq~hyiu'n arc allot her grtil.lp of  l))1oh~ - 
synlhclic prokar~'oh:s ilpparcnl!v rclated to cylu1(i- 
bacteria [22]. They hlck ph~c,~bilison]cs but possess a 
Chl a/h antenn't structurally different from the LHC 
II in green chloroplasts [23-2g]. A 34 k l )a Chl a/h 
binding protein in l¥odlh,'on is phosphorylalcd in a 
light-independent way [23] and this pigment-protein 
complex copurifics will] P S I  [21q. 'l'lu: permanently 
pllosplltlrylatcd antenna lllay pre'vcnt state tral|sitJons 
in vivo [23]. Also m I'rocl~hmMm.I hollamliua most t,f 
lh¢ (*hi h ix bound In proleins of 3()-35 kl)a ctqmrife,- 
ing vdlh PS I ctmlplcxcs J2sl. In analogy Io I'rochhmm 
this olganisln StOliD, It) lack ~,OlllC or all ill t l lc ]'t.'aturi's 
lht,uglH to bc necessary l]lr state I - ~ 2  transilions. 
including a light-harvesting conlplcx discrinlhlathlg be- 
tween lighl 1 and 2, Moreo~,cr. phtlsphorylation of a 
number of proteins in crude nlenli)rane preparations 
was flmnd to bc light-indel'~endent [2ill tlowcver, state 
transitions ~,isualizcd ax changes in PS II fluorescence 
',icld wcrc obscl'vct] upon red / fa r  red transients [3(1]. 
'l'h,." question thus rises about the sensitizing pigment 
complex, the nature of ~hc system monitoring the hal- 
dncc in l'S II and PS I activity, :lnd the molecular 
mechanism active in adjusting thb, balance, tlere, we 
li;l~.c ' identified a light-ctultrlf l lcd kiu;isc activity in vivo 
located in the thylakoid mcnlbrall¢. ]ri ~itro a pro- 
longed dark inctil~uli~m is needed to partial ly inactivate 
lhc kina~c. 111¢ kilia~c i~ involved in reversible phos. 
l~hoiylalitm ~1 ;i subscl t l l  the ei lhmlphyl l  ai/l'J antenna 
plotcill~,, Sl~ccllk'all)a 35 kl)a ;ll~(iprlllcin t ' l lpuri iyi l lg 

Materials and Methods 

P. It~#lamlica was maintained in hatch cultures under 
light limiting conditions in the nutricnl sufficient B(; l l  
n/~.'dilill] [31] t 'ultulcs ~v'rc coutinuousl.,, nlixcd on an 
tlrbit iI shaker al 22( '  x~iltl incidcilt ilhil]lhlation tll 25 
#tnlol quanta m 2 ,, I obtained from 2 'warm white  
fhlorescenl tubes placed at 50 cm from the cultures, 
ThL" I~][ tiC the cultures ;',as 8.3 :~ ().3. 

] Jlv[a~ old l~l('lll])l'~l~ll' pi (7Jtlr~ttion 
Lor thylakoid prcflaration [23i cells were harvested 

hy ccntrifug,lt ion for 5 rain at 5t)t)(I rev/min,  washed in 
TMN hufler containing 50 mM Tris-HCI (pH = 8.0), III 
mM NaCI, 5 mM MgCI:. 10()mM sorhitol and 1 mM 
hcnzamidinc, and pelleted as before. Pellets ~crc re- 
suspcnclcd in IMN butler and t~!okcn by I'~Ussing t]Ic 

sanlplc through a French press ccll operated at 12 500 
Ib / in : .  The homogenatc was then loaded on a cushion 
nt h()'~ sucrose m TMN buffer and centrifuged for 20 
Inin at 401It)If tev/Irl i l ]  in a Beckman Ti 50 rotor ill 4°C, 
thus separating thylakoid membranes from cell debris 
including plasma membranes. The green interphase 
wlts collected, washed in TMN l',uffcr and p¢l lclcd al 
451)4i() roy/ra in its described ahove. Thylakoids ob- 
tained in this procedure retained high PS I and PS II 
aclivitics an" chlorophyll a/h ratios were similar to 
those found for whole-cell extracts (8: i). 

Phmpht)n.haion stmlie.s 
In vitrn phosplmrylution studies were pcrfl)rmcd 

according to (ial el al. [4] using thylakoid membranes 
at a clmccntration of 0 p,g ('hi a per 100 /al reaction 
mixtune. Inhihitors wcrc added together with the ra- 
dioactive label and their final concentrations are re- 
ported in the figure legends of the results section. 
ilhunination cemditions for in vitro phosphorvlation 
were 20(1 gmol quanta m 2 s n o f  white light fi~r !(1 
rain unless stated otherwise. The reaction was stopped 
by transfer to a l()C,~ solution of cold TeA.  After 5 min 
rcsolubilization in the presence o f  3 ~  L D S  at 80°C,  

the membranes were clcctrophorescd on 1()-17"~ con-  

t inuous  gradient polyacrylamidc gels. 
For in vNo phosphorylation, log phase cells wcrc 

washed and resuspendcd in fresh BG I1 medium [31] 
containing 1/10 the original phosphate concentration. 
125-250 ml cultures were allowed m equilibrate for 2 h 
at 2(I ~mol quanta m .2' s i in low phosphate medium 
containing I btCi/ml H:~c~P()I [ICN radiochcmicals, 
5flli mCi/mmol)  and subsequently transferred to either 
dark or  lilt) #tool quanta m " s i Monochromatic 
illumination with intensities of 20 / . , tool q u a n t a  m - "  

i was t:btainod by passing light from a fibre optic 
light source through double hand interference filters 
with transmission maxima centered art)uiId (15[) and 
710 nm. ~ h o l c  cells were lyscd by Deriphat cxtiaction 
and prepared for clcctrophuresis as described above. 
The reaction was stopped by transfer to ice fo lkwed by 
ccntrifugation at 30( 0 × g, washed and resuspend~,d It1 
351) p.g chh~rophytl a m l i  in TMN buffer without 
snrbitol. To this suspension, Deriphat 160 (Serva) was 
added dropwisc from a 30% solution to give a final 
concentration of 1%. After homo,31miza,Aon the mix- 
tnrc was incuhated l't~r 30 rain at 4°( followed by 
c~:ntrifugation at 21)111)0 ×k' for 15 rain. "['he resulting 
grccll su[)el-nalallt was used for clcctmphorusis on 14~ 
denaturing SDS-polyacrylamide gels after solubiliza- 
tion for 5 min at 70°C in Y"£ LDS sample butfer. For 
non-den-.mring gel electrophoresis 32p labelled mem- 
hranes were solubilized in 31)"7'/- LDS rumple buffer at 
4~C and clcct rophorc~;ed on prechil led '4°C) 10~/- poly- 
ac~lamidc gels. 
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Standard metlu;ds 
Western blotting and immunodccoration were per- 

fl~rmcd cssentially as described by Towbin et al. [32], 
employing the modifications of Smith and Fisher [33]. 
Chlorophyll was determined from t/()O;, acetone ex- 
traefs and concentrations were calculated frttm Ihe 
equations of Arnon [34]. Proteins were determined b~ 
the l,owry procedurc [35]. The antibody to the 311 kDa 
CP 5 Chl a / h  antenna apoprotcin has been described 
previously [36]. 

Results 

In t'itro pho,~phot3'lation of  P. hollatulica thyhd~oid pro- 
teitt,,; 

To examine whether in isolated thylakoid mem- 
branes the pattern of protein phosphorylation resem- 
bled that in chloroplasts of higher plants and green 
algae, we perfl~rmed, in vitro, phosphorylation slutlic~ 
to detect (a) thylakoid bound protein kinasc and phos- 
phatasc activities and (b) thylakoid proteins cxhibiting 
reversible phosphorylalion. Phosphorylation with 
[3zP]ATP for 15 min yielded mainly a 35 kDa phospho- 
protein labelled equally in light and dark (Fig. I). The 
amount of ATP incorporated was 1.2 nmol pig ~ thyl- 
akoid protein under these conditions, in thc prcsencc 
of the phosphatasc inhibitor NaF, and indcpcndcnt of 
light, two more phosphoproteins became visible at 23 
and 25 kDa apparent molecular mass, whereas the 
intensity of label associated with the 35 kDa protein 
did not change. Since kinasc activity may be modulated 
by changing the redox state of the PO-pool or the 
cytochrome b,,/ f  complex, wc pcrfl~rmcd these cx| cri- 
ments in the preseno,' of inhibitors of linear/cyclic 

A B 
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58- 

37"  i j i l ~ j i J ~ 4 J l ~ A  - 3 5 k D a  
27"  I ~ - 25 
2 0 -  i '  !~. :'i - 23 

14-  

Fig. I. Coomass ie  blue gel (left)  and au to rad iog ram (r ight)  of  P 
holl.mdiva thylakoid prote ins  af ter  in vi t ro  phosphorylati~;n in t light. 

2 l igni  * 10 L M NaF.  ~ dm k ,~t~d ~ th~rk + lO m M  Nal-. 
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58- 
49- 
37- 
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I r i r  ' f  
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14- 

Fig. 2. Atllor~lditlgr;ln|  o |  t!h't'lrl~|'~llllrcsct.I P htdlamlita Ih~l;ikllid 
pltllt~il| ~, ~tl'tCl ill vi t ro i'~h~sl~h~lrvlalilql ill ligh! tit the ;thSCllCC (Jilllt."~ 
I 4 |  ~md presence (litncs 5 -~1 of  Ill nlM Nat:.  i~ ('t~nlt~fl. '~' ~ I(1 

/a M D( MI_. 4- Ill # M  [)IIMIB. 4~ + Ill mM durtNuimfl .  

electron transport. In vitro phosphorylation in the light 
was not affected by addition of the quinone analogues 
DCMU, DBMIB or duroquinol (Fig. 2). NaF had iden- 
tical cffcct on thc phosphorylation of thc 23 and 25 
kDa proteins for all inhibitor adthtions. This suggests 
that kinase activity in vitro is not regulated by photo- 
synthetic electron transpt~rt or that the PO-pool is 
continuously reduced. The lattc~ option could bc ex- 
cluded, since fluorcscencc induction character|st" ", of 
isolatcd thylakoids indicated thc prcscncc of an oxi- 
dized PO-pool in dark-adapted thylakoids (Fig. 3), 
which in principle allows for redox contrtflled re- 

b Fma* ~" 

. / / / f "  
: n / / 

i 

DCL1U 

Fma x I 9 9  

~DCMIJ 
Fc, ~1 
Fma x 198 

0 C Q( 4 
[irne 

socond5 

Fig. 3. l- luoresccnce indtlct ion ¢un¢ ~, t~r i~olalcd lh~laD~id n lcm 

braner, of f:t h~,,Ih~ndi(tt in tile absence (a )  dnd pl~.'scncc (b) *~t lfl " 
M of  D C M U .  Excitati tm ,&as 2ti(I # t o o l  quanta  m _" • E nf  l ight 
< 5,1~1 nm and emission ,.~as du tc rmined  [o r  wavclcllgth,.  > 58(I 11111. 
~ ,  was dc tc r in incd  dur ing  the fztst f luorc ,ccncc fi~,c flF- Ill m~O lit 2.5 
mr, a f l c l  shut te r  opening.  ~here:~'~ /-]~:,,~ t~:ls illezlsured irl the s h ~  
pha~c ~f t luorcsccnce rise lil .llll) 4 ~, ill 3.7S ~,. /', ~'.aS calcul~tled z:'. 

~ , , . .  - 1"~ [ i t l rn~al izcd I~l l:,,. 
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light dark 

1 2 3 4 5 6 7 8  

- -35  kD 

I:i~ 1. hi ' , i l to l'lh~',pht,i~hilitln of  P h+,/hl,,ti~'~l Ih~,l;Ikl~lt',~ i~olalcd 
411el ,i ]11 h iI.ii+k i i i t ' i lb;i l i l l l l  itl l i l l l l l l t !  ! l~r~Cll~, lon. ' lit.',hl £111111-ol; 
' lit:hi + Il l i i iM H i l l ;  i h!,h i ~ Il i h im dul ik lUlul l l ;  i lit~hl ~ I ,uM 
I ) ( 'M I  I " " a ' ,  tot ~ ' ~ l  lilltk, i d,i ik condilion~. Ihc 21 and ~ k[)a 
l~ho~l~li~q~lOlelil~ l~ucliluc tl,,ihlc ii1 Ihe ",J:ll" l lc, i le l l  ~,:llilplu'~ olll't 

i l l lml rllohlll!'~cd c'\pll~ll it + ol di l i :d ~k.l~ 

~,ci,,ihlc lfltt~,Td~Or.~lation, l ' ro lon~cd dark incubat ion 
bcfo ic  p,~flation of  thvlakoids '¢i,,:Mcd ~i largely in'acti- 
val~.'d kinas~: ( l : i~ 4). Whcrca~, the kinasc was imrnedi- 
a te l y  ac l iva l~. 'd  i l l  l h e  l i g h t ,  l h c  c l l ~ c l  ViVr.~|~l c n h ; u l c c d  hy 

a d d i t i o n  o f  e i l h e r  N ; i l :  ( i r i h i b i l i n g  d c p h o s p h o r y l a t i o n )  

o r  d t l r o q u h l o l  (a  P O l l ,  a n a l l i g u c ' ) .  "l 'hc.~c d a t a  s u g g e M  

I h c  l~lC~l.'lit.'l_' o f  a l i g h t / r c d o x - l c o r l l r o l l c d  k i na~e ,  w h i c h  

is r a p k t l y  a c t i v a l c d  in  l h c  l i g h t  a n d  s l o w l y  J r | a c t i v a t e d  in  

t h e  d l l rk .  

A n t i m ) c i r l  A ,  ;,ill i n h i h i l o r  o f  c yc l i c  e l e c t r o n  f l o w  

a r o i n l t l  P S I  I371. i n v o k e d  c t l h a n ¢ c d  p h l l s p h o r y l ; l l i O l l  i l l '  

l h c  2.l a n d  25 k l ) a  i ~ r o l c i n  ,, it1 t he  I ighl (Fig, 4). 

S i m u l t a n e o u s  a d d i t i o l i  o f  N a F  a n d  a i l l i m ) c i i ' i  A r,-- 

A 

M 1 2 3 4 5 6  

49 . . . .  ~ @  

27-  " 

B 

6 5 4 3 2 1  

~ , ~ , ~  ~'~ ~ - 35 kDa 

. . ~ i  . . - 2 5  
- 73 

20- 

14- 

° e l  

rig. ~'. (oom~v-,~iu. blue ge! (I,.'ft) ai~,d autot;tdiograr~ +1 P. 
ttrUIdtld~(~ flr.lai, o~d p. . iu ' in.  ~flter in ",ill~t pho',ph~ light 
÷ i l l  I~M anl imydn A. : l ighl -~ li! ~ M  :!nlim}.c" ':iF. 
' da+k + I(I /z~,l ,tnlml~.~.m ,\. ; dark + l0 # M  I Jr) 
mM ",.aF. d~uk+ Ill mM NI :M alld II) mM 5.<, ,:,,, i l l  mM 

" d i m  :lTId IH Iltkl N,tI ' 

2 3 4 

r 
~ ,c 35kD 

-itL: 

M # 

I:ig. n. In ",no pho,,phor~lalior] ol P, h,dhmdr.~l Ihylakt);d proteim,, 
I ' ( k ,  IN gro~n in Ih¢ m'c~¢I:c¢ ~ff I p ( ' i  I I { ' P ( )  4 ml i in low 
pllo,,phal,.' medinnl al 211/zmd,] ( l l l ; In|LI rrl ~" ,, I (M)  for 3 h. ~.4 Same 
a,. lane', I and 2 ~.'~¢¢p! thu eultur¢~, were shi l led to 150 p.mo] qu;nnta 
m _' • n (11) . n- 3 h. 3"he ".~ a n d  25 kDa pho~phopmt¢:in~, aru" only 

• d,,iblc after h',nger expo,,urt.. 

suited in equally strong phosphorylation. Thi,,; effect 
was not observed in the dark, where only NaF was 
active in enhancing phospho~lation.  Addition of  NEM 
did not significantly affect phosphorylation, indicating 

A B 

CP 1 
2 
3 

FP 

V is  U V  
Fig. 7. ('hl¢~roph~,ll protein ¢omp]exe,; of P. holhmdk'a. Deriphat 
t'xlract~, ",~crc c]~ctrc,~hcr~:scd under non-denaturing ¢ondition~ [35J. 
Chlorophyll-protein comph!',.e'~ '~ere photographed during lransiilu- 
ruination ',~iih ", b, ible (panel AI al: I long wa\'elength UV lighl (panel 
B). ('P2 and ( 'P3 iorm the major chloloph~n . / b  antenna com- 

ph'xe~ dule |o their ( h i  o , 'h  ratio of 2.5. 



that the kinase is not activated through ~ Si-t bonds. 
After trypsin digestion of lhylakotd membranes the 
phosphorylated pcptide fragments of the 23 and 25 
kDa proteins appeared as a diffuse band below 10 kl)a 
(data not shown), suggesting tl~at the phosphorylatcd 
protein domains arc surface exposed with respect to 
the membrane. The 35 kDa phosphoprotein was rela- 
tively resistant to trypsin treatment, in accordance with 
its strongly hydrophobic nature which predicts it to be 
almost :'~mpletely embedded in the thylakoid mem- 
brane [36]. 

In vivo phosphory/ation of  P. hollandica calls 
Phosphorylation in P. hollandica cultures was stud- 

ied to determine whether the kinase activity phospho- 
|'ylated the same complement of thylakoid proteins in 
vivo. Cells incubated at high light showed similar phos- 
phorylatieu patterns as observed in the in vitro experi- 
ments (Fig. 6). Based on the 3:p/33p ratio of the 
medium and assuming steady-st~,tc labelling of the 
intracellular phosphate pools, we calculated a minimal 
rate of 0hosphorylation of 6.4 pmol ATP//~g total 
protein per h. An additional 14 kDa phosphoprotein, 
observed only after prolonged exposure of in vitro 
labelled thylakoids, was apparent. Medium light (and 
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lablc I 

PUtt  { 'Hlf i~¢" Ol /lldlthlllll I ' [Hh* ' /  Ll~wi(lllild l lh 'h l i b '  ~'~ ~E){i l i lT) !C/ i f  

¥('[LI{f l  I ~L~ / i l l '  I I IL I I IL I I [ I /H  ] { IHI l l l  f l t l d l ' l  / ' I 'd  /t,L'/'II ( ,  , l ld l l lO/ l~  

Radioacli~ i l l  v,~l', cMilil~it~:cl f lora d,.:nnilol l lclr) illlltl)'~in LIt l~l,,lt ']ns ill 
tilt" t i t  I l l  4q kl )a r~lllI,C ; l l l t ' r  i. ' l l lret l i l t l l  l i l t  ihc h~ickgll l t l l l t l  i ; id i , l lh l l i  
Ic%c'l dFII)LIIUI]I 011 t lUl i l lCidi( t~r i l l l l~,  

]~  . . . . . . . . . . . . . . . . . . . . . . . .  
1 r ; ; i l l l le l l l  Pel'cl.'llla~l: o i  

111,i~ r;itli~l;icli~c" lahcl 

Dark  !1 
Whi le  l ight (150 quanta m : s i)  96 
R e d l i g h l ( h S I t n m ) ( 2 U q u a n t a n ,  : ~ ¢) 10ft 
F;ir red l ight (710 nm l  (20 qtl; inl,! in ' • : l lq 5 

dark. not shown) did not support phosphorylation. 
Since this; suggests that in viwl the kinase may be 
regulated through a modulated P Q / P O H :  ratio, we 
checked if activation of the kinase was directed hy light 
absorbed in PS I (7111 nm) and h5() nm light ahsorhed 
mainly by PS II [30]. Since 6511 nm light is ch~se to the 
red absorption maximum of chlorophylls, it resulted in 
identical phosphorylation levels of the 35 kDa protein 
as did white light, only at a lower intensity (Table I). 
Light absorbed by PS I yielded much less labelling of 
the 35 kDa protein, close to the level found for dark- 

A B 
1 ~ 3 4 S ~ 2 3 4 

kDa 

$5:~ m I  

33 

30~.4 

till! 
| CP47/43 

I I ,  
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Fig. 8 Identification o! chlorophyll a/b aW.~protein', h~llov, ing denaturing elcctrophorc,,b, ot chlor~ph':,ll protein compiexc~ Panel A: 
eleclrophorclic profile aflcr Cooma~sic Bluc stahfing of  t thylakoid memhrane~: • ~ polypcptide comp¢l~ition ol ( 'PI .  2. 3 and 4. rc~pcci i ;ck  
CP4 conta ins PS I I  components  as judged by their  cross-reactixit.,, to ( P 4 7  and ( 'p4: l  anl isera [2S] R,nc l  |'I: in lmunohh~t ~,t n lemlwane,  ,Ind 
CP2 4 probed wi lh  the ant ibody to lhe  30 kDa anlc:nna pro te in  [36]. ' lmmun¢~dccozal lon ~l lh~,lak~3id nlcmbranc:,;  : ' chl~rophbl l  p~t~. tn 

complexes, CP2-4 .  rcspcetivcl~,. 



treated cells. The intensity of  far-,cd lighl was lound to 
antagonize a state 2 situation in I" ht;Ihotdtca (Post. 
ttnpublishcd rcsulls). These dal;| ~,t|ggc,,t that reversible 
phosffllol3'lation of Ihylakoid protci||,, t}CCUlX ill Vi'¢(.) 
itlld is nlo,,t proh;thly light/rcth~x ccmlrollctl. 

httm,noh,,tti~al rdttll¢,,ll (~]'tltttl'lttlil l>roh'itl~ 
Non-dcllaturing gel clcctrophoresis o |  i)eriphat Ihll 

extracts yi,:ldcd four major green complexes, CPI -CP4 ,  
seen in the visible light (Fig. 7a). Upon transillumina- 
| ion ~, th  long-wavelength UV light, complex CPt 
quenched fluorescence, a property diagnostic for the 
PS I reaction cemcr. CP2-CP4 were highly fluorescent 
(Fig. 7b). indicatirtg that these complexes were either 
~lll|ellll~i or 1)S 11 tore  cofnr)OllC|lt'., which h|ck an 
cllicicn| tlUCnd,ing n]cchanisn]. Absorl)dOn spcc- 
trosc~py identified ('1'2 and CP3 a~ the major antenm, 
COnlplcxcs. dt|c to Ihc presence o |  ( 'hi h in these band.s 
:tt a ('hi a/l~ ratio of 2.5. Denaturi|aL'~ cleclrophoresis 
¢~1 (.'P2 and CP3 yielded two major proteins of 35 and 
311 kl)a (Fig. 8a ). These two proteins ,veto also present 
in thc ( 'PI  complex hut were absent from CP4. A 
polyehmal ant|brady lo the 3t~ kl)a antenna polypcptidc 
[3(~] recognized the 35 and 3!1 kDa polypeptidcs of 
bands ( 'P2 and ('P3, and al.,,o a 33 kDa polypeptidc in 
CP4 (Fig. 819. Previous studies have identified CP4 as 
contidning proteins of the PS 11 core [28]. 

hh'nt(tic.tion ~q" a rcret:sihb' phr,~phoo'km'd 15' I an- 
fClIIIO O]~Ojlt'Of('ilt 

l h c  prcscnce o l  redox-conlrolled kinasc activily may 
indicate, in analogy to chloroplast systems, ti|at an 

I! 
A I ;I t 2 kD* 

6 6  

4 ~  

~ 1 1  <35kD 

22 

CPZ 3 

; i g  ~J. l h . :  35 kl.)a pho,,ph,~pr.ncin i~, a chloroph)ll a ~ h apoprotcin. 
Panel A: ,,il~.cr-~;,UlaCd 13 ~l~.p~cpildt. ~.t~mpo,iti,;n ol in ,.i~o pho~,pho- 
K, lalct[ th[otop|/~.li-prolch] ,'omplc~c'~ t 'P2 and 3 oht;lln'dd from a 
rmwdcn,ttur;i3g gel a~ tlc,,'ribt, d in Fig. 7. Panel B: autt~radiogram of 
lanes [ aI~d 2 of pai!cJ :~. Ihc radio:,¢ti~c label abo~c Ihe '~.', kl),l 
p!olchl i~ dll¢ Io the pit:-,c;,c~' o| it|icicle dCidr,. ~HICC lhc} ",~,cr'¢ Ilol 

|otllld ,tll':l 1)NAa,c [~,N..\a,t. tludllllt.'lll tll l')criph:lt U\llil,:b. 
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Fig. I0. The 23 and 25 kDa proteins are localized in a complex that 
does not bind chMrnphylls. Fanel A: ram.denatur ing gel of P 
holhlmlh'a ahcr  in vitro pho~,phorvlation in ihc presence of 10 mM 
Na[: (It'lt). Panel I'k ' luh,radiogran|  tff tile pho,,pho~l;.tled o.nnplex~.~,. 
P¢IIlcl ( ' :  aut~mtdiogram ol denaturing gel after SI)% P A ( i E  o[ 
band', cxti~,etl and immbctcd a~ indicated in panel A. band I, 
mm-di,,,,t~lvcd green ccnnDlexc,,: band 2-4.  ( ' P I - ( 'P3 :  hand 5-7.  non- 

pigmenlcd complexes, band ~. fI,,e p igments  

antenna  conlponcnt is the target for reversible phos- 
phorylation. Wc identified on non-dcnaturing gels the 
('111 a / b  an tenna  complexes after exposure to 
phosphorylating conditions in vivo° CP2 and CP3 were 
then separated by denaturing gel electrophoresis, and 
both complexes contained the 35 kDa an tenna  
polypcptidc which was idcntificd as a pbo~phoprotein 
by autoradiography (Fie. 9a, b). We want to note here 
that the apparent  absence of the 3(I kDa antenna  
protein (Fig. tla) is explained from a very poor reaction 
of this protein with silver stain, whereas the 35 kDa 
protein yielded a very strtmg reaction. The 30 kDa 
protein could be easily detcctcd in Coomassie blue 
stain (Fig. 8a). In vitro phosphorylation ol thylakoid 
membranes in the presence of NaF revealed that part 
of the radioactive label was not located in chlorophyll- 
protein complexes (Ftg. lOa). Excised fraction 1 con- 
rained non-dissu!vcd complexes. Fractions 2-4  (being 
grccn complexes CP 1-3) containcd the 35 kDa phos- 
phoprotcin (Fig. lOc). Protein composition of the green 
complexes was similm to that shown in Fig. 8. Most of 
thc radioactive labcl (Fig. 10b) was located in a com- 
plex containing the 23 and 25 kDa phosphoproteins 
(Fig lOc. bands 5. 6). and they were not part of a 
pigment-protein complex under  these conditions. Ho~- 
ever, their phosphorylated state may help pre~,erve a 
state 2 condition and therefore they may be localized 
in the direct environment of the photo.':ynthefic an- 
tenna (Post. unpublished results). 

Discussion 

A membrane-bound kinase phosphorylating thyi- 
aktfid proteins of 14, 23. 25 and 35 kDa. is present in 
P. hullandica. Ttaylakoids isolated according to stan- 
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dard procedures yielded a kinasc constantly active in 
light and dark as rcportcd previtmsly for l'rochhn'on 
[23], P. holhmdica [29] and, e.g. Acetahuhtria 14]. The 
kinase activity in I: hollamfica membranes in vitro, 
abolished by strong oxidizing agents [29], was irrespon- 
sivc to the addition of quinonc analogs (Fig. 2). Fluo- 
rescence kinetics (Fig. 3) and PS 11 dependent electron 
transport fl'om lq.,O to DCIP (data not shown) indi- 
cated the presence of intact PS I! in isolated mem- 
branes with a PQ-pool almost completely oxidized in 
the dark. Partial inactivation of the kinase could be 
obtained by prolonged dark incubation prit~r to thyl- 
akoid isolation. In vivo the kinasc could be activated by 
white light and by red light and it was inactivated in 
the dark and in far-red light. These observations lend 
evidence to the presence of a l ight / redox responsive 
protein kinase, which is slowly inactivated in the dark. 
The major target for phosphorylation was a 35 kDa 
protein which was identified as an apoprotcin of the 
Chl a/b  antenna. In an earlier papcr [361, wc demon- 
strated that the 30 and 35 kDa proteins form a Chl 
a/b  antenna and are immunologically related to one 
another and to the 34 kDa antenna protein of 
Prochloron. The 34 kDa Chl a/b binding protein of 
Prochloron is phosphorylated in vitro in a light-inde- 
pendent manner and hencc reversible phosphorylation 
of antenna apoproteins was rejected as the basis for 
state transitions in vivo [23]. The data presented here 
indicate that the Prochloron sp. kinase may behave 
similar to that of P. hollandica and could be in fact 
light-regulated. 

Antimycin A enhanced the in vitro phosphorylation 
of 23 and 25 kDa thylakoid protcins in the light. A 
simihtr effect was observed on phosphorylation of LHC 
il in Acetabularia [4], According to [37] this suggests, 
that cyclic electron flow may be involved in controlling 
levels of phosphorylatlon in Prochh~rothrix. The 23 and 
25 kDa phosphoprotcins arc as yet unidcntificd but 
shown not to bc part o! green complcxcs. The 14 kDa 
phosphoprotein found in 1: hollandica thylakoids may 
be similar to the 15 kDa cyanobacterial thylakoid pro- 
tein which undergoes reversible phosphorylation [19]. 

Solubilization of prochlorophyte thylakoids yields a 
large part of ~he major Chl a/b antenna complex, 
containing the 35 kDa phosphoprotein, in a frcc form. 
The 35 kDa protein was not detected in complexes 
containing PS I!. Part of the antenna copurified with 
PS I irrespective whether solubilization was done with 
SDS [26] or octyl/3-D-glucopyranoside/sodium cholate 
[38] in the case of Prochloron, or with Triton X l(lO 
[39], dodccyl malto~,ide [28], LDS or Dcriphat 160 (this 
paper) in the case of P. hollandica. Zwittergent 14 is so 
Ear the only reported detergent which successfully solu- 
hilizes the Chl a/b antenna separately from PS ! [3t;]. 
In parallel, Chl b was found to c,Jpurify with PS ! [26] 
and direct energy coupling bctwecn Chl b and PS 1 

was ,dlown in fractionatcd thylakoids [28]. I hc Iinding 
that the abundant 35 kl)a ('hi a/h antenna apopmtcin 
undergoes rcvcrsiblc phosphoryhttion upon red/far-red 
illumination is especially interesting in this respect. 
State 1-2 transitions have bccn shown to take place 
uptm transfer of cells to red light and this eft'cot was 
antagonizcd by far-red light [31}]. Wc hypothesizc that 
the 35 kDa apoprotcin is part of an antenna complcx 
structurally associated with PS I. Reversible phospho- 
rylation of the 35 kDa apoprotein may be functional in 
changing the orientation of the Chl a/h antenna to- 
wards PS I, thereby modulating direct energy transfer 
from this antenna complcx to PS II. The involvement 
of P S I  antenna complexes in the regulation of excita- 
tion energy distribution and balanced photosynthesis in 
P. hollandica was part of a recent study. 

Our c~-30 kDa antibody identified a new polypcptidc 
of 33 kDa which migrated in a PS II-associatcd com- 
plex. This laixcs the possibility that in vivo Ihe 311 and 
35 kDa proteins form a P S I  antenna, whereas the 33 
kDa polypcplidc is coupled to PS I1. Of the thrcc Chl 
a/b proteins the kinase phosphorylates only one, the 
35 kDa apoprotein which copurifies with PS 1. The 35 
kDa polypeptide is not a phosphorylatcd form ol :he 
30 and 33 kDa protein as determincd from ct~mparison 
with protein pattcrns of non phosphorylatcd dark- 
adapted cells. 
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